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Juiss uuTHpOBaHUA

Hesanos C.I1. BoiyunBanue GU3NIECKH He-
JIMHEHHBIX TUIACTHH IOJ] IelCTBUEM JUHA-
MHYECKUX CABUTAFOLIMX HArpy3ok // Ctpou-
TEeJbHAs MEXaHUKa MH)XEHEPHBIX KOHCTPYK-
it u coopyxenmid. 2022. T. 18. Ne 1.
C. 3-10. http://doi.org/10.22363/1815-5235-
2022-18-1-3-10

AnHoTanusi. ViccnenoBanue yCTOWYMBOCTH TUIACTHH IIPH CABUTE TMOJ ACUCTBU-
€M JTUHAMUYECKUX Harpy30K — OJIHa M3 BaXXHBIX IPOOJIEM CTPOUTEIHHOW Mexa-
HuKU. [lnacTuHBl HAXOIAT IMPOKOE NMPUMEHEHHE B CTPOMTENILCTBE, MAIIMHO-,
CyJ0- U aBHacTpoeHuH. [IpencTaBieHa MeToIMKa pacyera IJIACTUH Ha BbIIY4H-
BaHHE TIPH CABUTE C y4eToM (M3HYEeCKON HeMMHeWHOCTH MmaTtepuana. Paccmar-
pYBaeTcs IIacTHHA MOJ JEHCTBUEM CABHTAIOLIEH AMHAMUYECKOW Harpy3Ku IO
KpasM. B ocHOBy pacueTa momnokeHsl TunoTe3bl Kupxroda — JlsBa n rumoresa
0 HEIHMHEIHO ynpyrom Teie. MaTepual IIIaCTHHBI IPUHUMAaeTCs (HU3UIECKU He-
nuHeHbIM. [InarpamMma nedopMHUpOBaHUS apPOKCUMUPYETCSl B BHIE KyOude-
ckoro nonuHoma. ITporud ToueKk IIACTHHBI ONpPENENeTCs B BUIEC Pa3IOKEHUI
BnacoBa — KantopoBnua. OcHOBHBIE HeNWHEWHbIE AU epeHIHANIbHbIE ypaB-
HEHHUS BBIBOJATCS C UCIOJIB30BAaHHEM DHEPreTHYeckoro Merona. /s nonydeHus
pasperauX YpaBHEHHH BBITY4YHBaHH MJIACTUHBI MCIIOIb3YIOTCS ypaBHEHUS
Jlarpanxa. Ha ocHOBe pa3pabOoTaHHON METOJMKHU BBIIIOJHEH pacyeT Ha yCTOMW-
YUBOCTh (DU3MUYECKU HEIMHEHHOW KBaIpaTHOW IUIACTHHBI O] IeHCTBUEM CIBH-
raroueil AuHamMuyeckoi Harpy3ku. Kpas mnactunsl onuparorcs mapHupHo. Ko-
HEYHas cucTeMa HeJIMHEHHbIX MuddepeHnuanbHbIX ypaBHEHUH WHTErpUpPYeTCs
yuciieHHo metogoM Pynre — Kyrra. Ilo pe3ynpraram pacdeToB mMOCTPOEHHI Ipa-
(UKHM 3aBUCUMOCTH OTHOCUTEJIBHOW BETMUYMHBI IPOruda LEeHTPaIbHON TOYKH ILIac-
TUHBI OT TUHAMU4ecKkoro koddduuuenra K (¢ yaerom u 6e3 yuera Gpusmueckoin
HeNMMHeHHOCTH Martepuana). M3yueHo BiusiHue cTeneHd (pu3ndecKoil HelMHeHHOCTH
MaTepHuaia U rnapameTrpa CKOPOCTH M3MEHEHHUs CABMIAIOLIEH Harpy3Ku Ha KpH-
TEPUHU TUHAMUYECKOH yCTOWYMBOCTH KBaAPATHOM IIIACTHHBI.

KiroueBble ci10Ba: TUHAMHYECKAs YCTOHYMBOCTB, IUIACTHHA, (hH3HYECKas He-
JUHEIHOCTD, CIBUTAIONIAsl HArpy3Ka, Metoq BrnacoBa — KantopoBnya
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Bulking of physically nonlinear plates under the action of dynamic shearing loads

Sergey P. Ivanov

Volga State University of Technology, Yoshkar-Ola, Russian Federation
Mari State University, Yoshkar-Ola, Russian Federation
B9 IvanovSP@volgatech.net

Article history Abstract. The study of the stability of plates under shear under the action of dyna-
Received: November 12, 2021 mic loads is one of the important problems of structural mechanics. The plates
Revised: January 21, 2022 are widely used in construction, mechanical engineering, shipbuilding and air-
Accepted: February 11, 2022 craft building. The paper presents a method for calculating plates for shear buck-

ling, taking into account the physical nonlinearity of the material. A plate is con-
sidered under the action of a shearing dynamic load along the edges. The calcu-
lation is based on the Kirchhoff — Love hypotheses and the hypothesis of a non-
linear elastic body. The plate material is assumed to be physically nonlinear.
The deformation diagram is approximated as a cubic polynomial. The deflection
of the plate points is determined in the form of Vlasov — Kantorovich expansions.
Basic non-linear differential equations are derived using the energy method.
Lagrange’s equations are used to obtain the resolving equations for plate buckling.
On the basis of the developed technique, a calculation was made for the stability
of a physically nonlinear square plate under the action of a shear dynamic load.
The edges of the plate are hinged. The finite system of nonlinear differential equa-
tions is integrated numerically by the Runge — Kutta method. Based on the re-
sults of calculations, plots of the dependence of the relative value of the deflec-

tion of the central point of the plate on the dynamic coefficient Kd (with and
without taking into account the physical nonlinearity of the material) are plotted.
The influence of the degree of physical nonlinearity of the material, the parame-
ter of the rate of change of the shear load on the criteria for the dynamic stability

For citation

Ivanov S.P. Bulking of physically nonlinear
plates under the action of dynamic shearing
loads. Structural Mechanics of Engineering

Constructions and Buildings. 2022;18(1):3-10. of a square plate is studied.
(In Russ.) http:/doi.org/10.22363/1815-5235- Keywords: dynamic stability, plate, physical non-linearity, shear load, Vlasov —
2022-18-1-3-10 Kantorovich method

BBenenne

UccnenoBanns, CBS3aHHBIE C BBITYYHBAHHEM IUTACTHH TIOJ JEHCTBHEM IWHAMHUYECKHX CHABUTAIOIIAX
Harpy3oK, SIBJSIIOTCSA akKTyadbHbIMH. IIpu Hanuunu HEMTWHEHWHBIX IuarpaMMm AeQOpMUPOBAHHUS MaTEPHATIOB
HEOOXOAMMO YYUTHIBAThH BIUSHUE (U3NYCCKON HEIMHEHHOCTH Ha IMHAMHYECKOE BBITyYMBaHUE TUIACTHH. Takue
SIBIICHUS] MOT'YT BO3HHKATh B TAHEJISX OOIIMBOK JIETATENLHBIX allllapaToB MPH MMPOXOKICHUN aKyCTHYECKOW BOJI-
HBI, B CYJIOBBIX KOHCTPYKIIUSAX OT BO3JCHUCTBHUS BOJH, B CTPOUTEIILHBIX KOHCTPYKIIUSAX TOJ JCHCTBHEM CeHCMU-
YeCKUX Harpys3ok.

Bonpioe konmuecTBO mMyOIMKAIHiA MOCBSIIEHO PacueTy IUIACTUH U INIACTHHYATHIX CHCTEM B CTATUYECKOH
1 TUHAMWYECKOH mocTaHoBKaxX. B MmoHorpadusx A.C. Bombemupa [1; 2] paccMaTpuBaIECh BOIIPOCH! YCTOHIHBO-
CTH U KoyieOaHuit tacTiH U obosouek. B padore B.3. Brnacosa [3] B juHENHHOM MOCTAaHOBKE OBUIH BBITIOJHEHBI
WCCIIEJIOBaHUSl YCTOMYMBOCTY TUTACTHHYATBHIX CHCTEM W IDIACTUH pasnu4Hoil Gopmbel. B monorpadum I1.A. Jly-
Kama [4] B reoMeTpuiIecKd B (HU3HUECKH HEIMHEWHON IMOCTAaHOBKE MCCICAOBAHBI IIACTHHBI M 000m0uYKky. Pe-
3yJILTaThl PACYETOB HAa YCTOWYMBOCTH M KOJICOAHUS IIACTHH U IUIACTHMHYATBIX CUCTEM (THIA MPU3MAaTHUYECKUX
000J1049€eK) ¢ yuyeToM (PU3MYECKOW U TeOMETPUYCCKON HEIMHEHHOCTH paHee ObUIHM MpejacTaBieHsl B [5—7]. Bo-
MpocaM YCTOMYMBOCTH TUTACTHUH M 00OJIOUYEK B CTATUYECKON M AMHAMHUYECKON MOCTAaHOBKaX (B TOM YHUCIIE C y4e-
TOM HEJTMHEHHOCTH) TIOCBSIIICHBI COBPEMEHHBIC HAayJHBIC ITyOMUKAIIMHA B OTEUECTBEHHBIX [8—12] 1 3apyOeKHBIX
)KypHanax [13-19].

Lenpro paboTHI sBIIAETCSA pa3paboTKa METOAMKH pacdeTa Ha BHITYYHBAHUE IJIACTUHBI IO/ NSHCTBUEM JIH-
HaMHAYECKOH CIBUTAOIIECH HATPY3KH 10 KpasM IIACTHHBI ¢ YU4ETOM (PU3NIECKON HEMMHEHHOCTH MaTepHaa.
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IlocTanoBka 3agaun

[IpenacraBum amarpammy nedhOpMHpPOBAHUS MaTepHalia IIACTHHBI — 3aBUCHMOCTH MEXIY WHTCHCHBHO-
CTSIMH HaIpsDKEHUH o; U epopManuii e; — B BUJIE TIOJIHMHOMA!

_ 3
c,=Ee,—Ee;, (1)
rae E u £y — nocTosiHHBIE, KOTOPBIE OMPENCISIOTCA U3 SKCIEPUMEHTAIbHbIX JaHHBIX [5].

HnTencuBHOCTH AedopMalinii e; BRIpa3uM depe3 COCTABIIONINe Ae(opMaIui €y, €,, & B HAIPABICHUIX
OCeH X, ¥ U Z COOTBETCTBEHHO:

e :m\/(gx_gy)2+(8y_82)2+(8z_8x)2+%8)2fy' (2)

3Z[GCL MOPUHATHI CIICAYIOMINEC 0003HaAYECHHUS:

o’w. o’w. o’w
PR w,, = PRE] ny = )
ox oy OxOy

X xx y w2 8xy = _2Zny’ Wxx =

rae w = w(x, y, t) — QyHKITHS Iporuda MmiIacTHHEI (f — BpeMs).
VYuuteiBas runote3sl Kupxroda — Jlssa (o: = 0, & = g,- = 0), BelpaxkaeM 00beMHYI0 Aedopmanuio O u ne-
(bopMaLuIo € B HAIIPABJICHUH OCHU Z YEPE3 & U &,

1-2v
0= v (ex+€)), 3)
\Y
€z :__(8x+8y)- “)
-V
MeTtoabl

Jlns pemieHust 3aqadu (BbIBOJAa KOHEUYHBIX YPABHEHHI) HMCIOIb3YEM JSHEPTeTHUCCKUI METOA. 3amuiieM
yaenbHyto dHepruto @ n3MeHeHus oobema u popmer [4]:

O=LKo s 3](1 +v)o.de, (5)
2 39

rne K=FE/ [3(1 - 21/)] — MOAYJIb 00beMHOTr0 cxatus; v — koagduuuent Ilyaccona.

OHpG,Z[eJ'II/IM pa60Ty A, OTHCCCHHYIO K CAVMHUIIC TIIOMAAN MMOBEPXHOCTHU IJIACTHUHBI,

8/2
A= j ddz, (©6)

-3/2
rae 6 — TOJNIIUHA TUIACTHHBI.
CocrtaBuM TOJNHYIO dHepruto L nedopmupoBaHus (COCTOUT W3 MOoTeHIHanbHON I1 m kmHeTHueckoit T

SHEPruil) MOoJ AEUCTBUEM 10 KpasM TIACTHHBI JHHAMHYECKON caBuTaroiieit Harpysku S(¢) (puc. 1):

L=T11+T, @)
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I1= _U [A -S(HOww, + qw] dxdy, (8)
T= % jj ?(wt)2 dxdy. 9)

S() >

iy, gl gy, . spii. Sl S y

— | —> —> — —>

S(t)

b

Yx

Puc. 1. [Inactuna noja AeCTBHEM TUHAMHUYECKON CIBHUTAIOIICH HArpy3KHu S(7)
Figure 1. The plate under the action of dynamic shearing load S(?)

B ypasrenusx (8), (9) unaexcsl npu w NMOKa3bIBalOT YaCTHBIE TPOU3BOAHBIE 110 YKa3aHHBIM NIEPEMEHHBIM,
g — YCKOpEeHHE CBOOOIHOTO IaAeHHUs, p — OOBEMHBIM BeC MaTepHuala, ¢ — IOoIepedHasl Harpy3Ka, KOTopasi BBO-
JTUTCS TS y4eTa HaqyaJlbHOTO HECOBEPIIIEHCTBA TUIACTHHBI.

Ji1st TOro 4ToOBI MOMYYUTH KOHEUHBIE YPaBHEHHS, TIPEACTABUM MpOrHObI B BUAE psda [3]:

w(x,y, t)= ZWi(t)fl-(x, v);, i=12,..,n). (10)

3necy Wi(f) — 0000IIEHHBIE TTepeMelleHHs, 3aBUCSIIUE TOJNLKO OT BpeMeHH ¢. KoopauHaTHBIE QYHKIUH
fi (x, y) BBIOHparoTCs 0 BUAY A€()OPMUPOBAHHOT'O COCTOSHUS TUIACTHHBI.

[oxacrassst (10) B (9), BeIpa3uM MoHy0 3HEpruio L uepe3 Wi(f) u ee Ipon3BOIHBIC 110 BpeMeHH . JIBOWA-
HBIE MHTETpabl 0T QYHKIUH f; (X, ) Aal0T K0A(GGUIMEHTHI IMHEWHBIX M HEIMHEWHBIX yacTeil ypaBHeHHs. Onpe-
JeNTUM SKCTpeMalibHOe 3HaYeHue L, NCIonb3ys ypaBHeHue Jlarpamxka:

e ) (11)

rae W= dW,/dt.
PackpriBas (11), momydunM ypaBHEHHS KOJIEOATETHFHOTO ABMKCHUS TOUEK IUIACTHUHBI MOJ] ACHCTBUEM JIH-
HaMUYECKOM CIBUTAIOIIEH HATPY3KU:

S(t)r'i p Hen
Z a;=2b,+c; - D =W, _g_DZi:dﬁWiﬂn —G, =07 (12)

i

[IpaBas yactb ypaBHeHus (12) yuuTbiBaeT GU3MUECKYIO0 HETMHEHHOCTD TUIACTHHBI U TIPEJICTaBeHa B [S].
KoaddummeHTs! IeBOH YacTH ypaBHEHUS UMEIOT BH/T

a, = [ [ wdidys b, = [[ 1/, dvdvs =[] 1,1, dvdy;
yx yx yx
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ro=[ [ £ dxdv; d, =[] f.1,dxdy. (13)

_2),

SO 8y2

3 0 : = Gl
JIECh MPUHATHI 0003HAYCHUS IPOU3BOJHBIX: f; = = PR fi

PRI

Ipumep peaim3anuu 3a1a4u

B kauecTBe mpumepa paccMOTpeHa KBaJpaTHas B IUIaHE IUIACTHHA CO CTOPOHOM a, TommuHol & = 0,054,
koaddurnment Ilyaccona v = 0,32. [lycTh Ha minacTuHy 1Mo KpasM JEHCTBYIOT JTUHAMHUYECKHE CIBUTAOIINE Ha-
rpy3ku S(¢) (puc. 1), U3MEHSIOIIHECS TI0 3aKOHY:

S(¢) = kt, (14)

rnae k — k03 PHUIHeHT, MOKa3bIBAIOIINIA CKOPOCTh N3MEHEHUS HaTrPY3KH.
[IpuaUMaeM, 9TO TUIACTHHA OTMHPACTCS 0 KpasiM mapHupHo. OyHkmwro nporuda mo (10) 3anmieM B Bue

w(x, y, 1) =M @) /1(x, ) + W (1) f(x, y), (15)
rac
. MX . Ty . 2mx . 2my
fi(x, ) =sin—sin—; f5(x, y) =sin——sin—.
a a a a
BBenem crenyronme 0603HaYEHHUS:

2 2712
Se  So d d ad p3S,,

rie Sk — CTaTHYeCKas KPUTHUCCKash HArpy3Ka MPH CIIBUTE.
[Tocie HEKOTOPHIX TIPEOOPA30BAHMI ¢ YUETOM MPHUHATHIX 0003HaUYCHHUN M ypaBHeHHS (15) cuctema ypas-

HeHuit (12) npuHUMAET CIIEAYIOUINHA BH/T;

= S°[1,2648, + 1€, —0,635" %(K@? FEEE)]:

d’¢,

2

*

2

2
= STL26E, +7E, 0.6 ZKE +KEG)L (16)

3neck kodpumenTs! Ki—Ks HETMHEHHOHN YacTH ypaBHEHHH ONpeiesoTcs onooHo kodddumnmentam (13).

PesyabTathl

WHuTerpupyrotcs HenuHeltHbIe nuddepeHnnansapie ypaBaenus (16) ancneHasiM MeTooM Pyare — KyTra
C TIOMOIIBIO MPOTPaMMBI, cocTaBlieHHON Ha si3bike Doptpan V. Ilo pedynpraTam pacyera B Oe3pa3MepHBIX IMa-
paMeTpax MOCTPOEHBI TpaduKHu 3aBUCUMOCTH 000OIIEHHON BEJMYMHBI Mpornbda & OT 000OLIEHHOW BEIHMYHHEI
JMHAMUYECKOH cBUraomeil Harpysku ¢ (puc. 2). M3MeHeHHe BeTHUMHBI & HAEHTHYHO U3MEHEHHMIO &, MO3TO-
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My Ha puc. 2 rpaduku & — ¢ He npencTasieHsl. Kpusbie 1 1 4 MOCTpOEHBI 1O THHEHHON TeopuH, 3 1 5 — ¢ yde-
TOM (pU3NUECKOi HEMMHEHHOCTH NPHU CIEAYIOIMX CTeneHsX pusnueckoil HenuueitHocTn: E1/E = 10%, kpupas 2 —
npu E1/E = 10°. Tpaduxu 3aBUCHMOCTH, TIOCTPOEHHbIE 10 TMHEHHOH TEOpHH, COBNAAIOT C Pe3y/IbTaTaMH pac-
4eTa, MOJTydYeHHBIMH B [2].

%

3
S=10 SE/{00
1 -1
2
> '7 f 5 4
1 y /
0 4 8 12 16 20 24

Puc. 2. [paduku 3aBHCUMOCTH IAPAMETPA BBITyYHBAHHS &I OT BEIMYUHBI ¢
Figure 2. Graphs of the dependence of the buckling parameter & on the value of £*

3akaouenue

IIpu yBenUYeHUH CKOPOCTHM HArpyKeHHs S IMHAMHMYEcKas KPUTHYECKas CIBHMTAIOIIas HArpy3Ka 3HadH-
TEJIBHO TIPEBBIIACT CTATHUECKYI0 KPUTUYECKYI0 Harpy3ky ¢ ydeToM M 0Oe3 ydeTa (pu3M4YecKOdl HEeIMHEHHOCTH
(cM. BeHuuHY £ ).

VueT Qu3HUecKoi HeMMHEHHOCTH 3HAUNTEIBHO CHIKAET BEIMUHHY / (CM. KpHBEIe 1 1 3 Ha puc. 2).

Eciu cuutats £ 3a «IMHAMAYECKHH KOAPQUIHEHT» Ky, TO €10 3HAYEHUE CUJIBHO 3aBHCUT OT CKOPOCTH
Harpyxenus S .

BeinmyunBaH#e MIacTUHBI MPOUCXOJUT M0 TUATOHANM C 00pa3oBaHUEM OAHOTO rodpa, COriaacHoO 3aJaHHBIM
byHKIHAAM f1(X, ) ¥ fo(X, V), 9TO TIOATBEPKAAETCA IKCIIepUMEHTAIBHO [2]. [Ipu OBICTpOM M3MEHEHHUH HArpy3KH
BBHIITyYUBAHUE MOXKET MPOUCXOAUTH ¢ 00pa30BaHUEM HECKOJLKUX TOPPOB U 3TOMY BOMPOCY OYAYT MOCBSIICHBI
JalbHEeHIIe UCCIeI0BaHUS.
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Hcropus cratbu AHHoTanusi. PernmameHTHpyeMblii HOpMaMH pacdeT Ha YCTOWYMBOCTH MPOTHB
IMocrynuna B pegakuuto: 22 nexadps 2021 r. IIPOrPECCUPYIOILETO OOPYLIEHHS B AUHAMUYECKON ITOCTAHOBKE COIEPKUT OOIIME
Jopaborana: 12 despass 2022 r. peKOMEeHIaru O BO3MOKHOCTH y4eTa MOAaTIANBOCTA OCHOBAHUS M BKIIIOUEHHUS B
IMpunsra k my6aukanuu: 25 deppans 2022 r. PACUETHYI0 MOJIENIb HEHECYLIUX JIEMEHTOB 0O€3 OIpe/eNICHUs IPAHUll UX IpU-

MeHUMOCTH. [IpuBeeHO CONMOCTaBIeHHE PE3yIbTAaTOB HKCIIEPUMEHTAIBHBIX HC-
CJICZIOBAaHUI W YMCIICHHOTO aHaIN3a XKeJe300€TOHHOW ONBITHOW KOHCTPYKLUH
MIPOCTPAHCTBEHHOH paMbl — ()parMeHTa KapKaca MHOTOITaXKHOTO 3/IaHUS B TIpe-
JETbHBIX U 3alpelelbHbIX COCTOSHUAX. Y CTAaHOBJIEHBI OCOOEHHOCTH Jedopmu-
POBaHUS KOHCTPYKTHUBHOW CHCTEMBI JI0 M TIOCJIE 3alIPOEKTHOTO BO3IEHUCTBHUS, BBI-
3BIBAIOLIETO €€ BHE3AMHYIO CTPYKTYPHYIO NepecTporKy. UncaeHHble necaeJ0BaHns
BBITIOJTHEHBI € YYeTOM U 0e3 ydeTa IOJaTIIMBOCTH OCHOBAHUS, & TAK)KE BKIFOUCHHS
WIN HE BKIIOYEHUS B pacyeT HEHECYIIMX 3JeMEHTOB. [loiyueHo yJqoBIeTBOPH-
TENPHOE COBIAJICHNE JAHHBIX JKCIIEPUMEHTAJBHBIX HCCIEIOBAHHUN C pe3ylbTa-

TaMU AMHAMHUYECKOTO pacueTa. B xauecTBe OJHOrO M3 BapUAHTOB PAacuEeTHOMH
MOJIETIH TIPHHATa MOJU(UIMPOBAHHAS CXE€Ma, COCTABHOW YacCThIO KOTOPOU SIB-
JISIFOTCSL BJIEMEHTHI PACUETHONH MOJIETH BTOPOTO YPOBHS — (PparMeHT pamMsbl, CMO-
JEeTMPOBAHHBIN 0OBEMHBIMH U TNIOCKUMHU KOHEUHBIMHA dJIEMEHTAaMH. Y CTAHOBJIE-
HO, YTO Pe3yJbTaThl JUHAMUYECKOTr0 pacyeTa OIBITHOIO ()parMeHTa COIacyoT-
Cs C OTBITHBIMHU JAHHBIMHU TOJIBKO IIPH yU€Te 3JIEMEHTOB Harpy304HOIr0 yCTPOM-
CTBa U PeaJIbHbIX IPAaHUYHBIX YCJIOBUH, BKIIOYas 1eopMUpyeMOe OCHOBAHUE.
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Determination of the survivability parameters of a reinforced concrete spatial frame
operating under conditions of a complex stress state
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Accepted: February 25, 2022 elements in the calculation model without determining the limits of their applica-

bility. The results of experimental studies and numerical analysis of a reinforced
concrete experimental design of a spatial frame — a fragment of the frame of a multi-
storey building in limiting and transcendental states are compared. The features
of deformation of the structural system before and after the beyond-design im-
pact, which causes its sudden structural restructuring, are established. Numerical
studies were performed with and without considering the pliable foundation,
as well as including or not including non-load-bearing elements in the calculation.
Satisfactory agreement between the data of experimental studies and the results

of dynamic calculation has been obtained. As one of the variants of the calcula-
tion model, a modified scheme was adopted, the constituent part of which are
the elements of the calculation model of the second level — a fragment of the frame,
modeled by volumetric and flat finite elements. It has been established that
the results of the dynamic calculation of the experimental fragment are con-
sistent with the experimental data only when taking into account the elements of
the load device and real boundary conditions, including the deformable base.
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Brenenmne

B cooTBeTcTBHH ¢ TpeOGOBaHMAME (enepaTbHOTO 3aKOHA' M MOTOKEHUAMH CBOJA MPABHII® JOJKHA TIPOH3-
BOJIUTHCS pacyeTHas MpoBepKa 3AaHUI M COOPYKEHUH Ha YCTOHYMBOCTH POTUB MPOTPECCUPYIONIET0 00pYyIIeHHUS
BCJIE/ICTBUE MPEATNOIIAraéMOro HaualbHOTO pa3pyLIeHHs, IPUBOASIIETO K U3MEHEHUIO KOHCTPYKTUBHOW CHUCTe-
MBI, Takoii pacder Mo ocodboMy NpeneIbHOMY COCTOSIHUIO, CBS3aHHOMY C BHE3AITHBIM YAaJleHHEM OIHOTO U3 He-
CYIIHX 3JIEMEHTOB, CJAEAYET BBIIOJIHATh KBAa3UCTATUYCCKUM WM JUHAMUYECKUM METOAOM IO MPOCTPAHCTBEH-
HBIM PacUETHBIM CXEMaM.

Pacuer xBa3ucTaTUUECKMM METOJOM SBISETCS MPOIOJKEHUEM IIPOEKTHOIO pacueTa U, Kak MpaBuilo, HC-
MOJTB3YET YXKe pa3padOTaHHYIO Ha CTaIUH MPOSKTHPOBAHMS PACUCTHYIO CXeMy 3MaHus. [ 3TOro B IepBUYHOM
pacueTHOi cxeme (opMHUpyeTcs ocodas KOMOMHAIMS HArpy30K’, BHIUMCIIAETCA PEakius B yHaaseMoil CBA3H,
KOTOpas 3aTE€M U YUYUTHIBACTCS BO BTOPUYHOM pacueTHOM cXeMe C yIajJeHHBIM 3JIEMEHTOM KaK JOTOIHUTEIbHAS
Harpyska, B3sitas ¢ 0OpaTHBIM 3HaKOM. B CHITy OTHOCHTENIBHON MPOCTOTHI METOJ MOJIB3YETCS MOMYISIPHOCTEIO,
OJTHAKO KOPPEKTHBIN pe3yNbTaT MOXKHO IMOJYYUTh TOJBKO B TE€X Cllydasx, Korjaa (opmMa IBMKEHHS CHUCTEMbI B
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pe3ynbTaTe 3alpOCeKTHOTO BO3JCHCTBHS OyIeT Onm3Kka K GopMe ee CTaTHIEeCKOro paBHOBecHs 0e3 ymajaeHHOTO
anemenTa. [1o sToi mpuumnHe B 00I111eM ciTydae HEOOXOAMMO MPOBEPUTH IHHAMUYECKOE MTOBEJACHUE CUCTEMBI.

Pacyer B IMHAMMYECKOH MOCTAHOBKE OOIee CIOMKEH, B TO XKe BpeMs TPeOOBaHHS CBOJA MPABMI" H MOSCHEHHUS
METOAMYIECKAX peKOMEHAAIwii [ 1] HOCAT JOCTaTOYHO OOIMIMI XapaKTep W OJHOBPEMEHHO MPEAIIONaraloT BHICOKYIO
KBaIM(UKAIIMIO UCTIOHUTENCH pacdera. [Ipu 3TOM psii peKOMEHIAIM OTHOCUTEIBHO y4YeTa WM BO3MOXHOCTHU
HEy4YeTa MOJATIIMBOCTA OCHOBAHUS, KEJATSIbHOCTH JIOTIOJHUTEIBHOTO BKIIFOUCHUS B CXEMY HEHECYIIUX 3JICMEHTOB,
Ha3Ha4YeHHs TapaMeTpoB AeMII(PHUPOBAHUS, HA3HAYCHHUS B pacyeTe BPEMEHH MHUIMUPYFOIIETO BO3/ICHCTBUS 1 HEKO-
TOpBIE APYTHE HETIOCPEICTBEHHBIM 00Pa30M BIHUSIOT Ha pe3yJIbTaThl pPacueTa U IOJDKHBI OBITh KOHKPETH3HPOBAHEL.

TpeOGoBaHUs K BBIMOJIHEHUIO TIOJJOOHBIX PACUCTOB €CTh M 332 pyOekoM. Tak, ciemyer OTMETUTh JIEHCTBY-
romuii ¢ 2009 r. ,Z[OKyMeHTS , COZIepIKaIINiA yKa3aHMs 10 BBITOIHEHUIO MOJAOOHBIX PACYETOB KBa3HMCTATHICCKUM
WM TUHAMUYECKUM MeToJoM. PacueT mpeamosaraer mpuMeHEHHEe YIPOIIEHHON MPOCTPAHCTBEHHOM CXEMBI C
HCIOJIb30BaHUEM KOA(PDUIIMEHTOB TUHAMUYHOCTH. PacueTHbie (hOpMYIIbl BRIBEACHBI SMIIUPHUYECKU A. MakkeeM,
K. Mapmanom u [[. Ctusencom [2; 3]. [lo3nHee onu ObuLTH yTOYHEHBI B padorax M. Jlro [4], M. Las [5; 6],
X. Caddapn n JIx. Mamxamu [7] u ap. IIpemmaraemeie B yka3aHHBIX HOPMaxX METOIBI pacdeTa HE COaepxkKaT
00s13aTeTHPHOTO TPeOOBAHUS BKIIOYATh B PACUCTHYIO MOJIETh BTOPOCTEIIEHHBIC AIEMEHTHI, & KOHCTPYKIIUHU C J0-
MOJHUTEIBLHBIMU PACKOCAMU, CBS3SIMH, ayTpUTepaMH U T. . He paccMaTpuBatorcs. B [8; 9] ormedeHo, 4To KBa-
3WCTAaTUYECKUN aHanmu3 He o0ecreunBaeT JOCTATOYHYIO TOYHOCTh, & WHOTJA JaKe HE TapaHTHPYeT KOHCEepBa-
TUBHOTO pelieHus. [lo3ToMy HelMHEHHBIH NUHAMUYECKUH aHaIM3 OCTAeTCs OUYE€Hb BaXKHOW 3adadeil, kotopas
M3y4aeTcs MHOTUMU uccienoBatesimu [10-14].

Marnoe koiM4ecTBO BepU(PHUIIMPOBAHHBIX TECTOBBIX IPUMEPOB MPH MHOT000pa3uyl peaibHBIX 00BEKTOB,
MOJUTEKAINX 003aTeIbHON PacueTHOM NMpoBepKe, 00YyCIOBIMBAET HEOOXOAMMOCTh TIPOBECHHUS TOTIOTHUTEIHHBIX
IKCIIEPUMEHTATHHO-TCOPETUICCKUX UCCIICIOBAHUHN ISl OLICHKU BO3JEHCTBUS Pa3IMIHBIX MapamMeTpOB, BIHUSIO-
IIUX Ha Pe3yJbTaThl pACYETOB M PEKOMEH AN TI0 UX BBITIOJHCHHUIO.

3KCHepHMeHTaJILHbIe HCCJICJOBAHUA

B pasButure nccnenoBanmii [15] B ucnbITaTensHoi aboparopun FOro-3amaaHblii rocy1apcTBEHHBI YHUBEPCH-
TeT pa3padoTaH U UCTIBITaH OMBITHBIH 00pasel (hparMeHTa MPOCTPaHCTBEHHOH kKene300eTOHHON paMbl, paboTarouieit
B YCJIOBHSAX CJIO’KHOTO HampsbKkeHHOTO coctostHus [ 16]. Llens rccnenoBanmii — n3ydeHne ocoOeHHOCTEH aehopMupo-
BaHUsI, TPEIMHOOOPA30BAHKS U Pa3PyLLECHHS JIEMEHTOB KOHCTPYKTUBHOM CHCTEMBI IIPH UX CIOXHOM COIPOTUBIICHUH
B 3alpeIeTIbHBIX COCTOSHUSX, BEI3BAHHBIX BHE3AITHBIM BBIKITIOYEHHEM BEPTUKAIFHOTO HECYIIIETO AJIEMEHTa (CTOMKH).

[IpoctpancTBeHHas pama oOpa3oBaHa ABYMs NEPIEHINKYIISIPHO PACIIONIOKEHHBIMU IJIOCKUMH paMaMu A
u b ¢ nponeramu 240 u 180 cM COOTBETCTBEHHO, MEPECEKAOIIMMHUCS IO BEPTUKAJILHBIM OCSIM CUMMETpUH. Purenu
MEHBIIIET0 TPOoJIeTa CIUIOIIHOTO CEYCHMS BBIMOJIHEHBI U3 OertoHa B35, pasmep — 14x6 cMm, purenu 0OJbIIEro
NpoJieTa COCTaBHOTO ceueHHs — u3 OetoHa B25/B35 ¢ TakuM >xe pazMepoM, apMUPOBAHUE BBITIOIHEHO MPOCTPAH-
CTBEHHBIMHU KapKacaMu U3 apMmaTypsl kiacca A240 nuamerpoM 6 MM. B MecTe mepeceueHus: purenei yCcTaHOB-
JIeHa CIIelMaIbHO CKOHCTPYMPOBAaHHAsA BEPTUKAJIbHAS ONOPA (CTOHKA), OCHALICHHAs 2JIEKTPOHHBIM IUHAMOMET-
POM Uil KOHTPOJIA OHOpHOM peakumu. KOHCTpyKIMs CTOWKM B IMpolecce UCTBITAHUH MOXKET ObITh MEAJICHHO
WJIN BHE3AITHO BhIBEJCHA (yAaneHa) B 3a1aHHbIIl MOMEHT BPEMEHHU.

HcnpiTanys Ha IepBOM 3Talle IPOBECHBI B CTAAUK A0 00pa30BaHMs TPEILMH 110 PA3HBIM CXeMaM Harpy>KeHUsI
C MeJUICHHBIM W BHE3aITHBIM yJAJIEHHEM OTOpHI, a 3aTe€M, Ha BTOPOM 3Tarle, 110 OJHON U3 3TUX CXEM JI0 pa3pyLIeHHs
BCJIEZICTBHE BHE3AITHOTO yJATIEHNs OIOPHI IPY ASHCTBUM MOTHOM AKCIUTyaTallIOHHOM Harpy3Ky U P HATMYMH TPEILH.

Cxema uCrbITaTeIbHON YCTAHOBKY, pa3MeIleHHEe MEXaHUYECKUX, MEKTPOMEXaHUUECKUX IIPUOOPOB U TEH30-
pe3ucTopoB mpuBeneHsl Ha puc. 1. g ¢ukcammy GBICTPOIPOTEKAIOIIMX MPOIIECCOB YacTh TEH30PE3UCTOPOB, yCTa-
HOBJICHHBIX Ha apMaTypPHBIX CTEPIKHSIX, OblIa TOIKIIOYEHa K MHOTOKaHaJIbHOMY aHanu3atopy crektpa ZET 017-T8.
AMINIUTYJHOE 3HAUYCHHUE BEPTUKAJIBHOTO MEPEMEICHUS IEHTPAJIbHONW TOUKM paMbl B IPOLiEcCe BHE3AMHOIO yaa-
JICHUsI OTIOPBI TOMOJHUTENBHO (PUKCHPOBAIOCh MEXaHMYECKUM LITaHTEHIIUPKYIIEM.

B pesynbraTe mpoBeneHHBIX IKCIEPUMEHTAIBHBIX UCCIEIOBAHHUH MTOTyYeHbI HOBBIE JAHHBIE O HAIIPSKEHHO-
JIe(OpPMUPOBAHHOM COCTOSIHUM JI0 U TIOCJIE TIEPECTPOMKHI CUCTEMBI, OTIPEAeNICHBI BpeMs TMHAMUYECKOTO BO3AEH-
CTBHS OT YAAJCHUS CBSI3U 10 JOCTIDKEHMS aMIUIMTYIHOTO 3HAYEHMs yCWIMH U IepeMelleHuil, nepopmanuu B
XapaKTEPHBIX CEUEHUX, IEPUO/IbI KoJeOaHUil 1 mapaMeTpbl X 3aTyXaHUA Ui Pa3InIHBIX CXEM 3arpy KeHHs.

4 CIT 385.1325800.2018. 3ammTa 35aHuH 1 COOPYKEHHMII OT IpOrpeccupyomero obpyurexus. [Ipasuna npoextuposanus. Oc-
HOBHBIE TTonokeHus (¢ M3menennem Ne 1) M.: Munctpoit Poccnn, 2019.
5 UFC 4-023-03. Design of buildings to resist progressive collapse with change 1/2009.
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Puc. 1. Cxema ucnbITaHUI pambl:
@ — Harpy304HOE YCTPOHCTBO; 6 — TEH30PE3UCTOPBI; 6 — MEXAHIMYECKHIE IIPHOOPBI
Figure 1. Frame test scheme:
a — load device; 6 — strain gauges; ¢ — mechanical devices

YucjaeHHble HCCIAET0BAHUA

Kak nokazano B [9; 17], B 0o0mieM ciy4ae pacueTHbIE MOJENIN CTAaTUYECKOTO U TUHAMHMYECKOTO pacuera
OJTHOHM U TOM K€ KOHCTPYKIMH MOTYT CYIIECTBEHHO OTJIMYAThCs. B cBSA3M ¢ 3TUM B pacyerax ObUIM YyUYTEHBI Xa-
paKTepHble OCOOCHHOCTH PAacCUMTHIBAEMOro ()parMeHTa — HaJM4ue HEHECYIIMX KOHCTPYKUUH Harpy304HOTO
YCTPOMCTBa U NOJATJIMBOIO OCHOBaHUA. BTopuuHas pacueTHas MOZEINb C YaJIEeHHON LIEHTPaIbHOU CTOMKOH Mo-
KazaHa Ha pUC. 2, @ U BKJIIOYaeT JepopMHUpPyeMOe OCHOBaHHE (I0J), CTAIBHYIO OMOPHYIO paMy, Harpy304HOE
YCTPOMCTBO U PACCUUTHIBAEMYIO KOHCTPYKLHIO.

B mpomiecce BBITOTHEHNS CTATHYECKUX U AMHAMUYECKIX PACUETOB BaphbHPOBAIN HAIWYNE/OTCYTCTBUE Ya-
CTH BJIEMEHTOB HATPY30YHOT'O YCTPOWCTBA, a TAKXKE XapaKTEPUCTUKH JIe(pOPMHPYEMOTo OCHOBaHHA. Tak, B3aMeH
OTOPOIIEHHOW YacTH HAarpy30YHOTO yCTPOMCTBA YUMTHIBAIACH MepeAaBaeMasi OT HUX PEaKLus B BUAE COCPEIO-
TOYCHHBIX CHJI, @ Ha Y376l 1e(OPMHUPYEMOT0 OCHOBaHMS HAKJIAABIBAJIICH BEPTUKAIBHBIC CBSI3H.
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Puc. 2. BropuuHas pacyeTHas MOJEJIb PaMbl:
a — o0muii BUAT; 6 — IPOCTas CXeMa; 6 — MOIH(UIMPOBAHHASI CXeMa
Figure 2. Secondary calculation model of the frame:
a — general view; 6 — simple scheme; ¢ — modified scheme

JnHaMuyeckuil pacyeT paccMaTpuBaeMON KOHCTPYKTUBHOM CHCTEMBI BBIIOJIHEH B PEXUME MPSIMOIO UH-
TErpupoOBaHUs ypaBHEHHil JIBMKEHHS [0 METO/MKE, NPUBEIEHHON B MeTouueckoM nocobuu’ u B [9; 17]. BHa-
yajie 1Mo MEPBUYHOI pacueTHOW cxeMme, BKIIOYAIOUIeH HEHTPaJbHYI0 CTOWKY M 3aJaHHbIe Harpy3ku oco0Ooro
NPEAeIbHOTO COCTOSHUS, ObUIO BBIYUCICHO YCHJIME OT CTAaTHYECKH HMPWJIOKEHHOH Harpy3ku B yAaIsIeMOM 3Jie-
MeHTe. Jlanee, BO BTOPUYHOM cxeMe ¢ YAaJCHHBIM JIEMEHTOM cpOpMUPOBAHO TpH 3arpyxeHus. [lepBoe 3arpy-
JKeHHE BKIIIOYAJIO 33JaHHble BHEIIHHE HATPY3KH U BBHIUYMCICHHYIO PEaKIHI0 YAAJICHHOTO 3J1eMeHTa (C 0OpaTHBIM
3HAaKOM) TakK, YTO CHCTEMa HaXOAMJIACh B COCTOSHUM paBHOBECHs. BTopoe 3arpyxeHue BKIIOYAJIO OAHY CUIY,
YHCJICHHO PaBHYIO PEAaKIMU B YIAJCHHOM CBsI3U. TpeThe — AMHAMHYECKOE — 3arpy’KeHHUE OIpeersulo apamer-
PBl YHCIIEHHOTO MHTErPUPOBAaHUS ypaBHEHMM JBM)KECHMsI CUCTEMBI. PacueTHas mporenypa onuchiBajia MOBEE-
HUE KOHCTPYKIMH B TedeHue 4 ¢ ¢ uarepsanamu no 0,01 c. 3a nepseie 0,1 ¢ nmpuknaapiBatach 3KCILTyaTalluOH-
Hasl Harpy3Ka BMECTe C BBIYUCIEHHON peakiiel yaaneHHo! omopsl. [locie crabumm3annu cCUCTeMbl Ha OTMETKE
2,00 c B Teuenue 0,06 ¢ peakuus yJqaJeHHON CBSI3M KOMIIEHCHPOBAJIACh CHIJION M3 BTOPOTO 3arpy»KeHHUs, YTO IK-
BHUBAJICHTHO yJAJE€HUIO CBA3M 3a ykazaHHble 0,00 c. Pe3ynbpTaThl pacueToB B CONOCTaBIEHUHU C ONBITHBIMU JaH-
HBIMH IIPUBEJECHBI Ha pHC. 3, HA4aJo IIKaJIbl BpEMEHH [IEPEHECEHO HA MOMEHT BBIKIIFOUECHHUS CBS3H.

® UFC 4-023-03. Design of buildings to resist progressive collapse with change 1/2009.
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Puc. 3. Pe3ynbTaThl YUCICHHBIX U 3KCIIEPUMCHTAIIBHBIX UCCIICIOBAHUMN ONBITHOTO ()parMeHTa:
a — BEepTHKAJIbHBIC IIEPEMEILICHNUSI LICHTPAIBHOM TOUKH; 6 — OTHOCHTEINbHBIE Je(OpMALIMH B OTMEUCHHOM CEUCHHH; | — OIBITHOE 3HAYCHNE,
2 — pacyeT ¢ y4eToM BCceX HapaMeTpoB; 3 — TO e, C Harpy304HbIM YCTPOHCTBOM H )KECTKHM OCHOBAHHEM;
4 — 10 %€, 6e3 Harpy304HOTO YCTPOICTBA H C MOAATIMBBIM OCHOBAHHEM; 5 — TO e, 6e3 Harpy304HOTO yCTPOMCTBA M HA )KECTKOM OCHOBAHUH
Figure 3. Results of numerical and experimental studies of the experimental fragment:
a — vertical displacements of the central point; 6 — relative deformations in the marked section; / — experimental value;
2 — calculation taking into account all parameters; 3 — the same, with a load device and a rigid base;
4 — the same, without a load device and with a pliable base; 5 — the same, without a load device and on a rigid base

Pe3y.]'ILTaTI)I u oﬁcy)wlemle

AHanu3 MoXy4YeHHBIX MaTepHAIIOB HCCIIeIOBaHU MTO3BOIISIET OTMETHTD CIIEIYFOIIEe.

Pe3ynpTaTel cTaTHYECKUX PAacyeTOB HECKOJIBKO Pa3IMYaroTCs TOJIBKO MPH BaPHHPOBAHHUU ITOJATIHBOCTH
OCHOBaHUuA, 4TO o0BsICHSIETCSA nepepacupeaciiCHuCM YCI/IJII/Iﬁ MEXKAY SJIEMCHTAMH CTaTUYCCKU HeOHpe}leJ’[HMOﬁ
CHCTEMBI, IPH 3TOM PEaKLUs B YAAISIEMO OIIOpe HE MEHSETCS.

Pe3ynpraTel nuHAMHYECKHX pacyeToB (pHc. 3) 3aMETHO Pa3IAYArOTCs 10 BCEM PACCMOTPEHHBIM CITydasM.
[epememennss 1 OTHOCUTENBHBIE Ne(OPMALIUK, MTOTYYCHHBIC C YUYETOM BIMSHUS HArPY304YHOTO YCTPOWCTBA H
MOJATIMBOCTA OCHOBaHUS (KpHBas 2) XOPOLIO COTJIACYIOTCS C ONBITHBIMH JTaHHBIMU (KpHBas 1) B 4acTH MEpHO-
JIOB KOJIeOaHUH, a TaK)Ke aMIUIATYTHBIX M YCTAaHOBHUBIIIUXCS 3HAYSHHI BeTM4YHH. HeydyeT mogatianBoCcTH OCHOBa-
HUs (KpruBasg 3) CHMKAeT aMIUTMTYAHbIE 3HAUYEHHS PACUETHBIX BEIMYHH 110 OTHONICHUIO K yCTAHOBUBIIMMCS 3Ha-
YEeHUSIM M COKpamiaeT nepuox koiebanuid. ToT ke 3ddekt, HO BhIpakeHHBIH B Ooiblneil crenenn (kpuBas 4)
HaOJFOIaeTCs TpU 3aMEHe Harpy304HOTO YCTPOWCTBA TepeaaBaeMbIMU OT HETO PeaKTUBHBIMH cuiamu. Hakowerr,
HEyYeT HAIMYIUSA W HArpy30YHOTO YCTPONCTBA, W TIOJATIMBOCTH OCHOBaHUS (KpuBas 5) B 1,5 pa3za 3aHmKaeT 1e-
PHOBI KOJICOAHNWH M aMIUIUTYAHbIC 3HAYCHHS PACUCTHHIX BEIUYMH. B cxemax 0e3 Harpy3o4HOro yCTpoiCTBa
(kpuBBIE 4 ¥ 5) aMIUIMTYAHbIE 3HAYEHUS OCTUTAINCH paHblIe MO BpeMeHHU u ObicTpee 3aryxanu. [lompoOHbie
JTAaHHBIE TIPUBEACHHI B Ta0I. 1.

B [16; 18] mpenmaraercst mist netanbpHoro uccienoBanuss HJIC OTAETBHBIX 3JIEMEHTOB HMCIOJIL30BaTh
JBYXYPOBHEBYIO PaCUETHYIO CXEMY, KOTZla U3 O0IIEro pacuera MOXeT ObITh BBIAEICH Manblid ¢pparment s 60-
Jiee MOoAPOOHOTO aHANHM3a C YYETOM YCHIIMH, NEHCTBYIOMIMX Ha 3TOT AJIEMEHT CO CTOPOHBI OTOPOIICHHBIX KOH-
CTPYKIUH. YCWIHS MPU 3TOM NPUHUMAIOTCS TI0 pe3yJbTaTaM CTATHYECKOTO WM JUHAMHYECKOTO pacuera s
(UKCHUPOBaHHOTO HA0OPA YCHIIHH.
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Tabauya 1
ConocTaBjenne ONBITHBIX AAHHBIX U Pe3yJIbTATOB YHCJIEHHBIX HCCJIeI0BAHUI
IIpupamenue nedpopmanmii, EOJI [epememenusi, MM
Ne n/m IIepuon, ¢
A€max Ae —Asmax AZmax Az _Azmax ploA
Ag Az
1 6,6 5,75 1.15 4,5 3,95 1,16 0,09
2 6,3 5,55 1,13 4,55 3,95 1,15 0,10
3 6,5 6,07 1,07 2,90 2,70 1,07 0,08
4 5,75 5,40 1,06 4,20 3,85 1,09 0,07
5 6,30 6,20 1,03 2,85 2,70 1,05 0,06
Table 1
Comparison of experimental data and results of numerical studies
Increment deformations, x10-5 Movements, mm
No A Period, sec
A€max Ag Smax AZmax Az —Azmax
Ag Az
1 6.6 5.75 1.15 4.5 3.95 1.16 0.09
2 6.3 5.55 1.13 4.55 3.95 1.15 0.10
3 6.5 6.07 1.07 2.90 2.70 1.07 0.08
4 5.75 5.40 1.06 4.20 3.85 1.09 0.07
5 6.30 6.20 1.03 2.85 2.70 1.05 0.06

B pa3BuTHe yKa3aHHOTO aJITOPUTMA MpeIaralTcsl MOAU(PHUIIMPOBAHHAS IEPBUYHAS, a 3aT€M U BTOPHYHAs
pacueTHast MOJIeNlb, B KOTOPOH YacTh CTEP’KHEBBIX AJIEMEHTOB B 30HE, MOJIEKAIIEH JeTaTbHOMY aHallu3y, 3aMe-
HSETCS CHeNHnaJbHO pa3pabOoTaHHOW 00BEMHOI MOJENBI0 C KOHTAKTHBIMH TUIACTHHAMH Ha MECTE COEAMHEHUS
00BEMHOTO TeJIa ¢ MPOCTPAHCTBEHHON CTEPKHEBOW MOMIEbI0. Takoi pacueTHBIN MpUeM B PAIE CIy4aeB IMO3BO-
JSeT IS TONYYCHUSI MHTEPECYIONINX PE3yJIbTaTOB M30ekaTh HEOOX0JUMOCTH MepeHOca pa3po3HEHHBIX JaHHBIX
HJIC cucrembl U3 CXeMBI IEPBOTO YPOBHS B CXEMY BTOPOTO YPOBHS.

Cratnyecknii ¥ TMHAMHYSCKHA pacyeT OMBITHOTO (hparMeHTa (puc. 2, @) BHIIIOJIHEH C HCIIOH30BAHUEM
npoctoii (6) ¥ MOTUPHUIIMPOBAHHOM (8) BTOPUYHOM pacyeTHOW CXEMBI C YUETOM HallMUusl HArpy30YHOTO YCTPOHi-
cTBa U ehOpMUPYEMOTO OCHOBAHHMS, B KOTOPO OOBEMHBIMHE DIIEMEHTAMH CMOJIETMPOBAH YYaCTOK CIUIONIHOTO
pureisi, paboTaroiii Ha KpydeHHe ¢ M3rndom. PesymbraTsl pacdera 1mo o0eMM CXeMaM COTJIACYIOTCS MEXIY
co0O0ii U C ONBITHBEIMH JAaHHBIMHU .

Pacuetnple ceuenus 1 u 2 BoIOpaHBI Ha CIUIOIIHOM pHUresie B MecTax HAKJICWKH JaTYMKOB: | — B TOUKe Iie-
peceueHus pureneii, 2 — Ha ydacTke Kpy4eHus ¢ n3ruoom. Ha puc. 4 moka3aHbl OTHOCHTEIbHBIE TehopMaIuy Ha
YpOBHE apMaTypHBIX cTepkHel B ceueHuu | s Harpy3ku 1,84 kH (coGcTBeHHBII Bec pambl + Bec peiyara 0e3
KOP3MHBI) M0 UCXOAHOM CTEpP)KHEBOH cxeMe (a) U Mo CTep:KHEeBOH cxeMe (), MoaupUUIUpOBaHHONW 0OBEMHBIMH
areMeHTamMu. PacdeTHbIil epro koebaHuil o o0erM cxemaM Iociie yaaneHus cBsizu coctaBui 0,086 ¢ (ombIT-
Hoe 3HaueHue — 0,09 c).

OOBEMHBIMH JIEMEHTAMU MOTYT OBITh 3aMEHEHBI T€ YaCTH CTEPIKHEBOU PacueTHOU MOJICIH, KOTOPBIC TPEOYIOT
yriyOJeHHoro aHanu3a. B xauecTBe mpuMepa paccCMOTpEHa MPOCTpaHCTBEHHAs pama, oOpa3oBaHHas kene300e-
ToHHBIMH KonoHaMu 300%300 mwM, pureasmu 300%500 MM U cOOpHBIMH TEpeKpBITUAME pazmepoM 200 MM
(ycnmoBHO He TIOKa3aHHbI), kiacc 6erona B30. 3amannas Harpy3ka B IIEJIOM COOTBETCTBYET YPOBHIO DKCILITyaTaIln-
OHHBIX Harpy3oK AJIs 3[JaHuil paccMaTpuBaeMoro Tura. MoJenupoBaHue BBIMOJHEHO B IByX BapHaHTaX: Kak Ipo-
CTPaHCTBEHHAs IIACTHHYATO-CTEP)KHEBasi KOHCTPYKIUS (PHC. 5, @) ¥ KaK Ta ke KOHCTPYKIHS, MOAU(MUIINPOBAHHAS
BCTaBKOH M3 00BEMHBIX 3JIEMEHTOB (pHC. 5, 6). Ha rpaHumax cTrepXKHEBbIX B OOBEMHBIX 3JIEMEHTOB TIPEIyCMOT-
PEHBI IEPEXOIHbIEC 3JIEMEHTHI-IUIACTHHEI (pHC. 5, 6). [ oco0oii koMOMHAIMK HArPY30K ONpeAeieHbl GOpMBI U
BBIYMCIICHBI IEPUOIbI COOCTBEHHBIX KoJiebanuii. B wactHocTh, mist 10-i Gpopmbl KonebaHuit, cxoHOM ¢ nedop-
MHPOBAHHOW CXEMOW paMbl ¢ YIAAJICHHBIM BEPTHKAIHHBIM JJIEMEHTOM, TOJNy4eH mepuon koiebanmit 0,145 c,
BpeMsl BBIKIIIOUEHHS OTIOpHI MpuHUMaeM paBHbIM 0,015 c.

7 Ocosckux O.E. Tlporpamma 1y 06pabOTKM TEH30METPHYECKUX JAHHBIX JMHAMHUYECKHX MCTBITaHui. CBUIETENBCTBO O PETH-
ctparmu nporpammsl 1t OBM RU 2021616294, 20.04.2021. 3asska Ne 2021615148 ot 13.04.2021 r.
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Puc. 4. Pe3ynbTaThl YUCICHHBIX M DKCIEPUMEHTAIBHBIX UCCIICIOBAHUIT OMBITHOTO (parMeHTa
C MCIOIB30BaHUEM MPOCTON N MOAU(PHUINPOBAHHON PACUECTHOH CXEMBI:
a — OTHOCHUTENbHBIE JIeopMaliy B CEUeHUH 1; 6 — TO ke, B CEUCHUH 2;
1 — ombITHOE 3HAYCHHUC, 2- pacyeT no HpOCTOf/'I CXEME; 3—-T10 K€, 1o MOI[I/I(bI/ILII/IpOBﬂHHOf/’I CXeMe
Figure 4. Results of numerical and experimental studies of the experimental fragment
using a simple and modified calculation scheme:
a — relative deformations in section 1; 6 — the same, in section 2;
1 — experimental value; 2 — calculation according to a simple scheme; 3 — the same, according to a modified scheme
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Puc. 5. PacueTHast MoJiesIb MHOI'OATAXXHOM paMBbl:
a — CTEPXKHEBas BTOPUYHAA CXEMa, = MOI[I/I(bI/II.II/IpoBaHHaﬂ BTOpHUYHAs CXEMa,

6 — cXeMa MOJeIMpPOBaHuUs (parMeHTa paMbl 0OEMHBIMH I€MEHTaMH; 2 — HOpMaJIbHbIE HANPsDKEHHS SX B 00BEMHBIX 371€MEHTax

Figure S. Calculation model of a multi-storey frame:
a —rod secondary scheme; 6 — modified secondary scheme;
6 — scheme for modeling a frame fragment by volumetric elements; e — normal stresses Sx in volumetric elements
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Puc. 6. Pe3ynbTaThl YHCIICHHBIX HCCIIEIOBAHUIT OMBITHOTO (pparMenTa:
a — BEpTHKAJIbHBIE [IEPEMEILCHUS HaJl YIaJICHHON ONopol B cedyeHun A—A; 6 — u3rubarouiuii MOMEHT B ceyeHun b—b;
6 —IIPOJOJIbHAs CUjla B CCHEHUHN B—B; ¢ — IIpOJA0JIbHAas CHjia B CEUCHUU F—F; 11— IpocTas CTEPIKHEBASI MOJCIIb, 2- MO,E[I/I(i)I/ILII/IPOBaHHaH MOJCIb
Figure 6. Results of numerical studies of the experimental fragment:
a — vertical displacements over the remote support in section A—A; 6 — bending moment in section B-B;
6 — longitudinal force in the section B-B; 2 — longitudinal force in the section I'-I'; / — simple rod model; 2 — modified model

Tabnuya 2
ComnocraBjieHUe pe3yIbTATOB YHCJIEHHBIX HCCIeT0BAHMIA
CTep:KHeBOW U MOAN(PUUIMPOBAHHOI MoJeJieil 31aHus
IHapamerp Ceuyenne Amax A Amax/A % Hepuon, ¢
9,58 5,98 1,60 -7,5 0,21
Z, MM A-A
10,30 5,94 1,73 - 0,21
9,16 5,18 1,77 43 0,21
M, Tm A-A
9,27 5,20 1,85 - 0,21
60,66 42,00 1,44 -6,7 0,21
N, T B-B
56,58 41,87 1,35 - 0,21
41,97 23,08 1,82 -7,1 0,21
N, T r-r
39,32 23,08 1,70 - 0,21

Tpumeuanue. Yncnurens — Moau(UIIPOBAHHAS CTEPKHEBAS MOJIEIb, 3HAMEHATEIb — IIPOCTAsk CTEPIKHEBASI MOJIEIb.
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Table 2
Comparison of the results of numerical studies of the rod and modified building models
Parameter Cross section Amax A Amax/A % Period, sec
9.58 5.98 1.60 -1.5 0.21
Z, mm A-A
10.30 5.94 1.73 - 0.21
9.16 5.18 1.77 —4.3 0.21
M, Tm A-A
9.27 5.20 1.85 - 0.21
60.66 42.00 1.44 6.7 0.21
N, T B-B
56.58 41.87 1.35 - 0.21
41.97 23.08 1.82 -7.1 0.21
N, T r-r
39.32 23.08 1.70 - 0.21

Note. Numerator — modified rod model, denominator — simple rod model.

Ha puc. 6 u B Tabn. 2 nmpuBeAEHBI Pe3yNbTaThl pacyeTa Mo MPOCTOM W MOAU(UIMPOBAHHON PaCUETHBIM
MozensM. [TomydeHo moTHOe Ka4eCTBEHHOE COOTBETCTBHE MPOTHOO0B (@), IPOTIOJIBHBIX CHII (8, 2) M U3THOAIOIITIX
MOMEHTOB (8) B paCUETHBIX CEUCHHSX, IIPH 3TOM aMIUIUTYAHbIC 3HAYCHHST Ha3BaHHBIX BEIMYUH JJISI MOAHDUITH-
poBaHHOU Monenu Ha 4,3—7,5 % MpeBBIIAaOT COOTBETCTBYIONINE 3HAYEHHS IJIs IIPOCTOM CTEPKHEBOM MOJEIH,
YTO OCTABJISIET II0JIE AJISl IPOAOJIKECHUS HCCIIEI0OBAaHUM.

3akiaroueHue

IIpoBeneHs! 3KCTIEpUMEHTAIbHBIE NCCIEOBAHNS U MIOJYUYEHBI ONBITHBIE 3HAUEHUS NMapaMeTPOB KUBYUECTU
(HAC, nepuossl xonebanwuii, mapameTpsl AeMIIpupoBaHus) pparMeHTa xKene300eTOHHON paMbl B YIIPYTOl cTa-
IuH (10 00pa3oBaHMs TPEIIMH) U B YIIPYTOIUIACTUYECKOM CTaIuu pabOThl KOHCTPYKIUH (SKCIUTyaTallMOHHAs Ha-
rpy3Ka) Ipy BHE3aITHOM BBIKJIIOUEHUH EHTPAJIbHOH CTOHKH.

BrinonHeHo comocTaBiieHHE pe3yIbTaTOB YMCICHHBIX UCCIEIOBAHUNA C ONBITHBIMU JaHHBIMH O BPEMEHH OT
MOMEHTA BBIKIIOUCHHS HECYIIETO 3JIeMEHTa paMbl (CTOMKH) A0 JOCTHXKEHUS aMIUIUTYAHBIX 3HAYEHUH MmapaMerT-
POB, U3MEHEHUI BO BpPEeMEHH 4acToT U (hopM KojeOaHuil XapaKTepHBIX CEUEeHUH, aMITIUTYAHBIX 3HAUYEHHH mepe-
MEIeHUH [IEHTPaIbHOM TOYKH PaMbl IPY BHE3AIMHOM BBIKIIOUEHUH LEHTPAJIbHON CTOWKH.

Y CTaHOBIIEHO, YTO PE3yJIbTaThl AMHAMHYECKOIO pacdeTa ONBITHOIO ()parMeHTa COIIaCyIOTCS C ONBITHBIMU
JAHHBIMHU TOJIBKO MPH YUeTe 3JIEMEHTOB Harpy30YHOI'O YCTPOMCTBA M pPeajbHBIX TPAaHUYHBIX YCIOBHM, BKIIOYAs
JedopmMupyeMoe OCHOBAHUE.

[Ipenyiosken anropuT™M MOCTPOEHHUS Pa3HOYPOBHEBBIX CXEM IPU PEIICHUH 3a7ay MPOCKTHUPOBAHUS KeNe30-
OETOHHBIX KaPKACOB >KUIIbIX, IPAXKIAHCKUX U IPOU3BOACTBEHHBIX 34aHUH.
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HcTopus cratbu AHHoTanusA. PaccMaTpuBaroTCss HEKOTOPBIE MOAXOBI K BBIBOAY PEOTOTHIECKHX
IMoctynuna B penaxuuto: 10 HosOps 2021 r. YpaBHEHUI MEXaHUUYECKOIO COCTOSIHMS OETOHA M B HEIMHEHHON MOCTaHOBKE 000C-
Jlopabotana: 15 ssaBapst 2022 r. HOBBIBACTCS MIPUHIIMI HAJIOKEHHSI YaCTHYHBIX nedopmanmii. B nmuHelHoi Teopun
IMpunsra k my6aukamuu: 10 despans 2022 r. MIOJI3y4ECTH TOT NMPUHIUI U3BECTEH KaK NpUHIMII cyneprnosunun JI. bompima-

Ha YaCTUYHBIX JAedopManuii nonsydectd. KoHIenus mpo4HOCTHON CTPYKTYpPbI
KOHCTPYKTHUBHOT'O MaTepHaia SBIISIETCS] OCHOBOM JJisi 00OCHOBaHUS MPUBOIMMBIX
B pabote yTBepkaeHui. CTaTuCTUYECKOe pachpeielieHue MPOYHOCTH (PpaKiiuid,
o0pasyromux B 00beMHEHUH KOHCTPYKTHBHBIN 3JIEMEHT, IT03BOJISIET BHIBOJI He-
JIMHEWHBIX YpaBHEHUH coCTOsiHUA. [Ipu 3TOM pa30HparoTcsi Tak Ha3bIBaeMbIe
CTPYKTYpHBIC HAIPSDKEHHS CHOCOOHBIX K CHIIOBOMY COIPOTHBIICHUIO (hpaKLuUii.
OO0ocHOBaHME B HEMTMHEHHOW TIOCTAaHOBKE MPUHIIMITA HAJIO)KEHHSI YACTUIHBIX JIe-
(dopmanunii o3HayaeT MoaMpUKAIMIO TpUHLIKIA cyneprno3uunu JI. bonbpumana 1
€ro NPUMEHHMOCTD B TOM YHCIIE TIPY HEIMHEHHOW 3aBUCUMOCTH JehopMaluii OT
pacyeTHBIX HANpPSDKCHUH. Y CTaHABIMBACTCS, YTO HEIIMHEWHOE OTHOCHTENILHO pac-
YETHBIX HANpPsDKEHUH WHTETPaJIbHOE YPABHEHUE COCTOSHUS SBJISCTCS JTMHEHHBIM
OTHOCHUTEIILHO CTPYKTYPHBIX HaIpspKeHUH. IMEHHO 3TO 00CTOSATENBCTBO O3BO-

JISIET €T0 CBEJCHUE K IIPOCTOMY JHHEHHOMY AuddepeHnnaabHOMY ypaBHEHHIO,
4TO, B YACTHOCTH, YIPOILAET PEIICHUE PEIaKCAIMOHHBIX 3a4ad. DTH 33/1a4l TECHO
CBSI3aHBI C PaCUeTOM KOHCTPYKIIHIT Ha JONTOCPOUHYI0 Oe30macHOCTh. CyIecTBeH-
HbIM MOMEHTOM B 00CYXJIa€MBIX BOIPOCAX BBICTYNAeT HAIWYUE €AUHOH (yHK-
UM cTapeHUsl OETOHA, ONPENEIIAOIEH TMHAMUKY €0 MEXaHUYECKHX IapaMeT-
POB — MOJyJIsl YIIPYTOCTH U MEPbI IIOJI3Y4ECTH.
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Rheological equations of concrete state and relaxation of stress
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Article history Abstract. Some approaches to the derivation of rheological equations of the me-
Received: November 10, 2021 chanical state of concrete are considered and the principle of superposition of
Revised: January 15, 2022 fraction deformations is justified in a nonlinear statement. In linear creep theory,
Accepted: February 10, 2022 this principle is known as L. Boltzmann’s superposition principle of fraction creep

deformations. The concept of the strength structure of the constructive material
is the basis for substantiating the statements given in this work. The statistical
distribution of the strength of the fractions forming a structural element in the union
allows the derivation of nonlinear equations of state. At the same time, the so-
called structural stresses of fractions that capable to force resistance are consi-
dered. The overlay principle of fraction deformations in non-linear statement is
justified. This means the modification of L. Boltzmann’s principle of superposi-
tion allowing its applicability also under the nonlinear dependence of defor-

mations on stresses. It is established that the integral equation of state, which is
nonlinear with respect to calculated stresses, is linear with respect to structural
stresses. It is this circumstance that permits its reduction to a simple linear dif-
ferential equation, which, in particular, simplifies the solution of relaxation prob-
lems. These problems are closely related to the calculation of structures for long-
term safety.
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BBenenue

Teopun MOA3yYeCTH MOCBAIICHO 0OMBIIOE KOMIMYeCTBO padoT. Cpeay 3HAYUMBIX TSl TadbHEHIIETr0 U3JI0-
>)keHus1 otMeTuM [1-8]. OgHUM K3 OCHOBHBIX HMOJIOKEHHM 3TON TEOPHUM SIBISIOTCS YPAaBHEHHSI MEXaHUUECKOTO
COCTOSIHHSI O€TOHA, KOTOPHIE BEIBOMSTCS HAa OCHOBE NMPHHIMIA HANOXEHUS medopmarnuii. OHM 3aKI09acTcs B
CYMMHPOBAaHHUU B HEKOTOPBI MOMEHT BPEMEHU ¢ YaCTUYHBIX MPUPAIIEHUN YIPYyTUX Asy(t, T;) W 3ama3jblBaio-
mux Ag,(t, T;) nedopmaryii OT YaCTHYHBIX MPHPANICHUM HanpsokeHui Ac(T;) B MpeblIylie MOMEHTHI Bpe-
MeHH. JTO 03HA4YaeT, YTO PEe3yNbTaT JEHCTBHS MOCIEIHUX YYUTHIBAETCS B MOMEHT BpeMeHH t. Ecim nedopma-
mun Agy (t, T;) (Ag, (t, T;)) B3aMMOHE3aBUCHMEI, TO IPUPANIIEHAE HATIPSKEHUS

Ao(t, ty) = Ao(t) — Aa(ty) = X7, Ao(t, T;) (1)
MOPOKIACT MPUpAILCHUE YIPYToil 1edhopMaliuu
Agy(t, to) = iz Agy(t, 1) 2
U npupanieHue AeGopMalyu MoN3y9eCcTH

Ag,(t, to) = Nt Agy (L, 1), 3)
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B mMomeHT t HanpskeHnio Ac(T;) BCIIEACTBHIE SBOJIOIMU MOYJIs yrpyroctd E (T;) oTBedaer aedopmarius

_ Ao(ty)
Aey(t, 1) = IOk

Cornacho (1) u (2) moIy4nM COOTHOILIEHHE

Ao(tty)  wn  Ao(t)
E) <=1 E@)

Asy(tﬁ tO) = ?:1 Asy(tl Ti)) (4)

peam3ylolee HATOJKEHNUE YaCTUIHBIX YIPYTHUX Aedopmanmii Asy(t, T;). B nanbHeiiem ucrosib3yercs Mepa Iol-
3ydecTd B hopMe

C(t,t) = C(0,28)0(D)f(t — 1). )

3neck C(o0,28) — npexpenbHas Mepa nonsydectd, 0(T) — QYHKIMSA CTapeHusl, OTpaXkarolias U3MEHEHUE
nepdopMaTHBHBIX CBOWCTB OETOHA BO BPEMEHH, a

f(t — ‘[) =1- e_YI(t_T)

GyHkmMs HakomieHus nepopmanuii nonsydectd. Cormacuo JI. Boabumany [1] mpu 6(t) = 1 nedopmanuu
Ag,(t,T;) = C(t,T;)Ao(T;) B3aUMOHE3aBUCHUMBI, KaXXAasd W3 HUX 3aBMCHUT JMIIb OT MPHUPAIICHHS HAMPSHKEHUS
Ac(T;) ¥ €ro NpOJODKUTENBHOCTH t — T; M HE 3aBHCHUT OT OCTAJIbHBIX MPUPAICHUN AG(Tj) ut—TOpul#j.
TeMm cambiM

8l'l(t—l tO) = Z?:l C(t' Ti)AG(Ti)' (6)

[lepexons x npeneny npu n — o U At; — 0, momyyum
Aeq(t to) = f; C(t,)do (1), (7)
a MHTErpUpys 1o yacTsMm ¢ yuerom C(t,t) =0
Bea(t, to) = —C(t, t)o(to) — f;. o(1) 522 d. ®)

JloGaBJisist opokaaeMyro HarpsbkerueM o(ty) nepopmanmro nonsydectu C(t, ty)o(ty) u ynpyryro aepop-

o(t) o
Maluro m, MOJIYYHM JIMHEMHOC YPAaBHCHUC MEXAHNUYCCKOI'O COCTOAHUA JI1 HECTAPCIOUIET0 MaT€pHrajia rpu OaHO-
OCHOM HarpyXC¢HUHN

t t aC(t,
e(t,t0) = 73— Jy, 0 X5 . ©)

JlnHeiiHOe ypaBHeHHE COCTOSIHUS

OCHOBHO# MPUYNHOI CTapeHNst OeTOHA ABIAIOTCS (HH3UKO-XUMHUYECKHE MTPOIIECCHI, B PE3YJIbTaTe KOTOPBIX
MEHSIIOTCSl BO BpPEMEHH IoKa3arenu mpodHocTd R(T), ympyroctu E(t) u mepsl nmomsydectu C(t,T). B coBpe-
MEHHBIX ()eHOMEHOJIIOTUYECKUX TEOPHSX MOJ3YUECTH ATH MU3MEHEHHUS YUUTHIBAIOTCS Pa3sHBIMU IS 3TUX MOKa3a-
tenei pyukiuamu crapenus trna 0(t). OCHOBBIBAsACH Ha SKCIIEPUMEHTAIBHBIX JaHHbIX [9], B [10] ycranoBieHa
UX OOIIHOCTH U BBISIBJICHA €€ CTPYKTYypa:

_ R(28) _ ctn
e(T) T OR() | C(0,28)f(t—T) (10)
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[Ipu npocTeiiniem HarpyXeHUU aeGopMaItus moa3yIecTH
e,(t, 1) = C(0,28)0(D)f(t — t)o(1).
0O603Ha4NM
Co(t,T) = C(0,28)f(t —1) u 6(t) = 0(v)o(1).

C yuerom (10)

8(t) = %‘?o(r) = R(28)n(D),

rae 1N(T) — ypoBeHb HANPSHKEHUIA.

(In

(12)

[Mpupariennro ypoBHs HampsokeHust An(T;) COOTBETCTBYET MpHUpanieHue AepopMaIiii MoiI3y4ecTd B MO-

MEHT HaOJIroaeHus t

e, (t, 1) = Co(t, T;)AG(Ty).

(13)

[TockonbKy B MUHEHHON mocTaHOBKe mpuparnieHue Ag; (t, T;) 3aBUCUT JIHIIb OT BeNUYUHBI AG(T;) U 1UTH-

TEJIBHOCTHU t — T;, TO
Aey (8, t9) = Xiq Co(6,1)AB(Ty)
a mepexons K mpeaeiy, MoIyIuM

Ae, (¢, ty) = ft’; Co(t, D) d5(T).

ITockonbky
ds(t) = 6(t)do(t) + o(1)8(1)dT,

TO
A, (t,ty) = f[o C(t,Ddo() + ffo Co(t, Do (DB(D)dr.
B3sB nmepBblii MHTErpa 110 9acTsaM ¢ yuetoM Cy(t, t) = 0, monyuum
Bey(t, t) = —C(t, t)o(to) — f;, o) =2 dr + [, Co(t, Do(Db(T)dr.
YuuteiBas
ftto o(1) % dt = fti) 8(t)o (1) % dt + fti) Co(t, Do(v)(1)dr,
uMeeM

t acy(t,
Aeq(t, o) = —C(t,t)a(to) — J,, 8(Da(D) %(:T) dr.

no0asisis HavyanbHyro aedopmanuio C(t, ty)o(ty), moayuaeM ypaBHeHHE s Ae)OPMAIMH TTOJI3yYECTH:

t aCy(t,T)
gq(t, ty) = — fto 8(t)o(t) (:3—1 dr.
YpaBHEHUE COCTOSIHUA B JINHEIHON OCTAaHOBKE

E(tr tO) = Sy(t) + Sn(t' tO)
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)
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c(t)

COZIEPXKHUT yTpyTyio Aedopmarnmio €, (t) = o

gy(t) = g,(ty) + Agy(t, to), (21)

rae npupamenue Ag, (, to) cornacHo (4) sBseTCs HATOKEHUEM B MOMEHT ¢ JaCTHYHBIX Tipuparenuii Ay (t, T;).
Hanoxenuem wacTuunbix mpupamtennit Ae(t, ;) = Agy (¢, T;) + Agy (¢, T;), oTBeyaromyX NpPUPAIIEHUIM
HATPSDKEHHI, [OJIyYIUM JHHEHHOEe YPaBHEHHIE COCTOSHUSI CTAPEIOIIEr0 MaTepHalia Py OJHOOCHOM HarpyXKeHHH

aCy(t,
e(t, ty) = % — [} 8(@o(®) 20D g, (22)

3ameuanue 1. PaBenctBo (19) MOXKHO MOMYYUTH U C TIOMOLIBIO TONHOTO AUddepeHuunana aehopmManuu
g, (t, ) = C(t,Do(1):

d[C(t, Do(D)] = C(t, D)do(r) + o(r) 252 dr + ELD gy . (23)
ITockonbky

t t ac(t,T) af(t,t) 6f(t )
J,, €&, Ddo(0) = =C (¢, to)alto) — J,, G(T)TTdT " Trdr af dt,

TO TIPH UHTETPUPOBAHUH (23 ) TTOTyIHM

Mg, (t, ty) = —C(t, tg)o(ty) — f; 0(0)6(1) 3C(;(Tt,‘t) i,

a nobasnenuem aepopmarmu C(t, ty)o(t,) paserctso (19).
[Mpupamenune ynpyrux nedpopmanuii

Bey(t, to) = [, dey(r) = &,(t) — &, (to), (24)

a nobasnsas redopmanmio £, (to), momydanm &, (t, to) = £,(t).
B [12] ypaBuenue (22) mpemmaraercs BHIBOJUTH C TOMOIIBI0 TOJTHOTO nuddepeHnnaia mopoxkIeHHON
IPOCTBIM HarpyxeHueM aedopmarmu €(t, T), IPEACTaBICHHON B BHIE

e(t, 1) = ;E; +C(t, Do (D). (25)

Heticteurensho, de(t, ) = dey(t) + d[C(t,T)o(t)], mostomy cornacho 3amedanmio 1 u (24) moGasie-
HueM nepopmanmu gy (to) + C(t, ty)o(ty) monyunm ypasrenue (22).

Takum 00pa3oM, mpeiaraeMblii Crioco0 MpeICTaBIseT APYroi MOAXO0/ IS BBIBOJA YPaBHEHHS COCTOSI-
HUS |, [I0 CYIIECTBY, (OPMAIBHO peann3yeT MPUHIKIT HAIOKEHUS YaCTUYHbIX nedopmanuii. OTMETHM, YTO ITOT
HOJIXO]] HE CBSI3aH C KJIIOUEBOH B MPUHIIMIIE CYNEPIIO3UIINHI B3aHMOHE3aBUCUMOCTBIO YaCTHYHBIX MPHPAIICHUI U
OTpakaeT peabHOEe CBOMCTBO 1e()OPMHUPOBAHHUSI.

Hapsiny ¢ pasenctBoM (25), nepopmarus €(t, T) npeacraisercs B Buje [2—4]

e(t,T) = gg; + C*(t, Do (D). (26)
CoritacHo (25) u (26)
C*(t, D) = C(6,1) + — — —. @27

E(W) E@)
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D10 03HAYAET, YTO IBOIIFOIUSA MOAyIis E (T) oTHeceHa K Mepe moasyudectr. B pesynbsrare pu mepe C*(t, T)
u E(T) = const MaTepuan mosaraeTcsi HECTapeIOIIUM (HIealbHBIM), TI03TOMY coracHo (9) u (27)

¢ ¢ ac*(t,
e(t,ty) = ggtg [ o 9 g, (28)
_ c(t) t 9 1 _rt ac(t,T)
e(t, ty) = ) fto o(t )aT E(T) dt fto o(1) == dr. (29)

3ameuanue 2. VI3 cpaBHeHUS paBeHCTB (28) u (29) SBCTBYET, UTO BUJ YPaBHEHUS COCTOSHUS OMPEACIIACTCS
BeIOOpOM Mep C*(t, T) u C(t, T) [14]. Crenyer MOoAYEPKHYTh, YTO NPUOABIEHHE K ONPENEIAEMOM paBeHCTBOM (25)

Mepe 3am1aBaeMoii paBeHcTBOM Cr (t, T) = Mepsl 3Bouonuu E (T) ciyxur B [3; 4] i npeacraBieHus

11
E(t)  E(t)
YpaBHEHUS COCTOSHUSA B BuAE (28) 10 aHAIOIMU C U3BECTHBIM YPaBHEHHUEM H/I€aTIbHOTO MaTepHana

Dpomouus E(T) BBI3BIBAET M3MEHEHHE YIPYroi nedopMaluy Ha BEIMYHHY | = f o(t )a% yIpy-

TrOro MOCJIEACUCTBUS U TEM CaMBIM

g, () — gy(to) = ft c(r)——d (30)

It E(1)

PasencTBam (25), (26) cooTBeTCTBYIOT ypaBHEeHUS (28), (29)

(£, to) = £y(to) + &n(t, to); GD
e(t,to) = &, (t) + £5(t, to). (32)

C yuerom (30) mveem
(t o) = £(0) = [, 0(0) 7= dT+ ealt to), (33)

u cornacHo (31)—~(33) ymenbuienue aedopmarmu €y (t, ty) Ha BenuduHy J KOMICHCHPYETCS MPUOABICHHEM K
gy (t) Bemuunne! —J. B pesyspTare 3Tol onepanuu moTydnuM ypaBHEHHE

t ac(t,t)
e(t, to) = &,(to) — [, o(v) == dr,

SKBUBaJICHTHOE (29).
B [12] xak 0OCHOBHO# 3aKOH JIMHEHHOHN MOJI3YYECTH MPUBOAUTCS ypaBHeHHE [15]

£(t, to) = 8(¢, t)o(to) + [, 8(t, Ddo (D), (34)

rae 6(t, ) = m + C(t, 7).

HHTGFpI/IpOBaHI/ICM 10 9aCTAM YpaBHCHUC CBOJAUTCA K (29) Ilomarast B HeM ciaraemoe —J JIMIITHHUM, aBTO-

pol [12] yTBEpKIAIOT, YTO «IIPHHIIAIT HAJIOKECHUS SBIICTCS OCHOBononara}omeﬁ OIMMOKON B TCOPHH TIOJI3yUe-

N 1
cruy. K Hanmunuuio storo Heooxoaumoro mpu mepe C(t,t) = C*(t, 1) + o m cJIaraeMoro MpUHIUI HE UMe-
o(t)

5D (puc. 1 [12]) mpsamas &, (t) = E(t 3

3yJIbTATOM MPUMEHEHHUS IPUHITMIIA HAJIOKEHHS, a CorlIacHO ypaBHeHuio (34) pu 6(T) = 0 mosyvaercst

et orHomrenws. Ha rpaduxe dynkuun €,(t) =

e(t, ty) = [c 1) +— + C*(t, D)o,

E(t) E(to)] E(t)
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DTo 03HAYAET, 4TO MPOTHBOMIOCTABNIAEMAs STOMY NPHHIIUIY KpuBast £, (t) = MoJTy4JaeTcs Kak pa3 Ha-

E(t)

AG(TL) Zn Ao(ty)

JIOECHUEM B MOMEHT ¢ 4acTU4HBIX fnepopmaimit A, (¢, T;) = 20 Zi=1 g0

=0p;T<Ti413 0= i<n-—1.
CornacHao (5) u (27) uMeeT MecTo paBeHCTBO

1

co)ft—-o=Ccf(t—-1) +E(t) 50" (35)
Ipu T = 28 cyr. (wis 6erona) nomaraor 8(28) = 1. Hpuunmas f(t — 1) = 1 — e YD nomyunm
— e Yt-D] = ¢+ e~ Y(t=1) 1
C[1-e |=c1- |+ E(t) ~ s
MepexoIoM K npeaeny t — oo cooTHomeHue mexay C u C*
C=C+—-——0. (36)

E() E(28)

3ameuanue 3. MynprurnukatusHas popma mepsl nonsydectu C(t,t) = CO(t)f(t — 1), HEemocpeacTBeH-
HO YYHTHIBAOIIAS BJ'H/ISIHI/IC CTapeHI/IH Ha YOPYTYI0 U 3ama3/bIBaioIlyi0 AedopMaiii, B OTIHYHE OT €€ BUAA

C(t,)=C*"(t,1)+ % — m SIBJISETCS ecTecTBeHHOM. OHa Goltee yIo0Ha B TIPUIIOKEHHSIX, K TOMY K€, COOT-

BETCTBYS ypaBHeHHIO (22) (6e3 JumIHero, Mo MHEHHIO aBTOpoB [12], ciaraemoro J), HCKIIIOYaeT HEKOPPEKTHOE
3asBJIeHHE 00 OMMOOYHOCTH MPUHIINIIA HATOXKEHUSL.

YpaBHeHus COCTOSIHUA B HeJIMHEHHOM MOCTAHOBKeE

JluHeliHbIe YpaBHEHUsS COCTOSHHS HE YUUTHIBAIOT SKCIIEPUMEHTAIFHO HAOII0IaeMYIO HETMHEHHOCTh Ha-
rpaMM O — € U, KaK BIiepBble oTMeT I A.A. ['BO31ieB, HE MIPHUTOHBI ISl TEOPUH Kenezo0erona. [IpuHumas nu-
HElHYI0 3aBUCHMOCTh MTHOBEHHBIX JedopMaiuii oT HanmpsoKeHHH, OH Tojiaraj 3amasjsiBaroniue aedopmanuu
HEJIMHEWHBIMU U COCTOSAIIMMHU U3 JIBYX KOMIIOHEHT: JJMHEHHON W HEJIMHEWHOM, BO3HUKAIOIIEH B pe3ybTaTe
CTPYKTYPHBIX MOBPEKICHUN. YpaBHEHHE COCTOSHUS B JBYXKOMIIOHEHTHOM TEOPUHU MOJ3YYECTH MPEIACTaBICHO
B Bue [16]

e(t) = S0+ 52 [} SCOK (e DdT + M FS)FIT(S,0)]dS (37)

rae max S — MakCHMalbHOE 3HAUCHHE YPOBHS HANPSDKEHHI, IOCTUTHYTOe K MOMEHTY BpemeHH t; R(t) — mpou-
HOCTh; T — CyMMapHasi AJIHUTEIbHOCTh ACHCTBUSA ITOrO YPOBHS K MOMEHTY t; K (t, T) — sapo mon3ydecT, onpe-
JeIsiolIee JIMHEHHYI0 KOMIIOHEHTY Ae(hopManuy MoJI3y4ecTH.

B otnnune ot nuHEHHOH, HENMHEHAs KOMIIOHEHTa Ae(OpMaIiK MOA3yYeCcTH He MMOTUNHICTCS IPUHIUITY
HaJIOKCHHUS.

B.M. bonnapesnko [1] monaran 3aBUCUMOCTh MTHOBEHHBIX Jie(hOpMaIiil OT HapsHKEHUH Takke HeJTMHEH-
HOW U B COOTBETCTBUU C 3THUM BBIBEI CIENyIOIIee HENMHEITHOE YpPaBHEHUE COCTOSIHUSA:

£t to) = 22— [F 5, [0(1)] 252 dr, (38)

rae S, [o(t)] u S,[0(T)] — HenuHelHbIe YHKIMY HANPSHKEHUM MTHOBEHHOW M 3amasblBaonieil aedopMaiiuii.
B [13] u [17 ] mpuBeneHo Ge3 BhIBO/A (CCHUTASICH HA HETMHEWHbBIE THarpaMMbl EBpoKo/ia) ypaBHEHHE COCTOSTHHUS

e(t,to) = fo[0(0] - [} filen(W]1 52 dr, (39)

rae o(t) = filey (D] u g,(t) = fo[0(t)] mpeacraBnsiror npsiMyr0 U 00paTHYO (YHKIHH HEIWHEWHON Iua-
TpaMMEI O — €.

CorytacHo (39) B ypaBHEHHH COCTOSIHUS HApsLy C HEJIMHENHON 3aBHCHMMOCTBIO OT HANpPsHKEHHH €, (T) ne-
bopmarus nmonsydectu € (t, T) mojaraeTcs JTHHEHHOM.
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3ameuanue 4. Ypasaenue (39) cBogutcs k IMHEHHOMY AuddepeHmanbHOMy ypaBHeHuo [13], cormacHo
PEIICHNIO0 KOTOPOTO THITOTE3a JTMHEHHOH MON3y4YecTH MPUBOIUT K YMEHBIICHHUIO OLIEHOK aedopManuii B pacue-
Tax Ha JIOJITOCPOYHYI0 0€30TTaCHOCTh COOPYKESHH.

B cratuctiueckoi Teopun MPOYHOCTH pacueTHasi MOJENb CTPYKTYPBI OETOHA TPeICTaBIseTCss HabopoM Ha-
cTu1] (3epeH), COeAMHEHHBIX HEPAaBHOBECHBIMH CBSI3SIMH, MPOYHOCTh KOTOPBIX SBJISETCS CITyYaiHOW BEIUYMHOM.
[Tpo4HOCTH CBsI3eH CYIIECTBEHHO HIKE MMPOYHOCTH 3€PEH, U HAKOIUICHUE MOBPEKACHUI B OETOHE pacCMaTpHBACTCS
KaK TIPOILIECC TIOCTETIEHHOTO Pa3pyIleHHs 3THUX cBs3ell. JlaHHas Moenb moBeieHust OeToHa BOcXoauT K Belibymy [18]
u noyumia passutee B [19-21]. [Tomaraercs, 94To cBs3u neOpMUPYIOTCS TUHEHHO, MOIyIN nedhopMaItuil y HUX
OJMHAKOBBI, IO3TOMY IUarpamMma aedopMupoBaHys OETOHA JIMHEHHA B TIPOLIECCEe HArpy KeHHsI.

Henuneitnocts nepopmanuii or Harpysku N(T), HaOarogaeMas B 9KCIIEPHUMEHTAX, CBA3BIBAETCS C MOCTE-
MIEHHBIM pa3pylieHneM Ooliee cIalbIX CBA3EH U Iepepacipe/ielieHIeM Harpy>KeHust Ha IeJible B MOMEHT T OoJiee
CUIIBHBIE CBSI3U. DTO BBI3BIBAET YMEHBIICHNUE CITOCOOHON K CHIIOBOMY CONPOTHBIICHUIO IUIOMIAAH HOPMAIBHOTO
ceyenrs A(T) ¥ pOCT HANPSKEHUS B OCTABIIKMXCA CBA3sX. JlMarpaMMbl MOJIYYarOTCS HEIMHEHHBIMH, TTOCKOJIBKY
MIPH WX TTOCTPOCHUH HCIIONIB3YIOTCS HANPSKSHNS, HalIEHHBIE TI0 TUTOIIAIN CeUeHHS A:

o(r) =2, (40)
HOpMaHBHO@ HaIps’KCHUEC
N
0c(v) = 13 (41)

Ha3BaHO CTPYKTYPHBIM, @ YCPEAHEHHOE HaNpsukeHHe o(T), BHIYMCIEHHOE B MPEANOIIONKEHUH Pab0TOCIOCOOHO-
CTH Bcel wiommann, — pacdeTHsiM [22; 23]. CornacHo (40) u (41)

A
0c(0) = 750(0 = S (Do (D). (42)
®Oyukuus Sy(t) = ﬁ, YUUTBIBAKOILAS PAa3PYILICHUE CBA3EH, €CTh (QYHKIHMs HapshKeHui [2].

Hanpumep, B popme I1.11. Bacunbesa [11]

m
S =1+v[33] ", 43)

rZie V U M — SMIUPUIECKUE TapaMeTPBL.

[lepepacnpenenenue HanpsKEHUH, MOPOXKAAIOLIEe HEMMHEHHOCTh AedopMalii, BEI3bIBAET B3aUMO3aBU-
CHMOCTH TIOCJIEIHUX OT YaCTHYHBIX MPHpaIleHuit HanpsokeHuid Ao (T;), HOTOMy 49TO 3P(EKT KaxI0ro I0rpyKe-
Hust Ac(T;) B MOMEHT ¢ onpeiensiercst miomaasio A(T;), 3aBucsiieit ot Bcex I0rpyKeHH Ao(r]) ;<1

Ypasuenue cocrostaus npeacrasisier H/IC nenpix Ha mpoMexyTke [t, t] 3BeHbEeB, 00pa3yromumx 9acts V;
aneMeHTa V.

Paccmorpum yacts V; aneMeHTa V, COCTOSIYIO U3 LIENBIX 3BEHBEB B MOMEHT T.

[Ton nmeficTBreM HeyOBIBalOLIETO HArpy>KeHHs 4acTh V; B MOMEHT t yMeHblIaeTca 10 Vi, o0pa3oBaHHOM
COBOKYITHOCTBIO OCTaBIINXCS LENbIX 3BeHbeB. Jledopmarmu vacreit V; u V; nox neiictBuem o.(T) coBmamaror.
[pupamenust Ac.(T;) He pa3pymIaroT 3BeHbs V;, 1 HIMEHHO 3TO BIEYET HE3aBUCUMOCTh BEITHINHBI

Ag, (8, 1) = Co(t, Ty)Ao(T;) (44)

OT OCTaJIbHBIX IPUPALICHUN AO‘C(Tj); Jj # i, anoromy
gy (t, tg) = ity Co(t, T) Ao (Ty). (45)
CootHotmeHue (45) sBISICTCS aHAIOTOM MpUHITHIA HaytoxeHus JI. boapiiMana B HETHHEHHOW TTOCTaHOBKE.

C moMoIIbi0 IPUBEACHHBIX B JIMHEWHON MOCTAHOBKE MOCTPOCHUN YpaBHEHHE HECTApPEIONIEro MaTepuaia B HeE-
JIMHEWHOM mocTaHoBKe [24; 25]
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c(®) t 9Co(t,T)
e(t to) = 52— [, 0c(D =52 dn (46)

So(t)o(t t dCo(t,
£(t,to) = 2520 ~ [ So(@o(®) 2L dr. 47

JI1s1 cTaperomero MaTepiaa paccMaTpUBaeM YacTHUHbIE TIPHPAIICHHIS
Ae,(t,1;) = Co(t, T)AG (17);
G (1)) = 6(ty)o (1)) = R(28)n (1)),

rae 1(T;) — YpOBEHb CTPYKTYPHOT'O HAIPSIKCHHUSL.
IoBTOpEHNEM NOCTPOCHHH B JIMHEHHOM TOCTAHOBKE BHIBOIMM YPaBHEHHE COCTOSIHIS UL CTApEIOILIEr0 MaTepraia

c(t t aCo(t,
e(t, ty) = C;T(o) — I} 8o (1) 20D g, (48)

Ympyras aedopMans B HeTUHEHHOM ITOCTaHOBKE

oc(t) _ So(®)o(®) _ [1+a(®)]o(®) _ o) , al®)o(t)
E®)  E® E(t) T E@® E(t) °

g, (t) =

o)™
roe a(t) = v [ﬁ
W3 (37) BBITEKAET, YTO HENMHEHHAS 9aCTh £y (t) nepopmaruu sy(t) IOJDKHA COOTBETCTBOBATH IOCIE-

HEMY CliaraéMoMy B €TO npaBoﬁ qacTu.

t

. aC,(t,T)
TTockonbKy 3a Mallblif POMEKYTOK BpeMeHH t — t, Benmuunna Ag, (¢, ty) = [, o(T) —';T dT Takxke Mana,
0

t
TO TPEANOIOKEHUE, YTO OTMEUCHHOE ClIaraeMoe MPECTaBISET KPAaTKOBPEMEHHYIO MOJI3yYeCTh, BICUET JOITY-
menne, uto C(t,t) # 0, u Tem cambiv npuHaTHe k < 1 B dynkmmu f(t —1). Ha camom nerne HavaibHbIN

o (o) o
BCILIECK MPAKTHYECKU peausyeTcs 3a cuer aedopmanuu €, (t,) = a(ty) B (to), OTBEYANOLIEN IPUPOCTY HAIps-
0

seHus 0(T) Ha LebIX 3BEHbAX OETOHHOIO SJIEMEHTA.
3ameuanue 6. Coornecenue B [16] nedopmaruu £, (t) B pasps nepopMaliu No3ydecTd oTMedeHo B [12].

PenakcanuoHHBbIe 33212491

Pacyet rxene300eTOHHBIX KOHCTPYKIIMI CBSI3aH C OMNpeeSeHIEM HapsHKeHHH B OSTOHE W apMarype 1o U3-
BECTHBIM B HUX JedopMarisaM U MPUBOANT K HEOOXOIMMOCTH PEIIeHHs pellakCariMOHHbIX 3a1ad [16]. [lepepacmpe-
JieTIeHHE HaIlpsHKEHUH MEXIy OETOHOM M apMaTypoi 3HAYUTENFHO BIUSET Ha WX HAPSDKEHHO-Ie(OPMUPOBAHHOE
COCTOSIHHE.

CTaHIapTHBIM METOJIOM PEIICHUS PEeTaKCAMOHHBIX 337124 SBJISICTCS OTPESNICHHE SIpa PenaKkCcaliu, co-
NPSHKEHHOE ¢ MEIUIEHHO CXOJsmuMest psioM. [lpumenenne npeodpa3zosanus Jlamiaca B COYETaHUH C METOJIOM
MaJioro mapamerpa TpyAoeMmko [16]. B maHHoli pabore 3amaya penakcaluyl HanpspKEHHW B OETOHE perraercs
CBEJICHHEM WHTEIPALHOTO YPABHEHHS COCTOSHUS K JTHHEHHOMY OOBIKHOBEHHOMY TH(QEpeHIHATEHOMY ypaB-

HEHUIO TIEpBOTO Topsiika. [Ipu 3TOM CyIlleCTBEHHO, YTO B JIMHEHMHON M HETMHEWMHOM MOCTAaHOBKAaxX CTPYKTypa
tT
ypaBHeHHs1 ofuHakoBa. Kpome Toro, u3 cootnomenus C(t, 1) = %t)), rae @(t,t) = E(28)C,y(t, T) — xapakTe-

PUCTHUKA TOJ3YYCCTHU 0e3 ydc€Ta CTapCHusl, CICAYCT pPaBCHCTBO

28
C(t,T) = E((T; Co(t, D).

3TO MO3BOJISAET OMPEACITUTH OOIILYI0 (DYHKIMIO CTAPEHHUS [T MTHOBEHHBIX M 3aIla3/bIBAIOIINX Je(opMariunii:

E(28) _ C(tT)
E®)  Co(t)

0(v) = (49)
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Cornacho (22) npu Cy(t,T) = C(oo, 28)[1 - e—y(t—r)]

£(t,to) = S +YC (o0, 28)E(28) [ Z2e V=D,

o(D)

B (o b YIHTBIBASL, HTO MIPEAIENbHAS XapaKTEPHCTHKA MONBYHECTH (P = C(o0,28)E(28),

O6o3Haunm g, (1) =

MoJry4ynm
e(t, ty) = g,(t) + ype™* ftz gy (Dedr. (50)

CBezieM MHTErpanbHOE YPaBHEHHE COCTOSHHUS B AU((epeHIHanbHyo GopMy. YMHOKAM IPaBYIO U JIEBYIO
gacTu (49) Ha eVt:

eYie(t, ty) = e¥le, (t) + v fti) gy(De¥'dr (51)
1 npoauddepernupyem (50) 1o t ¢ ygeTom % ) :0 f(©dt = f(t). Homyuum

eVt[e(t) + ye(®)] = eyt[éy(t) + ysy(t)] +y@peYie, (t).
%0507

gy (t) + bey(t) = £(t) +ve(t); b = y(1 + @). (52)

bt

O6umMm perteHneM ofHOPOHOTO ypasHenus £, (t) + bey(t) = 0 sBusercs €,,(t) = Ce™", a obuee pe-

menue (51) HAXO/MM METOIOM BapHaIliy MPOU3BONBHOM MOCTOSHHOM, IpecTaBiss ero B Buje &, (t) = C (t)e bt
U noacTaBiss ero B (51), momydnm

C(t)e Pt — bC(t)e Pt + bCe™Pt = @y (t);
@o(®) = £(t) + ye(®); C(D)e " = () u C(t) = [ ePlgy(t)dt = Dy (t) + C.
TeM cambim o6iuee peenue (51)
g,(t) = Ce ™ + e Ptdy(t) = Ce ™ + @ (1); P(t) = e Pty (t). (53)
Cormacto (50) nmeem £(ty) = £,(to) n e(ty) = P(tp) + Ce™ , otxyma € = [e(ty) — P(t)]e”*
e g,(t) = [e(ty) — P(to)]e PEt0) + d(0); (54)
o(t) = E(t)[e(ty) — D(tg)]e Pt + E(t)D(2). (55)

B HenmHeitHO# mocTaHOBKE ypaBHeHHE (48) C MOMOIIBIO MPOBEACHHBIX AJsl ypaBHEHHs (22) omeparuii
TaKXe CBOOUTCS K ypaBHeHHIO (51), moaTomy

o.(t) = E@)[e(ty) — ®(tp)]ePEt) + E()D(1). (56)

[To HaiimeHHOMY (hOpMyIIOii (55) CTPYKTYpHOMY HANpPSDKEHHIO O, (t) HCKOMOE pacueTHOE HAIpsDKEHHE
o (t) ompexensercs pelieHHEM ypaBHEHHS

Solo(®)]o(t) = o™ (1). (57)
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PaccmoTpum MonenpHBIC citydan nedopmartuii.

1. e(1) = g,.
_ YE _ €
HmeeMm gy4(t) = TO = ﬁ u cornacHo (54)
—y(1+@)(t—to)
G(t) — E(t)SO(pe Y @ 0 + E(t)s(). (58)
1+@ 1+¢
2.e(t) =V(t—ty).
Ipu @y (t) = V(1 + y(t — ty)) yactHOe pemenre ypaBHenus (51) uiiem B Buze
gyy(t) = M(t —tp) + N,
HO9TOMY
bM(t —to) + M+ bN = Vy(t — ty) +V; bM = Vy; M=$; M+bN =V;
_rmM__Vve
N=="= Y(1+@)?
Tem cambimM
_ V(t—ty) Ve
&a(t) = 1+¢  y(1+¢)?
u
_ _[EOVO ] _y(1+@)(t-ty) 4 E®V(E-ty) | E@®Ve
o) = [v(1+<p)2] € v 1+ + y(1+@)? (59)

B nenuneitHol noctaHoBKE paBeHcTBaMU (57), (58) onpenenstoTcst CTpYKTYpHBIE HAPSKEHUS, a pacyeT-
HBIE HANIPSHKCHUS — peIIeHNeM ypaBHEHUs (56).

3akaouenue

Ha ocHOBe KOHIIEMIINH IPOYHOCTHOM CTPYKTYPHI OETOHA, CTATUCTUYECKOTO PACTIPEACTICHHS IPOYHOCTH €T0
¢bpaxkuuii MOAU(UIUPYETCSI M3BECTHBIN B TMHEHHON TEOPUH MON3YYeCTH MpuHIMN cyneprno3uuun JI. Bonpimana.
C onopoii Ha AaHHYIO MOAM(UKALNIO BEIBOAUTCS HEJIMHEHHOE YpaBHEHHE MEXaHIMUYECKOTO COCTOSHUS MaTepuara.
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Cnoco0 ycuiieHHs1 apOYHbIX 3/1aHUM
C HEeIOCTATOYHOM Hecylleil CrocOOHOCTHIO ONOP AJIsl BOCIIPUSITHS pacnopa
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Hcropus cratbu AnHoTtauus. [Ipeanaraercs HOBBIN Croco0 YCHICHUSI apOYHBIX 3JIaHUN C HEJO0-
[Noctynunna B pemakuuio: 16 siaBaps 2022 r. CTaTOYHOM HecyIIeH CroCOOHOCThIO OMOp JUIs BOCHpUsATHs pacriopa. OH MOXKET
Jopab6otana: 21 ¢eppans 2022 . OBITh pea30BaH B YCJIOBHUIX apXUTEKTYPHO-KOHCTPYKTHUBHBIX PEIICHUN 3IaHUI
[punsTa k myOmukaiuu: 27 dpespans 2022 r. C HAJIWYMEM 30H, MPETSATCTBYIOMNX TPAJULMOHHOMY Pa3MEIIEHHUIO 3aTsDkeK. B m-

Teparype OTCYTCTBYIOT pe3yJIbTaThl CCIICIOBAHHIA TI0 3Toi npodiieme. Ha nmpumepe
0ecKapKacHOTO apOYHOr0 3[aHMS ¢ HEAOCTATOUHON HecylIel ClIOCOOHOCTHIO OIIop
JUIsL BOCTIPHSITHS PAcIiopa PacCMOTPEHO NMPUMEHEHHE MPeUIaraeMoro MeToa ycu-
JICHHS C MIPUBENICHUEM JBYX BapHAHTOB AHKEPOBKH OIOpP ApPOYHOrO 3JaHUS 3a-
TSDKKAMHM, YCTaHAaBIMBAEMBIMH Ul BOCIIPHATHS Pacropa K IMOoTy3ariyOiIeHHbIM
1 3arayOJeHHBIM SKOpsM-aHKepaM. [ n3y4aeMoro apodHoro 34aHHs MpOBe-
JCHBI TEOPETUUECKHE UCCIIEIOBAHUS 110 ONPEAENICHHUIO BEIMUYNHBI IPEAHATIPSIKESHUS
B YCTaHABJIMBAEMBIX 3aTsDKKaxX, IPH KOTOPOH 00eCIeunBaeTCsl HeCyIast Cocoo-
HOCTh apOYHOTO 3[aHUs Uil BapHaHTa HECUMMETPUYHON CHETOBOM pacyeTHOMN

Harpy3ku. 3Ha4UMOCTb IMOJYYEHHBIX PE3yJIbTaTOB JJIsl CTPOMTENILHON OTpaciiu
Juiss uuTHpOBaHUA
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COCTOMT B TOM, YTO BIEPBBIE MIPEACTABIEH CIIOCO0 YCHIEHHS apOYHBIX 31aHHUH C
HEJIOCTaTOYHOW HeCyIlIel CrioCOOHOCTBIO OTOp YISl BOCIIPUATHSA pactopa. JlaHHbIH
crnoco0 ycwiieHHsl Hecyled CIOCOOHOCTH KOHCTPYKLMH M OIOp apOYHBIX 37a-
HUBl sBseTcs Y3QPEKTUBHBIM, O0NAIAIONMM HOBU3HOW U MOXKET HMPUMEHSTHCS
B YCIIOBHSX apXUTEKTYPHO-KOHCTPYKTUBHBIX PEIICHUH 31aHUH C HAIUYUEM 30H,
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A method for strengthening arched buildings
with insufficient bearing capacity of supports for the perception of the strut
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Article history Abstract. A new way to strengthen arched buildings with insufficient bearing
Received: January 16, 2022 capacity of the supports for the perception of the strut is proposed. That method
Revised: February 21, 2022 can be implemented in the conditions of architectural and structural solutions of
Accepted: February 27, 2022 buildings with the presence of zones which prevent the traditional placement of

puffs. There are no research results on this problem in the literature. On the example
of a frameless arched building with insufficient bearing capacity of the supports
for the perception of the strut, the application of the anticipated reinforcement
method is considered with the reduction of two options for anchoring the sup-
ports of the arched building with puffs installed for the perception of the strut
to semi-buried and sunken ground anchor. For the arched building under consid-
eration, theoretical studies were carried out to determine the prestress value in
the installed puffs, at which the load-bearing capacity of the arched building is
provided for the variant of the asymmetric snow design load. The significance of

the obtained results for the construction industry is that for the first time a method
of strengthening arched buildings with insufficient bearing capacity of supports
for the perception of the strut is suggested. The projected method of reinforce-
ment is an effective, novel way to increase the load-bearing capacity of struc-
tures and supports of arched buildings and can be used in the conditions of archi-
tectural and structural solutions of buildings with the presence of zones that prevent
the traditional placement of puffs.
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OnHUMH U3 IIUPOKO PACHPOCTPAHEHHBIX KOHCTPYKTUBHBIX CHCTEM B CTPOUTENIBCTBE SIBIAIOTCS apOYHBIE
KOHCTpYKITHH. CHEKTp WX MPUMEHEHUS HEOOBIYaiHO IMMPOK M BKIIOYACT B ce0s 00BEMHO-TNIAHHPOBOYHBIC pe-
IIeHHs KaK HeOONBIINX 3/1aHUN CeTbCKOXO3SIMCTBEHHBIX MPEANPUATHI M Majoro OM3Heca, Tak M KapKacoB OOJIbIIIe-
NPOJIETHBIX 3JaHMUSAX CIIOPTHBHOTO WM OOIIECTBEHHOro HazHaueHHA [1—6]. OTINYNTENbHBIME OCOOCHHOCTSIMH
ApOYHBIX 3aHUM SBIIIOTCS BO3MOKHOCTH OBICTPOTO BO3BEIECHHUS, HEOObIIAs Macca KOHCTPYKIMH, HU3Kasl CTO-
MMOCTh CTPOHUTENBCTBA M HEOOXOIMMOCTh ydeTa IpU MPOEKTUPOBAHUH OIMOp apOYHBIX 3aHUIM BO3AEHUCTBUS
pacmopHbIX ONOpHBIX peakuuii [7—11]. [IpoGreMy BocTpusTHS paclOPHBIX YCHIMK U YMEHBIICHHUS pacxoia Ma-
TEPUAJIOB Ha YCTPOMCTBO OIMOP B apOYHBIX 3JAHUSX PELIAIOT YCTAHOBKOM 3aTSHKEK MEXIY omopamu apok [12-19].
YcTaHOBKA 3aTSDKEK B apOYHBIX COOPYXKEHHUSX BIJICUET CIIOKHOCTH B BUAE HEOOXOOUMOCTH HX CKPBITOH ycTa-
HOBKH B KOHCTPYKIHH II0JIOB 3[aHUs, 0053aTEILHOCTH HX NpeAHANPSKEHUS IPU OOJBIINX pa3Mepax MpoJIeTOB
UL COXpPaHEHHsI Pabovero COCTOSIHHS, HEBO3MOXKHOCTH TPAAMLMOHHON YCTaHOBKH 3aTSDKEK MEXIY OIOpaMH
apoK IIPU PACIONOKEHUU MEXAY HUMH HMHXXCHEPHBIX KOMMYHHUKAIUH, TEXHOJOTHYECKUX OOBEKTOB 31aHMS.
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[ToaTOoMy TIpH GOJIBITUX MPOJIETAX APOYHBIC 3MIAHUS YacCTO MPOCKTUPYIOTCS 0e3 MpUMEHEHUs 3aTsvkek [20-24],
YTO NMPUBOJUT K HETOCTATOYHOW HECyIlel CIIOCOOHOCTH MX OIOp M3-3a MOTPEUIHOCTEH B mpolecce MPOeKTUPO-
BaHUS WIH OTKJIOHEHUH OT MPOEKTHBIX PEIISHH, TOMYyCKAeMBIX M3-3a OIMNOOK IPHU BBIMTOJHEHUU U HU3KOTO Ka-
YeCTBa CTPOUTEIBHO-MOHTKHEIX PabOT MpHu ycTporicTBe (hyHAAMEHTOB 3MaHUN. JIJI apOvHBIX 3MaHUN C HEIO-
CTaTOYHOHM Hecyllel CrIOCOOHOCTHIO OTIOP MPUMEHEHHE 3aTsHKEK ISl X YCUJICHUS — OJMH U3 Hanboiee dQdek-
THUBHBIX, HO YaCTO TPYJHO KOHCTPYKTHBHO pEaIn3yeMbIX CIIOCOOOB ycwiieHus. B maHHo# paboTe paccMmarpuBa-
I0TCSI CIIOCOOBI YCUIJICHHUST apOYHBIX 3/IaHUH C HETPAIUITMOHHBIMH CITIOCOOAMHU YCTaHOBKH 3aTSAKEK C MCIIOJIb30Ba-
HHUEM CIIEITUANBHBIX aHKEPHBIX YCTPOHCTB, MMO3BOIISIONINE PEIINTE MPOOIEMBI HX YCTaHOBKH.

MaTepna.m,l H METObI

B cTponTenbHBIX KOHCTPYKIUSAX 3[aHUH apOYHbIe KOHCTPYKIIMU HAIIUIH IIUPOKOE MPHUMEHEHHE B Ka4eCTBE
KOHCTPYKITH TTOKPBITHSA, TJ€ 3aTSDKKH, PACHOI0KEHHBIE HAll MMOMEIICHUSMH, SBISIFOTCS 00s3aTeNIbHBIM DIIEMEH-
TOM, BOCIpPHHHUMAIOMKM pacrop. [Ipu OonbIux mposerax MOKPHITHH €CTECTBEHHO NMPHMEHEHHE IT0JIBECOK, CO-
SAVHSIOMIUX apKH TOKPBITUS U 3aTSKKU. [Ipu 5TOM pacmonoskKeHHBIE BBIIIE SKCILTYyaTAIIMOHHBIX 30H 3JaHUH 3a-
TSDKKH C TIOIBECKAMH «HE MEIIafoT» (QYHKIIMOHUPOBAHUIO 3MaHni. [Ipi BO3BeIeHNN apOYHBIX 3AaHU, B KOTOPBIX
apKH OIMPAIOTCS HEMOCPEACTBEHHO Ha (DYHITAMEHT U TPH 3TOM 00ECIIeUMBaeTCs COBMEIIeHHE (DYHKIIUN apOYHOTo
Orpa)JICHHs KaKk CTCHOBOTO OIPaXKJICHUS U MOKPBITUS, YCTPOHUCTBO 3aTsHKEK MPH OOJBIIMX MPOJIeTaxX MPeCTaBIs-
eT co00li CIIOKHYI0 MHKEHEPHYIO 3a/1a4y, TPeOYIOIIYIO pelleHrs pY MPOSKTUPOBAHNY 3/1aHus. Takoe permieHne
JIOJDKHO YYUTHIBATh BKIIFOUYEHHE B PadOTy 3aTshkeKk 0e3 MpUMEHEHHs TMOIBECOK MpH OONBIIMX IIPOJIeTax apok,
obecrieueHne JOJTOBEYHOCTH 3aTsDKEK, KOTOpble HEOOXOAMMO pa3MellaTh HiKe YpoBHA mosia. OTHEM H3 CIIOCO-
0OB BKITIOUEHUS 3aTHKEK B PaOOTY TpH OOJIBIION JUTHHE SBISETCS WX MpeIHanpshKeHre, a st odecriedeHus pado-
Yero COCTOSHUS 3aTDKEK B IOJIAX 3MaHUH TPUXOAUTCS IeNlaTh TEXHOJIOTHYECKHE KaHAIBI MEKIY OITOPaMH KaX IO
W3 apoK 3/1aHUs ATl MX pasMeleHts. 3a4acTylo pelleHne OA00HBIX HHKEHEPHBIX 3a/1a4 CTAIKUBAETCA C MacCon
orpannueHuii. Hanpumep, npu He0OOXOAMMOCTH YKJIAJAKH BHYTPHU 3aHUS TEXHOJOTMYECKUX O0BEKTOB, UMEOIIIX
rabapuThl HIKE YPOBHS T10J1a U UCKITIOYAIOIINX pa3MelIeHUe 3aTsHKEeK MEXITy OropamMu apok kapkaca. OTCyTcTBHe
3aTSHKEK MEXIY apKaMH, Kak MPaBUIIO, BCETa IPUBOANT K MIEPEPacXoly MaTepHAIOB Ha U3TOTOBJICHUE OTIOP 37a-
HUs. [{)1s HEKOTOPBIX JIETKUX apOYHBIX 3[[aHUH, HaIpuMep OecKapKacHBIX [25—26], BRINOJHEHHBIX W3 TPOQHACTH-
J1a, COBMEIIAIONIETO KaK OTpayKAalolIre, Tak U Hecylire GyHKIUH, TPUMEHEHNE 3aTsDKEK SBIISIETCS OIHUM U3 0051-
3aTeNbHBIX YCIOBUN MX MPUMEHEHHUS TP JOCTATOYHO OOJBIIMX IPOJIeTaX B palfoOHAaX CO 3HAYUTEIBHON CHETOBOU
Harpy3koi. B Ka3zaHCkOM rocy1apCTBEHHOM apXUTEKTYpPHO-CTPOUTEIBHOM YHHUBEPCUTETE IPEIUIOKEHBI KOHCTPYK-
TUBHBIE perenus (puc. 1-3), nmpeacrasisroniee coOOH apoyHOe 3/IaHKe, BKIIIOYAOIIEe apKH, OMEPThie Ha TPOTH-
BOITOJIO’KHBIE C KKIOH CTOPOHBI OMIOPHI B TPYHTE, MEYKIY KOTOPHIMH BBITIOJTHEHBI CTEP)KHEBBIC 3aTSHDKKHA U OTPaXK-
Jaronue KOHCTPYKIWHU I10 apKaM. HpI/I OTOM 3aTAXKH, BBIIIOJIHCHHBIC B BUAEC CTCPIKHEBBIX 3JIECMEHTOB, COCAUHAIOT
KaXTIyH0 OTNOPY C TIOJTy3ariyOJeHHBIMU U 3aTTyOJICHHBIMU SKOPSIMU, PACIIONIOKCHHBIMU BHYTPHU 3/IaHUs, @ IMEHHO
BOJIM3HM OTIOP € KaXKJO0H CTOPOHBI 3[JaHHUS.

Puc. 1. ITonepeunstii pa3pe3 apounoro 3ganus (1) mpoaerom L ¢ omopamu (2) M aHKepHBIME ycTpoiicTBamH (3),
HOJTy3aryiyOJICHHBIMH B 110JI DOYHOTO 3AaHUS
Figure 1. Cross section of an arched building (1) with a span L with supports (2) and anchoring devices (3),
half-buried in the floor of an arched building
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Puc. 2. Ilonepeunslii pa3pe3 apounoro 3xanus (1) mponerom L ¢ onopami (2) 1 3arayOleHHBIMU aHKEPHBIMH YCTPOICTBaMU B BUJIE sIKOpeH (4)
Figure 2. Cross section of an arched building (1) with span L with supports (2) and buried anchor devices in the form of anchors (4)
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Puc. 3. PacrionoxeHue aHKEpHBIX YCTPOWCTB B BUJIE TTOJTy3arTyOIeHHBIX aHKEPOB (3)
WJIM 3aTTyOJICHHBIX aHKEpOB (4) MeXIy apKaMHy B IUIaHE 34aHU U onopamu (2)
Figure 3. Location of anchor devices in the form of half-buried anchors (3)
or buried anchors (4) between the arches in the plan of the building and the supports (2)

HoBu3zHa mpemioKeHHBIX KOHCTPYKTUBHBIX PEIICHUH apOK ¢ OTIOPaMU ¢ aHKEPHBIMH 3aTsoKkaMu (puc. 1-3)
MOJATBEPKIACHA IATEHTOM PD'.

Pe3yabTathl 1 00cy:K1€eHUe

[IpennoxeHHble KOHCTPYKTHBHBIE PELICHUS] YCTPONUCTBA OMOP apoK C KPEIUIEHHEM UX K SKOPSAM YIOOHO
WCIIOJIB30BaTh NMPHU YCUICHWH apOYHbIX 3laHUil. BO3MOXHOCTh MpUMEHEHHS MPEATIOKEHHBIX KOHCTPYKTUBHBIX
pelIeHu pu YCUIIEHUHU apOYHBIX 31aHUH pacCMOTPHUM Ha IpUMEpPE apovyHOTIo 3AaHus, HocTpoeHHoro B Kazanu.

Apounbiii anrap Bo3eeH B 2018 r. Oto 3panue anuHoi 72 M, posetoM 21 M. AHrap paccuurtaH Ha pac-
YETHYIO CHETOBYIO HAarpy3ky B 240 Kr/M°, OJXHOIPOJIETHBIH, GecKapKacHEIH. MaTepHan HecymuX KOHCTPYKIIHI
nokpbITHst — ctanb 08mc ('OCT 14918-80). KoHCTpyKTHBHBIE U ITPOEKTHBIE PEIIEHUS apOYHOT0 3aHUs IpHBe-
JIeHBI Ha puc. 4-6.

! Tlar. 2725375 Poccuiickas ®enepanms. Apounoe 3panue / Kysnenos U.J1., Xycaunos JI.M., TaiineTaunos P.I'. Ne 2019133640,
3asi1. 22.10.2019; ony6u1. 03.09.2020, Bron. Ne 25. 7 c.
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Puc. 4. beckapkacuslit apounslif anrap nposnerom 21 M (poro .M. XycanHoBa)
Figure 4. Frameless arched hangar with a span of 21 m in Kazan (photo by D.M. Khusainov)

Puc. 5. AHKepHBIe CTOWKH ceueHueM 3 KBaapaTHOH TpyOsl 80x80%5 mm ¢ marom 1,9 M (poto I.M. XycanHosa)
Figure 5. Anchoring pillar with a section of a square pipe 80x80x5 mm with a step of 1.9 m (photo by D.M. Khusainov)
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Puc. 6. Jlentrounslii poctBepk GpyHnamenta 3nanus Beicotoi 0,5 M (poto J[.M. XycanHosa)
Figure 6. Capping beam of the building foundation with a height of 0.5 m (photo by D.M. Khusainov)

BeimosnHuM mpoBepKy Hecylued crocoOHOCTH (hyHIaMEHTa apo4yHOIO 3[aHUS Ha ACHCTBHE BEIUYHMHBI
pacropa, KOTOpPBId BO3HHUKAET OT JIEHCTBHS pacyeTHOTO COYETAaHUS HArpy30K, COCTOSIIET0 M3 CHETOBOW U MO-
CTOSTHHOHM Harpy3ok. Takyke OLeHHM IPOYHOCTH JIEMEHTOB aHKEPOBKU (yHIaMEHTa 3[IaHHs B CBasX W3 KBal-
patHoi TpyObI 80x80%5 MM, ycTaHOBIEHHOH ¢ maroM 1,9 M. MOMEHT OT pacnopa B 3JIEMEHTE MO pe3yJbTaTam
pacdetoB paBeH M = 1,62 ™™
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Figure 7. Method 1. Installation of tie-beams in the strip foundation of an arched building with steel pile anchors
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[IpoBepKy MPOYHOCTH JJIs MaTepuaia cTaum kiacca C245 BRITIOTHAM 110 popMyIre
MW, =162 000 /35,3 = 4589 kr/cm* > Ryy. = 2400 kr/cm?, (1)

rae W, = 35,3 cM’ — MOMEHT CONMpOTHBJIEHNS KBAIPATHOH TPYOHL.

BbIBOA: MPOYHOCTH AHKEPHBIX AJIEMEHTOB (YHIAMEHTAa HEJOCTAaTOYHA I BOCHIPHUATHS PACUCTHOM BeJu-
YHHBI pacriopa OT pacueTHON Harpy3KH.

Koa¢ddumment ncnonp3oBaHust ceueHNsI aHKEPHBIX CTOEK CBai JJIEHTOYHOTO POCTBEPKA COCTABIIAET

K, =4306/2400=1,79.

C nenpro yCHIIEHHsI JIGHTOYHOI'O POCTBEPKA AJIsl JAHHOI'O apOvHOrO 3[aHUs pa3pabOTaHbl BAPHAHTHI YCH-
neHus1 GyHAaMEHTOB ¢ IPUMEHEHHEM 3aTsDKEK C aHKepamu: BapuaHT 1 (puc. 7) u BapuanT 2 (puc. 8).
AHKepa 3aTsDKeK B BapuaHTe | BBIMONHSAIOTCA U3 TpyO ceueHueM B219%8 MM, KoTopele Ha 2,5 M 3abuBa-

IOTCSl B TPYHT M PacIojararoTcsl BAOJb JIEHTOYHOTO (yHIAMEHTa, UX IIar omnpeaessieTcs aHKepyIomeH crnocob-
HOCTBIO CBAHOT'O SIKOPSI.
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Figure 8. Method 2. Installation of tie-beams in the strip foundation of an arched building with steel pile anchors

3aTsHKKM B BapUaHTE 2 aHKEPOBKM YCTaHABIMBAIOTCS C IIAroM 1,5 M ¢ aHKEPOBKOH K 3ariayOJIeHHBIM SIKO-
psaM umHON 1 M 1 cedeHneM u3 TpyObl ¥219x8 MM. AHKepa MOMEIIAIOTCS B 3apaHee BBHIKOMAHHYIO TPAHIICO
mmpuHOH 1,5 M, TyOuHoii 2,5 M. TpaHnies nociie yCTaHOBKH SIKOpPEH 3achlaeTcsi IeCKOM ¢ 00beMHBIM BECOM
He Menee 1,5 /M.

[IprmeHeHne aHKEpHBIX 3aTHKEK B aPOYHBIX 3JaHHUAX BO3MOXKHO M B CIIydasiX HEOOXOAUMOCTH YCHIICHHS
HECYIUX 3JIEMEHTOB apOYHBIX 3JaHUM IIyTEM U3MEHEHHUS UX PACUETHBIX CXEM 3a CUYET BBEJCHUS IpEIHAIPSLKE-
HUS YCTaHABIIMBAEMBIX 3aTsDKEK.
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PaccMoTpuM BO3MOXKHOCTH YCHJIEHHUSI apOYHOTO OECKapKacHOI'oO 3JaHusl, HE 00JalaloIiero A0CTaTOYHOM
Hecymiel cnoco6HocThIo. [IpruBenemM pacyeT HeCymuX KOHCTPYKLIUN apOYHOTO 37JaHUs Ha MIPOEKTHbIE Harpy3KH,
BKIJIIOYAIONINE B cebs CHETOBYIO HArpys3ky BenumumHoit 240 kr/m* (pacueTHas cHeropas Harpyska 1 Kaszanu B
2017-2018 rr.).

I'eomeTpuueckre XxapakTepuCTHKH MPoduiIst GeckapkacHOTo 3/IaHUs ONPEAEISUINCh 110 pe3ylbTaTaM (ak-
TUYECKUX 3aMepoB. OCHOBHBIM 3JIEMEHTOM apKH CTal XOJIOJHOTHYTHIH MPOQWIb U3 OUHKOBAHHOTO CTaJIbHOTO
mucta TonuHo# 1,2 MM u BeicoTor 123 mMm. Marepuan npoduns — cranp 08mc (TOCT 14918-80), mo maHHBIM
BJIaJeIIbla 30aHHUS.

Hecymiyro ciocoOHOCTh apOYHOTO MOKPBITHSI U3 XOJIOAHOTHYTOTO MPOQUIIS B PACUCTHOM CCUCHHH JUIS
PacyeTHOrO COYETAHUS HArpy30K, BKIIOYAIOIIUX B ce0s1 MOCTOSHHYIO HArpy3Ky M CHETOBYIO HarpysKy c ee pac-
MOJIOKEHUEM Ha JIBYX CTOPOHAX IpOJIeTa 34aHUs, OIPEAEINM Ha COBMECTHOE NEHCTBUE OCEBOM CHIIBI U M3ruba-
IOII[ETO MOMEHTA 10 hopmyJie

NIA + M/W,=9800/ 14,31 + 78 900 / 58,6 = 2031 kr/cm? < Ryy. = 2300 kr/cm?, 2)

rae A = 14,31 cM® u W, = 586 cM® — momaab ceueHns 1 MOMEHT CONPOTHBIIEHHS HETTO TIOOCH ApOYHOTO MO-
KPHITHA MMPHHO#H 0,6 M COOTBETCTBEHHO; Ry = 2300 Kr/cM” — pacyeTHOE CONPOTHBIEHHE 110 MPEeny TeKyUecTH
08mc mo I'OCT 14918-80; N, M — oceBas cujia 1 MOMEHT B PACYETHOM CEYEHHH apOYHOTO TTOKPBITHSI.

BriBoz: Hecymas crnocoOHOCTh apOYHOTO MOKPBITUS TIPH AaHHOM PacyeTHOM COYETaHWW Harpy3ok obec-
MICYUBACTCS.

Hecymyro criocoOHOCTh apOYHOTO MOKPBITHS U3 XOJIOAHOTHYTOrO NMpOGMIIsS B PACUETHOM CCUEHHH VIS
pacueTHOro CoYeTaHHUsd Harpy30K, BKIIIOYAIOMIMX B ce0sl MOCTOSIHHYIO Harpy3Ky M CHETOBYIO Harpys3ky ¢ OJHO-
CTOPOHHHUM €€ PaCIOJIOKCHUEM Ha MPOJIeTe 3AaHuUs, ONPEACINM Ha COBMECTHOE AEHCTBHE OCEBOM CHIIBI M M3TH-
Oaromero MoMeHTa 1Mo GhopMyIie

NIA + MIW, = 6500/ 14,31 + 129 000/ 58,6 = 2655 kr/cm* > Ryy.= 2300 kr/cm?, (3)

rae A =14,31 cm’ u W, =586 cM® — TJIONIA/Ib CCUYCHHUS U MOMEHT CONPOTHUBJIEHUS HETTO IMOJOCHI APOYHOTO MO-
KPBITHS IHPHHOM 0,6 M COOTBETCTBEHHO; R, = 2300 KI/cM? — pacueTHOe COMPOTUBIEHHE IO TIPeieNy TeKyuecTH
08mc mo I'OCT 14918-80; N, M — oceBasi cujia © MOMEHT B pAaCYETHOM CEYECHUH apOYHOTO MOKPBITHUSA.

BriBox: mpu pacdeTHOM COYETaHWM HArpy30K, KOT/Ia CHET PacIojlaraeTcsl TOJIBKO Ha OJHOW CTOPOHE TPO-
JIeTa, HecyIas CloCOOHOCTh 3/1aHUs He 00ecredrnBaeTcsl.

[Ipu mpoekTHpOoBaHUN apOYHOTO OECKapKACHOTO 3[aHMsI HE YITeHA BO3MOXKHOCTh PACTIOJIOKEHHSI pacdeT-
HOW CHETOBOW Harpy3Kd TOJBKO Ha OJHOW CTOPOHE MpOJIETa M, COOTBETCTBEHHO, HE BBISBICHA HEIOCTATOYHAS
HecyIasi criocoOHOCTh aPOYHOTO 3/IAHHUSI.

PaccmoTpuM BO3MOXKHOCTD MCIIOIB30BAHUS 3aTsDKEK C MPETHANPsDKCHUEM JUI YCHIICHHUS apOYHOrO MOKPHI-
tus. [lpenycmaTprBaeTcs MpUMEHEHNE 3aTsDKEK C aHKEPOBKOW K 3ariyOsieHHBIM siKopsaM (puc. 7-8). st aToro
B PACUETHYIO CXEMY apOYHOTO MOKPHITHS BBOJUM 3aTSXKKH, KPEILAITUECS K SIKOPSIM, U 33JaeM B HUX IpeaBapu-
TEIbHOE HATSKEHUE.

[To pe3ynbpTaTaM MPOBENECHHBIX YHUCICHHBIX UCCIIEIOBAHUN JIJTsI N3MEHEHHON PacueTHON CXEMBI apOYHOTO
MOKPBITHS C 3aTSHKKAMH YCTAaHOBJIEHO, YTO ONTHMAIBHOE PACIIPENIEICHNs] PAaCUeTHBIX M3THOAIONIINX MOMEHTOB
JIOCTUTAETCS TIPU yCUJIMH TIPETHATIPSHKEHIS YCTAaHABITUBAEMBIX 3aTsDKEK apOYHOTO TTOKPHITHS BemmuuHon 440 Kr.

Hecymiyro crmocoOHOCTE apOYHOTO TOKPHITHS U3 XOJIOTHOTHYTOrO TIPodHiIst B pacyeTHoM cedeHnu (st PCH2)
OTIpeIeTNM Ha COBMECTHOE JeMCTBHE OCEBOM CHIIBI M M3THOAIOIIET0 MOMEHTA 110 (hopMyJIe

NIA+ M/W,=840/14,31 + 125 336/ 58,6 = 2197 kr/cm < Ryy. = 2300 kr/cm?, @

rae A =14,31 cm’ u W, =586 cM® — TIOMIA/Ib CCUCHHUS U MOMEHT CONPOTHUBJIEHUS HETTO IMOJOCHI APOYHOTO MO-
KPBITHS IHPHHOM 0,6 M COOTBETCTBEHHO; R, = 2300 Kr/cM? — pacueTHOe COMPOTUBIEHHE IO TPeieNy TeKyuecTH
08mc mo I'OCT 14918-80; N, M — oceBasi culia © MOMEHT B pAaCYETHOM CEYEHUHU apOYHOTO MOKPBITHUSA.

BriBox: mpu pacdeTHOM COYETaHWM HArpy30K, KOT/Ia CHET PacrojlaraeTcsi TOJIBKO Ha OJHOW CTOPOHE TPO-
JieTa, Hecymnasi CiocOOHOCTh 3MaHMs TIPU YCHUIIUH MPETHATIPSDKCHUS B 3aTSHXKKE C KPETUICHUEM €€ K STKOPSIM BEJH-
yrHOH 440 KT 00ecriednBacTCsI.
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JlaHHBI IpUMep MPUMEHEHHS aHKEPHBIX 3aTKEK C aHKEPOBKOW MX K AKOPSM JUIsSl YCHIIEHUS! KOHCTPYK-
U apOYHBIX 3/aHUIl TIOKa3bIBaeT OJHY M3 0o0JacTel MCIONB30BaHUS MpesiaraeMbIX 3aTsXKEK OMOp apOYHBIX
3IaHUH C KpEeIUICHHEM HMX K aHKepaM-sKopsM. s paccMaTpuBaeMoro peain30BaHHOTO apOYHOTO 34aHus, 00-
JaJIal0IIero Hel0CTaTOYHON Hecyllel CIOCOOHOCThIO M3-32 OIINOOK B IIPOEKTUPOBAHUY, YCTAHOBKA YCHIINBAIO-
IIMX 3aTsHKEK 71 OTIOp apOYHOTO MOKPBITHS 1O CXeMaM, MPUBEAECHHBIM Ha pUC. 7 U §, MOXET ObITh ONTUMAaIb-
HBIM BapHAHTOM €TI0 YCHUJICHUS.

3akaouenue

Ha ocHOBaHMM MpoOBeNEHHBIX MCCIEAOBAHUI MOXHO CIENIaTh BBIBOJ O TOM, YTO MPUMEHEHHE IS OTOpP
ApPOYHBIX 3/JaHUHU 3aTSDKEK, KPEISIINXCA ¢ OJHOW CTOPOHBI K OIIOpaM, a C APYTroi CTOPOHBI — K aHKEPaAM-IKOPSIM,
saBisieTcs 3P PEKTHBHBIM, 00JIAAAOIIUM HOBH3HON CIIOCOOOM ITOBBIIICHHUS HECYIEH CIIOCOOHOCTH MOKPBHITHI H
(yHIAMEHTOB apOYHBIX 3[]aHHUH B YCIOBHUIX apXUTEKTYPHO-KOHCTPYKTUBHBIX PEUICHUN 3/TaHUH ¢ HATWMINEM 30H,
MPENATCTBYIOMINX TPAAUIIMOHHOMY Pa3MEIICHUIO 3aTKEK.
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HcTopus cratbu AHHoTanusA. COBEpIICHCTBYIOTCS METOIBI 3KCIIEPUMEHTATBHOTO ONpeieNeHNs
Iocrynuna B pegakuuto: 27 nexadps 2021 r. IIapaMeTpOB BHYTPEHHETO TPeHUs B MaTepuaax. Llenb 1a6opaTopHbIX dKCIEpU-
Jopaborana: 14 ¢gespans 2022 r. MEHTOB — TIOJIY4UTh (PU3HUECKHE MapaMeTphbl MaTepraia, MO3BOJISIOIINE YUUTHIBATh
IMpunsra k my6aukamuu: 22 despans 2022 r. cuibl AeMn(pUpOBaHUs IPU OJHOOCHOM HAIPSKEHHOM COCTOSIHUM. McciaenoBaHust

OPHEHTUPOBAHBI HA MO/IE/b BHYTPEHHET0 TPEHUS, KOTOPasl CTPOUTCS Ha UCIIOJb-
30BaHMH 0000UIeHHON Monenu [IpanaTis, Aaromeld 4acTOTHO HE3aBHCHMOE BHYT-
pEHHEe TPEHUE U MO3BOJISIIOLICH yYUTHIBATh 3aBUCUMOCTb BHYTPEHHETO TPEHUS
OT ypOBHS MEHSIOIIMXCS BO BpeMEeHM HampspkeHuil. Ha cnenuanbHO HM3roTtos-
JIEHHOM J1abOpaTOpHON YCTAHOBKE 3alMCBIBAIOTCS 3aTyXAaIOIINe KOJICOAHHs TIPH
yucToM n3rube. OnuchIBaeTCs YCTAHOBKA, OIOPHBIE TOYKH KOTOPOH COBHAlAOT
C TOYKaMH IIOKOS peanu3yemMoil GopMmbl coOCTBEeHHBIX KoiebaHuil. [lomyueH
ITOPUTM KaMepalbHOW 00pabOTKH IKCIIEPUMEHTANBHBIX AaHHBIX. [Ipemnaraer-
Cs UCTIONIB30BaTh BUPTYAIBHYIO CUCTEMY, SKBHBAIEHTHYIO 110 JeMI(QHUPOBAHHUIO
U SBISIIONIYIOCS CHCTEMOM C OJHOM JMHAMHYECKOW CTENeHblo cBoOoabl. Ilpu-
BJI€YEeHHE BOOOpakaeMOi CHCTEMBI ITO3BOJISIET, BBHITIOJHUB HCIIBITAHUS 00pa3na

Ha YUCTBII M3rud, NOIyYUTh JaHHbIE, COOTBETCTBYIOIINE PACTSKEHHIO — CHKATHIO.
Mertomyka gaeT BOSMOXKHOCTh HCIIONB30BaTh IIMHHBIC 0OPA3Ibl, YTO CHIDKACT
OTpULIATENILHOE BIUSHME KOHLUEHTPALUKN HANpsOKEHUH B 3ajielKax, a cXema, 9K-
BUBAJIEHTHAS 10 AEMII(HPOBAHUIO, — MCHONB30BATh 00Pa3Ibl C MPOM3BOIBHBIM
HOIEPEYHbIM ceueHueM. IIpuBoIITCS MOTyYeHHbIE TapaMeTphl JeMI(pUPOBAHUS
JUI MaJIOYTJIEPOAMCTON CTaJIH.
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Article history Abstract. The work is devoted to improving the methods of experimental deter-
Received: December 27, 2021 mination of internal friction parameters in materials. The aim of the laboratory
Revised: February 14, 2022 experiments is to obtain physical parameters of the material that allow to take
Accepted: February 22, 2022 into account the damping forces in a uniaxial stress state. The research is focused

on the internal friction model, which is based on the use of the generalized
Prandtl model, that gives frequency-independent internal friction and allowing
for the dependence of internal friction on the level of time-varying stresses. Damped
oscillations during pure bending are recorded on a specially made laboratory in-
stallation. The description of the installation, the reference points of which coincide
with the fixed points of the realized form of natural oscillations, is provided.
The algorithm of cameral processing of experimental data is obtained. It is proposed
to use a virtual system equivalent in damping. This is a system with one dynamic
degree of freedom. The involvement of an imaginary system permits, after per-

forming tests of the sample for pure bending, to acquire data corresponding to
stretching — compression. The technique grants the use of long samples, which
reduces the negative effect of stress concentration in the anchorages. The dam-
ping equivalent scheme makes it possible to use samples with an arbitrary cross-
section. The found damping parameters for low-carbon steel are given.

For citation

Zylev V.B., Platnov P.O. Models equivalent
in damping in experiments for determining
the parameters of internal friction in materials.
Structural Mechanics of Engineering Con-

structions and Buildings. 2022;18(1):45-53. Keywords: experiment, parameters of internal friction, damped oscillations, nu-
(In Russ.) http://doi.org/10.22363/1815-5235- merical step-by-step methods, dynamics problems, generalized Prandtl diagram,
2022-18-1-45-53 pure bending, model equivalent in damping

Beenenne

VYuer 3aTyxaHusl KoneOaHUH KOHCTPYKUHMNA NP Pa3IMYHBIX JUHAMUYECKUX BO3ACHCTBHUSAX (CEHCMHYECKHX,
BETPOBBIX, YIAPHBIX, BUOPAIMOHHBIX U T. JI.) TMPEACTaBISET JHOCTATOYHO CIOKHYIO 3ajady, pellieHne KOTOpOon
uMeeT OoJbIIoe MpakTHuyeckoe 3HadyeHne. OT MPaBUIBHOCTH y4yeTa CUJl IAeMI(UPOBAHUSA 3aBUCAT MaKCHUMallb-
HBIE PacueTHBIC 3HAUYCHUS YCUINK U TIepeMEeLIeHUIl B KOHCTPYKIIMU, KOTOpbIe HEOOXOAMMBI [l Ha3HAUEHHS pa-
[IMOHAJBHBIX U 0E30IMACHBIX Pa3MepPOB HECYIINX AIeMeHTOB. OTMETHM HEKOTOPHIE HEIOCTATKH, KOTOPHIE HMe-
I0TCSl B HanOOJIee YacTO UCTIONB3yEeMbIX OIX0AaX K YUETy CHJI AeMI(UPOBaAHUS.

[Ipu ucnonb30BaHUM MeTOAa KOHEUHBIX JJIEMEHTOB CWIIbI BHYTPEHHETO TPEHHS Hallle BCEro BBOAATCA B

pacyeT B COOTBETCTBHH ¢ popmyIioit {C }Z rae {C} — marpuia nemnduposanus, a Z — BEKTOP MPOU3BOJIHBIX 110
BPEMEHH OT UCKOMBIX Y3IIOBBIX NepeMerieHnit. O4eBUIHO, YTO TAKOH MOIXO/] MPUBOIUT K YaCTOTHO 3aBUCHUMO-
My BHYTPEHHEMY TPEHHIO, HE YUUTHIBAET 3aBHCHMOCTH CHJI COITPOTHUBIICHUS OT YPOBHS HANPSDKEHUH, TO3BOIISIET
o0ecTeunTh KeNaTelbHOe 3aTyXaHHe JIUIIb i [BYX (opM cOOCTBEHHBIX KoseOaHui [1] ¥ BeI3BIBaCT psij Ipy-
THX 0COOCHHOCTEH, TPOTUBOPEYAIIUX IKCIIEPUMEHTAIBHBIM JaHHBIM [2—8].

WHoii ynoTpeOuTensHBIN CITOco0 y4era CHIl eMI(pUPOBaHHs, TPUMEHIEMBIN PU PA3II0KEHUH JIBIKEHUS
Mo COOCTBEHHBIM (pOpMaM, 3aKJIH0YACTCSA B BOJICBOM BBEACHHU KO3(PPUIIMEHTOB AeMIpUpPOBaHUS K UCIONIb3Ye-
MBIM (popmaM KoneOanuii. Takoil moxxoa HeZOCTaTOYHO 000CHOBaH. Kpome TOro, pasioeHue ABMKEHHUS IO
CcOOCTBEHHBIM (popMaM PUMEHHUMO, CTPOTO TOBOPS, JIUIIb K JIMHEWHBIM CHCTEMaM, TIOATOMY TaKOBBIMH CHCTEMa-
MU 3TOT MTOJXOJ] M OTPAHUIUBACTCS.

[lepeuncnenHble HEJOCTATKH TOBOPST O HEOOXOIMMOCTH Pa3BUTHS U NMPAKTHUECKOTO BHEAPEHUs Ooiee
CTPOTHX MOAXOJO0B, YTO HEU30EKHO CBS3aHO C SKCIIEPUMEHTAILHBIMHU H3bICKaHUAMH. HacTosee uccnenoBanue
OTHOCHUTCS K y4eTy BHYTpeHHero TpeHus mo moaemu A.}O. MnumHckoro [9], ocHOBaHHO# Ha IpeacTaBIICHUN
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MarepHuaia Kak HeOJHOPOIHOTO yIPYToIutacTuieckoro Tena. B [10] Mbl onmcany 9uCIeHHYIO pealn3annio 3To-
ro MoJX0/a, IPUYeM NPOCTEHIIIero BapuaHTa, OCHOBAaHHOTO Ha 00001meHHoN Monenu [TpanaTis.

KopoTko omumeM (U3HYECKyI0 CYIIHOCTh MOJETH. Moenb, CTpOoro ToBopsi, OTHOCUTCS K OJJHOOCHOMY
HaINpsHKEHHOMY COCTOSTHHIO.

UYroObl 0OecieynTh MOMYYCHHUE TUCTEPE3UCHBIX TETeNb MpU Je(opMalmsix pacTsDKeHHsT — CKaTus, Aei-
CTBHUTENBHBIA CTEPKEHb 3aMEHSAETCS HaOOpOM MOJIOC, TUIOIAAb KOTOPHIX B CyMME paBHA IUIOLIagN ACHCTBH-
TENBHOTO CTepKHA (puc. 1, a).
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Puc. 1. Mogens crepxHs, obecrieynBaronias AeMIpUpOBaHIE:
a — HECKOJIBKO T0JIOC C Pa3HBIMHU HPEeIaMU TEKYUECTH; 6 — IIETIIsl THCTepe3nca C O{HOM HOJI0COil;
6 — MeTJIs THCTEPE3HCca, COOTBETCTBYOMIAs HAabopy MoJoc
Figure 1. Rod model providing damping:
a — several stripes with different yield stresses; 6 — hysteresis loop with one stripe;
6 — hysteresis loop corresponding to a set of stripes

Ha puc. 1, 6 nokazana auarpamma [Ipannmis s oaHO#M nonockl. Kaxknas U3 MOJ0COK MOAYUHSICTCS PU
nedhopmupoBannn auarpamme [lpanarisa. Bee moockn UMEOT OMUHAKOBEINH MOIYJb YIPYTocTH FE, HO pa3HbIe
Mpeebl TEKYYECTH U pPa3HbIe MIOMAIHN MOMEepedHoro ceueHus. CHavama mpu MajioM YIUIMHEHUU BCE TIOJIOCKU
nehOpMUPYIOTCS YIPYTO, U CTePKEHb clieAyeT 3akoHy ['yka. Korma ans Haubonee crnaboii moynocku OyneT no-
CTUTHYT TIPEJIeNl TEKY4YeCTH, Ha TharpaMMe pacTsHKeHUs CTepkHS (puc. 1, ) mosButcs uznoM. Clenyronui n3aoM
Ha JUarpaMMe TOSIBUTCS TOTZa, Koraa OyAeT MOCTUTHYT MpeaeN TeKydecTH BTOPOi Mmojockl U T. 1. [lpn Hagame
pasrpyKeHus CTepKeHb CHavaja OyJeT cliefioBaTh 3akoHy ['yka, Ioka B IIacTHYECKY0 1eOpMaIuio He BOUICT
(Temeph yxKe TIpH CKaTHH) HamOojee crabasi mojoca. MOXHO paccMaTpuBaTh MOJIENb C Pa3HBIMH TpeeiaMu
TEKy4eCTH TPH PACTSHKEHUH U CKATHH, HO Jajiee Oy/IeM IoIaraTb UX OJMHAKOBBIMH.

Ecnu xonudecTBO MOJIOCOK YBETUYHBATh, MOXHO IMOJIy4aTh Bce OoJiee TajKue THCTEPE3UCHbIEe METH,
HO 4YeM OOJIbIliee KOJMYECTBO IMOJIOC OyNEeT BBEACHO B pacyeTr, TeM OOJBIIETO MAIIMHHOTO BPEMEHHU W MaMSTH
Oynmet TpeOOBaTh KOMIIBIOTEpHAS IpOrpamMMa, pealln3yromias alropuTM. PaccmarpuBaemast MoJiellb XOPOIIIO
MPHUCIIOCO0JIEHA IS SIBHBIX BBIYHCIUTEIBHBIX cXeM [11-14], korma Ha KaXJO0M BPEMEHHOM IIare Hen30eXHO
OTIPEACTISIOTCS YCUIIHS BO BCEX CTEPKHAX. B ciyuae vcmonib3yeMoii Moien He0OX0IUMO CIIEIUTh 33 COCTOSIHH-
€M KaXJIO¥ MOJIOCKH. 3/1eCh IPUXOJUTCS MUPHUTHCS C PACXOJ0M KOMITBIOTEPHOTO BPEMEHH U ITaMsTH.
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[NepeuncinuM OCHOBHBIE TOCTOMHCTBA U HEJOCTATKH PACCMAaTPUBAECMOMN MOJIENN AeMII(UPOBAHUSI, UCTIOJb-
3yromeit 0000menHyo quarpammy [Ipanars.

Jlocmourcmea: MOJIENb JaeT YaCTOTHO-HE3aBUCHMOE BHYTPEHHEE TPEHHE, YTO IMTOATBEPKIACTCS OOJIBIIAM
KOJTMYECTBOM DKCIIEPUMEHTAIBHBIX HaHHBIX [2—10]; Hen30eKHO YUHTHIBAET 3aBUCUMOCTDh BHYTPEHHETO TPEHUS
OT YpPOBHA HaHpﬁI)i(eHHI‘;I; MOKET YYHUTBIBATh HAJIOKCHUC HaHpH)KeHI/Iﬁ OT PAa3JIMYHBIX COCTABJIAIONIUX HArpy3o0K,
YTO UMEET MECTO B PEabHBIX CUCTEMAX; MIO3BOJISIET PACCUYUTHIBATH KOHCTPYKIIUHU, COCTOSIIHNE U3 PA3IMYHBIX Ma-
TEpHAaJIOB; BHyTPEHHEE TPEHUE YUUTHIBACTCS OAHOBPEMEHHO C IUIACTHYECKUMH JehOpMaIisIMK; JOMyCKaeT HC-
MOJIb30BaHUE PA3IUYHBIX YPOBHEH allpOKCHMAIIHH.

Heoocmamxu: Monens CII0KHA B HCIIOJIB30BaHUU; TPEOYET CYIIECTBEHHON TPaThl MAITUHHOTO BPEMEHU H
KOMIIBIOTEPHOU MaMsTH; JeiaeT JI0yIo 3a7ady cpa3ly HEIMHEHHO; B HACTOAIIEEe BpeMs Mallo MCCIIeOBaHa U
He o0ecrieueHa HeoOXOMMBIMH TTapaMeTpaMi MaTepHANIOB. JKCIIEPUMEHTANIBHBIE METOIbI TIOJTYUICHHS TapaMeTPOB
MOJIENH He 0TpadoTaHbl. YacTUYHOM JIMKBUAAIIMH TIOCIICIIHETO HETOCTATKA | ITOCBSILICHO HACTOSIIEE HCCIICIOBAHNE.

MeToauka uccjaea0BaHui

B cBomx skcnepuMeHTax MBI IOIIIH T10 ITyTH 3aIHCH CBOOOIHBIX KOJIeOaHMH. 3aMeTHM, 4TO camasi ecTe-
CTBEHHAs CXeMa HCIBITAHUH C UCIOIb30BaHUEM 00pa3Iia, paboTaroIero Ha PpacTsKCHNE — CKaThe ¢ COCPEI0To-
YeHHOH Maccoil Mo KOHLAM, Ul CTald OYeHb TPYAHO peanu3yema. Kpemnenue oOpasua K cocpeloTOYCHHBIM
MaccaM CBS3aHO C MOSIBJICHHUEM OOJIBIINX HEPaBHOMEPHBIX HANPsDKCHUH B 3a€JIKaX, YTO HEM30EKHO UCKaKaeT
Pe3yJIBTaThl UCTIBITAaHMI IJIs1 KOPOTKOTro oOpasia. [ITHMHHBIN ke o0paser Helb3s NCIoIb30BaTh, TaK Kak OH Oy-
JIET TepSATh YCTOMYMBOCTH MPU COKATHU. YKa3aHHBIE COOOpaKEHHsI MPUBOIAT K CXEME YCTaHOBKH, Tl oOpasell
pabotaet B ycnoBusx u3rnba. O4eBUIHO, YTO B SKCHEPUMEHTAX JIydllle BCETO MCIOIb30BaTh YUCTHIN H3rU0, KO-
TOpPBIH 00ECTIeYnT PaBHOMEPHOE IO JUIMHE OJHOOCHOE HANpPSDKEHHOE COCTOSHHE BO BCEX BOJIOKHAX. VIMeHHO
CXeMa, peaau3yolasi YUCThIi 3ru0, Obla NCIIOIB30BaHA B TA0OPATOPHOIN yCTaHOBKE, KOTOPask CIIPOEKTHPOBA-
Ha 1 u3rorosneHa B nabopatopun umenu JI.JI. IlpockypskoBa B8 PYT(MUUT). Ha puc. 2, a nokazaHa cxema
YCTaHOBKHM; Ha pHC. 2, 6 pparMeHT yCTAaHOBKHU ¢ KOpoOYaThIM 00pa3noM (2x4 cM, TonmmHa creHkd 0,136 cm).

Puc. 2. YcraHoBKa U1 UCCIEIOBAHHS 3aTYXAIOMINX KOJICOAHHIA:
a — DKCIIEPpUMEHTAJIbHAs YCTaHOBKA, pEAJIM3YIONIAsA HAIIPSHKEHHOE COCTOSTHUE, BEChbMa OIH3K0e K HUCTOMY I/I3I'I/I6y (KOHe‘]HO-3J'IeMeHI‘Ha§I pacueTHas cxema yCTaHOBKI/I);
6 — GparMeHT yCTaHOBKH C 3aKpEINICHHBIM 00pa3noM kopobuaroro ceuenus (poro B.b. 3suieBa)
Figure 2. Installation for the study of damped oscillations:
a — an experimental installation implementing a stress state very close to pure bending (finite element calculation scheme of the installation);
6 — a fragment of an installation with a fixed sample of a box-shaped cross-section
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Ctpemsich npuOIN3UTECA K WACATHEHOMY IBYTaBPY IS CEUCHHS 00pasiia, MBI UCIIOJIB30BAIA KOpoOJaToe
MOMEPEUHOE CEUCHHE, OJHAKO HAIMYHE CTCHOK BHOCHT MCKKCHHE B 3allUCH. DTO MCKAXKCHHE MOXHO IMOJHO-
CTHIO UCKIJTIOUUTD, MPUMEHSS IPH 00CUETE IKCTIICPUMEHTANBHBIX JAHHBIX MOOeb, IKGUBAIEHMHYIO NO 0eMn@u-
posanuto. TIonXoa MPeNCTaBIseTCs YHUBEPCATLHBIM, TTO3BOJISIONINM OTKA3aThCSl B OKCIIEPUMEHTAX OT TArOTe-
HUS K UealbHOMY JIByTaBPY M UCIIOJIL30BATh 00Pa3Lbl C MPOU3BOIBHON (POPMOIi TONEPEUHOTO CECUCHHUSI.

[MosicauM, 9TO MBI ITO/Ipa3yMeBaeM IO CXEMOH, 3KBUBAIICHTHOM 110 aeMiipupoBanuto. Ha puc. 3, a moka-
3aHO MOMEPEYHOE CeueHHe 00pasia; Ha puc. 3, 6 CUCTeMa ¢ OJTHON CTEMCHBIO CBOOOIBI B BUJIE COCPEIOTOUCHHOM
Macchl, 3aKPETUICHHOW CTePKHAMU. DKBUBAJICHTHAS CXEMa MMEET CTOJBKO CTEp)KHEH, paboTarommX Ha pacTs-
JKEHHE, Ha CKOJIBKO CJI0EB Pa30UBaeTCs MOMEPEYHOE CCUCHHE.

©

™

Q0gOoo¢

77 7 y(i) f
0

Puc. 3. Cxema, 3KBHBaJICHTHAS 1O IeMII(QUPOBAHHUIO:
a — ToTIepevHoe ceveHue o0pasia;
6 — cucteMa ¢ OJHOM CTeNeHbI0 CBOOO/IbI, IKBUBAJICHTHAS [0 JeMII(HPOBAHUIO epBoii HopMe KonebaHHil IKCIIEPUMEHTAIBHOI YCTaHOBKU
Figure 3. Damping equivalent model:
a — sample cross-section;
6 — a system with one degree of freedom, equivalent in damping to the first form of oscillation of the experimental installation

Puc. 4. Tumsl onepeyHbIX CCUCHUI 00pa3IoB,
KOTOPBIC MOYKHO HCIIOJIB30BaTh C MIPUBJICYCHHEM IKBUBAIICHTHOM 110 JeMII(HPOBAHUIO MOJICIN
Figure 4. Types of cross-sections of samples that can be used with the involvement of a damping equivalent model
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CreprkeHb, COOTBETCTBYIOIINI BEPXHEMY CJIOI0, UIMEET JUIMHY JeHCTBUTENFHOTO 00pa3ia. CTepKH!, NMUTH-
pYIOILHE CIIOH, MPHOIMKEHHBIE K HEUTPAIBHOMY CJIOIO TIONIEPEYHOTO CEYCHUS, UIMEIOT OOJIBINYIO JUTHHY, YTOOBI
B HMX BO3HHUKaJa YMEHBIICHHAs MPOJOibHas aedopmanus. YBenndnBas IJIMHY COOTBETCTBYIOIIETO CTEPIKHS,
HY>KHO OTHOBPEMEHHO YMEHBIIATh IIJIOMIA/b €T0 MOMEPEYHOr0 CeUeHUsI. DTHM OYJeT JOCTUTAThCS yCIOBHE, TIPH
KOTOPOM Ka)XJIOMY YPOBHIO aMIUTUTYTHOT'O HAIMPSDKEHUS OYIYT COOTBETCTBOBATH OJIMHAKOBBIC 00BEMBI MaTEPH-
aja B pealibHOW YCTaHOBKE M 3KBUBAJICHTHOW cXeMe. BelnunHy coCcpeoTOueHHON MacChl BCETja MOKHO TIOJI0-
OpaTh Tak, 9TOOBI YaCTOTHI KOJIeOaHW CXeMbI Ha PUC. 3, O U B 3KCIIEPUMEHTAIBHON MOJIeNN ObLIH ObI OJJMHAKO-
BBIMI, HO B HaIlleM CITydae B 3TOM HET HEOOXOAMMOCTH, TaK KaK paccMaTprBaeMasi MOZEIb SBIISIETCS YACTOTHO
He3aBuCcUMOK. OTMETHM, YTO MapaMeTPhl CXEMBbI, SKBHBAJICHTHON MO JeMII()UPOBAHUIO, JODKHBI CO3/1aBaThCs
JUTSL KaXJIOTO TIONIEPEYHOTO CeUeHns1 00pasiia U ero JUIMHBI 3aHOBO. [IpemioskeHHas MeTOAMKa TTO3BOJISET UCTIONB30-
BaTh 151 00pa3IOB CTEPKHH CAMOTO Pa3HOOOPa3HOTO TorepedHoro cedeHus. [IpakTnueckoMy Ha3HAYEHHIO all-
TOpUTMa OYEBUIIHO COOTBETCTBYIOT CEUCHHUsI, IOKa3aHHbIE Ha puUC. 4.

[MockonbKy cucTeMa, SKBHBAJICHTHAS 110 IEMII(UPOBAHUIO, IPEJCTABIIACT JUHAMUYCCKYIO CHCTEMY BCETO
C OIHOW CTEMEeHBI0 CBOOOIEI (pHUC. 3, 6), €€ KOMIBIOTEPHBIN aHAIM3 BHITIONHSAETCS O4YeHb ObIcTpo. [lociennee
00CTOSITENILCTBO CYIIECTBEHHO MPHU MOA00pE MapaMeTpoB AeMI(pHPOBAaHUS, KOTOpoe TpeOyeT MHOTOKPATHOTO
3aITyCKa KOMITBIOTEPHON POTPaMMBl.

BrImonHss sKCreprMeHT, MBI CTPEMHIIUCh M30€KaTh BCEX BUIOB MOTEPh DHEPTHUHU, KPOME BHYTPEHHETO
TpeHHsa B Marepuaie oOpasma. B cOOTBETCTBHMHU C 3THM BBITIONHSUIA CIEAYIOMINE MEPOIPHUATHS: ITOABEITHBAIN
MacCHBHBIE CTaIbHBIC TUTUTHI (Maccoi 70 Kr) B TOUKax Mokos [§] Ha MOMIIMITHUKAX; CO3/IaBaIH 3a1eIKH o0pa3ia
CTANIbHBIMH TIJIACTHHAMH TOJIIWHON 2,9 CM ¢ yCHIIMEM 3aTsDKKU HIMIIEK 10 8 T B KaxI0# (cM. puc. 2, 0); 3amu-
CHIBATM KOJICOAHUS TIPH TIOMOIITH JIA3EPHOTO Jyda OSCKOHTAKTHBIM 00pa3oM; Opaiu JIHHBI 00pa3IoB, paBHBIC
1,6 M, a 17151 KOHTPOJIS — 2,78 M, JUIst TOTO YTOOBI OCITA0UTh BIMSHUE OCOOCHHOCTEH B 3a/IeNKax.

PesyabTathl

Marepuan cranbHOro o0pasia UCIBITHIBAJICS B HCHBITATEILHOW MallInHE 0 pa3pbiBa. [Ipu aToM mpenen
TeKy4ecTH He3HaunTenbHo npessiman 300 Mlla.

B Hauane skcriepuMeHTa Bpy4YHYIO ITyTeM AJIUTENBHOTO PACKAYMBaHHUS CHCTEMBI B YCTaHOBKE BO30Y K/1a1ach
(dopma koedaHuil, MoKa3aHHast Ha puc. 2, a. KagecTBo Noiry4eHHON SKCIIepUMEHTaIbHOM (JOPMBI BIOJIHE YIOBIIe-
TBOPHUTEJIBHOE, O YEM MOYKHO CY/UTH I10 COBIACHHIO SKCIEPUMEHTAIBHBIX U PaCUeTHBIX J4acToT B Ta0i. 1. Kpome
Toro, npu 3amucu 600 IeproI0B YaCTOTHI B HAYAJIE U B KOHIIE 3aIlFCH OTIMYAIHCh OUYCHb HE3HAUUTENHHO.

Tabauya 1
JKcnepuMeHTAIbHbIE H PAcUYeTHbIE YACTOTHI IPH Pa3IMYHOM KOJIHMYeCTBe 100aBOYHBIX I'PY30B
Macca J0NOTHUTEIbHBIX HABeIEHHbIX Pacuernast yacrora JKcNepHMEHTAIbHAS IIpouent
rPY30B HA KAXKAYIO IUIUTY, KT 10 METOAY KOHEYHbIX 3JIEMEHTOB, I'lx yacroTa, I'n pacxoKaeHust
0 2,61 2,63 0,7
30 1,98 2,03 2,5
60 1,66 1,71 3,0
Table 1
Experimental and calculated frequencies for different amounts of additional loads
Weight of additional suspended loads Calculated frequency Experimental Percentage
on each plate, kg by the finite element method, Hz frequency, Hz of discrepancy
0 2.61 2.63 0.7
30 1.98 2.03 2.5
60 1.66 1.71 3.0

ITo pa3merke Ha 9KkpaHe, KOTOPBIM HAXOIWIICA Ha PACCTOSTHUM 12 M OT 3KCIEPUMEHTAIbHON MOJIENH, YCTaHaB-
JMBaNiach aMILUIATY 1A KoliebaHuid 96 cM, IpU KOTOPOH MakCUMallbHBIE HANPSHYKEHUS UK B KpalHUX BOJIOKHAX
obpasna cocrasisn 200 MIla, Tounee oTHOcHUTeNnbHASA AeopManys B KpailHEM BOJIOKHE 00pasiia cocTaBJsiia
0,001. DT maHHBIE TIOTYYAIOTCS B TPEATIONIOKEHIH, IYTO 00pa3ell HaXOAUTCSI B COCTOSIHUN YMCTOTO M3rnoda. B meii-
CTBUTEIILHOCTH 9TO HE COBCEM TaK IO JBYM NpHYUHAM. Bo-mepBbix, oOpaseln obianaer coOCTBEHHOW Maccoii.
Kak mokasan KOHEUHO-3JIEMEHTHBIH pacyeT (pacueTHas cxeMma Ha puc. 2, @), HaIpsHKCHUS B CPeTHEM CCUCHHH
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obpasma Ha 1,1 % Oombie, yeM B 3aaenke. Bo-BTOphIX, B ceueHMsIX oOpasna JeHCTBYeT MPOIOJIbHAS CHiIa. 3a CUeT
3TOTO HAIPSDKEHHS B HIDKHEM KpaifHeM BOJIOKHE Ha 2,8 % Oollbllie, YeM B BEpXHEM BOJOKHE CPEIHETr0 CeUCHHUS
oOpasua (JaHHbIE KOHEYHO-3JIEMEHTHOr'O pacyeTa IpH MCIIOIb30BAHUHM CTEPXKHEBBIX 3JIEMEHTOB Ul 00pasLa).
ITocnenHee 0OCTOATENBCTBO MOXKHO Y4ECTh B PaMKaX CXEMbl, S3KBUBAJCHTHOU IO AeMN(UPOBAHMIO, OJHAKO B
paMKax TaHHOM pabOThl ATUMH YTOUHEHHSMH MBI ITPEHEOPETIIN.

Jlanee Ha BUJleOKaMepy 3alMChIBAJIOCHh CBETAIIEECS MATHO JIa3€pHOIo JIyda Ha npoTsbkeHuu 600 nepronoB
3aryxaromux konebanuii. [IyreM Bu3yanbpHOM 00pabOTKM BUAEO3AMUCH CO3aBaNICA TUGPOBOH (aiis, KOTOPHIH
IpeACTaBIIsA 3HAYSHUS TI0CIIEA0BATEIbHBIX 3aTyXalOIIKUX aMIUINTY A Konebanuil. Ha puc. 5 nmpencrasnen rpaduk
yOBIBAIOLINX aMIUIUTY, TAC 10 TOPU3OHTAIN OTJIOKEH HOMEP MepHoja, a 1Mo BepTHKaIN — Oe3pa3MepHas aM-
Aty aa A,/ Ao.
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Puc. 5. DxcnepruMeHTaIbHBIN TpaduK yOBIBAIOIINX aMIUTATY] Puc. 6. ['paduk yOBIBAFOIIMX aMITTUTY]I, IOTyYEHHBII PACYETOM CXEMBI,
IUTs cTanbHOTO 0Opasna (600 mepruoaoB) SKBHBAJICHTHOH MO EMI(HUPOBAHHIO, C TIOJ0OPAHHBIMHU MTapaMeTpaMu
Figure S. Experimental graph of decreasing amplitudes Figure 6. A graph of decreasing amplitudes obtained by calculating
for a steel sample (600 periods) a damping equivalent model with selected parameters

Ha puc. 6 nokazan rpaduk yObIBarOIIMX aMIUIUTY I Uil CXEMBbI, KBUBAJICHTHON MO NeMII(pUPOBAHHUIO, IO~
JMy4YeHHBIH Ha KOMIIBIOTEpE C HCIONIB30BaHWEM Hamiei mporpammbl [12; 13] mpu mogoOpaHHBIX TIapaMeTrpax
nemmngupoBanus. Ecnu 3Tu rpaduky HamoXHUTh, OHU COBMAAAIOT C TOYHOCTBIO 0 TOJIIMHBI IMHAX Ha pHC. 5.

[TonoOpanuble MapaMeTpsl AeMI(PUPOBAHUS IJIs MaTepraia JaHHOTO oOpasna npeAcTaBlIeHb! B Ta0. 2.

Tabnuya 2
ITonoGpannbie mapamMeTpbl MoJe/H AeMI(pupoBanus Uil MaTepuajia odpasua

Jons muomaau nojaocobl, % 0,81 0,21 0,38 0,2 0,43 0,69 0,67 0,96 0,85 94,8

OtHocuresbHas aepopmanus

10 TEKY4eCTH B NoJjlocKe £:x10° 0,25 1,23 2474 4,687 7,812 12,57 21,61 42,19 63,28 150

Table 2
Selected parameters of the damping model for the sample material

The share of the strip area, % 0.81 0.21 0.38 0.2 0.43 0.69 0.67 0.96 0.85 94.8

Relative deformation

to yield in the strip £x105 0.25 1.23 2474 4687 7812 1257 21.61 42.19  63.28 150

Kak BumHO U3 Tabn. 2, MBI OpUEHTHpPYEMCS Ha MOJEIb CTEpPIKHS C Pa3OMBKOM Ha AECATh BOOOpakaeMbIX
nojioc. Micnonp30BaHue B pacyeTax TaKoro Marepuaia OyAeT IPUBOJUTh K AeMITDUPOBAHUIO TIPU HANIPSDKCHHSX,
6ompmx 0,5 MIla. [Ipu nHanpsoxkennsx, mensiiux 0,5 MIla, nemndupoBanue Oyaer orcyTcTBOBaTh. Ecim Tpe-
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OyeTcsi cMOJIeNMPOBaTh BHYTPEHHEE TPEHUE MPHU BEChMa MAIIbIX HAMPSDKEHUSIX, HEOOXOIMMO BBOJIUTH B MOJEIH
erie OoJpIee KOJMMYECTBO MOJIOC B 00IACTH MAITBIX &r.

[Ipornecc kamepanbHOM 00pabOTKM KPUBOM 3aTyXaHUs (pHC. 5) ABIAETCS MOCTATOYHO TpymoemkuM. CHa-
yaJjia OmpeaeNnseTcs MmIomaab caMoil ¢1aboi MOJIOCH IMyTeM pacueTa Ha KOMIBIOTEPE SKBUBAICHTHON 1O IEMII-
(UPOBAHUIO CUCTEMBI NP KOJICOAHUAX ¢ MajIOH HaualnbHON aMruuTyoi. Koraa yaaercs moay4yuTh COBIaJCHUE
KpPUBBIX Ha pHUC. 5 1 6 Ha 3aBepIIAIONIEM YYacTKe, MOKHO MEPEUTH K ONpEeAETICHHUIO MIOLIaan CIEAYomel mo
3HAUEHHIO TpeJieNia TeKYy4eCT! MONOCH | T. 1. [Ipu 3ToM TpeOyeTcss MHOTOKpaTHBIN pacyeT SKBUBaJICHTHOW CH-
cTeMbl Ha KoMITbioTepe. [100KuTenbHBIM 371eCh SIBISETCS BBICOKAsh CKOPOCTDh PEIICHHUS /ISl SKBHBAJICHTHOHN 110
JIeMI(UpPOBaHUIO CHCTEMBI, TaK KaK 3Ta CHCTeMa BCETO C OJHON CTETNeHbI0 cBOOOABI. B maHHOM ciydae Bpems
OJTHOTO PEIICHUsI COCTABIISIET HECKOJIBPKO CEeKYHII. DKBUBAJICHTHAS TI0 JIEMII(PUPOBAHUIO CHCTeMa cozieprkaiia 40 crepik-
Held. Kak mokaszano cpaBHEHHE MOTydaeMBbIX Pe3yJIbTaToB, BO3MOXKHO OBLIO MCIIONB30BaTh U Oosee TpyOyro IK-
BHBAJICHTHYIO CUCTEMY, cojaepxaiiyto 20 cTep>KHEH.

Hcnonb3oBanue MOJeNH, SKBUBAICHTHOH 1O AeMI(QHUPOBAHHIO, TO3BOJSIET MPAaBUIILHO yUecTh paboTy Ma-
Tepuana oOpasiia C HOHWKEHHBIM YPOBHEM HaIlpspkeHuH. UTOOB! OIIEHUTH COOTBETCTBYIOINIEE YTOYHEHHE ITyTEM
KOMITBIOTEPHOTO pacueTa, CPaBHUBAINCH YOBIBAIOIINE aMILTUTY bl TIPH KOJIEOaHUSIX o0pa3na AelCTBUTEIBHOTO
KOpo0YaToro ceueHus ¢ yObIBAIONUMU aMILTUTYAaMHU, TIOJYYCHHBIMH IS HIealbHOTO IByTaBpa. Hampumep,
Ha 150-M mukiie naeanbHbIA ABYTaBp Aai Ha 21 % MeHbLIYyI0 aMIUIMTYAY, 4YeM oOpasen KopoOuaToro ceueHus.
JanpHeiimme aMImmaTyapl nMenH emre Oodpiiee oTindane. [IprBeneHHbIe 3HAUeHNST XapaKTepU3yoT TOPSIOK yTOd-
HEHUs, KOTOPBIN JaeT UCIOJb30BaHUE CXEMBI, SKBUBAJIEHTHOH 1o nemrdupoBanuio. Cieayer OTMETHTh, YTO HC-
MOJIb3yeMbId HAMU B TAaHHOM clTydae oOpasel] JoCTaTOYHO OJM30K K MiealbHOMY MBYTaBpy. Jns cedenuii apy-
roro tuma (cM. puc. 4) moJry4aeMble YTOIYHEHHS OYAYT CYIIeCTBEHHO OOJIBIITIMH.

[puBeneHabME B TaON. 2 3HAYSHUSIMH MOYKHO MPUOIMKEHHO TIOJIB30BATHCS ISl HU3KOJIETUPOBAHHOM CTaJIH,
OJIHAKO HAJ0 UMETh B BHJY JBa 0OCTOATENHCTBA. BO-NIEPBBIX, MBI CTPEMUIUCH MOMYYUTh 3aTyXaHUE IS OJTHO-
POJTHOTO HAIPSKEHHOTO COCTOSIHUS. PeanpHas cructeMa BO MHOTOM XapaKTepHU3yeTcsl KOHCTPYKIIMOHHBIM JIEMII-
¢upoBaHUEM, TPEHHEM B OIMIOPHBIX YaCTSIX U T. 1. Bce 3T BUABI AeMIIpUPOBaHUS MHIUBUAYAIBHBI IS KaXKI0H
KOHCTPYKITMH. BO-BTOPBIX, IPU MCHIBITAHUSAX PA3HBIX MAapTUH 00Pa3I0B MOIYYAOTCS JOCTATOYHO OTIHYAIOIIHE-
cs1 KpuBble 3aryxaHus. Hanpumep, B [11] aHanmornyaeie o0pa3ipl KOPOOUATOrO MOMEPEYHOTO CEUEHUS aBallid
MEHbIIee TeMII(UPOBAHAE.

3akiaouenue

[Ipemmoxxennas B paboTe MeTOIMKa KaMepallbHONH 00pabOTKH IKCIIEpHUMEHTa, OCHOBAaHHAsI Ha KOMITHIOTEP-
HOM pacydeTe CHCTEMBbI, SKBUBAJICHTHON IO MEeMIT(QUPOBAHUIO, TIO3BOJISIET UCITOJIH30BATh 00PA3Ilhl ¢ MIPOU3BOIIb-
HBIM TIOTIEPEYHBIM CEYCHUEM TIPH 3AMUCH KoJiebaHUi 1abopaTOPHON yCTAaHOBKH, PEATH3YIOMICH CXeMy YHCTOTO
n3ruba obpasia.

[IpuBeneH npumep oIpeAeeHus MapaMeTpoB IeMITDHUPOBAHHS MAIOYTIEPOAUCTON cTami o0pasia Kopooya-
TOTO TIOTIEPEYHOTO cedeHus. [lapaMeTpsl MOIydeHBl I MOJEIH BHYTPEHHETO TPEHWS, OCHOBAHHOW Ha 0000-
meHHon aquarpamme [Ipanaros.
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Abstract. Microbiologically induced calcite precipitation, or calcium carbonate
CaCO0:s, is used in remediating cracks and fissures in concrete. Since the micro-
bial activity is pollution-free, natural, that process is extremely desired and may
solve concrete cracking without sacrificing mechanical properties. The effects

of different nutrient on the self-healing process are elucidated. Nutrients provide
the required sources of energy for the bacterial growth and metabolic activities.
A species of bacteria Bacillus sphaericus was added to the cement mix at a ratio
of 0.6% of cement weight with three organic compounds for nutrients (calcium
lactate, yeast extract and peptone) at 0.30% of cement weight. Effects on setting
time, rate of water absorption, compressive strength and flexural strength
were studied. It was found that bacteria nutrition acts as an accelerator for ce-

ment pastes for initial setting time mortar, while acts as a retarder of cement
pastes for final setting time for all bacterial compared to control mortar. Finally,
bacterial mortars with different types of nutrients showed an increase in com-
pressive and flexural strengths with yeast extract showing the most promising
enhancements, resulting in 26.5 and 60% increase in compressive and flexural
strength respectively.
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HUcnonb3o0BaHue NPUPOAHBIX COCIMHEHUN B KaUeCTBe MUTAHUA OaKTepuil
B CAMOBOCCTAHABJIMBAIOLIHUXCS paMax

B.B. l'asmmmnnkosa! ™, IIILM. Dapo6a?3 2=, H. Taw6' ", A. Cakna’
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Hcropus cratbn AHHOTanMst. MUKpOOHOIOTMYECKH UHIYIIMPOBAHHOE OCAKICHUE KAIBLUTA, W Kap-
[ocrynuna B penakuuro: 22 Hosiops 2021 r. Oonara kanbiust CaCQOs, ucnonb3yeTcst Uil YCTPaHEHUs TPEIIMH B OeTOHe.
Jopaborana: 20 staBapst 2021 . MukpoOHast aKTUBHOCTb HE 3aTrpA3HACT OKPY>KAIOLIYIO Cpely, HOTOMY JAaHHBIN
[punsTa k myOmukauu: 28 ssaBapst 2021 r. NPOLIECC OYEHb BAXKEH, a TAK)KE OH MOMOTaeT PeuIuTh NpoliieMy pacTpecKuBa-

HUs OeToHa Oe3 ymepOa I MEXaHWYECKHX CBOMCTB. BhIACHsSETCS BiusHUE pas-
JIMYHBIX NMUTATENBHBIX BEIIECTB Ha MPOLECC CAMOBOCCTAHOBJICHUs. [luTaTebHbIe
BEIIECTBA 00CCIECYMBAIOT HEOOXOAMMBIC HCTOYHHKH YHEPIHH UL pocTa OakTe-
puit u Merabonuyeckoii aesrensHOCTH. Bun O6akrepuit Bacillus sphaericus Obu1
J00aBieH B LIEMEHTHYIO cMech B cooTHomeHuu 0,6 % OT Macchl LIEeMEHTa C Tpe-
MsI OpPraHMYECKMMH COCAMHCHMSIMHU JUIsl NHMTATEIBHBIX BEIIECTB (JAKTAT Kallb-
U, APOXIKEBOH IKCTPAKT U nenToH) B konuuectse 0,30 % OT Macchl LieMEHTA.
VI3y4eHo BIMSHHC HA BPEMsi CXBAaTHIBAHUS, CKOPOCTH BOJOIOMIIOMICHHUS, POY-
HOCTh Ha C)KAaTHE M MPOYHOCTh NpHu u3rude. OOHapykeHO, 4TO OaKTepHaIbHOE
[HUTAaHHUE JCUCTBYET KaK YCKOPHUTENb LIEMEHTHBIX MACT JUI HA4YaJIbHOTO BPEMEHH
CXBATHIBAHMS PACTBOPA M OJHOBPEMEHHO KaK 3aMEIJIMTENb [EMEHTHBIX HACT
JUIsL OKOHYATEJIBHOTO BPEMEHH CXBATBIBAHU UL BCEX OAKTEPHil MO CPAaBHEHUIO

C KOHTPOJIbHBIM pacTBopoM. Hakorer, 6akTepuaibHble PacTBOPBI C Pa3IUYHbBI-
MU TUIIAMHU IIUTATCJIIBHBIX BCLICCTB IMOKAa3aJInu yBeJ’lPI'ieHHC HpO‘iHOCTI/I HpI/l CXKa-
THH U U3THOE, IPU ITOM IPOFIOKEBOI IKCTPAKT MPOJSMOHCTPUPOBAN Hanbosee
MHOTO000EIIAIONINE PEe3YIbTAThI, YTO MPUBEIO K YBEIMYCHHIO MPOYHOCTH MPHU
ckathi U u3rude Ha 26,5 u 60 % cOOTBETCTBEHHO.
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Galishnikova V.V., Elroba SM., Dayoub N.,
Sakna A. Use of natural compounds as a nut-
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Introduction

Microbiologically induced calcite precipitation (MICP), or calcium carbonate CaCOs, is used in re-mediating
cracks and fissures in concrete. MICP is a method that may be seen in the production of calcite in various geo-
logical settings, such as soils, limestone caves, oceans, and soda lakes. It is part of a larger category of research
known as bio-mineralization [1]. When a fracture forms, the implanted bacteria are activated, and the resulting
calcium carbonate minerals fill the crack, as seen in Figure 1. MICP is extremely desired since the calcite preci-
pitation caused by microbial activity is pollution-free, natural, and may solve concrete cracking without sacrifi-
cing mechanical properties [2]. In comparison to traditional chemical self-healing concrete, the bio self-healing
method using MICP provides a permanent and ecologically benign solution to the cracking issue. The method
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may be utilized to boost the compressive strength and stiffness of fractured concrete samples [3]. The efficiency
of the MICP process is heavily dependent on the concentration of bacteria as well as the amount and quality of
induced minerals.

Concrete cracks
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Figure 1. Overview of the self-healing process in concrete matrix

Bacillus species exhibit greater activity under certain environmental conditions. According to research,
B. sphaericus is the most commonly used bacterium for MICP procedures that use a urea-enriched medium [4].
The concrete cubes are exposed to bacterial precipitation by several bacterial strains (Bacillus pasturii and Bacil-
lus spharicus) for 7, 14, 28, 90, and 120 days. MICP has been shown to enhance compressive strength, fracture
self-healing, and porosity. General concrete cubes were exposed to a compressive strength test with and without
microorganisms in this comparative study. Microbes are shown to be effective in improving concrete characteris-
tics by achieving higher compressive strength than ordinary concrete at the same curing time. Bacterial precipita-
tion of calcium carbonate has filled certain holes and gaps, making the texture denser and more compact. It en-
hances the compressive strength of concrete by making the structure resistant to seepage/water permeability [5].
The water/cement ratio of the matrix is reduced to increase the self-healing ability of cementitious materials.
A large increase in the relative amount of cement or binder in the mixture leads to the creation of a self-healing
buffer, i.e. the existence of non-or only partly reacted binder particles in the material matrix. High strength or
high-performance concrete are typical examples of low water to binder ratio concrete [2]. Continuous healing of
surface fractures reduces the material’s permeability and greatly reduces the danger of early matrix deterioration
and corrosion of the embedded steel reinforcement owing to intrusion of water and harsh chemicals. Because of
the significant energy consumption and associated atmospheric CO, emissions, reducing the quantity of cement
required in a concrete mixture is ecologically favorable [6]. Chemical infiltration and rebar corrosion are pre-
dicted to be reduced by an active and quick crack-healing process, resulting in a considerable improvement in
the lifetime of concrete buildings. Because manual inspection and repair of big buildings is expensive, an auto-
nomous repair or self-healing system is advantageous. However, the self-healing mechanism and/or self-healing
agent in concrete should not have a detrimental impact on the mechanical properties of the original structure.
Non-reacted or partially hydrated cement particles may be used as a repair agent. Water infiltration through fractures
would cause these particles to undergo additional hydration processes. This might result in crack sealing [7].
The permeability of the concrete controls the rate at which water penetrates it. Recent advances in the characte-
ristics of high-performance concrete with low water permeability have grown more evident in order to alleviate
issues and increase resistance to water and other solution permeation, such as freeze-thaw degradation, sulfate/other
chemical assault, and chloride-ion penetration corrosion of embedded reinforcing bars [8]. A bio-based agent
composed of alkali-resistant bacteria and a food supply for the bacteria is proposed to increase the durability of
the concrete repair system and its connection with the concrete substrate. When used in concrete, this bio-based
chemical has the potential to generate calcite-based minerals inside fractures, decreasing concrete permeability [9].
The incorporation of microorganisms into mortar/concrete, resulting in the bio-mineralization process, is current-
ly a promising area of research in concrete technology. The plan was to include microorganisms, which aid in
the precipitation of calcium carbonate from dissolved inorganic carbon. The use of mineral-producing bacteria
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for sand consolidation and monument repair was investigated. Concrete crack and fissure filling has been ex-
plored. Ureolytic bacteria are anaerobic and water-grown bacteria that thrive inside the concrete or mortar matrix
in the absence of oxygen or food. In addition, the technique would significantly cut atmospheric carbon dioxide
emissions since less cement will be required for self-healing fractures in mortar and concrete [10; 11]. Bacillus
sphaericus increases the compressive strength of fissures. This shows the fully formed calcite crystal with de-
fined and sharp edges all over the fracture surface, which acts as a plugging and repair agent. Scanning Electron
Microscopy’s imaging and microanalysis capabilities reveal the existence of calcite precipitation inside fractures.
The development of microbial concrete will give a non-chemical sealing option. As a result, it will be both eco-
nomical and ecologically friendly [12].

As aresult, a realistic strategy is necessary. Biotechnological techniques for the production of a new gene-
ration of self-healing concrete have been proposed, inspired by microorganisms’ inherent capacity to cause cal-
cium carbonate precipitation [6].

Among the most essential dietary requirements are carbon and nitrogen supplies, which serve as energy
sources and heterotroph survival respectively [13]. Different nutrients must be supplied in the reaction medium
depending on the metabolic route. For example, bacteria in the non-methylotrophic methanogenesis pathway
employ CO, for energy production and carbonate biosynthesis [14].

It’s also worth noting that, in order to get the most calcium carbonate, the reagent concentrations must be
kept within safe limits to prevent inhibiting microbial development.

Physical cause Chemical causes Mechanical causes
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Figure 2. Possible causes of self-healing concrete: swelling of the cement matrix, continued hydration,
formation of calcium carbonate or calcium hydroxide and sedimentation of particles [14]

An overview was presented in [15] of natural sources of self-healing processes in concrete (physical,
chemical, and mechanical). The physical reason, especially expansion of hydrated cement particles, results in
a small crack blockage, as illustrated in Figure 2. Chemical treatments can also help to partially repair the frac-
ture. The chemical process of hydrating unhydrated cement particles aids in the closure of tiny fractures. Its suc-
cess, however, is greatly dependent on the availability of unhydrated cement, and it can be useful for new con-
crete with modest crack widths. The production of calcium carbonate on the fracture face is another chemical
reaction that happens. This process is the most effective method for autogenous concrete healing [16; 17].

Materials and methods

Distilled water (1000.0 ml), peptone, yeast extract, and agar [18] were used to grow bacteria with the pH
set to 7.0. The addition of 10.0 mg MnSO4 H,O to Bacillus strains is advised for sporulation. The conical flask is
filled with media. The flask is then sealed with paper and a rubber band to make it airtight. The solution is then
sterilized for 10-20 minutes using a flame burner. Before adding the bacteria, the solution should be devoid of
impurities and a clear orange color [18]. Later, the flasks are opened, and 1 ml of the bacteria is added to each
sterilized flask, which is then shaken at 150-200 rpm overnight at 30 °C. The bacterial solution was discovered
to be a pale-yellow turbid solution after 24 hours.

Materials selection and cultivation of calcite-producing bacteria: here microbiologically the efficiency of
the MICP process is heavily dependent on the concentration of bacteria as well as the amount and quality of in-
duced minerals.
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Fine aggregates: medium well-graded sand of fineness modulus 2.2 was used for mortar.

Cement: ordinary portland (type I) cement with grade 42.5 N.

Water: fresh tap water was used with water/cement ratio 0.45.

Calcium lactate: calcium lactate powder is produced by reacting lactic acid with calcium-based water-
soluble compounds such as calcium carbonate or calcium hydroxide. The chemical formula is C6H10CaO6 and
it is a white powder and it possesses an efflorescent odor. It is also known as calcium salt pent hydrate and
the chemical formula of the powder is CaO,. Jonkers et al. [9; 19] proposed the utilization of calcium lactate as
the only source of carbon and energy for microbial productivity and mineral precipitation and concluded that
the only calcium mineral compound that can be added to concrete without causing any loss in strength is calcium
lactate and may increase the compression strength when adding up to 2% of cement mass [20].

Yeast extract: yeast extract is the primary carbon source for the urea hydrolysis process [21] as well as
a nitrogen supply for the metabolic process. Other important minerals can also be found in it. The addition of
yeast extract to the concrete mixture prevents the cement from setting and the concrete from hardening [21].
The inclusion of yeast extract, at 1% by mass of cement, reduces the strength of the concrete [19]. Furthermore,
Jonkers et al. [19] discovered that adding yeast extract (1% by mass of cement) to concrete reduces the strength
of the concrete. Paine’s study [22] contradicts this. It has no influence on the strength of the mortar when it is
less than 0.5% by mass of cement.

Proteins (peptone): peptone, tryptone, tryptone peptone, trypticase, and trypticase peptone are partly di-
gested proteins that are widely utilized as a source of amino acids, peptides, proteins, and nitrogen in growth
medium. Complex proteins are broken down either enzymatically or chemically to create them. Peptone applied
to concrete at 1% by mass of cement has been demonstrated in studies to diminish concrete strength [19].

Bacterial suspension preparation: bacterial cultures were cultured for 7 days to guarantee sporulation be-
fore being placed in a falcon tube 50 mm and centrifuged at 10 000 rpm for 10 minutes before being added to
the cement mortar. Finally, the vegetative cells and spores were harvested by re-suspending the cell pellets in
a sterile 0.9% NaCl solution. The pure plate count technique and optical density of bacterial cultures were em-
ployed to create culture suspensions with a final cell density of 2x10° CFU/mL, which were subsequently uti-
lized in 0.5% concentration of the cement weight.

Mortar mixes: the mortar mixture was weighed and stirred for five minutes using a mechanical mixer.
After that, water was poured, and the mixing procedure took 10 minutes. By weight, the sand/cement ratio was
1:3. The ratio of water to cement was 0.45. To test the effect of adding bacteria to the mortar mix, a control
mortar mix was made. Specimens were prepared for mortar mixing with the addition of calcite-producing Bacil-
lus sphaericus (bacterial mortar). Bacteria were added at a rate of 0.6% of the cement’s weight. At a ratio of
0.5 bacteria by weight, three organic bio-mineral precursor chemicals, calcium lactate (CL), peptone (P), and
yeast extract (Y), were added. Table 1 shows the proportions of experimental mortar mixtures. For several testing,
the mortar was cast in molds. Remolded test specimens were stored in a damp towel. Every day, the specimens
were sprayed with water to keep them wet [23].

Table 1
Experimental mortar mixes proportions
. . Bacteria Organic
Code Bacteria Nutrition Sand/cement Water/cement o
addition/cement compound/cement
C Control 0.0 0.0 0.0
BSCL ) Calcium lactate 31 0.45
BSP Bacillus Peptone ' ' 0.6% 0.3%
sphaericus
DSYE Yeast extract

Setting time: Vicat equipment for cement paste was used to conduct initial and final setting time tests [24].
There was no increase to the cement. Only before the setting time experiments, a standard water/cement ratio
was tested on cement. To examine the influence of bacteria and organic additives on setting time, cement pastes
were mixed with three organic additives as given in Table 2.

The rate of water absorption. speed of water absorption is a measure of the capillary forces exerted by
the pore structure causing fluids to be drawn into the body of the material. In this experiment, the speed of water
increases in the mass of samples due to water absorption at certain times when only one surface of the specimen
is exposed to water. Mortar samples were dried in an oven at 70 °C for 3 days and then cooled for ages 3, 7, 28,
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90 and 120 days of casting. The method of curing was moist curing. The sides of the mortar samples were cove-
red with epoxy resin in order to allow the flow of water in one direction [25]. The end of the samples was sealed
with tightly attached plastic sheet and protected in position by an elastic band. The initial mass of the samples
was taken after which they were kept partly immersed to a depth of 10 cm in water. The readings were started
with the initial mass of the sample for a period of 2 hours from first contact with water. Also, the readings were
started with the initial mass of the sample at selected times after first contact with water (typically 1, 5, 10, 20,
30, 60, 110 and 120 min). Samples were removed and excess water was blotted off using paper towel and then
weighed. The gain in mass (m, kg/s) at time (¢, s), exposed area of the specimen (a, m?), and density of water (d),
were used to obtain the rate of water absorption (7, m/s*%) as per the equation:

_Am

2% 1
! ad )

Compressive strength test: the compression test was conducted of the prepared mortar. Test specimens
with dimensions of 70x70x70 mm were cast. All specimens were provided with sufficient time for hardening
and cured. Three specimens were prepared for each age. After the specified period (3, 7, 28, 90 and 120 days) all
the specimens were tested for its maximum load in the compression testing machine. The cubes were tested on
hydraulic machine with a 3000 kN capacity as according to code specifications.

Flexural strength test: test specimens with dimensions of (160x40x40 mm) were cast cured using mois-
turized wet cloth. The flexural specimens were subjected to three-point loading test. The flexural strength was
determined for 28, 90 and 120 days, using a flexural testing machine with a capacity of 15 ton to determine
the maximum load before failure.

Average of three tested specimens for each age was taken. The flexural strength is calculated using fol-
lowing formula [26; 27]:

3PL
Flex.Strength = - (2)

172

where P — the maximum applied load to the specimen, N; d; — the width of the specimen, mm; d, — the depth of
specimen, mm.

Results and discussion

Setting times: the obtained results from the initial and final setting times of control and bacterial cement
paste are shown in Table 1 and illustrated in Figure 3. The initial setting times for all specimens achieved
the limits of ASTM C403. Each specimen has different initial setting time and final setting time according to
nutrition. The final setting times for all specimens achieved the limits of ASTM C403 except for BSCL and BSY.
When nutrition addition was calcium lactate or yeast extract, the final setting time exceeds the code limits
(10 hours). Final setting times for BSCL and BSY were 120 and 121% compared to the code limit [24]. Calcium
lactate and yeast extract contain of calcium phosphate and zinc in its raw materials respectively, which they can
retard setting times.

The rate of water absorption: the influence of bacteria and different nutrients on the water absorption of
mortar after 2 hours was investigated. It was observed that with the inclusion of bacteria, the rate of water ab-
sorption of mortar decreased as shown in Table 3 and Figure 4. Noting that the use of calcium lactate as a nutri-
ent resulted in further reduction in the rate of water absorption. At the ages of 3, 7 & 28 days, it was observed
that the rate of water absorption of all bacterial specimens have smaller gain of water absorption than that of con-
trol mixture, almost cutting it by half, which aligns with what previous literature. At 90 days the specimens with
yeast extract and peptone for nutrients had a smaller gap in water absorption compared to the control specimen,
while the specimen containing yeast extract continued to cut the gain of water absorption by half. At the age of
120 days, it was observed that the rate of water absorption of all bacterial specimens after 2 hours has smaller
gain of water absorption than that of control mixture and became semi-impermeable. Microbial induced calcite
precipitation is responsible for filling up the pores in mortar and hence decreasing water absorption of bacterial
mortar specimens.
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Table 2
Initial and final setting times for different specimens
Sample name Initial time Final time
Control sample 135 345
BSCL (calcium lactate) 101 595
BSY (yeast extract) 99 399
BSP (peptone) 168 384
450 :
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Figure 3. Initial and final setting times for different specimens
Table 3
Rate of water absorption for bacterial and control mortar after 2 hours
Rate of water absorption/10~7, m/sec®3
Age, days
Sample name
3 7 28 90 120
Control sample 2.2 1.55 0.8 0.3 0.25
BSCL (calcium lactate) 1.4 0.65 0.3 0.12 0.03
BSY (yeast extract) 1.2 1.1 0.3 0.21 0.16
BSP (peptone) 1.34 1.05 0.37 0.26 0.21
25
3
2 2
£
= 1.5
S
2]
Z2 1
<
g
= 0.5
G
o
2
g 0
3 7 28 90 120
Age [days]
=== Control sample =@=BSCL (calcium lactate)
=E=BSY (yeast extract) ==BSP (peptone)
Figure 4. Rate of water absorption for bacterial and control mortar after 2 hours
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Compressive strength: the results from the compressive strength test have shown an increase in strength
for the bacterial mortar when compared to control mortar. Table 4 and Figure 5 showed a significant increase in
strength of control and bacterial mortar over time. At the age of 3 days, the compressive strength value of BSY
was equal to that of control specimen, but the compressive strength of BSCL and BSP became 108 and 108.39%
of the compressive strength of the control sample.

At 7 days of age BSCL, BSY and BSP starts to show an increase in compressive strength by achieving
106.33, 116.37 and 113.7% of the compressive strength for the control specimen respectively.

At 28 days of age BSY and BSP showed a decrease in compressive strength by 8.3 and 13.29% while
BSCL showed an increase of 0.9% in comparison to the control specimen.

At 90 days of age BSCL, BSY and BSP starts to show an increase in compressive strength by achieving
104.64, 122.68 and 125.7% of the compressive strength for the control specimen respectively.

At 120 days of age BSCL, BSY and BSP starts to show an increase in compressive strength by achieving
111.97, 137.1 and 126.5% of the compressive strength for the control specimen respectively.

This proved significant activity of bacteria until age of 120 days. Calcite precipitation induced by bacteria
is responsible for filling up the pores in mortar and hence increasing bonds in the microstructure which resist
loads significantly and hence compressive strength was increased compared to of control mortar. After 120 days,
bacterial mortar with yeast extract proves to have higher compressive strength.

Table 4
Compressive strength for bacterial and control mortar specimens, N/mm?
Age, d
Sample name ge, Cays
3 7 28 90 120
Control sample 20.5 26.2 349 43.5 50.1
BSCL (calcium lactate) 22.14 27.86 35.23 45.52 56.11
BSY (yeast extract) 20.5 30.49 32 53.37 68.69
BSP (peptone) 22.22 29.79 30.26 54.65 63.36
80
=70
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> 60
5 50
= 40
wn
£ 30
5,20
g 10
0
3 7 28 90 120
Age [days]
=== Control sample =8=BSCL (calcium lactate)
=E=BSY (yeast extract) ==t=BSP (peptone)
Figure 5. Compressive strength for bacterial and control mortar specimens
Table 5
Flexural strength for bacterial and control mortar specimens, N/mm?
A
Sample name ge, days
28 920 120
Control sample 6.13 6.56 7.31
BSCL (calcium lactate) 7.88 8.75 11.81
BSY (yeast extract) 11.09 11.15 11.8
BSP (peptone) 10.5 10.71 11.4
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Figure 6. Flexural strength for bacterial and control mortar specimens

Flexural strength: bacterial and control mortar were tested. It was noticed that flexural strength value of
BSP was higher than that of flexural strength value of BSCL at age of 28 and 90 but it decreased at the age of
120 days as illustrated in Figure 6 and Table 5.

Results of flexural strength test revealed that there is an increase in the strength for the bacterial mortar
when compared to the control mortar as illustrated in Figure 6. At the age of 28 days, the flexural strength value
of BSCL, BSY and BSP were 128.54, 180.91 and 171.28 % of flexural strength of control mortar respectively.
At the age of 90 days, the flexural strength value of BSCL, BSY and BSP were 133.38, 169.96 and 163.26 % of
flexural strength of control mortar respectively. At the age of 120 days the flexural strength value of BSCL, BSY
and BSP were 161.55, 161.42, and 155.95% of flexural strength of control mortar respectively. Microbial in-
duced calcite precipitation is responsible for filling up the pores in mortar and hence increased the flexural
strength as observed in previous research. Generally, bacterial mortar proved to have a higher flexural strength.

Conclusion

Several conclusions could be derived from the results obtained in this investigation as follows:

1. The bacteria nutrition acts as an accelerator for cement pastes for initial setting time for all bacterial
mortar compared to control mortar, while acts as a retarder of cement pastes for final setting time for all bacterial
mortar. With yeast extract acting as the strongest accelerator of the initial setting times and retarders for the final
setting times. Initial and final setting for all mortar were within limit according to the American code for design
and construction of concrete structures ASTM C403.

2. The rate of water absorption of all bacterial specimens with different types of nutrients after 2 hours has
smaller gain of water absorption than that of control mixture and specimen BSCL became semi-impermeable
after 120 days which aligns with previous results that showed a decrease in water absorption.

3. Significant activity of bacterial mortar, biochemically induced calcium carbonate precipitation is re-
sponsible for filling up the pores in mortar which in turn decreases rate of water absorption of bacterial mortar
and decreases permeability.

4. Compressive strength for all bacterial mortar increased compared to the control specimen’s compressive
strength. Compressive strength of specimen containing yeast extract achieved the highest compressive strength
at 120 days age with an increase of 126.5% compared to the control specimens

5. Compressive strength for BSY and BSP showed a decrease by 8.3 and 13.29% while BSCL showed
an increase of 0.9% in comparison to the control specimen at 28 days of age.

6. All bacterial mortar specimen showed a similar increase in flexural strength of about 160% under dif-
ferent types of nutrients

Therefore, the calcium-producing microbes are responsible for filling the pores in the cement mortar, thus
reducing the rate of water absorption and increasing the compressive strength and flexural strength of the bacterial
cement mortar, with yeast extract being the best option for increasing both compressive and flexural strength.
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ro pajuyca, pOTaTUBHbIC, CIIMPOHUIAIbHBIC U BUHTOBBIC moBepxHOCTH. Lenb uc-
CJICIOBAaHUS — MONyYeHUEe 00OOIICHHBIX MapaMETPUUSCKUX YPABHEHHUIl MOBEPX-
HOCTEH KOHTPYIHTHBIX CEYCHHII MasTHUKOBOIO THIIA HA NPSIMBIX LMIMHIPAX MPH
IUIOCKOIAPAJUICTIEHOM MIEPEHOCE MOBIKHBIX KECTKHX CYNepaJuIHicoB. Vcroms-
3YIOTCSL METO/IbI aHAJTUTHYECKOH reoMeTpuu. J{Jisi BU3yaln3aluuy MOBEPXHOCTEH
NpUMEHSIOTCs KomnbioTepHble cucteMbl MathCad u AutoCad. Pesynbrathl 3a-
KITFOYAIOTCSI B BBIBOJIE TTAPAMETPHIECCKUX YPABHEHHUH H3y9IaeMbIX MOBEPXHOCTEH
B 00IIeM BUjE, YIOOHOM JJisl HCIOJIb30BaHHSI METOJOB KOMIIBIOTEPHOTO MOJIC-
JIUpOBaHMs. MeToarKa MPOAEMOHCTPHPOBAHa HA IISITH MPUMEPax ¢ KOHIPYIHT-
HBIMH TIOJBH)KHBIME Cymepauiuncamu. OTMedaeTcss BO3MOXKHOCTh HCIIOIb30Ba-
HUSI TONYYEHHBIX (OPM MOBEPXHOCTEH B MapaMeTPUUSCKOIl apXUTEKType, apXu-
TEKType CBOOOIHBIX (opM U Tpu (opMoOOpa30BaHHHM MOBEPXHOCTEH HEKOTO-
PBIX TEXHUYECKHUX U3CIHUI.

KuroueBble cjIoBa: OBEPXHOCTh KOHIPYIHTHBIX CEUEHHH, CYNEPAIUIMIIC, IIO-
CKOTapaJuIeIbHbIA NEPEeHOC KPUBBIX, aCTPOU/IA, 3a/laHHE TIOBEPXHOCTH

Introduction

Recently, several papers have been published [1-4] devoted to the formation of surfaces of congruent sec-
tions of the pendulum type on arbitrary cylinders with forming plane curves in the form of circles [1; 2], parabo-
las [2; 3] and ellipses [4]. A surface of congruent sections is a surface bearing a continuous one-parameter family
of plane lines. Such a surface is obtained as a result of moving some flat line (generatrix). The simplest types of
surfaces of congruent sections are plane-and-parallel translation surfaces relative to the projection plane [5].
A plane-and-parallel transfer of a figure relative to the plane of projection is its movement in space, in which
each of its points moves in its plane of level. Varieties of plane-and-parallel translation surfaces are right transla-

tion surfaces [6] (Figure 1).

Figure 1. The circular translation surface
(Cheremushkinsky Market, Moscow, photo by [.A. Mamieva)

The number of surfaces under consideration can be significantly expanded if we accept congruent plane

curves, given in the form

ly[™
|Z|n = TTl <1 - Wm )

where n and m are constant non-negative numbers.
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By giving different values to the parameters n and m, it is possible to obtain various closed and open plane
curves. For n = m, closed curves called superellipses are obtained [7]. Superellipses with T = W are called Lame
curves', for n = m =2 and T = W, a circle is obtained, and forn = m =2 and T# W, an ellipse. The more the
value of the parameter n = m, the more precisely the shape of the superellipse approaches a rectangular contour.

Taking into account the method of forming of the surfaces under consideration, one can rank them among
kinematic surfaces [8].

So far, superellipses and Lame curves have made possible to expand the range of solved geometric problems
only in shipbuilding [9]. In architecture and construction, surfaces of congruent sections of the pendulum type with
simple generating Lame curves in the form of a circle and an ellipse have been used [2; 3]. A paper [10] provides
an example of using surface of congruent sections for cover of a bridge over the Kura River (Figure 2).

Figure 3. A shopping center, Khimki, Moscow region (photo by I.A. Mamieva)

There is also an example of a surface of congruent sections (Figure 3) in the city of Khimki (Moscow re-
gion). The need to construct an envelope of a family of congruent curves arises when surfaces of some technical
products are formed [11].

! Weisstein E.W. Lamé Curve. Wolfram MathWorld. Available from: https://mathworld.wolfram.com/LameCurve.html (accessed:
30.05.2021).
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Problem statement
Consider a right cylinder with a guiding superellipse, given in the form
1

zo = +7 (1 - 222y, (1)

wm

and a movable generatrix superellipse, given in the local coordinate system as

|Y| k 1/ S
Z = it( - F) ) 2)
where n, m, k, s are constant non-negative numbers; the geometric parameters 7, W, ¢, ® are shown in Figure 4.
In this case, the area, covered by the movement of the center of the movable superellipse (2) along
the contour of the stationary superellipse (1), can be set according to Figure 4 by the equations:

[ my1/n K\ 1/s

Y =300 N =yo+ Y,z=200, )=l + 2= T (1-22) 7 £ ¢ (1 - 2F) ]; (3)
[ my 1/n K1/

=300 =yt ¥, 2= 200, )=z + 2= | =T (1-225) 7 1 ¢ (1 - ) ], @)

where — W <y<W, -0 <Y <o
In formulas (3) and (4), yoand Y are independent variable parameters.

Z, 20 7
Y
L Y
T 1
w”Z Y
zZo| Z
4
0] w Y, yo
-T

Figure 4. Scheme of formation of the surface of congruent sections

Considering that the movable superellipse performs oscillatory movements of the pendulum type and si-
multaneously moves uniformly along the xo axis (Figure 4), we can write:

Yo = Asin=>, (5)
where A4 is the maximum deviation of the center of the moving superellipse from the Oz axis, that is, the ampli-
tude of the sine wave in the horizontal plane xOy; [ is the step of the half-wave of the sine wave.

In this case, the parametric equations of the surface of congruent sections of the pendulum type will have

the form

x=x(x); y=yx,V)=p+Y; (6)
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1/n ky1/5
z=z0 V) =lao| + Z=T (1 -2 4 ¢ (1 - ED) (7)
and
my1/n k 1/S
2=z00 V) =z + Z=—T (1 -2 (1 - L) ®

Moreover, a formula (7) is used when constructing surface with a line of centers with zy > 0, and a for-
mula (8) with zy < 0. The limits of the change in the parameter x are chosen arbitrarily, if necessary.

Example 1. Let formulas (1) and (2) define circles, that is, m = n =k =s=2,and T = W =3 m,
t=0=1mA=2m,[=2m, <Y<t 0<x<4l

In this case, formulas (5)—(8) will take the form

x=x(x)=x; y=y0,V=p+7Y
z=2(x, )= |zo| + Z= (T* —y)"? £ (¢ = Y)Y2,
where
yo = Asin(mx/]).

The surface is shown in Figure 5. This surface can be attributed to the subgroup of cyclic surfaces with
a plane of parallelism from the class “Cyclic Surfaces.” Some varieties of these surfaces are presented in [12].

Figure 6. A congruent surface with a generative astroid on an oval cylinder and a line of centers of a movable astroid on the cylinder
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Example 2. Let the cross section of a right cylinder has the form of a superellipse given by the formula (1),
where T=1m, W= 1,5m; m = n=10/7, and the mobile superellipse has £k = s = 2/3, t = ® = 0.5 m, that is,
the mobile superellipse is an astroid [8]. In addition —® < Y <w; 0 <x <4/, [/ =2 m, A = 1 m. Substituting
the given values into formulas (5)—(8), we obtain parametric equations of the desired surface. The surface itself
is shown in Figure 6.

Example 3. Let formulas (1), (2) have the form

Y
s 2=,

thatism=n=k=s=l,andT=1m W=155m;t=0=05mA=1m; t<Y<t0<x<4[/=1m.
In this case, using formulas (5)—(8), it is possible to construct a box-shaped surface, shown in Figure 7.
Box-shaped surfaces can be used in some sectors of the national economy. Various box-shaped surfaces with

y

Y, //"10

,/‘,,'///',

Figure 7. A congruent box-shaped surface on a box-shaped cylinder
and a line of centers of a movable quadrilateral on a box-shaped cylinder

Figure 8. A congruent surface with generatrix ovals on an oval cylinder
and a line of centers of a movable oval

Example 4. Let the center of the movable oval (2) with £ = s =1.5; = 0.5 m, ® = 0.8 m moves along
a fixed oval (superellipse) (1) withm =n=1.5; T=1.5m; W=2.5m and besides 4=2m, /=2 m, -0 <Y <®;
0<x<3L
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In this case, a formula (5) and parametric equations of the projected surface will take the form

x=x(x); y=yx, V)=n+Y,

1/1,5 1/1,5

re(1-%)

1,5
z =2z(x, ¥) = |z +Z=T(1 - l?;ll,s )

Vo = 2sin(mx/2).
The surface is shown in Figure 8.

New problem statement

Superellipses (1), (2), taking into account that m = n and k& = s, can be represented as
yo=yo(B) = Weos™B; 2o = zo(B) = Tsin"B; ©)
Y= Y(y) = ocos*ty; Z=Z(y) = tsin?*y, (10)
then the equation of the surface of congruent sections of the pendulum type can be represented as
x =x(x); ¥ =y(x,y) =yo + Y = Asin(nx/l) + ocos>*y;
z=z(x,y) = 2o + Z = Tsin?"B + tsin®*y = T(1 — cos?B)""™ + tsin”*y = T {1 — [(A/W)sin(mx/D)|™} """ + tsin®*y. (11)

It should be borne in mind that 0 < x < C; B, y are the angles measured from the horizontal axis x or X
(Figure 4), C is the required surface length,

Yo W 2
toX= —= —ct )
g Z0 T C gmf

where o, is the angle measured from the vertical axis Oz clockwise (Figure 4).

Example 5. Let the center of the movable shaft (10) with £ = 1.5; t = 0.5 m, ® = 0.8 m moves along
the stationary shaft (superellipse) (9) with m = 1.5; T= 1.5 m; W =2.5 m and in addition 4 = 2.5 m, [ =2 m,
—0<Y<m;0<x<4] 0<y<2m.

Figure 9. A congruent surface with generatrix ovals on an oval cylinder and a line of centers of a movable oval (10)

Substituting the above geometric parameters into the parametric equations of the surface (11), we obtain
a pendulum-type surface with congruent curves, shown in Figure 9.
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Results

Parametric equations of surfaces of congruent sections in the form of superellipses on right cylinders with
guiding superellipses are obtained. The given method of constructing considered plane-and-parallel translation
surfaces is illustrated by 5 examples. The four obtained surfaces are presented for the first time in Figures 5-8.
With the help of parametric equations of general form obtained in this article, a large number of new surfaces of
congruent sections of the pendulum type, as well as helical surfaces, can be constructed. Apparently, the surfaces
of congruent sections of the pendulum type can be distinguished into a separate subgroup of the class “Surfaces
of Congruent Sections.”

Conclusion

The article considers surfaces, formed by superellipses, that is, with » = m and s = k. But the obtained
parametric equations of the surface of the general form make it possible to consider the cases when n # m
and s # k. This will further expand the range of surfaces of congruent sections under consideration, since formu-
las (1), (2) can describe parabolas, hyperbolas and other open plane curves.
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[Noctynmna B penakuuro: 12 saBaps 2022 1. suimu «[lamsiTHast cTena Ha nokanbHO#M cdepuueckoit omope» (Crena Kb-1),
Jopaborana: 15 despans 2022 1. IPOAHATU3UPOBAHBI IPOEKTHO-KOHCTPYKTOPCKHUE PELIEHUs U PacieTHOE 0OOCHOBAaHUE
[punsTa k myomukamuu: 20 dpespans 2022 . MPOYHOCTH ¥ YCTOWIMBOCTH KOHCTPYKIIMH K BHEITHWM BO3JEWCTBUSM B YCIIOBHSIX

HaI/I6OHCe HMHTCHCHBHBIX KIIMMAaTHYCCKHUX BOSﬂCﬁCTBMﬁ C nmapameTpamu, 3aJgaBa-
€MBIMHU COTJIACHO CTPOWTEIbHBIM HOpMaM U mpaBwiaMm. Crena Kb-1 npencras-
JsieT co0O0H YCTaHOBJIEHHBIN BEPTUKAIBLHO rabapUTHO MaCCOBBIN MaKeT MHUPHOTO
SIIEPHOTO B3PBIBHOTO YCTPOMCTBAa Maccoi 2,8 T U BeICOTOH 2,8 M ¢ monycdepu-
YEeCKHUMH KPBIIMIKAMH. B COOTBETCTBHH C TEXHHUYECKUAM 3aJaHHEM TPeOOBAIOCH
MaKCHMAaJIbHO TOYHO COXPAaHUTh BHEITHHUH OOJMK YCTPOHCTBA, ITOMECTUB €ro Ha
HeOOIBIION JIOKAbHOM orope. OCOOEHHOCTh KOHCTPYKIIMHU 3aKIIFOYACTCsl B €€ YIJIOBOW
MOABV>KHOCTH OTHOCHTEINIBHO OTOpEL. J[yist obecriedeHus1 yCTOWNYMBOTO paBHOBEC-
HOTO COCTOSIHHS CTEJIBI B MECTE OIOPBI OPraHU30BaH IIAPHUP, CTENA YCTAaHOBIIE-
Ha cBOOOJHO HWXKHEW cdepoil Ha MPOMEKYTOUYHYIO MOJCTABKY CO CIICIHAIBEHO
1o100paHHoO# c(heprIECcKOi TOBEPXHOCTHIO. JJOMOMHUTENBHO CYILIECTBEHHO CHIKEH
LEHTP Macc CTeJbI ITyTeM oOJerdeHus (YTOHEHUs CTEHOK) BepXHei JacTu Kopiryca
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1 YCTaHOBKH JOIIOJIHUTEIFHOTO TPy3a B HIDKHEH ero gactu. B pesymprare mpu
JICHCTBUY BHELTHUX OOKOBBIX HArpy30K CTella MPHOOPETaeT yCTOMYNBOE MOJNIOKEHHE
C BO3MOXKHBIMH KOJI€0aHHUSIMH IO THITY «HEBAJLIIIKI) ¥ C BO3BPATOM B HCXOIHOE
cocrosinue. [lns obocHoBaHus mpoyHocTH W yctoiumBoctd Crenbl Kb-1 mpu
BHEIIHUX HAarpy3Kax BbIIIOJHEHbl aHAJUTUYECKUE U YHCIICHHBIE PACUETHBIC HC-
crnenoBanus. [lokazaHo, 4To pa3paboTaHHast KOHCTPYKLHS YIOBIIETBOPSIET MPEbSIB-
JIsieMbIM HOPMAaTUBHBIM TpeOOBaHUAM U O€3011acHa B SKCILTyaTalUH.

KaioueBble €JI0Ba: apXUTEKTYPHO-XYI0KECTBEHHAs KOMITO3MITHS, CTesa, cde-
pHuYeckas Oropa, YMCICHHas: MOJIeIb, BETPOBAsl HArpy3Ka, MPOYHOCTb, YCTONIM-
BOCTB, 0€30I1aCHOCTH
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Abstract. The article presents the design of the architectural and artistic compo-
sition “Memorial stele on a local spherical support” (KB-1 Stele), as well as
the analysis of design solutions and the calculated justification of the strength
and stability of the KB-1 Stele to external influences in conditions of the most
intense climatic influences with parameters set according to building codes and
regulations. The design of the KB-1 Stele is a vertically installed overall mass
model of a peaceful nuclear explosive device weighing 2.8 tons and 2.8 meters
high with hemispherical covers. In accordance with the terms of reference,
it was required to preserve the appearance of the device as accurately as possible
by placing it on a small local support. The peculiarity of the design lies in its
angular mobility relative to the support. To ensure a stable equilibrium state of
the stele, a hinge is organized at the place of support, the stele is installed freely
by the lower sphere on an intermediate stand with a specially selected spherical
surface. Additionally, the center of mass of the stele is significantly reduced by
lightening (thinning the walls) of the upper part of the body and installing addi-
tional cargo in its lower part. As a result, under the action of external lateral
loads, the stele acquires a stable position with possible fluctuations in the tum-
bler type and with a return to its original state. Analytical and numerical com-
putational studies were performed to substantiate the strength and stability of
the KB-1 Stele under external loads. It is shown that the developed design meets
the regulatory requirements and is safe in operation.

Keywords: architectural composition, artistic composition, stele, spherical sup-
port, numerical model, wind load, strength, stability, safety
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BBenenue

B 2019 r. ucnomamnock 90 meT co MHA pOKIEHHUS BBIJAIONIETOCS ydeHoro, akajemuka b.B. JlutBunoBa
(12.11.1929), 6onee 30 meT BO3rIaBIABIIETO MepBOoe KOHCTpYKTOpckoe 0topo (Kb-1) B kauecTBe raBHOTO KOH-
crpyktopa POSL-BHUUT®. B gecth 3TOT0 COOBITHS U B TTOpsiAKe MOATOTOBKH B 2020 T. K I0OMICHHBIM Mepo-
MPUATHSAM, TTOCBSIEHHBIM 65-1eTrto POALI-BHUNUT® u 60-netuto Kb-1, 65110 IPUHSTO pemieHUE 0 pa3padoTke
1 ycTaHoBke BOnu3u Bxoxa B 31anue Kb-1 apxurekrypHo-xynoxecrBeHHol komnosuinn (AXK) «Crema Kb-1».
Llenp mpoekTa — COXpaHEHHE MaMTH O Pa3paboTUMKax U UCHBITATENAX SACPHBIX 3apsiioB, GOPMUPOBAHUS TOP-
JocTH 3a Hairy PoavHy, yBaKeHUS K CTapIIeMy ITOKOJICHUIO.

OcHogo#t st paspadotkn AXK siBUIICS My3elHBIH 9KCIIOHAT, IPeACTaBIAIOMINI co00i rabapUTHO-MacCOBBII
MakeT MHPHOTO SIePHO-B3PBIBHOTO ycTpoiicTBa (SIBY), cocTosmmii N3 NUIMHIPHYECKON YacTH U ABYX chepH-
YeCKHX KphImeK. Takoe YHHKaNbHOE «qarcToe» SIBY 00nbIIoi MOIIHOCTH HCIOIB30BAIOCH JJISI MUPHBIX ITOI-
3€MHBIX SIIEPHBIX B3PHIBOB HAPYKHOTO AeHUCTBUSA. PU3NUEcKas cxeMa IMEePBUYHOTO SIEPHOTO y371a MpeiosKeHa
¢usuxom-teoperrnkoM POALI-BHUNT® 10.C. BaxpameeBsiM u ycneurHo ucnbitana 11 mas 1965 r. na Cemu-
MAJIATHHCKOM I€PHOM IIOJINTOHE.

Bopuc BacunbeBud JINTBUHOB aKTUBHO IPOABUTAN TEMAaTUKY MHUPHBIX SIEPHBIX B3pBIBOB. B cBOEH KHUTE
«ATOMHas HEprus He TOJBKO 751 BOGHHBIX LieJei» oH oTMeTwil: «lIpuHiunuansHoi pasHunbl Mexay SABY s
MPOMBILIJICHHOTO IPUMEHEHHS U U1 BOEHHOTO HeT. Ho TexHuuecku — oueHb Oosibiuasi pasHuna. OueHb OosipIast.
Wznenne u1st BOGHHOTO MIPUMEHEHUS Ipomie. [[eno B ToM, 9T0 MpH KOHCTPYHPOBAHUHU MTPOMBIIUIEHHOTO 3apsiia
MBI JTOJIKHBI BCE BPEeMsI [yMaTh O TOM, 4TO OH paboTaeT BHYTpPH CTpaHbl. MBI 0053aHbI IPEATIOKUTH TaKYIO0 KOH-
CTPYKLHMIO, YTOOBI IIpu paboTe, CKakeM, IPU MHTEHCU(HUKAIMU TOOBIYHM HE(TH, CBECTH K MUHUMYMY PaHali-
OHHOE 3arpsi3HeHKe. DTO — XOPOIlask HHKECHEPHAs 3a/1a4a.

B nmaHHOM mpoekTe aBTOPHI PEUIMIN COPUTHHAIBHUYATE U PEIIUTD TOXKE XOPOULYI0 UHIHCEHEPHYIO 3a0ayy,
MpeIoKuB 1mocTaBuTh SIBY BepTukanpHO (BBICOTA 2,8 M) M CBOOOAHO B BHJE CTENBl HA UMIPOBU3UPOBAHHBIN
IbEIeCTal C COXPaHEHHEM yCTOWYMBOCTHU MOJ COOCTBEHHBIM BecOoM (2,8 T), IPH 3TOM cTella JOJDKHA BHITIAAECTD
U3SIIHO U OBITH 6€301TacHON MPH BO3MOXHBIX BHEITHHX BO3ACHUCTBHSIX, BKIIOYAsl yparaH.

Jnst cripaBky B TaOn. 1 IPUBOISATCS XapaKTEPUCTHKH BO3ACHCTBHUS BeTpa 1o mkane bogopra.

Tabauya 1
XapakTepuCTHKH BO3elicTBHA BeTpa no mkane bogopra
Cpennsis baset XapaKkTepucTHKA BeTpa OueHka BeTpa BU3yaJIbHO
CKOPOCTh, M/C Bodopra P P P 1 P ¥
18,3-21,5 9 MTopm HeGomnbimme Hapy>KHbIE TIOBPEXICHUS 3[JaHIH, 0COOCHHO KPBIIIT
21,6-25,1 10 CHJIBHBIN ITOPM Krnonut k 3emiie u ToMaeT aepeBbst
25,2-29,0 11 JKecrokwuii mropm BoIpbIBaeT ¢ KOPHSAMU JACPEBBS, IEPCBOPAUNBAET MAILIMHBI
Bosnee 29,0 12 VYparan OmnycTromunTenbHbIe MacIITaOHbIe Pa3pyILCHUS
Table 1
Wind characteristics on the Beaufort wind scale
Average Beaufort Type of wind Observed land conditions
speed, m/s number
18.3-21.5 9 Strong gale Slight structural damage, roofs removed
21.6-25.1 10 Storm Trees bowed down and broken off
25.2-29.0 11 Violent storm Trees uprooted, vehicles turned over
Over 29.0 12 Hurricane Devasting large-scale damages

IIpy TpaaMIMOHHOM YCTaHOBKE CTENbl KaK HEMOABMKHOI'O NMAaMSITHUKA TpeOyeTcss MOLIHBIH (QyHIaMEHT,
MIPETATCTBYIOMNI BBIBOPAYUBAHUIO O0BEKTa «C KOPHEM», M JKECTKOE (IOBBIMIEHHOW MPOYHOCTH) 3aKpeIieHne
K ()yHIaMEHTY CTEJNbl, 4YTO BeChbMa HETPOCTO NPH COXPaHEHNUHU BU3YyalbHOTo obnrka SIBY.

Jlnist AOCTHKEHUS! yCTOWYUBOTO COCTOSIHMSA CTEJIbl IPEUIOKEHO OPUTHHAIIBHOE PEIICHHE: B MECTE 3aKpell-
JICHUsI CTENbl OPraHU30BaTh IAPHHUP, YMEHBIINB TEM CaMbIM Harpy3Ky Ha (yHIaMEHT, yCTAaHOBUTH CTETy CBO-
0oxHO HIWKHEH cepoii Ha MPOMEXYTOUHYIO TIOACTaBKY CO CIIeHUaTbHO NOJ00paHHOM cepryeckoil TOBEpXHO-
CTBIO, OOecreynBaroell BO3MOXKHOCTE KaueHHs (cepa o cdepe) npu NpHHYAUTENFHOM HAKJIOHE CTENBL. A Takoke
CYLIECTBEHHO U3MEHUTH LICHTP MacC CTEJbl yTeM MEXaHMYCCKOH JOPaOOTKU M3HYTPU BEPXHEH 4acTu Kopiyca
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¥ YCTaHOBKH JIOTIOJHHUTEIHHOTO TPy3a B HIDKHEH ero gacTth. [Ipu 3TOM B yCIIOBUSX NeHCTBHUSA BHEITHUX OOKOBBIX
Harpy3o0K cTelia MPHoOpeTaeT YCTOMYNBOE MOIOKEHUE C BOZMOKHBIMU KOJICOAHUSIMU 110 TIPUHITUITY HEBAJIAIIKU,
C BO3BPAaTOM B HCXOJHOE COCTOSIHHUE.

[IpuBonsTCS pe3yabTaThl MPOEKTHO-KOHCTPYKTOPCKHUX PadoT, MPEIBAPUTENGHBIX U MIOBEPOYHBIX PAaCUETHBIX
MCCIICZIOBAaHUH CTENBI B YCIOBUSIX JCHCTBUS COOCTBEHHOTO Beca M HauOOJIee MHTEHCUBHBIX HOPMATHUBHBIX KITH-
MaTHYECKUX BO3JCHCTBUN. BBISBICHBI 3aBUCUMOCTH BJIMSIHUS Pa3IMYHBIX (DAKTOPOB HA YCTOHYMBOCTH U MPOU-
HOCTh KOHCTpYKIMHU. OIpe/ieieHbl BO3MOXKHBIE aMIUTHTYAbI KolleOanuii. McciemoBaHo cOCTOSTHIE KOHCTPYKIIUN
B TIpoIlecce INUTENFHOTO Teproja dKCIuTyararui. OnpeneneHsl TOMyCTUMBIE YPOBHU BO3IEHCTBHSA M CIENaH
BBIBOJ] 00 YCTOMYMBOCTH CTEJIbI, HAJIGKHOCTHU €€ 3aKPEIUICHHs U 0€30MaCHOCTH TP IKCILTyaTallHH.

Koncrpykuus AXK «Crena Kb-1»

AXK «Crema Kb-1» BbIcOTOl 3 M TpencTaBiseT co00il KOPITyc MHUPHOTO SIICPHOTO B3PHLIBHOTO YCTPOWA-
CTBa, YCTAHOBJICHHBIH BEPTHKAJIBLHO Ha IMOJCTABKY, 3aKPEIICHHYIO B LIEHTPE IUIOCKOr0 OCTOHHOIO OCHOBaHUS
nnomanpio 9 M2, KOHCTPYKTHBHO-KOMIIOHOBOUHAS CXeMa CTeINlbI IPUBEIEHA Ha puc. 1.
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Puc. 1. KOHCTPYKTHBHO-KOMIIOHOBOYHASI CXEMa CTEJbI
Figure 1. Structural scheme of the stele
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Crena cocrout u3 xopmyca SIBY, NONOJIHHUTENBHOTO Tpy3a, IMOACTABKH, KPENEXHBIX M CTPAXOBOUYHBIX
anemenToB. Kopriyc SABY npencrapnsier co6oi MUAMHIP, 3aKPHITHIH TOTYCPEPUIESCKUMH KPBIIIIKAMHU, U COCTOUT
U3 CIEAYIOIUX KOHCTPYKTUBHBIX 3JIEMEHTOB: KPBIIIKHA HWKHEH, EpEeXOAHUKA HIDKHETO, IEPEXOIHUKA BEpXHE-
TO ¥ KPBIIIKK BepxHel. Bce anmeMeHTsI Kopiryca coeAmHeHs! apyT ¢ ApyroM 12 Gonramu M12. Marepuan kopiry-
ca — craib 20.

JI NOCTHKEHHsT YCTOMYMBOTO BEPTUKAIBHOTO MOJIOKEHHUS KOpIyca U o0ecreueHus] BO3SMOKHOCTH Kada-
HUS TIPH IPUHYJUTEIBHOM HAKJIOHE, CTeJla YCTaHOBJICHA HIKHEW cepoii Ha clieluaibHO MOf00paHHyIo cepu-
YECKYIO [I0OBEPXHOCTh B MOJCTABKE, IIPU 3TOM OCYILECTBICHO CHWKEHUE €€ IIEHTPa Macc 10 HEOOXOIUMBIX 3Ha-
yeHuil. C 3TOH LeNplo TONIIMHA CTEHOK MEPEeXOAHMKOB M KPBINIKM BepXHEH myTeM AopabOTKH yMEHBLICHA
¢ nepBoHadanbHbIX 20-25 10 2—3 MM, BO BHYTPEHHIOIO ITOJIOCTh HM)KHEH KPBIIIKH YCTAHOBJIEH CTAJbHOW Ipy3
maccoit 1900 kr.

Jl71st TOUHOTO MO3KITMOHUPOBAHUS KOPITyca U C IENIbI0 HEJOMYIIEHHs ero MPOCKaIb3bIBaHUS Ha MOJICTaBKE
MIpU NIPUHYAUTEIHHOM HAKJIOHE B MOJIOCE HUKHEW KPBIIIKHA YCTAaHOBJIEHA OCh AUaMeTpoM 49 MM C OITOpHOH KO-
HUYECKOH MOBEPXHOCTHIO, OTPaHWIHBAOIIEH HakIIOH cTeisl 10 10°. Matepuan ocu — crans 40X. Ock ycraHaB-
JMBAETCS B OTBEPCTUE NHaMeTpoM 50 MM, BBIIIOJIHEHHOE B TIOJIIOCE CPEPUUECKON YACTH TIOACTABKH.

Jlnst TOTOTHUTENBFHONW CTPaXxOBKH OT HECAaHKI[MOHMPOBAHHOI'O M3MEHEHHs MOoJIoKeHus kopryca JABY ot-
HOCHTENBHO MOACTAaBKYU NPUMEHEH cTanbHON KaHaT 9.6-1'-B-XK-H-P-T-1960 'OCT 268880, KOTOpBIN MPOTAHYT
yepe3 OTBEPCTUS B MOJCTABKE U I'Py3€, IPU 3TOM OJHMH KOHEI] KaHaTa 3aKpeIlIeH Ha MOHTaXXHOH IUIuTe OETOH-
HOTO OCHOBaHUS, IPYTOil — Ha BEPXHEM TOpIIE Tpy3a. Ycuine pa3pbiBa kaHata coctasiser 6000 kr. s momas-
eMa CTelIbl ¥ Ipy3a MpeaycMoTpeHo 1o 4 peiM-6onta M20.

Jliis neMoHTaXka cTesbl HeOOXOAUMO BBIKPYTUTh BUHTHI, CKPEIUIAIOIINE IEPEXOIHUK C KPBIIIKON HIKHEH,
CHSTH BEPXHIOIO YacTh Kopiyca (B cOope ¢ MepexoJHHKaMU U BEpXHEH KPBIIIKOI), 3aTeM BBIKPYTUTh BUHTHL,
CTOTIOpSIILKE CTANBHON KaHaT, U JEMOHTHPOBATh IPYy3 C HIDKHEH KPBIIKOH. M300pakeHne OKOHYATeIbHOTO MOH-
Ta)ka CTeJIbl IPUBEICHO Ha pHC. 2.

Macca crenbl (6e3 noacraBku) — 2800 kr. MoMeHT nHepIH cTelbl (0e3 MOJCTaBKN) OTHOCHTENIBHO ToTIe-
peuHoit ocu, mpoxosIIei yepes HUKHHUI Homoc kopryca SIBY, —J = 1,08x10° kr-M?, paccTosHHE MEKITy LIeH-
TPOM Macc U HHKHHMM TOII0cOM Kopryca SIBY — b = 584 mm.

Puc. 2. YcraHoBka BepXHEH 4aCTH CTENbI HA HUKHIO TshKenyto 4acTh (poto A.I'. FOmoBa)
Figure 2. Mounting the stele top part on the heavy bottom part (photo by A.G. Yudov)
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J171s1 TOpU3OHTAILHOTO BBIPABHUBAHUS MTOJICTABKH B €€ KOHCTPYKIIMH MPEAYCMOTPEHBI 6 PETYIHPOBOYHBIX
6onToB M20. N5t coeMHEHHs TOJCTaBKHU CO CTAIbHOM IUIMTOM, YCTAHOBIEHHON Ha (yHIaMEHTE, UCTIONb3YI0T-
cs1 6 6oxroB M20.

Cdepruecknii CTBIK «KOPIYC — IMOACTABKa» 3aKPBIT KOJIBIIOM («IOOKOM») IJIs MCKIIOUCHHS TTOTaIaHus
0CaJIKOB ¥ MIOCTOPOHHUX MPEIMETOB, KOTOPBIE MOTYT BOCIIPEIATCTBOBATH KAYaHHIO CTEJBI Ha TIOACTaBKE.

Bce moBepXHOCTH 3JIEMEHTOB CTEJNbI MOKPHITHI TPYHTOBKOH, 8 Ha BHELITHIOIO TIOBEPXHOCTH IOMIOJHUTENHEHO
HAHECEHO BBICOKOKAYECTBECHHOE JTAKOKPACOUYHOE MOKPHITHE, 3AIUIIAIOIIee CTETY OT BO3JACHCTBUI OKPYIKAFOIICH
Cpeflbl B TeUCHHE JITUTEIBHOTO BPEMEHH SKCILTyaTaIlHH.

TpeGoBaHus M0 HA3HAYEHUIO HATPY3KH

B HOpMax u mpaBunax’ ompezeneHsl 00IMe TEXHUUECKHE TPeOOBAHUS 0 HA3HAYEHHIO HATPY30K MPH
CTPOUTENBCTBE 31aHUH U coopykeHuil. CormacHO TaHHBIM TPeOOBaHUSAM, Ha CTENy JEHCTBYIOT:

— MOCTOSIHHAS Harpy3ka oT COOCTBEHHOTO Beca,

— KPaTKOBPEMEHHBIC Harpy3KH — BO3JCHCTBUS IIPU YCTAHOBKE, 00CTYKUBAHUU (TIOIBEME);

— KIUMaTH4Ieckne (hakTophl — BETPOBasi, KIIMMAaTHIECKas U CHETOBasl Harpy3KH.

MaxkcumalbHasi CHeroBast Harpyska it Uensionnckoit 1 CBepaioBckoii oonacrel, oTHocsmuxcs K 111 cae-
roBoMy paiiony, coctasnser Sg = 1500 ITa’ ITnomans MIocKoi 4acTH BepxHel Kpelmku (J600 MM) paBHA
F=0,283 m*. C yueToM Tpebyemoro ko3 puirenTa HaqexXHOCTH ¥ = 1,4 MakcHMalbHOE JeHCTBYIOIIEe Ha CTENy
YCHJIUE OT CHETOBOM Harpy3KH COCTaBIISIET

P =SgFy=1500 x 0,283 x 1,4 =597 H.

CornacHo KIMMaTHYecKoi KapTe® TeMmmepaTypHbIH nmama3oH UensOMHCKOH 06NACTH COCTaBISET OT
—50 mo 40 °C. B yka3aHHOM HHTepBaje TeMIIepaTyp CTalbHble KOHCTPYKIIMH HUMEIOT CTaOMIbHBIE MEXaHUYe-
CKHE CBOMCTBAa MaTepualiOB M ONUHAKOBBIN K03(p(UIHEHT TeMmeparypHoro pacimupenus. [lostomy BnusHHE
(hakTOpa M3MEHEHHs BHEITHEH TeMIepaTyphl Ha COCTOSHHE CTEIbI OTCYTCTBYET.

B cooterctBum ¢ CII 20.13330.2016 HOpMaTHBHOE 3HAUYEHHWE OCHOBHOW BETPOBOM HArpy3KH W CIIETyeT
OTIpeNIeTATh Kak CyMMY CpefHel (OCHOBHON) W, M MyJAbCAIIMOHHON W), COCTAaBIAIONINX.

OcHOBHas BETpOBasi HArpy3Ka Wy, KOTOpast MOXKET BO3JICMCTBOBATh Ha CTENY, OIlEHUBAETCS 10 hopMmyrie

Wi = Wok(zs)c, (D

rie Wo — HOpMaTHBHOE 3HAYCHUE BETPOBOTO JAaBICHUS; k(zp) — KOI(DDUIIMEHT, YUNTHIBAIOIINI N3MEHEHHE BETPO-
BOTO JIaBJICHUS 10 BBICOTE Zp; € — a9POIAUHAMUYECKUN KO3 PUIIUCHT.

Hns YensOunckoii ob6nactu, otHOCsmekcs ko 11 BeTpoBomy paiiony, wo = 0,3 klla. [y BEICOTBI coopyxe-
HUs z < 3M U TUNa MecTHOCcTH B (ropozickue TeppuTOpuH, JIECHBIE MAaCCHUBHI U IPYyTHE MECTHOCTH, pABHOMEPHO
MOKPBITHIE MPEHATCTBUSIME BBICOTON Oosiee 10 M) koaddurueHT k(z,) pasen 0,5.

KosdduuureHT ¢ a1 unnuHAPHUECKUX KOHCTPYKLMH 3aBUCHUT OT yIyia 3 B IJIaHE COOPYKEHUS, OTCUUTHI-
BaeMOT0 OT TUTIOCKOCTH CUMMETPHH MIIHHApa (puc. 3).

Jst B ot 0 go 30° mamieHHWe OT BETpa HAIPABJICHO K IMMOBEPXHOCTH, BEIMYHMHA ¢ M3MeHseTcs oT 1 mo 0.
ITpu B ot 30 mo 180° koadpdummeHT ¢ < 0 (MPOUCXOAUT OTTOK» OT MOBEPXHOCTH). BemmunHa ¢ 3aBUCUT OT 4HC-
na Peitnonsaca Re (s mapamerpos crensl o gopmynam u3 CIT 20.13330.2016 — Re = 3,6x10%) u u3mensercs
or—1,4 (B=90°) mo 0 (B =30°). IIpu B = 180° koapPumment ¢ =—0,26.

VYuuThIBast, 4To OOKOBBIE COCTABISIONINE JAaBICHUS YPABHOBEUIMBAIOTCS, a HA BOBMOXKHOE OMPOKH]IbIBA-
HUE CTeNbl MPEUMYIIECTBEHHO BIUSAIOT KOMIIOHEHTHI, AEHCTBYIONIUE BIOJIbL MIOCKOCTH CUMMETPUH, B pacyeTax
paccMaTpHUBalOTCs TOIBKO KOMIIOHEHTHI IPOJOIBHOTO BO3ACHCTBYSL, IPU BeTHMYUHE Koddduuuenta ¢ = 1,26.

JL1st BRIIIETPUBEICHHBIX 3HaUeHUH 110 hopmyrte (1) momydaem

wn=0,3x0,5x1,26=0,19 klla.

' CIT 20.13330.2016. Harpysku u BosaeiicTus. Akryanusuposannas peaakimus CHull 2.01.07-85. M.: Crangaptuagopm, 2018;
I'OCT 27751-2014. HagexXHOCTH CTPOUTENBHBIX KOHCTPYKIHMN 1 ocHOBaHUH. OcHOBHBIE MTosiokeHus1. M.: Ctanmaptuadopm, 2015.

2 CI120.13330.2016. Harpy3ku u Bo3zneiicTBus. Akryamusupoannas pegakius CHull 2.01.07-85. M.: Cranmaptundopm, 2018.

3 CIT 131.13330.2012 CrpoutensHas KauMaTonorus. Akryanusuposannas peaakius Cuaull 23 01-99. M.: Crangaprundopm, 2021.
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[T1oCcKOCTh CUMMETpUH
—=L Plane of symmetry

Hampasnenue Berpa
Wind direction s

Puc. 3. Pactipenenenue a3poanHaMU4ecKoro ko3¢ GuuneHTa ¢ no MUIHHAPUIECKO TOBEPXHOCTH
Figure 3. Distribution of the aerodynamic coefficient ¢ over the cylindrical surface

[TynecanmoHHast W, COCTaBISIIONIAsT BETPOBOM HArpy3KU ISl COOPY>KEHHH, Y KOTOPBIX MepBas yacToTa cob-
CTBEHHBIX K0JIeOaHMi f GOJbIIe TPEAETEHOTO 3HAYeHUs COOCTBEHHOM YaCTOTHI fiim, BBIYUCISETCS 110 hopMyIie

w, =w,c(z)v, )

rae g(z) — kK03 PUIUEHT Myabcauuy NABIEHHUS BETPa; V — KOA(QQHUIUEHT NPOCTPAHCTBEHHOW KOPPEISLIUH

MyJAbCalui AaBICHUS BETPA.
BenuuuHa fiim, BEIYUCIACTCS 110 GOpMyJIIe

_ wok (z) Y
m940T

g,lim

; 3)

rae napaMeTp Tglim AN CTAIBHBIX KOHCTpYKUUH pasen 0,0077.
JList BEIIIETPUBEICHHBIX 3HaUeHUH 110 hopmyrte (3) momydaem

40,3%x0,5x1,4
o= 2" —(0,06T.
S 940x0,0077 B

CornacHo nmepBOHAaYaIbHBIM pacdeTam, MepBas 4acToTa coOCTBEHHBIX KonebaHuit ctensl f = 0,87 I'n
Oompie BeNMWUYUHH fiim = 0,06 ', Torma mo ¢opmyne (2) 11 mapaMeTpoB CTENBl M THUNA MECTHOCTH B —

¢(z) =122, v =0,89 (CII 20.13330.2016) monyuaem
w, =0,19x1,22x0,89 = 0,2 kI1a.

Takum 00pa3om, HeiCcTByOmAs Ha CTEIy OCHOBHAs BETPOBas HArpy3ka C y4E€TOM PEKOMEHIyeMOTO
(CIT20.13330.2016) ko3 puruerra HagexxHoCTH ¥ = 1,4 paBHa

w=(Wm+ wp)y = 0,55 klla.

[Tnomane HaBeTpEHHON TOBEPXHOCTH CTEIbI MPUOIH3UTEIHHO PaBHA M2,
CrenoBaTtenbHO, CHIIA OT BETPOBOTO BO3IEHCTBHS HA CTEITY OIICHUBACTCS BEITMUNHOMN

P=w§=550H.

Jlns mpezcTaBiieHust 00 YPOBHE HATPY)KEHHSI CTENbI TIPU JTAHHOM JABJICHUH BBITMIONHEHA OI[CHKA CKOPOCTH
BETpa JIJIsl MOJTyYeHHOTO 3HAUeHHUs JaBleHns. HopMalibHOE BETpOBOE JIaBIeHUE Ha NPEISITCTBUE MOKHO OTpe/ie-
JUTH 110 hopmyie [1]
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P=0,5pV? 4)

e p — IIOTHOCTh BO3/yXa; V' — CKOPOCTh BETpa.

Otcrona npu P =550 Ia, p = 1,2 xr/m’ ckopocTs BeTpa paBHa 30,3 m/c.

Cornacuo mikane bogopra, pacuetnas Harpyska ¥V = 30,3 M/C OTHOCHTCS K yparaHHBIM, TPUBOASIIMM K
OITYCTOIIUTEILHBIM MACIITAOHBIM PA3PYIICHUSIM.

AHajauTH4eckast OLI€HKA COCTOAHUA CTECJIbI IIPU HeﬁCTBHH BHEIIHEH CTAaTHYECKOH Harpy3Ku

3amanneie B HopMmax CII 20.13330.2016 TtpeGoBaHUs — MOCTOSHHAs HArpy3ka OT COOCTBEHHOTO Beca,
KpPaTKOBPEMEHHbIE HArpy3KH IIPHU YCTAHOBKE M OOCIY)XKMBaHHUHU (IIOIBEME), a TAK)KE CHETroBas Harpys3Ka — sSBJIS-
IOTCSI CTATUYECKUMH U ACHCTBYIOT Ha CTEJy B IPOLOJIHLHOM HAIPaBICHUH.

AHaIHM3 KOHCTPYKIIMU CTENbI M CII0co0a €€ YCTAaHOBKH ITOKA3bIBAET, YTO HAMOOJIbIINE HANPSHKEHHS OT c00-
CTBEHHOT'0 BECa PEATU3YIOTCS B 30HE KOHTAKTA MOJII0CA HIXKHEH KPBIIKU U MOTycheprHyecKoi moacTaBku. B ycio-
BISIX [IOJbEMa U IIEPEMEILICHNUS HA KOPITYC CTeJIbl JEHCTBYET pacTATUBAOLIEE YCHINE OT COOCTBEHHOI'O Beca.

B obnactu KOHTakTa MoiIOca HWKHEW KPBIIIKA M TOACTaBKH PEATH3YIOTCS CHKMMAIOIINE HaIpPsDKEHUS
00ycJ0oBIeHHBIE BECOM CTeNbI (2797 KI) 1 BO3MOXKHOW CHEroBOM Harpy3ku (60 kr).

MakcuManbHbIe HAIIPSKEHMS B 30HE KOHTAKTa MOXHO ONPEACINTS 10 Gopmyre

P mg
o=—=—— 5 (5)
F F
rae m — cymmMapHasa Macca CTCJibl U CHEroBO Harpy3Ku, F- riomanb MonepeYHoOro CEUYCHM.
Crena OMUPACTCA HAa MOACTABKY IO KOJIbIY BOKPYI' HICHTPAJIBHOI'O0 OTBEPCTHUS, IJIOM[AAb KOHTAKTA MOXHO
OIICHUTH 1O (hopMyIie

F=ndh, (6)

rae d — paaumyc OTBEPCTHS;, 7 — ITUPHHA OMTOPHOH TUTOIIIA K.
AHanmmM3 reoMeTpUH KOHTAaKTHOW TTOBEPXHOCTH TMOKa3all, YTO MIMPUHA OTIOPHOW ITUIOMIAJKU COCTABIISIECT HE
MeHee s =5 MM, Torga npu d = 50 MM, Micrena = 2797 kr 1o Ppopmynam (5) u (6) nomydeHo

2797x9,81
o=——"">"—

=349 MITa.
m50x5

C yuetoM cHeroBo# Harpy3ku ¢ = 35,6 MIla.

[lomyuenHOe 3HaYeHHWE HANPSHKEHWHA CYIIECTBEHHO MEHbIE Tpefesia TEeKYy4eCTH MOJCTaBKA U HIDKHEH
KPBIIKY cTelbl (cTaimb 20 — o = 245 MIla). 3amac mpoYHOCTH CTEIBI U MOACTABKH IO PSSy TEKYISCTH paBeH
K:=7. Cnenyer oTMETHTD, 4TO (PAaKTHYECCKU IIMPHHA OTIOPHOW IUIOIIAJKH CTEIIbI, BEPOSITHEE BCETO, BHIIIE MPH-
HATOTO 3HaueHHs /# = 5 MM. YTOUYHEHHOE 3HaYCHUE YPOBHS HANpPsDKEHUN B CTelle U TOACTaBKE MOIYYEHO B YHC-
JICHHOM pacyere.

Koprmryc cTensr u rpy3 TpaHCHOPTHPYIOTCS OTAETHHO. YCTAHOBKA WIIM CHSTHE CTEIBI C TIOICTABKH MPOBO-
JIUTCS C YaCTHMYHOM pa30opkoii. IlepBoHaYanbHO CHUMAIOTCS IEPEXOAHUKU U KPBIIIKA BEPXHsIs, 3aTEM U3BJICKa-
eTcs TPY3, Jajee CHUMAeTcs KphIka HIKHAS. [Ipu TakoM mopsake paOOT YPOBHH HArpy>KeHHS KOHCTPYKTHB-
HBIX JIETaJIeH CTENbI OT COOCTBEHHOTO BeCa HE3HAYUTEIHHBI M HEOOXOIUMOCTD PacieTa OTCyTCTBYET.

B cnyyae HeperiaMeHTHpPOBaHHOTO (aBApUIHOIO) BapHaHTa HAarpyKEHHs MPH CHATHU WM YCTaHOBKE BO3MO-
JKEH TIOABEM CTEIIBI C TPY30M, a TaKXkKe MOABEM CTEIIbI C TPY30M C HE JEMOHTUPOBAHHBIM CTPAaXOBOYHBIM CTaIbHBIM
KaHaToM. B 3TOM ciydae MacCUBHAs HIDKHSIS YaCTh CTEIBI (Mcrena = 2797 KT) M 3aKPEIUICHHBIN KaHAT JOIIOJTHU-
TEIbHO HArpy’kKalT YTOHEHHBIE J0 Acr = 2 MM IINIMHAPUYECKUE CTEHKH NMEPEXOJAHUKOB M KPBIIIKH BepxXHEH
(d =890 mm).

J11s olieHKH ypOBHS HAIPSDKEHUH CTEHOK TIPH MTOBEME CTEIbI C TPY30M BOCIIONB3yeMcs (hopMyIoi

G_E_ 2797x9,81

=4,9 MIla.
F 7890 % 2
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[lomyuenHoe HampsbxeHue Oomee yeMm B 10 pa3 HmKe mpenena TEeKydecTH marepuaia creibl cramu 20
(or =245 MIla).
[Ipu ycraHoBieHHOM KaHate ¢ ycuiueM paspoiBa Py = 60 000 H (6000 kr) momyuaem

o= 5 156 MITa.

ITonyuenHoe HanpspxkeHue Takxke 6onee 4yeM B 10 pa3 Hipke mpezesia TeKy4ecTH Marepuaia CTelbl, B JaH-
HOM ClIyyae pa3pblB KaHaTa MPOHM30IIEeT CyIECTBEHHO paHbIle Hayajla IIaCTU4YECKOro Ae(opMUpOBaHHs KOp-
nyca crenbl. Takum 00pa3oM, IPOUYHOCTH KOHCTPYKIMH CTEJIbI PH YCTAaHOBKE 00eCIIeunBaeTCsl.

IloBepouHbIii pacyer.
YucjieHHOe MOJeTHPOBAHNE COCTOSIHUSA CTeJIbI 10/ 1eliCTBHEeM BHELIHMX HAIPY30K

PacyeTnl cOCTOSTHUS CTENbI nmpu I[eﬁCTBPIH BHCUIHUX HArpy30K BBINOJHCHBI METOJOM KOHCYHBIX 3JICMCHTOB
¢ momonipio nporpammsl «JIOTOC-TIpounoctsy»* (puc. 4).

P=0,55«klla
P=0.55kPa

Lentp
JABJICHUS

Center of
pressure

Ux=Uy=Uz=0

Puc. 4. PacueTHass KOHEUHO-3JIEMEHTHAST MOJIEIb CTEJIbI
Figure 4. The finite-element stele model

Juckpernszauus netaneil KOHCTPYKLUMU BBINOJIHEHA TBEPIOTEIbHBIMU KOHEUHBIMU 3eMeHTaMu. KoHeuHo-
a1eMeHTHas Monenb cofepxut 31 240 snementoB u 39 800 y3moB. BzanmonelicTBue aeranei BHITOTHEHO C T10-
MOIIbI0 KOHTAKTHBIX 3JeMeHTOB. KOA(h(HUIIMEHT TPeHUSI MEKTy KOHTAKTUPYIOUIMMU ACTASIMUA MPUHST paBHbIM 0,2
(Tpenue cranb 1o cranu). 3aKperuieHne MOJICIH OCYIIECTBIICTCS M0 HIXKHEH OBEPXHOCTHU IMOJACTaBKU (puc. 4).
[I10cKOCTh CHMMETPHUH YUUTHIBACTCS 3aJJaHUEM OTPaHUUEHHUM 10 epemenieHusm y3ioB (Uz = 0).

Pacuet mpoBeneH B KBa3UCTaTUYECKOM TOCTAHOBKE HATPY>KEHUEM KOHCTPYKIIMH JIMHEWHO BO3PACTAIONIAM
nasienueM P = 0,55 x[la, neficTByronMM B MOMEPEYHOM HarpaBiieHuUu (BJ0ib ocu Y). PaBHOMepHO pacmpere-
JICHHOE JIaBJICHHE 3aJlaHO TI0 IJIOUIaJIKe B COOTBETCTBUU ¢ pHc. 4: yron B = 30°, miuHA 30HBI MPUIOKEHHUS
Harpy3k Mo UWIMHAPUYECKOM yacTu coctapiuseT 2120 mm. [lnomans npuiiokeHuss BETPOBOM HArpy3Kud OKOJIO
1 M. B pacueTe He MPOBOAMICS y4ET HEMMHEHHOTO (CHHYCOMIANLHOTO) PACTIpeieieHUs Harpy3KH, MOKa3aHHOTO
Ha puC. 3. DTO NPUBOAUT K 3aBBIIICHUIO JCUCTBYIONIETO YCUIUS MPUOJIM3UTENBHO B 1,4 pa3a, 4TO UAET B 3aIac
MPOYHOCTU U YCTOMYUBOCTH KOHCTPYKIHHU. [OTIOMHUTENBHO B pacyeTe YUUTHIBACTCA JCHCTBUE CHIIBI TSDKECTH.

4 Jlnuensuonnoe cornamenue Ne 7551-0-96/2019 na ucnons3osanue nakera nporpamm «JIOTOC» ot 23 nexadps 2019 .
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Ha puc. 5 npeacrasneno nedhopMupoOBaHHOE COCTOSHHUE CTENbl NMPH JCHCTBUH 33JaHHONH HOPMHUpPYEMOi
BeTpoBoit Harpy3ku P = 0,55 klla (55 xr). PucyHok mokaspIBaeT, 4To cTejia IpH pacCMaTpPUBACMOM BO3/ICHCTBUU
OTKJIOHSIETCA Ha BenuuuHy 168,2 MMm. Yronm HakioHa coctaBisier oo = 3,7°. Ock HE KacaeTcs BHYTpEHHEH mo-
BEPXHOCTH OTBEPCTHA IMOJCTABKH, MTOATOMY HalpsKEHHOE COCTOSTHHE KOHCTPYKLMH OINpENeisieTcsa TOIbKO pea-
JIM30BAHHBIM IIATHOM KOHTAKTa MEKIy HI)KHEH KPBIIIKOM IMOICTaBKOM.

MakcumalibHble HanpspKeHHs (pUc. 5) B HIKHEH KPBILIKE COCTABISIIOT Oy = 42 Mlla, 3anac no npeneny
texyuyectu K; = 5,8. HampsbkeHus B oAcTaBKe G = 28 Mlla, 3amac npounoctu K; = 8,7. B ocTalbHBIX KOH-
CTPYKTHBHBIX 3JIEMEHTaX CTEJbl HAIPSHKEHUS HE MIPEBBILIAIOT Go = 5 MIla. Bee nomyueHHble 3HaY€HU Hanpsi-
JKEHUH TakKe HE MPEBBILIAIOT NPENENOB BIHOCIMBOCTH MarepuajioB. Takum oOpasoM, 1ogoOHOE HarpyxeHHe
CTeIbl MOKET OCYLIECTBIIATHCA MPAaKTUYECKH HeorpanmdeHHoe ducio (10%) pas [2].

Jl1s1 ucciienoBaHus COCTOSIHUSA CTEIBI B YCIOBUSIX HEPEITIAMEHTUPOBAHHBIX BO3JICHCTBUI IIPOBEJEH PACUET
Ha MOBBIIIEHHYO Harpy3ky. IlonmydeHHble pacueTHbIE 3HaYEHUS YOBIETBOPUTEIBHO COIIACYIOTCS C pe3ysbTara-
MH SKcriepuMenTa (Tab. 2)°. Ominuue He npesbimaet 3 Y.

CMeleHne, MM OKBUBaJICHTHbIE HanpsbkeHust, MIla
> .
Displacement, mm Equivalent stresses, MPa

168.21 _ 4229
150.89 _ 38.06 _I
133.57 _ 33.83 _
116.26 _ 20.60 _
98.94 _ 25.37 _
81.62 _I 21.15 _I
64.31 _ 16.92 _
46.99 _| 12.69 _
29.67 _ 8.46 _
12.36 _ 423
-4.96 _| 0.00 _
Puc. 5. HanpsikeHHO- 16 pOPMUPOBAHHOE COCTOSTHUE CTEJIbI
Figure 5. The finite-element stele model
Tabruya 2

Pe3ynbTaThl pac4eToB H IKCIICPUMEHTOB

MaxkcuMaibHOe nepeMelneHne, MM
Ne  VYceumame F, kr a,° Iocae cuaTHA ycuaus
PacuerHoe  JKCHepUMeEHTAIbHOE

Kopmyc crensr Bo3BpamaeTcst B HICXOIHOE BEPTH-

1 55 168 170 3,7
KaJIbHOC IT0JIOKCHUC
KO IIYC CTCJIBI BO3BpPAIIacTCsa B HCXOOHOC BECPTHU-
2 110 254 260 5 prLy palt A P
KaJIbHOC IT0JIOKCHUC
3 150 300 Wzmepenus 6.1 Koprryc crensl Bo3BpamiaeTcs B HICXOAHOE BEPTH-
HC HpOBOJ:[I/IJ'II/ICB ’ KaJIbHOC IT0JIOKCHUC

5 O npoBeneHny WCTIBITaHui cTenbl: mpoTokon POSI-BHUUT® Ne064-04/298 / pyk. A.I'. ¥Onos, ote. ncn. E.B. Kanarypos.
Cuexunck, 2020. 2 c.
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Table 2
Calculation and experimental results
Maximum displacement, mm
No Force F, kg - a,° After force removal
Calculated Experimental
55 168 170 3.7 Stele casing returns to its initial vertical position
2 110 254 260 5 Stele casing returns to its initial vertical position
150 300 Not measured 6.1 Stele casing returns to its initial vertical position

Puc. 6. 3ambikanue ocu npu aedcTBun Harpy3ku P = 115 kr
Figure 6. Pivot closure under load P =115 kg

92.08

82.97 1
73.85 _
64.73 _
55.61 _
46.49
37.37 _
28.25 _
19.13
10.01

0.89 _|

Puc. 7. HanpspkeHHOE COCTOSIHME KOHCTPYKIUH IIPH AeHCTBUM TpoitHON Harpy3ku, Mlla
Figure 7. Stress structural state under the triple load, MPa

Heo0XoauMo OTMETHTB, 4TO MPHU NEHCTBUM YCHIIUMA =~ 115 KI MPOUCXOIUT BBHIOOP 3a30pa MEXIY OChIO U
BHYTpPEHHEH MOBEPXHOCTHIO OTBEPCTHSI MOACTaBKH (puc. 6). Ha puc. 7 mpuBeneHo pacnpezeneHne IKBUBaJICHT-
HBIX HaNpspKeHWH Tpu AeMCTBUM TPOHMHON Harpysku (ycuiue 165 Kr), MakcuMaslbHbIe HAIlpsDKEHUS! B HIDKHEH
KPBIIIIKE CTEJIBI COCTABIISIOT Goxs = 87 MIla (ko3ddurment 3anaca Kr = 2,8), B 0CH — Gos = 92 MIla (K; = 8,5).

Jlns orieHKM TIpeeTbHOTO COCTOSTHUS MPOBEACHBI pacueThl Ha YBEIMUEHHYIO HArpy3Ky. Ha puc. 8 mpuse-
JieH TpaduK U3MEHEHHs TIepeMelIeHni T. | B 3aBUCHUMOCTH OT BHEIIHEH Harpy3ku. AHanu3 puc. 13 mokasbiBaer,
4TO JI0 Harpy3ku ~ 115 kr crena ceBobonHo nepememnaetcs (chepa no chepe), or 115 qo 820 kr moBOpPOTYy CTEIBI
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MeIIaeT 0ch (0Ch B3aMMOIEHUCTBYET ¢ TOJACTABKOM), IpH IeHCTBUN Harpy3ku Oojee 820 KT oCh mepecraeT KOH-
TaKTHPOBATh C MOJACTABKON M MPOMCXOAUT OMPOKUABIBAHKE CTEINBI. 3amac Mo ONMPOKHUIBIBAHUIO paBeH Kycr =~ 15.
CMmenieHre BepxHE TOUKHM T. 1 cTensl mpu 3ToM cocTasisieT okoso 500 MM, yron HaknoHa o = 10°. B MomeHT
OTIPOKU/IBIBAHMSI ITPOUCXOANT BHIOOP CBOOOJHOTO XO/a CTAIBHOTO KaHaTa W Jajiee KOHCTPYKIHS yAeP)KUBaeTCs
3a CYET ero MPOYHOCTH (3armac MPOYHOCTH KaHaTa MO OTHOIICHUIO K BECY BCEH cTelbl cocTaBiseT Ky = 2,1).
Takum 00pa3oM, pe3ysbTaThl pacueToB U SKCIEPUMEHTOB ITOKA3alli, YTO pa3padoTaHHAas KOHCTPYKIIHS YIIO0-
BJICTBOPSIET MPENBABISIEMBIM TpeOoBaHUsM. [Ipy meiicTBIM HOPMATHBHOMN TPEICIIEHON BETPOBOW HArpy3KH, BO3-
MOKHOH Ha Tepputopuu YensOunckoit oonactu (P = 0,55 k[la, V' = 30,3 M/c), IpOYHOCTh ¥ YCTOWYHBOCTH CTEINbI
COXpaHSETCs], YTO MOATBEPIKAACTCS pe3yNIbTaTaMM dKCIIepUMeHTa. [|oNoIHUTENbHBIE UCCIe0BaHN MTOKa3alHl, YTO
YCTOMYMBOCTH KOHCTPYKIIUW COXPAHSETCS MPH MPEBBIIICHUH BHEITHETO BETPOBOTO BO3ICHCTBUA B 15 pa3s.

800

700

600
g 500 |
£E !
£ 400 7 — |
58 300 AN :
< [~ |
2 200 , |
|
100 / :
J I
0 |
I

0 100 200 300 400 500 600 700 800 900
Harpyska, kr

Load, kg

Puc. 8. I'paduk nepemerieHuii T. 1 cTeNbI OT BHEIIHEH HArpy3KU
Figure 8. Displacements of the upper stele point under external load

B cootBercTBum ¢ CII 131.13330.2012 pacdeTs! Ha BETPOBYIO Harpy3Ky COOPYKEHUH MTPOBOISITCS IO aHa-
JUTUYECKUM METOJUKAM C YYETOM MOCTOSHHOM M MyNbCAIIMOHHOM COCTaBIAMOIICH. B KauecTBe Harpy3ku 3aja-
€TCsl CTaTUYECKOe JaBlIEHHUE, a B OMPEEIIEHHBIX CITydasx (B 3aBUCUMOCTH OT COOCTBEHHON 4aCTOTHI KOJICOaHH)
B PacUETHYIO Harpy3Ky MOXKET 3aKJIaJbIBaThCS KOA(D(GUIIHEHT TUHAMHYHOCTH, KOTOPBIA yUUTHIBAETCS TPU CTa-
THYECKOM pacueTe. B mpenensHoM ciyuae 3ToT ko3ddunuent cocrarnser Ky = 3. Takke ciaenyer OTMETHT,
yTo moaxon, uinoxkeHHsli B CHUIIax, npuMensercs nias HEMOABMXKHBIX COOpYyXeHHil. B peiicTBuTenbHOCTH
BETPOBAast Harpy3Ka MOXET OBITh UMITYIILCHOHM, ¥ TOTA JJIS MTOMYYEeHUS] TOYHON KApTHHBI COCTOSHUS «KadaroIleii-
CsD) CTETBI TPEOYETCs MPOBEACHIE TUHAMUYECKOTO UCCIICTOBAHNUS.

[IpumeHsieMbIit METOA KOHEUHBIX AJIEMEHTOB MO3BOJIAET YUUTHIBATh TMHAMUYECKUHN XapakTep MPHIOKEHUS
Harpy3ku. B kauecTBe HCXOIHOHN BETPOBOM HArpy3KH MPUHAT UMIIYJIbC C BPEMEHEM HApacTaHUsl Harpy3Ku, paB-
HBbIM 1 C, BBIIEPKKON HA 3alaHHOM 3HAY€HUU B T€UCHHE | ¢ M MOCIEIyIOUIMM pe3KuM crnaaoM. B kauecTBe am-
TUTUTYTHOTO 3HAYCHHSI 3aJIaH0 MaKCUMallbHOE cTatudeckoe paBienue P = 0,55 klla (55 xr). Heobxomumo otme-
TUTBh, YTO TMOMOOHBIA UMITYJIbC 110 JUINTEIEHOCTH H CBOEMY YPOBHIO MOXKET OBITh CO3/]aH YEJIOBEKOM IPH IPHUIIO-
KEHNU MYCKYJIBHOU CHIIBL. B pacdeTax y4uTHIBAIIOCH YCHIIME OT COOCTBEHHOTO BECa CTEITbI.

Ha puc. 9 npuBeneHna noiaydeHHas pacdeTHAsl 3aBUCUMOCTH CMEIEHUS BEpXHEH TOUKHU cTenbl (T. 1) ot
BpeMeHU. MaKcUMalbHOE CMEICHUE BEPXHEH YacTH CTENbI IPU MPWIOKEHUU MPUHATON UMITYIBCHOW HArpy3Ku
cocraisieT 140 mm. [lepuon xonebanwuii ~ 2,5 ¢, yvacrora konebanwuii f~ 0,4 ['m.

AHanu3 pacripeneieHus HanpsbkeHUi (puc. 10) ToKa3pIBaeT, 4TO MPHU ABMKEHUU HWKHEH MMOBEPXHOCTH
cTeNbl IO MOJICTAaBKE MPOUCXOAUT MEPEPACTIPEACIICHUE HANPSIKEHUH B 3aBUCUMOCTH OT INOJIOKEHHUS MATHA KOH-
TaKTa MEXIy AeTalsIiMu. MaKcUMallbHbIE HAMPSHKEHUS Ose = 136 MIla peanusyrorcs B HUKHEH KpBIIIKE B MO-
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MEHT Havaja JBIKSHHS CTeJIbl H 3aMBIKaHUI [0 KPOMKE MMOJCTaBKH. [10JTydeHHBIH yPOBEHb HATIPSKECHUS HE Tpe-
BBIIIAET mpenesa Tekydectu (or = 245 Mlla) u ycranoctu (o-1 = 164 Mlla) marepuana HIKHEH KPBIIIKH.

100+

CMeleHne, MM
Displacement, mm
o
i T

&
T

=100

=150

Bpewms, ¢
Time, s

Puc. 9. I'padux n3meHenus cMeleHus T. 1
Figure 9. Diagram of the upper stele point displacement

1=1,6 ¢; oo = 136 MIla T=2,3 ¢; Goxe = 52 MIla 1=3,6 ¢c; osxe = 50 MIla
1=1.6s; Geqv = 136 MPa 1=2.35; Geqv = 52 MPa 1=3.68; Geqv = 50 MPa

Puc. 10. HanpsskeHHOE COCTOSTHHE HUXKHEH 4acTH CTENbl B 00IaCTH KOHTAKTa C MOCTABKO B MPOLIECCE HATPYKEHHUSI
Figure 10. Stress state of the bottom stele part in the contact area under loading

JL71s1 OTIeHKM COCTOSIHMS CTENBI TP MTOBBIIIIEHHOM WMITYIIbCHOM Harpy K€HHH BBITONHSJINCH PAcueThl Ha JeH-
CTBHE HArpy3KH, YBEJIMUECHHOU M0 aMIUTUTYHE 10 7 pa3. Pe3yasraTsl pacueToB HaNpsHKEHHO-Ie()OPMUPOBAHHOTO
COCTOSIHUSI CBEJICHBI B Ta0. 3.

Pe3ynbraTsl pacueToB MOKA3BIBAIOT, YTO CTEJIA COXPAHIET CBOIO YCTOMYMBOCTH IPU Harpyske, B 7 pa3 mpe-
BBIMIAIOMICH 3aIaHHOE MCXOAHOE 3HAaYeHHE. MaKkCcuMaabHOE CMEIICHNE BEepXHEH Touku CTeNbl (T. 1) cocTaBiser
500 MM, 9TO COOTBETCTBYET yriy HakioHa o = 10°. MakcuMamnbpHbBIe IIacTHYecKue Aedopmannu ocu € = 5,4 %
PCAIM3YIOTCA B 30HC KOHTAaKTa OCHU U BHy’I‘peHHeﬁ IMOBCPXHOCTH OTBEPCTUSA B ITOACTABKE. HonyquHoe 3HAYCHUC
HE MpEeBBIIIAeT NpeAeIbHOro 3HadeHust 0 = 10 % u nmpuBeseT K MECTHOMY CMATHIO MaTepuana. [lnactuyeckue
nedopManyy B HIOKHEH KPBIIKe € = 5 % BO3HUKAIOT B 30HE COMPSKEHUS C OCHIO M HE MIPEBBIIIAIOT MIPEIeIEHOTO
3Ha4eHns (O = 25 %). [IpouHOCTH CTENbI COXpaHAeTCs.
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Tabruya 3

Pe3ynbTaThl pac4eToB HArpy:KeHUs] KOHCTPYKIUY HMITYJIbCHOI HArpy3Koii

Pacyernslii ciryyaii BHemnee yemiine, ki Cuia Berpa, M/c  Cmemtenne . 1,Mm HJIC ocu HJIC creiibl (HMKHSIS KPBILIKA)

0,55 xI1a 55 30,3 140 40 MITa 136 MITa
1,1 kITa (K=2) 110 42 343 320 MIla 150 MITa
1,65 kITa (K = 3) 165 52,4 410 600 MTITa 0,8 %
2,75 kITa (K = 5) 275 67 470 750 MTIla 4%
3,85 kIa (K=7) 385 80 500 5.4 % 5%

Table 2
Calculation results of structure pulsed loading

Design case External force, kg  Wind force, m/s Displacement p. 1, mm SSS of pivot SSS of stele (bottom cap)

0.55 kPa 55 30.3 140 40 MPa 136 MPa
1.1 kPa(K=2) 110 42 343 320 MPa 150 MPa
1.65 kPa (K'=3) 165 524 410 600 MPa 0.8%
2.75 kPa (K =5) 275 67 470 750 MPa 4%
3.85kPa (K=7) 385 80 500 5.4% 5%

I[OHOJIHHTG.HLHI)IE IPOCKTHPOBOYHDbIC PACUETHbLIC UCCJICAOBAHUA

ITpuBeneHHble najee UCCIIENOBAaHUS IPOBOAWINCH HA JTAleE MPEABAPUTEILHOIO (IIPOEKTUPOBOYHOIO) pac-
4yeTHOro obocHoBaHMs cTesbl. C MOMOIIBIO JaHHBIX PACUCTOB BBISBICHBI 3aBUCUMOCTHU BIMSHHS Pa3iHYHbIX (ak-
TOPOB Ha yCTOWYMBOCTH M MPOYHOCTH KOHCTPYKIMH. Hrke prBEnEeHBI OCHOBHBIE HANIPAaBICHUS UCCIEIOBaHHMN:

— OIICHKa BIUSHUA paguyca c(hepuiecKkoi IOBEPXHOCTH IOACTaBKY;

— OompeeNieHue 3anaca 1o HeMpOCKAIb3bIBAHUIO U BIHUSHUE KOY(D(DUIEHTa TPCHUS;

— OIIpEJEJICHUE BIUAHUS IOCTOPOHHETO MPEIMETa MEKAY CTENION U MOACTaBKOM;

— OLICHKA BIIMSTHUSA HAKJIOHA MTOJICTABKU;

— OLICHKA JIEHCTBHSI KOPPO3UHU.

Oyenka enuanus paouyca cghepuieckoit HOGEPXHOCHIU ROOCHLAGKU

J1s HaXOKZIEHUS B COCTOSIHMM YCTOMYMBOIO PaBHOBECHS CTEJA YCTAHOBJICHA Ha IMOACTaBKY CO CepHIecKoi
MOBEPXHOCTHIO. )1 OLIEHKH CMEILIeHHs U YIJla HaKJIOHAa MCCIIEeNOBAIINCh CIEAYIOINE PaAuyChl: 7¢p, = 600, 700,
800 u 1000 MmMm. B xadecTBe Harpy3ku 3aaHO JEHCTBUE Ha CTeTy cOOCTBEHHOIO Beca M BETPOBOW MMITYIbCHON
Harpy3ku. [IpunsTHII B pacueTe ko3 duuueHT TpeHus paseH 0,2. Pe3ynbrarel pacueToB IpUBEICHHI B Ta0II. 4.

AHanu3 pe3ysbTaToB PACYETOB MOKA3BIBAET, YTO CMEIICHUS CTENbI IIPU paguyce rep = 600 MM NpakTHYeCKH
He3aMeTHBL. D(ddekT «kadaHus» CTeNbl peanusyercs npu paaunyce moicraBku or 700 mwm. [Ipu paamyce mon-
craBku Oomee 1000 MM amruuTynbl kKoiebaHuil qocturaror 200 MM, 9TO MOXKET MPUBECTH K CHIDKEHUIO YPOBHS
6e3onacHoCcTH KOHCTpYKIMH. 110 pe3ynprataM aHaimu3a MOIY4YEHHBIX PE3yJIbTaToOB B KaUeCTBE OCHOBHOIO BapH-

aHTa MPHUHAT paanyc rep = 800 MM.
Tabnuya 4

PacuyeTrHasi oueHka BIAUSHMA paauyca cepuyecKoi YacTH NOJACTABKH

Paaunyc cdepsi, MM Cwmemenue 1. 1, MM Yroa, ° Yacrora kosaedanuii, I'n
600 16,5 0,35 2,2
700 80 1,7 0,55
800 108 2,4 0,42
1000 173 3,8 0,3
Table 4
Estimates of the effect of spherical support radius
Sphere radius, mm Displacement of p. 1, mm Angle, ° Rocking frequency, Hz
600 16.5 0.35 2.2
700 80 1.7 0.55
800 108 2.4 0.42
1000 173 3.8 0.3
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Onpeoenenue eruanus KoIgguuuenma mpenus

Crena ycTaHOBJIEHAa Ha OTKPBITOM MECTHOCTH M SKCIUTyaTUPYETCs B YCIOBUSAX Pa3IUYHBIX BHEIIHUX MpH-
POAHBIX BO3AEWUCTBUH. B pesysbTare 3TOro BO3MOXXHO M3MEHEHHE KO PHULMEHTa TPESHUS MEXAY HIDKHEH KpbILI-
KOoi 1 mozacTaBkoi. CHIDKeHHE KO QUIIMEHTa TPEeHNS MOXKET MPUBECTH K MPOsBIEHHIO 3 dexTa mpockanb3bl-
BaHUs B I[ElHHOfI KOHTAKTHOM mape nmpu MCHBIIMX BHCHIHUX HArpys3Kax. JIJUI HCCIICAOBAaHUs BIUAHUA TPCHUSA
MIPOBEICHBI PacyeThl CO CICAYIOUIMMU 3HAYEHUAMU:

f=0,05 — cranp no cranu (TpeHUE CKOJIBKEHHS CO CMa3KOMH);

f=0,2 — cranb no cranu (6e3 cMa3KH);

f=10,5 — cranb o gepeBy (s cirydyasi 3aCOPSHUSI KOHTAKTHOU ITOBEPXHOCTH).

[lepBoHauanbHO BBINONHEHB! PAacuyeThl Ha ACHCTBHE BETPOBOH MMIyJiIbcHOW Harpysku (P = 0,55 klla) u
COOCTBEHHOT0 Beca. AHAJIM3 Pe3yJIbTaToOB IOKA3aj, YTO CHIKEHHE KO (HIMEHTa TPEHUS HE OKA3bIBAET CyIIe-
CTBCHHOTI'O BJIMAHUA HAa XapaKTEP U YPOBCHDL IIEPEMCIICHUS CTEIIBI.

Jlanee npoBoIMIIOCH UCCIIEIOBaHNE BIUAHUS KO GUIIMEHTa TPEHUs IPH TOBBILICHHBIX Harpy3kax. B ka-
YecTBE BHELIHEro BO3JEICTBUSA 3a1aHO IIOCTOSHHO BO3pacrarolee cratudeckoe nasienue ot 0,55 xlla no mo-
MEHTa PE3KOTr0 BO3PACTAaHUS YIIIa IOBOPOTA CTEJbl. Pe3ynbTarbl pacueToB MOKA3bIBAIOT, YTO MpU KO GUIIMEHTE
tpenus = 0,05 npockanb3biBaHKE CTEIBI OTHOCUTEIBHO MOJCTABKH MMPOUCXOIUT IIPH JaBlieHuy, B 1,8 pasa npe-
BBIIIAIONIEM 3a7aHHylo Bennunny P = 0,55 klla. IIpu xoaddunuente f = 0,2 npockanab3blBaHUE PEATU3YeTCs
NpY HArpy3ke, YBEIWYEHHOU B 5,5 pa3. B ciryuae ¢ /= 0,5 npockaiib3biBaHHE HE peallu3yeTcs, a IPH CEMUKpPAT-
HOH HArpy3Ke IMPOUCXOIUT ONPOKUABIBAHUE CTEINBI.

Bnusanue nocmoponnezo npedmema mexcoy cmenoi u nOOCMagKou

BeinenpuBeneHHbIE UCCIEN0BaHNSA NT0KA3a/IM, YTO KOHCTPYKIHMS (paiuyC OIOPbI) U COCTOSHUE KOHTAKTHOM
30HBI MEXKJY CTEJIOM ¥ MOJCTABKOM OKa3bIBAIOT BIMSHHUE HAa aMIUIUTYAy KOJNCOaHWH M ITUHAMHKY KOHCTPYKIIWH.
UuncneHHO paccMOTpPEH Cilydyail MOSIBICHHUS [MOCTOPOHHETO MpPEAMETa B 30HE KOHTAKTa: KaMEHb, BETKA, CTAJIbHOU
OonT uiwm raiika. B kauecTBe pacyeTHOro BapuaHTa MPHUHATA yIpyTras cTajbHas maiida auamerpoM 20 MM U BBICO-
Toii 5 MM (puc. 11). PacueT BhINOIHEH Ha JeiCTBUE COOCTBEHHOI'O BeCca M BETPOBON UMITYJIbCHON HArPy3KH.

maita
washer

Puc. 11. PacueTHas cxema
Figure 11. Design scheme

Pacuer mokasaii, 4To u3-3a B3aUMOAECHCTBUS CTENBI C IIaiOon cMerienus T. 1 carmkarores ¢ 130 go 75 mm.
YpoBeHb HaNpsHKEHUH B IIaii0€ 3HAYUTEIHHO BBIIIE PEATHM30BAHHOTO B KOPITYCHI CTEINBI M B MOJCTABKE, TIE JEH-
CTBYIOIIME HAMPSKEHUS HE MPEBBIIIAIOT MPEAIETIOB TeKydeCcTH MarepraiioB. [IpOYHOCTs HIDKHEH KPBIIIKH U IO/~
CTaBKU COXPaHSICTCSI.

Jnst ickimoueHnss BO3MOXKHOCTH TIOTIAIaHuUs TTIOCTOPOHHHX MPEIMETOB MKy HIDKHEH KPBIIIKOW KopIyca
CTEeIbI ¥ IOACTABKOM B NTOTOBBIM BapHaHT KOHCTPYKITUH BBE/IEHA 3aIIMTHAs «I00Ka» — KOJbIo (puc. 2).

Ouenka 61UAHUA HAKTIOHA NOOCMABKU

Crena ycTaHOBIICHA Ha JKeNIE300€TOHHYIO IUIUTY pa3MepoM 3x3 M, BBIIOJIHEHHYIO C ABYMS PAIaMH apMa-
TypHO# ceTku 12 MM B Bujie pemeTku ¢ maroM 150 MM, 7 BepTHKAIFHO YCTaHOBICHHBIMH CTaJbHBIMH TPYOa-
mu J40x2500 MM 1 Tpems HeHTpanbHbIME TpyOamu J110x2500 mm. [laHHAs TIMTA COOTBETCTBYET TPEOOBaHH-
SIM CTPOUTEIILHBIX HOPM M IIPABHJI U SIBISIETCSI HAJISKHOM OIMOPHOM MOBEPXHOCTHIO JJISI CTEIIBI.
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[IpenmonokeHo, 9To B ciiydae KoJeOaHW TeMIleparyp W BIAKHOCTH BO3MOXKHO CMEIICHHE TPYHTA H I10-
SIBJICHUE HAKJIOHA TOJCTaBKH. Peanuzariusi 3TOro cirydas MajJOBEpPOATHA, HO NJISl OIICHKU €r0 MOCIIEICTBUMN BhI-
MIOJTHEH PacueT YCTOWYMBOCTH CTEINb. B pacueTHol cxeme JIOMYIIEHO IMOSBICHHE HAKIIOHA JKee300€TOHHOM TUIATHI
Ha 1°, 4TO SKBUBAJICHTHO MOIBEMY OJHOIO Kpasi MoACTaBKU Ha 10 MM.

PesynbraTel pacdera mokasand, 4TO HAKJIOH OTMOPHI OKA3HIBAET BIMSHUE HA YPOBEHb CMEIICHUW CTENbI.
[Ipoucxomut Bo3pacranme nepememennii ¢ 130 go 340 MM, Ipu 3TOM peaTM30BaHHbBIC ITIEPEMEIICHIS HE PHUBO-
JIAAT K TIOTEPE YCTOWIUBOCTH CTEIIBI.

J1J1s1 TOTHOTO MCKITIOYEHHsT BOSHUKHOBEHHS TIOIOOHOTO CTydasi B KOHCTPYKIIMIO TTOACTaBKH BBEJICHA CUCTEMA
PETYITUPOBOYHBIX BUHTOB, KOTOPAs IIO3BOJISIET MPOBOIUTH BRIPABHUBAHKE TIOACTABKH ITO TOPH30HTAIBHOM TUTOCKOCTH.

Oyenka oeiicmeus Koppo3uu

Kopmyc crenbl BoinmonHeH u3 cranu 20, KOTopasi Mpy HAXOXKIACHUU HA OTKPBHITOM MECTHOCTU MOJBEPIKEHA
kopposuu. CoritacHo [3], B YCIOBHSAX BI2YXXHOTO BO3AyXa C 3arpsA3HEHMSIME (HAIIpUMeEp, XJI0pP) IIyOHMHHBIHN MOKa-
3aTelib KOPPO3UH IS YIIEPOAMCTOM cTayii MoxkeT nocturark 0,1 mm/roa. Jlns xpomucroit cranu 40X, u3 KOTO-
pOli BBIMIOJTHEHA OCh, IaHHBIN MOoKa3atenb coctariser 0,075 mm/roa. Takum oOpaszom, 3a 10 JieT TOIIMMUHA HUX-
HEU KPBIIIKU CTENbl MOXKET CHU3UTHCS ¢ 26 10 25 mm. Tonmmua ocu ¢ 49 no 48,25 mm. JlaHHbIEe noKa3aTenu
MPaKTUICCKH HE BBIXOIIAT 32 MPENEIIBI JOITYCKOB N3TOTOBIICHUS.

Amnanu3 pacuetHsix pesynsratoB HIC (puc. 6, 8, 11) mokaspiBaet, 4To MOAOOHOE CHUKCHIE TOJIIIUHEI HE
OKa3bIBaeT BIUSHUSA HA MPOYHOCTh KOHCTPYKIMH. Peann3oBaHHbIE B pacueTax HampshKeHus, NedopMariid HIK-
HEH KPBIIIKH W OCH SIBJISIOTCS TOBEPXHOCTHRIMH M HE PaCIPOCTPAHIIOTCS Ha BCIO TONIUHY JIeTajeH.

Crnemyer Takke OTMETUTh, YTO MPUBEICHHBIC YPOBHHA KOPPO3HOHHOTO YMEHBIIICHUS TONIIMHEI SBIITIOTCS TIpe-
JICTIBHBIMH M HE YYUTBIBAIOT TIOKPBITHE CTEITBI CIICIIUAIBHOMN TPYHTOBKOM U KPACcKOH M0 aBTOMOOWITBHOW TEXHOJIOTHH.

MoxKHO crienarth BBIBOJI, YTO BIMSHHE KOPPO3HUH HA MPOYHOCTH CTEJIBI SBISIETCS He3HaunTebHBIM. [ Ipu poBene-
HUM TICPHOTMYECKIX PETTIAMEHTHBIX Pa0dOT B COOTBETCTBHH C KOHCTPYKTOPCKOHM MOKyMEHTAIweH OyleT BBITIOHATHCS
OCMOTp KOHCTPYKTUBHBIX JIEMEHTOB CTEJIbI M U3MEPEHUE UX TONIIUHBI B CTy4ae MOSBJICHUS 09aroB KOPPO3UHL.

3aKioueHue

Paccmotpena xorctpykims AXK «Crena Kb-1». [IpuBeneHsl OCHOBHBIE TEXHUYECKUE PEIICHIS, HAIIPaB-
JICHHBIC Ha COXPaHEHUE YCTOWYMBOCTHU M ITPOYHOCTH CTEIbI B YCIOBHSIX BHEUTHUX HATPY30K.

[To pe3ynbraraM MOBEPOYHBIX PACUETOB U 3KCIIEPUMEHTOB ONPEAEICHO CIEAYIOLIEe:

— B YCJIOBHUSX JIEHCTBHS BHEITHMX OOKOBBIX HAarpy30K CTella MIMEET yCTOMYMBOE IMOJIOKEHHE, TIPU OTKJIIO-
HEHHU CTEJbI peain3yIoTcsl KoJeOaHus TI0 THITY HEBAJISIIIKK C BO3BPATOM B UCXOHOE COCTOSIHUE;

— k03¢ (UIHMEHT 3anaca 1o yCTOWYMBOCTH K IPEIENbHON BETPOBOH Harpy3ke pasen K = 15;

— TpU JeWCTBUU UMITYJILCHOM HAarpy3Kd MakCUMaJbHOE OTKJIOHEHUE BEpXHEW YaCTH CTENIbl MOXKET JOCTUTATh
140 MM, Ko2¢ GUITHEHT 3a1aca YCTOHIMBOCTH 110 aMILTUTY/IE HMITYJILCHON Harpy3Ku COCTABIIICT HE MEHEe 7;

— BO3HUKAIOIIUE MTPU ACHCTBHUM TPENIEIbHON BETPOBOM HArpy3KH KoJIeOaHMsI CTEIbl IOIYCTHMBI HEOTpaHu-
YEHHOE YHUCIIO Pas.

Ha ocHoBaHMYM BBITIOJHEHHBIX MCCIIEIOBAHUN ITOKA3aHO, YTO B YCIOBHSIX HanOOJIee MHTEHCUBHBIX KIIMMa-
TUYECKUX BO3/ICHCTBUH pa3paboTaHHAsi KOHCTPYKIHS 00eciedrBaeT HaIe)KHOCTh U 0€30MaCHOCTh HKCILTyaTalluH
B COOTBETCTBUM C TPEOOBAHUSMH JICHCTBYIOLIMX CTPOUTENBHBIX HOPM U TIPaBHII.
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