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Teopemuuecxue U IKcnepumernmaiibHble uccieo006anus

Oco0enHocT MOA00OPa MapaMeTPOB INHAMUYECKHUX racuTesieil celicMMUecKuX KoJiedanui
B 3aBHCHMOCTH OT MO/IeJIU y4eTa JeMn(upoBaHusi

HecrtepoBa o.11.!
1CaHKT-HeTep(SprCKHﬁ rOCyAapCTBEHHBIM ApXUTEKTYPHO-CTPOUTEIIBHBIA YHUBEPCUTET
(CITIOI'ACY). Cankr-IletepOypr, Poccuiickas deneparus

AnHoTtanusi: Ctarbs MOCBSIIEHA WCCIENIOBAHUIO BIUSHUS Criocoba ydera AeMIpUpOBaHUS B
CUCTEME Ha OINTUMAaJIbHbIE IapaMeTphl AuHaMuueckux racurtenei konebanuit ([AI'K) m ux
3¢ (PeKTUBHOCT, MpH CEHCMHUECKHX BO3JEHCTBUSX. PaccmarpuBaioTcs YCTaHOBMBILIHECS
rapMOHMYECKHE KoJieOaHUsI JAeMI(UPOBAHHOW CUCTEMBI C JUHAMUYECKHM TaCUTEJIEM.
PacueTHas mozenp npencraBiieHa AByMsl MaccamMu, COEMHEHHBIMU NpyXxUHaMU. ONTUMalIbHbIE
apaMeTpbl TacuTeNsl ONPEAENAIOTCS IyTeM MUHUMHU3alUMU [HKOBBIX CMELIEHMH Ha
aMIUTUTYTHO-4aCTOTHOM XapaKTEpUCTUKE paccMaTpUBaeMOMl cucTeMbl. PaccMOTpeHO ueThipe
criocoba ydyera NeMI(HUPOBAHUSA: TUCTEPE3UCHOE B COOPY)KEHHUH W TacUTelle, SKBUBAICHTHOE
BSI3KOE€ B COOPY)KEHMHM U IMPYKHUHE TaCUTENsl, TUCTEPE3UCHOE B COOPYXKEHUU M TIPYKUHE
racuTelss W JONOJHHUTEIbHOE BSI3KOE B TPYKUHE TacHTENs M 3aJaHue JeMI(pUPOBAHHSA
IPONOPLHUOHAIBHO SHEPTUU (POPMBI. Y CTAaHOBIIEHO, YTO BUJ MOJIENIM yueTa CHJI CONPOTUBIICHUS
3HAUYMTENIbHO BJMSET Ha Moja0op ontuMaibHBIX mapamerpoB JI'K u Ha ero pacuerHyio
3¢ (HEeKTUBHOCTB.

KiroueBble ciioBa: ITUHAMUYECKHI TracuTenb KoJeOaHWM, celicMO3alluTa, Y4eT 3aTyXaHus,
ceficMoraiieHue, CUIbHO 1eMII(pUPOBAHHBIE CUCTEMBI, CEICMOCTOUKOCTh

s nurupoBanmsi: HecrepoBa O.II. OcobOennoctu mnoabopa mapamMeTpoB JWHAMUYECKUX
racuteneil ceicMHYecKuX KojeOaHWi B 3aBHCHMOCTH OT MOJENTH ydeTa JaeMndupoBaHus //
Ceticmocmotikoe cmpoumenscmao. bezonacnocms coopyorcenuii. 2022. Ne 4, C.8-22

DOI 10.37153/2618-9283-2022-4-8-22

®unancupoBanue: Crartbs NyONUKyeTCs 1O  pe3ylbTaTaM  NPOBEAECHUS  HAy4YHO-
HCCJIEIOBATEILCKOM paboThl, MPOBOAMMON B paMKax KOHKypca TpPaHTOB Ha BBIIOJHEHUE
HAY4YHO-UCCIIEIOBATEIbCKUX  paboT HayyHo-menarornyeckumu pabotHukamu CIIOIACY
(®I'bOY BO «Cankr-IlerepOyprckuii  rocygapCTBEHHBIH — apXUTEKTYPHO-CTPOUTEIbHBIN
yHuBepcuteT») B 2022 roxy.

Theoretical and experimental studies

Features of selecting mass damper parameters for seismic oscillations, taking into account
different damping models

Olga P. N esterova’'
'Saint-Petersburg State University of Architecture and Civil Engineering (SPbGASU).
Saint-Petersburg. Russian Federation

@ O.I1. Hecmeposa, 2022
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Abstract: The paper is devoted to studying the influence of the method of accounting the system
damping on the mass damper optimal parameters and their effectiveness under seismic impacts.
Steady harmonic oscillations of a damped system with the mass damper are considered. The
calculation model is represented by two masses connected by springs. Optimal damping
parameters are determined by minimizing peak displacements in the frequency response of the
system under consideration.

Four ways of accounting the damping are considered: hysteresis damping in the structure and the
damper spring, equivalent viscous damping in the structure and the damper spring, hysteresis
damping in the structure and damper spring and additional viscous damping in the damper spring
and setting the damping in proportion to the shape mode energy. It has been established that the
type of the model for taking into account the resistance forces significantly affects selecting the
optimal parameters of the mass damper and its design efficiency.

Keywords: dynamic damper, seismic protection, attenuation seismic suppression, heavily
damped systems, seismic resistance

For citation: Nesterova O.P. Features of selecting mass damper parameters for seismic
oscillations, taking into account different damping models. Earthquake engineering.
Constructions safety. 2022, no. 4, pp. 8-22

DOI 10.37153/2618-9283-2022-4-8-22

Financing: The paper is based on the results of the research carried out in the frame of the grant
on research by the scientific and teaching staff of St. Petersburg State University of Architecture
and Civil Engineering in 2022 year.

BBeaenue

3eMIIeTpsSCEeHUs 3aHUMAalOT TIEPBO€ MECTO B MHUPE CPeU CTUXMUHBIX O€ACTBHM MO YHCITy
4eJIOBEYECKHX JKePTB M BTOpoe (Iocje HaBOJHEHWH) mo MaTepuaibHOMYy yiiepOy. B
ceificMHuecKH OnacHbIX pailoHax pacnoioxeHo 6onee 20% tepputopuu Poccuu. B cBsi3u ¢ aTum
CEHMCMO3alllUTa 3JaHUN U COOPYKEHUH SIBISETCS BAXHEMIIEH 3a1adei. XOpouo U3BECTHO, YTO
ceficMHuUecKre Harpy3Ku He SIBJSIOTCS JUIsl COOPYKEHHUH YUCTO BHEIIHHWMH, a T€HEPUPYIOTCS
caMOl KOHCTpyKLMeH B Tmpolecce celicMuueckux Konebanuil. Iloatomy 3¢ dexkTuBHBEIMU
CPEICTBAMU CEHCMO3AIIUTHI SBISIOTCS CEMCMOM3OISIIMS U ceficmoranienne. CTaThs MOCBsIIEHA
UCCIICIOBAaHUIO OJIHOTO U3 CIIOCOOOB celicMoramieHusi — IMHAMMYECKOro TacuTessl KojeOaHui
(AI'K). Opnako mnpumenenue 'K nns cHKEHHS ceCMHYECKUX KOJIeOaHW WMeeT psf
cnennuyecknx 0COOEHHOCTEH.

B pamkax Teopuu ceiicMocToiikocTH 3ai1a4a nogdopa ontTuManbHbeix napamerpos 'K npu
KMHEMaTU4YECKOM BO3JIEHCTBUU OTIMYAETCSA OT KJIACCMYECKOW 3aJaud HaJIMYMEM Harpy3Kd Ha
KaKJIyI0 MacCy CHUCTEMBI, a HE TOJBKO Ha 3aIMIIAEMOE COOPYKEHHE. B CBSA3M C 3TUM MEHSIOTCS
(bopMyIbI 17151 ONpeieNieH s mapaMeTpoB racutelns. Kpome ynoMsHyToro u3MeHeHus: HaCTpOHKU
MapaMeTpoOB TAaCUTENS CYHECTBYIOT clioxkHOCTH peamm3aunu 'K Ha mpaktuke. OpHa u3
OCHOBHBIX TNpOOJEeM CBA3aHa C TOYHOCTHIO peanu3anuu mnojo0paHHbIX mapamerpoB JII'K.
NzBectno [1, 2], uto ana JATI'K manoi maccer ¢ v<0.05, rae v — OTHOCUTEIbHAs Macca TacUTels,
MaJIeWIINe OTKJIOHEHMs B IapaMeTpax CUCTEMBI OT 3allPOEKTUPOBAHHBIX, KOTOPBIE TAaK WU
MHaYe MOSABIIAIOTCS B MpOIlecce pealn3aluu U KCIUTyaTalluy 3JJaHUl U COOPYKEHUMU, TPUBOJST
K orctpoiike racurensd, U JII'’K mepectaer BBINOMHATH CBOIO (YHKLHMIO, & UMEHHO, IE€pPECTaeT
racuth Kojiebanus cuctemsl. JlaHHyIO poOieMy MOKHO pa3peluTh IByMs criocobamu. [lepBriii
croco0 mpearnoiaraeT UCIoIb30BaHUE aKTUBHOW CUCTEMbI CeiCMOTaIlleHus], TO €CTh IapaMeTphbl
TacUTENsl PETyIUPYIOTCS B 3aBUCUMOCTH OT MapaMeTpoB KoJjebaTeabHOW CHCTEMBI C MTOMOUIBIO
KOMIBIOTEPOB. BTopoii ciocod mpeamnonaraet ucnons3oBanue 'K Gombiioit Maccer, rae v=>0.5
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[3-5], B aToM ciyuae B kadectBe JI'K mcnonb3yercs yacts camoro coopyxenusd. Ilpumepamu
peaM3allud BTOPOTrO CHoco0a SBIAIOTCS 3AaHUA C THOKMM BEPXHUM 3Ta)XOM, KOTOPBIA
BBICTYIIAET B KAa4yeCTBE TracHUTENsl KolieOaHwil [6], MOCTBI, B KOTOPBIX MPOJIETHBIE CTPOCHUS
MOTYT OBITH HCIIOIB30BaHbl B KadecTBe JII'K omop mocra [3,5] u apyrue. Bo BTopom mpumepe
peanu3anuu BenuunHa Macchl JII'’K MokeT ObITh paBHA Macce 3alMIaeMoro COOpPYKEHUs, T.€.
v=1, W nOaxe MOXET IMpeBhIaTh Maccy coopyxeHus (v=2-+3). OmgHako H3BECTHO, 4YTO
cymecTtByeT kputuueckas macca JI['K, mpu mnpeBbllieHuHn KOTOpOil Tracutenb IepecTaér
BBITOJIHATH CBOM (DYHKIIMH 110 CHIDKEHHIO KoJieOaHui 3ammiaeMoit cuctemsl [4,5]. U 3Hauenue
KPUTHYECKOM MacChl 3aBUCUT OT BEJIMYMHBI 3aTyXaHus B coopyxeHud [7]. [Ipu nocnenyromem
UCCIICIOBAaHUK BOIpoca Tmoxbopa ontuManbHbIXx mapamerpoB JII'K  Bcraer mpobiema
KOPPEKTHOTO ydeTa 3aTyXaHHsl B 3allUIaeMoM coopyxeHuu. JlemrndupoBaHue B 3IeMEHTaX
racutelnss 00bIuHO B 2-3 pasa 0oJblie, YeM B 3alUIIAeMOM COOPYKEHUH, HO ATO 3aTyXaHHE B
OOJBIIMHCTBE CIy4yaeB BS3KOE, T.€. YAaCTOTHO 3aBucuMoe. Takxke B snemeHntax cBsa3u 'K c
COOPYKEHHEM MOXET ObITh MUCIOJIb30BaH JEMII(pEpP CyXOoro TpeHus. B anemeHTax coopykeHus
3aTyxaHue THUcTepe3sucHoe. Bompoc yuyera Takoro 3aTyxaHHsi B HACTOSIIEE BpeMsi SBISETCS
JMCKYCCUOHHBIM. DTOH 3ajaue, B 4aCTHOCTHU, OCBsIILEHbI padboThl [7,8]. Huxe paccmartpuBaercs
BIIUSTHUE YUeT JeMI(PUPOBaHUS HA ONITUMAIbHBIC TTApaMETPhI TACUTEIS.

Mopesn ydera 3aTtyxanus B coopyxennu u JII'K

Jlns aHanmu3a B CTaThe PAacCMaTPUBAETCS JBYXMAacCHas Mojenb coopyxenus c¢ JI'K
(puc. 1).

MmMe

Yo

Pucynok 1 —PacuetHas cxema Juist aHasu3a pabotsl cucteMsl ¢ JII'K
Figurel — Scheme for the selection of TMD parameters

I[J'I}I OIMUCAHUS CUCTECMbI UCITOJIB3YIOTCA 6e3pa3MepHLIe napamMeTphl:

m
OTHOCHTEJIbHAs Macca — vV = —, e m, — macca JI['K, m. — macca coopyxenus;
m

c
=2 k? CZ CC‘
HacTpoiika — [ = k_ ,tne k, = |—= — mapumanphas gacrora 'K, k, = |—~ — mapruasnbHast
c 2 c
Y4acTOTa COOPYKEHHS, 3/1eCh C, — KecTKOCTh cBsi3u JIT'K, ¢, — )KEeCTKOCTh COOPYKEHUSL.
Torma MaTpuiia HHEPIUH U MATPHILA KECTKOCTH UCCIIEYEMOU CHCTEMBI COOTBETCTBEHHO
HIPUMYT BH/I:
2 2
1 0 I+v-f° —v-f
M= ; R= 5 ) (1)
-V f V- f

10
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B kauecTBe mapamMeTpoB, YUMTHIBAIOUIMX T'HCTEPE3UCHOE 3aTyXaHUE, HCIOIb3YIOTCS
Koa¢dumeHTs Heynpyroro conpoTunienus B cBsa3u 'K y. u B coopyxenuu .

B kmaccuueckux pabotax B 3amuiiaeMoM coopyxenuu u B cBsi3u 'K ¢ coopyxenuem
UCIONB3YETCSl ISl y4deTa CUJl JIMHEHHOTOo CONPOTHUBJICHHMS, MPOMOPLHUOHAIBHOTO CKOPOCTH,
k03¢ durment Bszkoro comporuBieHus b. [Torepu sueprum B cBszu [AI'K ¢ coopyxkeHnem
BbI3BaHbI CHJIAMU COINPOTHBIICHHUS, KOTOPHIE MOTYT UMETh CIIOKHYIO NMPUPOAY BO3ZHUKHOBEHHS.
B uHXeHepHBIX pacueTax CHJIbI CONPOTHUBICHHS PA3IMYHONW MPUPOJHl BO3ZHUKHOBEHHUS YacTO
3aMEHSAIOT BS3KUM COINPOTHUBIEHUEM, MPOMOPLHUOHANIBHBIM CcKOpocTU. COOTBETCTBYIOIINE
dopmynsl npuBeneHbl, Hanpumep, B [8]. Takas cuia compoTHBICHHS NPONOPLUOHAIBHA
B3aMMHON (OTHOCHTENBHOM) CKOPOCTH TOYEK CHUCTEMBI, MEXAY KOTOPBIMH pacHOJIOKEH
IeMIIpUPYIONIHA 3JIEMEHT. DTU CHJIBI CONPOTHUBIICHUS SIBJISIOTCS YaCTOTHO 3aBUCHUMBIMH, T.C.
CHUJIa COMPOTUBIICHUS MPOIOPLHUOHAIbHA YaCTOTE MPU FapMOHUYECKUX KOJeOaHUIX cucTeMbl. B
TO K€ BpEeMs, BHYTPEHHE TPEHHE B MaTepHayie SBIISETCS YaCTOTHO HE3aBUCHUMBIM H, CTPOTO
TOBOpS, HE MOXET OBITh OMHCAHO CHJIAMHU COMPOTUBIICHHS MPOMOPLHUOHAIBHBIMH CKOPOCTH.
DT1oil mpobiieMe TOCBSIIEHO 3HAYUTEIHPHOE KOJIMUECTBO myOnmkamwmid [1, 2, 9 — 13 u np.]. dus
OMHCAaHUS BHYTPEHHErO TPEHHsI B MaTepuayie MIMPOKO HCHOIB3YIOTCS CIEIYIOIINE THUIOTE3bI:
runore3a Copoku — Copokuna [9, 13], runoresa Penes, runore3a doiixta-Pesnukona-Leitianna
[10, 11] u rumore3a O MPOMOPLHMOHATLHOCTH MOJAIBLHOTO JAeMI(BUPOBAHHS JHEPIHUH,
COOTBETCTBYIOIIEH hopMe KOJICOaHHIA.

I'mnore3a Copoxku — Copoxkuna

CornacHO JaHHOW THUMOTE3e, MPENJOKEHHOM U pa3BUTOM B paboTax KaHAACKOTO
cnenmanucta B. Copoku [13] m poccuiickoro crnenuanucra E.C. Copokmna [9], cuia
corpoTuBiieHuss Q OJHOMAcCOBOTO OCHUJUIATOPA MPOMOPIMOHATbHA KECTKOCTH CHUCTEMBI H
OITHUCBHIBACTCA COOTHOIILICHUEM

Q=-b¥, @)

3/1eCh Y ONpeIENseTCs CleyomuM obpasom: eciu Y =Y C, cosmt + S, sinmt, To
i
y=> -C,sinwt+S, cosmt
i

Koaddunuent rucrepesucHoro aemMdupoBanus be, onpeaessiromuii CHiy COmpoOTHBICHHUS
(2) BeIpaxkaroT yepes K0I(PHUIUCHT KECTKOCTH C:

b,=yc 3)
[pencraBnenne (3) MoXeT ObITh 00OOINEHO HA MATPHUIIBI ASMI(PHUPOBAHHS 3JIEMEHTOB.

Jns uccnenyeMoil cucTeMbl Marpulia JeMI(GHUPOBAHUS, COCTAaBICHHas B COOTBETCTBUU C
runore3oi Copoku-CopokrnHa IpUMET BU:

2 2
votv. vt -y, v f
_yz.v.f 7/2.V.f
VYpaBHeHHe KoJeOaHUN CUCTEMBI B 3TOM Cllydae IPUMET CTaHAAPTHBIA BU!
MY +B.Y +RY =-MV,y, 5)
A

rae Y — BeKTOp 000OIIEHHBIX KoopauHat, Y = , Vp — BEKTOp IPOEKUUI BO3AECHCTBHS Ha
2

HalpaBJIeHUs 000OIEHHBIX KOOPANHAT, Y, — YCKOPEHHE KOJICOAHNH OCHOBAHUS.

11
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I'unorte3a ®oiixTa — Pe3nukona — Lleiitauna

['unore3a doiixta — Pesnukosa — Leiitiuna [1, 2, 10, 11] npeanonaraer nepBoHaYaIbHOE
OCTpoeHHe MaTpuilsl aemndupoBanus mo runorese Copoku-Copokuna (4) ¢ MOCIeAyONUM
MEPEX0JIOM K MaTpUIle BA3KOro conpoTunieHus B nmo dopmyie:

B=B.XK™'X™, (6)
rae X — MaTpHiia COOCTBEHHBIX BEKTOPOB Marpuibl MR, T.e. HeleMII(pHPOBAHHON CHCTEMEL,

K =+A — cmekrp 4actor, A — Marpuua COOCTBEHHBIX YMCE] MAaTPHUIIbI M'R. YpaBHeHue
KOJIEOaHUI CHCTEMBI B 3TOM Clly4ae IPUMET CTaHIapTHBIA BUA:

MY +BY +RY =-MV, j, (7)

CrnenyeT OTMETHTb, YTO MaTpulla BS3KOTO COMpoTHBIECHUsA B, momyuyeHHas mo ¢opmyne
(6), He sBIgETCS CHMMETPHYHOM, YTO PAaBHOCHIBHO HAJIMYHIO B CHCTEME THPOCKOIMUYCCKHX
YJIEHOB.

Kak wm3BectHO [8,14-16], m1s cUCTEMBI ¢ TPOMOPIIMOHAIBHBIM JAeMII()UPOBAHUEM, KOT/Ia
MaTpHULBI M'R, M'B, 1 M'B umeior OJIHy M Ty € CHCTEeMY COOCTBEHHBIX YHUCEN U
COOCTBEHHBIX BEKTOpOB, ypaBHeHHUs (5) u (7) B IIaBHBIX KOOpAMHATaX ¢ 3alMChIBAIOTCS
9KBHBAJICHTHBIMU YPaBHECHUSIMHU

o 28 125 _ d o
gyt kg, tkig, =—d;¥, (8)
. vz 4o

Sy t7,Kg, +Kjg =—d; ¥ (9)
37€Ch Jj — DJIEMEHT CIEKTpa JeMnpUpoBaHus, Kj — JJIEMEHT creKkTpa yacTot, dj — siemeHT
MaTpPHUIIbI X'1Vp.

B obmiem ciaydae Hu ypaBHenue (5), Hu ypaBHeHHe (7) HE pacKJIabIBalOTCS M0 (hopmam
KoneGaHuil HeeMIpUpPOBaHHON crucTeMsl, Tak kak MR, M'B. 1 M'B ue umeror oauy u Ty
e CHCTEMY COOCTBEHHBIX BEKTOPOB. MX pasnokeHue 1mo (opMam KoJieOaHWH pacCMOTPEHO B
psime pabor [17,18]. DkBuBanmeHTHOCTH ypaBHeHui (8) u (9) moapasymMeBaeT pPaBEHCTBO
aMIUTUTY/ TIPH PE30HAHCE, T.€. OTHOIICHHWE YacCTOTHl BO3MYIIEHHUS @ K COOCTBEHHOW YacToTe
coopyxkenusi K paBHo p=w/k=1. [Ipu 3TOM mpeamnoiaraercs, YTo BAAIH OT PE30HAHCA 3aTyXaHHe
He BIMSIET Ha KosiebaHus cucteMbl. B ciyuae, ecnu ko3 UIUEHT HEYIPYroro COpOTUBIIEHUS B
cucreme Y<0.3, 3TO mnpeamnonoxeHue BHOAHE chpaseumBo. Opnako mnpu y=0.3 31O
IpearnonoxeHue He cupaBeanuBo. CoBnajeHne pe3yabTaToB IpU UCCIIEI0BaHUN ypaBHEHUH (8)
u (9) HaOmromaeTcsi TOABKO TpH pe3oHaHce, T.e. p=I. C yxoJoM OT pe30HaHCa peuIeHUs
YPaBHEHHI pa3InyaroTcs, U JeMr(prupoBaHUuEe HAUMHACT 3aMETHO BIMATH Ha KAPTUHY KOJIEOaHHH.

I'mnore3a o0 MNPONOPUMOHAIBHOCTH MOAAJBHOr0 JAeMn(UpPOBAHUS JHEPIHH,
cooTBeTCTBYIOLIEH opMe KoTeOaHM i

Jannplii cnocob ydera JeMI(pUPOBAaHUS HCHOJB3YETCS BO MHOTIMX HPOrPaMMHBIX
KOMILJIEKCaX, Korja AeMn(pupoBaHUEe paclpOCTPaHAETCs MPONOPIHMOHATBEHO dHEepruu Gopmsl. B

3TOM CiIy4ae MaTpHla )KECTKOCTU pa3OMBaeTcs Ha MaTpUIbl, ONPEAEIAIOIINEe BKIAJ KaKIOro
anemeHTa. Jlanee, [Uls OLEHKM MOJAIBHOIO JeMII(UPOBAHUS 7Yj UCIIONB3YETCs CIEAyroLast

dbopmyna:
S

-
ijxj

Vi= (10)

12
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31€Ch X — J-blif COOCTBEHHBIN BEKTOpP HeleMII(HPOBAHHON CHCTEMBI, R® — ¢parment MaTpuib!
JKECTKOCTH, OOYCIIOBICHHBIH S 3JeMEHTOM cucTeMbl; 7°- Kkod(hdHIHEEHT Heympyroro
CONPOTHUBIICHUS S HIEMEHTA CHCTEMBI.
[To HaiiieHHBIM MOAATIBHBIM 3aTyXaHUM JIETKO BOCCTAHOBUTH MAaTPUILy AeMII()UPOBAHHUSL.
B=M-X-TK-X" (11)
YpaBHeHue konebaHuil B 3TOM cirydae umeeT Buj (7).

OTmeTHM, 4TO BCE PaCCMOTPEHHBIE METO/bI NO3BOJISIIOT YYECTh ITapaMeTphl 3aTyXaHUs B
KOKIOM DJJIEMEHTE CHCTeMBbl. [IpM 3TOM TOJIBKO IOCIENHHUH M3 PACCMOTPEHHBIX METOIIOB
OPUBOAUT K  MPONOPIHOHAIBHOMY  AEMI(UPOBAHUIO, T.€.  PA3JIOKEHHIO  MAaTPHUIIBI
neMiQupoBaHus 0 COOCTBEHHBIM BEKTOPAM MaTPHILIbl )KECTKOCTH.

O0cy:xnenne pe3yjJbTaTOB

Jis aHanu3a pe3ysibTaTOB PAaCCMOTPEHO [BE CHCTEMbl C MalbIM JeMI(UPOBAHUEM B
ocHOBHOI cucteMe Yo=0.05 (cranbHas KOHCTPYKIMS HA CKaJbHOM OCHOBAHMM) U C OOJIBIIUM
nemngupoBanueM Yo=0.35. DTo MoeT ObITb COOpPYKEHHUE M3 TPYHTOBBIX MaTEepUaioB, WIH
JKECTKOE COOpY>KEHUE Ha cIabbIX rpyHTax [8].

Jnst pacueToB MPUHATO JBa Ciiydasi: MEpBbIi — oTHOcuTenbHas macca v=0.1, BTopol —
OTHOCHUTEJIbHas Macca v=1.

JUis Kaxaol M3 CHUCTeM paccMaTpUBaeTCs Y4YeT CHJI CONPOTHMBIEHHS C IOMOILBIO
CIEAYIOLIMX MOJENIEH:

1) 3aryxanwue no E.C. Copokuny B coopyxenunu u npyxune JII'K [19];

2) BS3KOE 3aTyXaHUe, S3KBUBAJIEHTHOE THCTEPE3UCHOMY B coopyskeHuu u npyxune AT'K [19];

3) rucrepe3ucHoe 3aryxaHue B coopyxeHuu u mnpyxunHe JI'K u nomonHuTenbHoe Bs3KOe
3aTyXaHHE B CBSA3HM MEXKIY IacUTeIeM U coopyxkeHuem [19];

4) 3amanue nemMn@UpPOBaHUs MPONOPLUOHATIBHO SHEPTHH (HOPMBI.

Ontumansuble napametrpsl 'K nmoabupatorcs Takum oOpa3oM, 4To00bl MUHUMH3HPOBATH
MUKW HA aMIUIMTYJHO-4YaCTOTHBIX XapakTepucTtukax (AUX) npu rapMoHHYecKOM BO30YKIEHUH.
Pe3ynbTarhl pacueToB NpUBECHBI HA PUCYHKAX U B TaOIMLIAX.

Kak BunHo u3 tabn. 1 u puc. 2, npu manoit macce JAI'K (otHOcuTenbHas macca v=0.1)
nepBble TPU CII0co0a ydyeTa CHUJl CONPOTUBIICHUS NAIOT OJIM3KHE Pe3ysbTaThl, B TO BpeMs Kak
ONTUMAJIbHBIE TapaMeTphbl 3aTyXaHUs, MOJO0OpaHHBIE IO YETBEPTOM MOJENU, 3HAYUTEIBHO
otanuatotcs U 3pdextuBHOCcTh [II'K B 3TOM ciiydae oka3bIBaeTCs BhIILIE.

13
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Pucynok 2 — AMIMTyaHO-4acTOTHBIE XapakTepucTuku cuctemsl ¢ JJI'K manoit maccbl
a) Ipu Ko3pPUIIMEHTE HEYIPYTOTro CONPOTUBIIEHUS B cOOpykeHHH Yo=0.05
0) npu K03 PUIIMEHTE HEYIPYTOTO COMPOTHUBIICHUS B COOPYKEeHUH Yo=0.35
1 — AYX nezammmenno cucremsl; 2 — AUX cuctems ¢ JII'K npu yuere 3aTyxanus mno
E.C. Copokuny B coopyxxenuu u npyxune JII'K; 3 — AUX cucrems! ¢ /II'K ¢ yuerom Bsizkoro
3aTyXaHUs, DKBUBAJICHTHOIO THCTEPE3UCHOMY B COOpYKeHMHU U npyxxune I'K;
4 — AUX cucremsl ¢ JII'K ¢ yueTom rucrepe3rcHOro 3aTyxaHus B coopyxeHuu u npyxune JI'K
Y JOTIOJHUTENBHOTO BSA3KOTO 3aTyXaHMS B CBA3U MEXKIY I'ACUTEIIEM U COOPYKECHHUEM;
5 — AUX cucremsl ¢ JIT'K ¢ 3amanrem nemrdupoBaHus IPOMOPIHOHATBEHO SHEPTUU (HOPMBI.

Figure 2 — Amplitude-frequency characteristics (AFC) of a system with low-mass TMD
a) with the coefficient of inelastic resistance in the structure y,=0.05
b) with the coefficient of inelastic resistance in the structure y,=0.35
1 — AFC of the unprotected system; 2 — AFC of the system with TMD taking into account the
damping according to E.S. Sorokin in the building and the spring of the TMD; 3 — AFC of the
system with TMD, taking into account the viscous damping, which is equivalent to the hysteresis
in the structure and the TMD spring; 4 — AFC of the system with TMD taking into account the
hysteresis damping in the structure and the TMD spring and additional viscous damping in
connection between the damper and the structure;
5 — AFC of the system with TMD setting the damping in proportion to the shape mode energy.
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Tabmuua 1 — OnTumanbable napameTpsl U 3¢ dexruBaocts I'K manoii Mmacchl (OTHOCHUTENIBbHAS
Mmacca v=0.1) Ipu pa3IMuHBIX MOJEIAX y4eTa 3aTyXaHus

Table 1 — Optimal parameters and efficiency of low-mass DHA (relative mass v=0.1) for various
attenuation consideration models

5 . ° .
2 £ 25 >
2 o) 2 & 4
= B =) —
2 m 3 > o =
T s o A
- E >°: Mogens ydera 3aTyxaHus : = E E §
O o E % é E Q o)
= 5 8 b o= = 0
g 8 T 5 4 5 =
SH=I 3 S 5= Z g
S E B S «— S5 E = 2
S o ~ « = = Qo « (]
g E & E Eg e S
TGRS E = E o 8 =a
¥ S5 O o= O g oH Q)
o E.C. CopokuHy B COOpYKEHUU U 0.875 0405 79
npyxune JII'K )
BSI3KOE 3aTyXaHHE, SKBUBAJICHTHOE
TUCTEPE3UCHOMY B COOPYKEHHUH U 0.91 0.4 79
npyxune 'K
0.05 TUCTEPE3UCHOE 3aTyXaHHUE B
' coopyxenun u npyxune 'K u
JIOTIOJTHUTENBHOE BA3KOE 3aTyXaHUE B 0.88 0.405 79
CBSI3M MEX/Ty TaCUTEINIEM U
COOPYKEHHEM
3aJjaHue JeMII(pUPOBAHUS 0.884 11 9
MTPOTIOPITHOHAIBHO YHEPTUU (POPMBI ) )
1o E.C. CopokuHy B COOpY>KEHUH H 0.79 053 29
npyxune 'K ' )
BSI3KOE 3aTyXaHHE, DKBUBAJICHTHOE
TUCTEPE3UCHOMY B COOPYKEHHUH U 0.81 0.46 27
npyxune 'K
035 TUCTEPE3UCHOE 3aTyXaHHUE B
' coopyxxenuu u npyxune 'K u
JIOTIOJTHUTENBHOE BA3KOE 3aTyXaHUE B 0.775 0.48 28
CBSI3U MEXKTy TaCHTEIIEM U
COOPYKEHHEM
3a/iaHue neMnupoOBaHUSL 0.845 11 59
MTPOTIOPITUOHATIBHO YHEPTUU (OPMBI ) )

N3 tabn. 2 u puc. 3 BuaHO, uto mipu 6oabmoii Mmacce 'K (otHOCHTEnbHAS Macca v=1) st
YeThIpeX paszIUYHBIX MoOJeNed ydera 3aTyXxaHus pesyiapTar nogdopa mapamerpoB JII'K
MOJIy4aeTCsl pa3jMyHbIM, KaK MO MOAOOpY ONTUMAJIBHBIX MAapaMeTpOB, TaK M IO CHUKEHHIO
CMEIIEHNH 3allMIIaEMOI0 COOPY)KEHHUS. JTO CBSI3aHO C TEM, YTO ONTUMAJIbHOE 3aTyXaHUE B
NpYXXUHE TacuTelss C pPOCTOM OTHOCHTENBHOM MacChl CTAHOBUTCS 3HAUYUTEIbHBIM.
Co0TBeTCTBEHHO, HEOOXOIUMO O0JIee TOUHO BHIOMPATh MOJIENb yUeTa 3aTyXaHHUs.

[Tpu cpaBHeHMU NaHHBIX TAOMUI 1 U 2 MPU MaJIOM 3aTyXaHUU B COOPYKEHUH yBEIUYECHHE
macchbl JII'K npuBoauT k yBennueHHIo 3¢ (GEeKTUBHOCTH (B CpeHEM yBeanuuBaeTcs Ha 6%), a B
cilydae, KOrja B 3alllMIIacMoOM OOBEKTe 3HAYMTEIbHOE 3aTyxaHue, yBenndenue maccol [II'K B
HEKOTOPBIX CIy4yasX HE 3HAUUTEIbHO BIMSET Ha ero 3¢p¢eKTUBHOCTh. A B cllydyae yyeTa
3aTyxXaHMsl, KaK BSI3KOTO, SKBUBAJEHTHOTO T'MCTEPE3UCHOMY B coopyxeHuu u npyxune 'K,
3(PeKTUBHOCTH racuTesi O0IBIION MacChl OKa3bIBACTCS HIKE, YEM MAJIOH.
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Pucynok 3 — AMIMTYyAHO-4acTOTHBIE XapakTepucTuku cuctemsl ¢ JII'K 60mib1110it Macchbl
a) nIpu Ko3pPUIMEHTE HEYIIPYTOTro CONPOTUBIIEHUS B cOOpykeHHH Yo=0.05
0) npu K03 PUIIMEHTE HEYIPYTOTO COMPOTHUBIICHUS B COOPYKEeHUH Yo=0.35
1 — AYX nezammmenno cucremsl; 2 — AUX cuctems ¢ JII'K npu yuere 3aTyxanus mno
E.C. Copokuny B coopyxxenuu u npyxune JII'K; 3 — AUX cucrems! ¢ /II'K ¢ yuerom Bsizkoro
3aTyXaHUs, DKBUBAJICHTHOIO THCTEPE3UCHOMY B COOpYykeHUH U npyxune JII'K;
4 — AUX cucremsl ¢ JII'K ¢ yueTom rucrepe3rcHOro 3aTyxaHus B coopyxenuu u npyxune 'K
Y JIONIOJIHUTENIHOTO BSI3KOTO 3aTyXaHHUS B CBA3H MEXKIY FACUTEIIEM U COOPYKEHUEM;
5 — AUX cucremsl ¢ JIT'K ¢ 3amanrem nemrndupoBaHus IPOIOPIIUOHATIBEHO YSHEPTUH (DOPMBI.
Figure 3 — Amplitude-frequency characteristics (AFC) of a system with large-mass TMD
a) with the coefficient of inelastic resistance in the structure y,=0.05
b) with the coefficient of inelastic resistance in the structure y=0.35
1 — AFC of the unprotected system; 2 — AFC of the system with TMD taking into account the
damping according to E.S. Sorokin in the building and the spring of the TMD; 3 — AFC of the
system with TMD, taking into account the viscous damping, which is equivalent to the hysteresis
in the structure and the TMD spring; 4 — AFC of the system with TMD taking into account the
hysteresis damping in the structure and the TMD spring and additional viscous damping in
connection between the damper and the structure;
5 — AFC of the system with TMD setting the damping in proportion to the shape mode energy.
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Tabmuua 2 — OnTuManbHble napaMmeTpsl U 3pdexTuBHOCTh 'K 601101 Macchl
(oTHOCHTENBHASA Macca V=1) IpH Pa3TMYHBIX MOAEIAX YUeTa 3aTyXaHHs

Table 2 — Optimal parameters and efficiency of high-mass DHA (relative mass v=0.1) for
various attenuation consideration models

5 g 2 o -
& = ° = °
2 o > & 4
o, &
B = E o =
2 m 3) > =N
= = o "
. Z £ | Mogens yuera 3aTyXaHus = = &8 5
- 3 =
5 5 = s 25 o g
= B A aos B @
g o = g 8 = =
== 2 s 3 E = E >
S B ¥ S & = B o= %
=2 = g . S o )
s B £ Eg e =
TGRS E & E o & & b=
X O O (@R C g oK Q)
o E.C. CopokuHy B COOpYKEHUU U 0325 259 36
npyxune AI'K ) )
BSI3KOE 3aTyXaHHe, SKBUBAJCHTHOE
TUCTEPE3UCHOMY B COOPY>KEHUU U IIPYKUHE 0.525 1.165 84
JAI'K
0.05 THUCTEPE3UCHOE 3aTyXaHHe B COOPYKEHUU U
npyxune 'K u nonoiaaurenasHoe BA3Koe 033 122 36
3aTyXaHUE B CBS3U MEXKIY TaCUTENIEM U ) )
COOPYKEHHEM
3ajanue JemMrdupoBaHus 0.446 12 29
MPONOPIMOHAIBEHO SHEPTUH (DOPMBI ' '
1o E.C. CopokuHy B COOpY>KEHUH H 015 6.49 29
npyxune 'K ) )
BSI3KOE 3aTyXaHHe, SKBHBAJCHTHOE
TUCTEPE3UCHOMY B COOPYXEHHUH U TPYKUHE 0.345 1.37 20
JAI'K
0.35 TUCTEPE3UCHOE 3aTyXaHHe B COOPYKEHUU U
npyxune 'K u nonoiaaurenssHoe BA3Koe 0.08 3485 30
3aTyXaHHe B CBA3HM MEXKIY FaCUTENIEM U ’ '
COOPYKECHHEM
3ajanue JemMrdupoBaHus 024 29 30
NPONOPIMOHAIBEHO SHEPTUH (DOPMBI ' '

Jlnis 6onee AeTanbHOTO MCCIEI0BAHUS IPUYHH, C KOTOPBIMU CBS3aHBI pa3inyMs B 1000pe
napamerpoB [I'K, wuccnenyercs cucrema c¢ racuteneMm Maimod wMaccel v=0.05 mpu
nemn@upoBaHUM B CUCTeMe OJIM3KOM K mponopuuoHaibHoMy (7.=0.05 u v,=0.1) u mpu
HenponopuuoHanbHoM neminupoBanun y<0.3 (y.~=0.05 u vy,=0.295) npu mnpouyux paBHBIX
napaMerpax. Pe3ynbrarel pacuera npruBeIE€HbI HA PUCYHKE 4.
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Pucynok 4 — AMIuTyiHO-4acTOTHBIE XapakTepuctuku cuctemsl ¢ 'K manoit macest v=0.05
a) nemrupoBaHue B CUCTEME, OJIM3KOE K MponopiuoHaibHOMY: ¥.=0.05 u y,=0.1
0) npu HenponopuroHaibHOM eMipupoBanuu y<0.3: y.=0.05 u y,=0.295
1 — AYX nezammmenHoi cucreMsl; 2 — AUX cucremsl ¢ JII'K npu yuere 3aTyxanus mno
E.C. Copoxkuny B coopykenuu u nipyxkune [II'K; 3 — AUX cuctemsl ¢ II'K ¢ yueTrom BsI3KOTO
3aTyXaHus, SKBUBAJICHTHOI'O THCTEPE3UCHOMY B COOpykeHUH U npyxkune [I'K;
4 — AYX cucremsl ¢ [II'K ¢ yuerom ructepe3rcHOro 3aryxaHus B coopyxeHuu u npyxuse JAI'K
U JOIOJIHUTENBHOTO BA3KOIO 3aTYXaHHUS B CBA3U MEKY FACUTEIIEM U COOPYKEHUEM;
5 — AUX cucremsl ¢ II'K ¢ 3ananuem nemindupoBanusi NponopurOHAIbHO S3HEPTUU (POPMBI.

Figure 4 — Amplitude-frequency characteristics (AFC) of a system with low-mass TMD v=0.05
a) with the coefficient of inelastic resistance y.=0.05 u y,=0.1
b) with the coefficient of inelastic resistance y.=0.05 u y,=0.295
1 — AFC of the unprotected system; 2 — AFC of the system with TMD taking into account the
damping according to E.S. Sorokin in the building and the spring of the TMD; 3 — AFC of the
system with TMD, taking into account the viscous damping, which is equivalent to the hysteresis
in the structure and the TMD spring; 4 — AFC of the system with TMD taking into account the
hysteresis damping in the structure and the TMD spring and additional viscous damping in
connection between the damper and the structure;
5 — AFC of the system with TMD setting the damping in proportion to the shape mode energy.

W3 pucynka 4a BUJIHO, 4TO MPH 3aTyXaHWU B CHUCTEME, OJU3KOM K MPOMNOPIHOHAIEHOMY
BCE 4YEThIpe MOJENU AaroT Onu3kuil pesynbTar. [lpu nanbHelmeM yBeIMYEHUU pas3indus B
napaMerpax 3aTyxaHMsi Mexay coopyxkeHueM u anemeHtamu JII'K pesynpraT cuibHO
pa3ianyaeTcss MEXIy TIEpBbIMM TpeMsl MOJENSIMM U 4eTBepToll  (aemmdupoBaHue
IPONOPLUHOHATIBHOE YHEepruu o gopme). Kak BUaHO U3 pucyHka 40 naxke npu HE3HAYUTETHHON
macce v=0.05 wm 3aryxanum B cucreMe 7<0.3, ecam B CHUCTEME HENPONOPLIUOHAIBHOE
nemrdupoBaHue, TO pe3yiabTaT 3HAYUTENBHO OTJIMYAETCS B clydyae 3aJaHus AeMII(pUpOBaHUS
MPOMOPLUMOHAIBHEIM ~ 3HEpruu mo ¢opmaM. AMIIUTYJa KojeOaHUN MPU HCHOJIB30BaHUU
MOJENU ydeTa JAeMII(UPOBAaHUS NPOMOPLUUOHATIBHOTO »JHEpruu 1o ¢opmaMm KosebaHui
MOJIy4aeTCsl MEHBIIIE 110 CPAaBHEHUIO C aMIUIMTY/IaMH, MOJIYYEHHBIM MPU y4eTe JAeMII(pUupoBaHUs
no Jpyrum mozensM. M3 Tabmuisl 3 CTAaHOBUTCS SICHO, YTO ATO CBSI3aHO C BUJIOM CIIEKTPOB
JneMnupoBaHus, TOTYYEHHBIX MPU PA3INYHBIX MOJEISAX yUeTa 3aTyXaHUs B CUCTEME.
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Tabmuua 3 — Crextpsl nemnduponanus cucremsl ¢ JII'K manoit maccst (v=0.05)
IPY Pa3IUYHBIX MOJIENISAX yUeTa 3aTyXaHUs

Table 2 — Optimal parameters and efficiency of low-mass DHA (relative mass v=0.05) for
various attenuation consideration models

Moenb yueTa 3aTyxaHus
no E.C. Copokuny B BSI3KOC 3aTyXaHHUE, THCTEPE3UCHOE 3aj1aHue
COOPYXXECHHHU U IKBHUBAJICHTHOE 3aTyXaHHe B JeMI(UpOBaHUS
npyxune 'K TUCTEPE3UCHOMY B COOpYKEHHUH U MPONOPIIMOHAIBHO
COOpPYXKECHHHU U npyxune 'K u SHEPTUH (POPMBI
npyxune AI'K JIOIIOJTHUTEIBHOE
BSI3KOE 3aTyXaHHE B
CBSI3U MEXKIY
racuTeseM u
COOPYIKEHHEM
nemMrpupoBaHre B CHCTeMe OJIM3KO0e K npornopuuoHabHoMY: v.=0.05 u y,=0.1 (puc. 4a)
0.064 -0.016 0.064 -0.016 0.067 -0.015 0.064 0
-0.033 0.086 -0.033 0.086 -0.039 0.084 0 0.086
HenponopuuonansHoe aemmnduposanue y<0.3: y.=0.05 u y,=0.295 (puc. 40)
0.149 -0.103 0.149 -0.103 0.165 —0.095 0.149 0
-0.14 0.196 -0.14 0.196 -0.162 0.185 0 0.196

[Tpu yuete cui cCONpOTHUBICHUS IO MEPBBIM TPEM MOJENSAM B CHEKTpax JeMI(pHUPOBAHUS
nOOOYHbIE 3JIEMEHTHl COU3MEPHUMBI C 3JIEMEHTaMU TIJIaBHOM JMAaroHaJd M COOTBETCTBEHHO
BHOCAT 3HAUMTENIbHBIA BKJaJ B pe3yJIbTHPYIOLIUE CMEIleHus, nokazanusle Ha AUX (puc. 4).
B To Bpems, Kak MpH ydeTe CHJI CONPOTHUBIIEHUS O YETBEPTOW MOJEIH JAaeT JUaroHalbHBIN
CHEKTp IeMI(pHUPOBaHUSA MO MOCTPOEHUIO, B PE3yIbTaTe YEero aMIUIUTYJbl UMEIOT 3HAuYeHUs
MeHbIIe. YerBepTass MOJENb IO CBOEH HJEE IOCTPOCHHS MAaTpullbl JeMI(UPOBAHUS HE
YUUTBIBAET MEpeBA3KH (opM. A B HEKOTOPBIX cHcTeMaX, B yacTHOcTH B cucremax c¢ JII'K,
Koppemsiius GopM KosiebaHUM 3HAUMTENbHO BIMSIET Ha pe3yibTaT, U 4eM OoJiblie 3aTyXaHHE B
CUCTEME, TEM 3HAUYUTEIIbHEE BIUSHUE Ha pe3ynbTar. Mcxons U3 CKa3aHHOIO MOXKHO CHENaTh
BBIBOJI, YTO PE3YyJbTaThl, IMOJIyUEHHBbIE NPU y4YeTe 3aTyXaHUs IMPONOPLHUOHAIBHOIO SHEPTUU
¢dopm KoseGaHMii, HE UAYT B 3a11aC U MOTYT ObITh HEBEPHBIMHU.

3aKjao4eHue

B cratbe 66110 paccMOTPEHO YETHIPE MOJICNN yUEeTa 3aTyXaHUs:
. 3aryxanue 1o E.C. Copokuny B coopyxenuu u npyxxune JI'K;

. BSI3KO€ 3aTyXaHHUE, S3KBUBAJICHTHOE TUCTEPE3UCHOMY B coopyxkeHuu u npyxune JAI'K;

. THUCTEPE3UCHOE 3aTyXaHUE B coopykeHuu u npyxuHe JI'K u gomosHuTENbHOE BA3KOE
3aTyXaHHUE B CBSA3M MEXKAY FACUTEIIEM U COOPYKEHUEM;

. 3ajaHue 1eMI(UPOBaHUSI IPOTNOPILIMOHAIBHO SHEPTUH (POPMBI.

[lepeuncienHple MOJAENM YydeTa 3aTyxXxaHUsi ObUIM pPAacCMOTPEHBI AJis JABYX CHCTEM: C
MallbiM JiemripupoBanueM B ocHOBHOHU cucteme Yo=0.05 (2.5% kpurnyeckoro) u ¢ OONBIINM
nemndupoBanueM yo=0.35 (17.5% xputuueckoro). s kaxaoil U3 CUCTEM 3aJaBajCs TaCUTENhb
¢ otHocuTenbHOM Maccoi v=0.1 u racurenb Oonbuioi Maccel ¢ v=1. Jlig paccMOTpEHHBIX
CHCTEM MOXKHO CJIeJIaTh CIEIYIOIINE BBIBOJIBI:
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10.

11.

12.

Onrumuzanus napametpoB JAI'K cymectBenno 3aBucut ot otHocutenbHOM Macesl AI'K u
3aTyXaHUW B 3alluIIaeMoM coopyxeHuu. [Ipu oTHocutenbHOM Mmacce racurens v>0.5,
ontumaibHoe AemndupoBanue B npyxune 'K cymecTBeHHO Bo3pacTaer.

Bun mMonenu ydera cuil CONPOTHUBIICHUS 3HAYUTENBHO BIUSET HAa MOJA00p ONTHMAJIbHBIX
napametpoB [II'’K u Ha ero pacuernyio 3¢ dektuBHOCTh. [Ipu 3TOM yem Oouibliie 3aTyxaHue
B 3alIMIAEMOM COOPYXXCHHH, TE€M 3HAaYUTeJIbHEE pa3nuuus B IPPEKTUBHOCTH U
ontuManbHbeIX mapamerpax JI'K, T1.e. Tem akkypaTHee cleayerT NOAXOAUTh K
MOJIeTTMpOBaHUIO AemidrpoBanus B anemeHTax JT'K.

O¢pdextuBnocts AI'K npu 3agannu nemndupoBaHus IPOMOPLUUOHATBEHO SHEPTUU (HOPMBI
OKa3bIBACTCSI 3HAYUTEIIHHO BBIIIE APPEKTUBHOCTH, OTYIAEMOM MO OCTATBHBIM MOJICIISIM.
OTOT pe3ysbTar UAET HE B 3aI1ac, T.K. MOJAEIIb 10 IOCTPOEHUIO HE YUUTHIBAET MIEPEBA3KU
dopmM, koTopast B cimydae cucteMbl ¢ JII'K BHOCUT 3HAUUTEIHHBIN BKIIA]] B pe3yJIbTaT.
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Teopemuuecxue U IKcnepumernmalibHble uccneo008anus

KosdpuuneHT IMHAMMYHOCTH MOXYJIbHBIX 3[IaHUI NIPH CEHCMUYECKOM
BO3A€HCTBHH
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AHHoTanusi: CTPOUTEIBCTBO MOJYJIBHBIX 3/1aHUN ABJIAETCS aKTyaJbHBIM HaIlPaBJICHUEM
HCCIIEN0BAHUM B HacTodAlee Bpems. 1Ipu Bo3BeeHNN MOAYJIBHBIX 31aHUK B TPYAHOJOCTYIITHBIX
pailoHax OTAEIbHOE BHUMAHHE CIENYET YIENISAThb PACCMOTPEHUIO CEHCMHYECKHX BO3ACHCTBHM.
IIpu sTom B Poccuiickoii Penepaumn MMEETCS HE TaK MHOTO MCCIEIOBAaHUM, MOCBAIIEHHBIX
paboTe MOJY/IbHBIX 3JaHUI BO BpeMs JMHAMHUYECKUX BO3ACHCTBUIL.

B o1aHHOM cTathe M3ydaeTcs BIMSHUE [apaMEeTPOB MOAYJIBHBIX 3JaHMM Ha
KO3 PHULIMEHTH TMHAMUYHOCTH IIPU celicMUYecKoM Bo3aeicTBuu. [l uccienoBaHus BIUSHUS
KECTKOCTEH JJIEMEHTOB Ha KOA((QUIMEHT JAMHAMHUYHOCTH HCIIOJIB30BAaHA aHAIUTHYECKast
dopmyna ompeneneHuss MepuoAa COOCTBEHHBIX KOJIOAHUH, IOJydeHHas s MOJYJIBHBIX
3JaHMM C ONOPHBIMM CTOMKaMH, JKECTKMMHM BHYTPUMOAYJBHBIMA W  IIAPHUPHBIMHU
MEXMOJYJIbHBIMUA COeUHEHUsIMU. Ha OCHOBE rpaHMYHBIX 3HAYEHUN MOMEHTOB MHEPLIUU CTOEK,
IPU KOTOPBIX MPOUCXOAUT YMEHbIIEHHE KO3PPUIMEHTa NTUHAMUYHOCTH, IIPOU3BE/IEHA OLICHKA
peaNbHBIX KOHCTPYKTMBHBIX PELICHHUN IIPU Pa3IMYHBIX COOTHOIICHHUSAX MOMEHTOB HWHEPLHH
purenst M CTOMKH OJHO-, JIBYX- M TPEXATaXHbIX MOIYJBHBIX 31aHHW. Pa3zmepsl monyneit
npuHSTHL 3x6x3(h) M, Harpy3Ka Ha mepekpbitie — 100 kr/M 1 150 kr/m’.

BeraBiieno, uto npu rpyHToBbeIX YycnoBusx III m IV kareropmm mnpakTudecku Bce
pacCMOTpEeHHblE KOHCTPYKTHBHBIE pEIIEHUS MOMAYJIbHBIX 3JaHUA HMEIT Ko3() UIUEHT
JTUHAMUYHOCTH, PaBHBINA 2,5 naxe i Tpexd3TaxHbIX 3gaHuid. [Ipu rpyHTOBBIX yenoBusx I u I
KaTeropuu  HaOmoJaercs  CHIWKEHHEe  Kodp@uIueHTa  JUHAMUYHOCTH  HEKOTOPBIX
KOHCTPYKTUBHBIX pELIeHUN AJIs 34aHUN BhIlIE OBYX 3Taxel. [Ipu ir00bIX TPYHTOBBIX YCIOBHUSAX
JUIL OJTHOITAKHBIX MOJYJBHBIX 3JaHUM KOd(pPUIMEHT NUHaMUYHOCTU paBeH 2,5. Haubonee
HEY/AYHbIM DPEIICHHEM C TOYKHM 3pPEHHUS CEMCMMYECKOrO BO3JEHCTBHS SIBIECTCA TAaKOE, IpHU
KOTOPOM OTHOLLIEHHE MOMEHTOB UHEPLUU PUTeIIA U CTOMKU MEHBIIE €IUHUIBI.

KiroueBble cioBa: MOAyJbHBIC 3aHUS, CEMCMUYECKOE BO3ZACHCTBHE, KOIPPHUIHECHT
JTUHAMUYHOCTH, MIEPUOJ] KOJICOaHU

Jas uutupoBanus: upokos B.C. KoapduimeHT [uHaAMUUYHOCTH MOJIYJIBHBIX 3JaHHUM
npu  celicMuueckoMm  BozaeWctBuu  //  CelicMocToiikoe — CTpouTenbcTBO.  be3omacHocTh
coopyxenuit. 2022.Ne 4. C. 23-33 DOI 10.37153/2618-9283-2022-4-23-33

Theoretical and experimental studies

Dynamic coefficient of modular buildings during seismic load
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Abstract: Modular buildings are currently a topical area of research. Erection of modular
buildings in hard-to-reach areas needs special attention to the consideration of seismic loads.
There are not many studies on the work of modular buildings on dynamic impacts in the Russian
Federation.

The paper studies the influence of the parameters of modular buildings to the coefficients
of dynamic during seismic action. Study of the influence of the elements flexibility on the
coefficient of dynamic, an analytical formula for determining the period of natural oscillations
was used. This formula was obtained for modular buildings with corner supported columns, rigid
intramodular and pin intermodular connections. Based on the boundary values of the moments of
inertia of the columns, at which the dynamic coefficient decreases, an assessment of real design
solutions was made for various ratios of the moments of inertia of crossbars and columns of one-
, two- and three-story modular buildings. The dimensions of the modules are set to be 3x6x3(%)
m, the dead load on a floor is 100 kg/m* and 150 kg/m*.

It was found almost all considered design solutions for modular buildings have a dynamic
coefficient is 2,5 even for three-story buildings if there is ground categories III and IV. Dynamic
coefficient decreases for some two-story buildings if there is ground categories I and II. Dynamic
coefficient of one-story buildings is 2,5 for any ground categories. The ratio less than 1 of the
moments of inertia of the crossbar and the column is the worst case of design in terms of seismic
load.

Keywords: Modular buildings, seismic load, coefficient of dynamic, structural period
For citation: V.S. Shirokov Dynamic coefficient of modular buildings during seismic

load. Earthquake engineering. Constructions safety. 2022, no. 4, pp. 23-33
DOI 10.37153/2618-9283-2022-4-23-33

BBenenne

MonynbHOE CTPOMTENBCTBO B HACTOSIIEE BpEeMs SIBISETCS aKTUBHO Pa3BUBAIOIIMMCS
HalpaBJI€HUEM BO BceM MHUpe. MoaynbHblE 34aHHS IIMPOKO BHEIPSIOTCS B MPAKTUKY
crpoutenscTBa B Poccniickoit @enepanuu. [Ipy 3TOM, 32 cYET CBOMX IPEUMMYIIECTB, TAKMX KaK
KpaTyaiiime CpoKu, MPOCTOTa BO3BEAECHUS OOBEKTa M BCECE30HHOCTh MOHTa)Ka, MOJYJIbHBIE
31aHUs 0c000 1eNeco00pa3Ho MPUMEHSTh B TPYAHOIOCTYIHBIX peruoHax [1, 2, 3]. B cratee [4]
OTMEUAETCsl, YTO JJs AapPKTUYECKOW 30HBI KJIACCHYECKHE TEXHOJOTMH CTPOMTEILCTBA
(ckenme300€TOH M KJaJika) HEBBITOAHBI C HOKOHOMHUYECKOW TOUYKHM 3peHus, a HauOoJiee
MPEANOYTUTENBHBIM SBJISIETCS UMEHHO MOJYJIBHOE CTPOUTENHCTRO.

OaHMMH U3 TJIaBHBIX MPOOJIEM CTPOUTENHCTBA B TPYAHOAOCTYIHBIX PETHOHAX C TOYKHU
3pEHHS] CTPOUTEIBHBIX KOHCTPYKLUMM SBJSIOTCS 3HAYUTEIbHBIE BETPOBBIE U CEUCMHYECKHE
BO3JIEUCTBUA. B oOTedecTBEHHON nMTEpaType HAa [aHHBIH MOMEHT HMEETCS HE TaK MHOIO
UCCIeIoBaHUN pabOThl MOAYNBHBIX 3JaHUN MpH ceiicMuyeckoM Bo3zzaericTBuu. Bammanos K.C.
[5] paccmaTpuBaeT BOMpOC CEMCMUYECKON YCTOMYMBOCTH OJHOATAKHOTO 00HEMHO-MOTYJIBHOTO
3laHUs,, KaK CHUCTeMBbl C OJHOM CTemeHbl0 CBOOOABI, T.€., caM OJOK CUMTaeTcs
HenedpopmupyembiMm. Ha ©6aze HUY MI'CY Obumm  mnpoBefeHB AKCIEpPUMEHTAIBHBIC
UCCIIEIOBaHUsI Ha CeHCMUYECKOe BO3JEHCTBHE IOJIHOPA3MEPHOTO JBYXATAXKHOTO (parMeHTra
MOJIYJIbHOTO 3/1aHHs, M3TOTOBJIEHHOro mo TexHosoruu «Kuayd» [6], cormacHO moOIydeHHBIM
pe3yibTaTaM CeHCMOCTOMKOCTh PAcCMOTPEHHOTO 3/aHusi oOecriedeHa NpU 3eMIIETPSCEHHSIX
WHTEHCUBHOCTHIO 7—9 OaIiIoB.

N3 3apyOexnbix aBTOpoB MOkHO OoTMeTuTh Annan C.D., Youssef M.A. u El-Naggar
M.H. [7-9]. Tlo pe3yabTatam MOJAJbHOIO aHalW3a JIByX-, YEThIPEX- M IIECTUITAKHOTO
MOJIYJIbHBIX 37aHui [9] ObUIO YCTaHOBJIEHO, YTO OCHOBHAS PEAKIUsS MPOUCXOIHWT TPU TEPBOKH
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gacToTe coOCTBeHHBIX Kosebanuii. Shi F. ¢ coaBropamu [10] paccmMaTpuBaroT ABaIaTUITAKHOE
3/laHUE C pa3HBIMU KOMIIOHOBKaMH Moaysei B miaHe. Shi F. otmedaer, uto crnegyer cTpeMuThes
K CHUMMETPUYHOMY pacronoxeHuo moxynei. Lacey A.W. B paborax [11-13] mpoBoaut
WCCJICI0BAHMS BIMSHHS BBICOTHI 37]aHUSI HA YaCTOThI COOCTBEHHBIX KojieOanuii. Alembagheri M.
C COaBTOpaMH paccMaTpuBaj BIHMSHHE CTEHOBOTO 3allOJHEHUS Ha JUHAMHYECKUC
XapakTepucTtuku moxayiei [14]. Ilo pe3ynbTatam HCCIeAOBaHUM aBTOpaMU YCTAHOBJIEHO, YTO
CEPbE3HO BIIMSACT HA YACTOTHI COOCTBEHHBIX KOJIEOAHUN TOJIBKO MOJIHOE CTEHOBOE 3aI0JIHEHUE, B
Clly4ae 4YacCTHMYHOTO 3alOJHEHHS YacTOThl HM3MEHSUIMCh HE3HAUUTENBHO IO CPaBHEHHIO C
MOy IsIMH O€3 CTEH.

Lenbio JaHHOMW CTaThU SIBJIAETCS U3y4YEHHUE BIMSHUS MapaMeTPOB MOJYJbHBIX 3JaHUNA HA
KOX(OUITMEHTHI JUHAMUYHOCTHU MIPH CEHCMUYIECKOM BO3ICHCTBUU.

Jlis nocTrKEeHMs LIeN ObLTH PEeLIeHBI CICAYIOIINE 3aJaun:

1. OrneHeHbl OCHOBHBIE KOHCTPYKTHBHBIE OCOOCHHOCTH MOJYJIbHBIX 3JJaHHH.

2. [Ipennokena aHanuTHyeckas QopMyna s BbISIBIEHUS TpaHULl 3HAYEHUH
MOMEHTOB UHEPIUH CTOCK, IPU KOTOPBIX KO3()(DUITUEHTHI TMHAMUYHOCTH HAYMHAIOT YOBIBATE.

3. Onenenbl KO3(GGUIMEHTH AMHAMUYHOCTU PEATbHBIX KOHCTPYKTUBHBIX pEILCHHIM

MOJYJIbHBIX 3JaHUM.
MeToabl HcciIeI0BaHUS

B cratee [15] mokaszaHo, 4To i aHanM3a MOIYJIBHBIX 3[aHUI Ha celCMHUYECKoe
BO3JICUCTBUE CHPABEAJIMBO MPUMEHATH KOHCOJBHYIO PACUETHYIO MOJEIb COOPYKEHUS,
npuHATYIO B poccuiickux Hopmax. CormacHo CII 14.13330.2018 ko3¢ duniueHT AMHAMUYHOCTH
fi, 3aBUCSIIMIA OT Mepuoja COOCTBEHHBIX KoJeOaHui, u3MeHsercs B uatepsaie ot 0,8 mo 2,5.
[Tpu 5TOM MOKHO BBIIETUTH TPU OCHOBHBIX 3HA4eHMs mepruoaoB koiebanuii: 0,1 ¢, 0,4 c u 0,8 ¢
(pucynok 1). Ilepuoast menee 0,1 ¢ xapakTepHbl OYEHb KECTKUM COOPYKEHHUSAM, K KOTOPBHIM
MOJyNbHBIE 37aHusl He oTHocaTca. [Ipu mepuonmax kxonebanuit ot 0,1 ¢ mo 0,4 ¢ umu 0,8 (B
3aBUCHUMOCTH OT THIIA TpyHTa) KOA(P(GULIMEHT TUHAMUYHOCTH HMMEeT HauOoJjiblee 3Ha4YeHHE,
paBHOE 2,5, T.€. 9TO HauboJee HeyJauHble 3HAUCHHUS MEPUOJIOB ¢ TOYKU 3PEHUS CEHCMHUUYECKOTO
BO3/ICHCTBUSI.

B,
3
/ *********** ™ - - L2
2 e
/’ ‘ﬁ.__\____\____ b T
1 T P
1
Bl
0

0,0 0,1 02 03 04 05 0,6 0,7 0,8 09 1,0 1,1 12 1,3 14 15 1,6 1,7 1,8

Pucynok 1 — I'paduk n3menenus kospdunrenta nunamuarocty no CIT 14.13330.2018: 1 — s
rpyHroB [ u Il kateropun; 2 — nns rpynros Il u IV kareropun

Figure 1 — Graph of the dynamic coefficient change according to SP 14.13330.2018: 1 - for soils
of categories I and II; 2 - for soils III and IV categories
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B cratesx [16, 17] npeanoxxena u o6ocHoBaHa (hopMyiia ONpeaeIeHUs ePBO YaCTOTHI
COOCTBEHHBIX KOJE€0aHUII MOIYJIBHOTO 3[aHUS C OINOPHBIMH KOJOHHAMH, KOTOpas JUIs
MHOI'O3TaXXHBIX 3I[aHI/II71 HUMECT BUA:

1 1 24-E-1,-g
f=7=2_7_[' CZ.G.h3.(1+u)' (1)
Iz'h

rae T — nepuoji KoyeOaHuii;

E — Monyns ynpyrocTtu craiy;

I; — MOMEHT UHEPIUU CTOMKHU;

I, — MOMEHT MHEPLUH PUTEJIs;

[, — mposeT MOyJIsl B HAIIPABJICHUHU OIIPEIeIEHUsI MOJbI KOJeOaHMii;

G — macca, coOpaHHast ¢ IepEKPHITHS;

€ — KOJIMYECTBO ITAXKEH;

h — BpICOTa MOZYJIS;

g — YCKOpeHue cBOOOIHOTO MaJeHuUS.

®opmyia (1) BeIBeZieHA UCXO/1 U3 CIENYIOIIMUX AONYIIEHUN:

1. Moaynau UMEOT OAMHAKOBOE KOHCTPYKTUBHOE PELIECHHUE.

CeueHust BEpXHET0 U HUKHETO pUTelis OJIMHAKOBBIE.

JIMcK nepekphITus (MOKPhITHA) HE AeopMupyeTcs B CBOEH IIOCKOCTH.
XecTKkoCcTh CTEHOBOTO Orpak/I€HUsI HE YUUTHIBAETCSI.

ConpsioxkeHue OJNOKOB ¢ (yHAAMEHTAMM CUHTAETCs IIAPHUPHO-HEMOJIBUKHBIM 110
yrijlaM MOJYJICH.

6. ConpsbkeHue OJOKOB JIpyr € JAPYroM MPHUHATO UIAPHUPHBIM B YIJIOBBIX TOYKaX

TOPU30HTAIIBHBIX PaM.
7. ConpsKeHHs BCeX 3JIEMEHTOB 0J0Ka (CTOEK M TOPU3OHTAIBHBIX paM) APYT C APyroM
MIPUHSTO )KECTKHUM.

Ananmuzupys Gopmyny (1) BUAMM, 4TO 3HAYMTEIBHOE BIMSHHE Ha MEPHOA KoyeOaHuH
3/1aHUS OKa3bIBAIOT F€OMETPUUECKUE MapaMeTphl (CEUEHHUsl FIEMEHTOB, T€HEPAIbHBIE Pa3MephI)
u macca monyied. OCHOBHYIO 4acThb MacChl MOAYJIEH COCTaBISIOT NEPEKPBITHSA, KOTOPBIE B
COBPEMEHHOM CTPOMTEIbHOW MPAKTUKE BBHIIOJHAIOTCA C MpPUMEHEHHEM 3(()EKTUBHBIX
MmaTepuanos. Macca 1 M nepekpbITus (p) 00buHO coctasiser 100+150 K/, IIPU OTCYTCTBUU
KaKoro-aubo Tspkenoro odopyaoBaHMs. Tak Kak IpH YBEJIMYEHUM Macchl MEepuoj KojeOaHui
TaKXe YBEIMYMBAETCS, TO B paMKaxX JaHHOM pabOThl pacCMOTPEHBI HAUXYMALIME BapUaHTHI C
MUHHUMAJIBHON Maccoil.

Pasmepbl Mopayseit  00yciioBIMBaKOTCS — O0BEMHO-INIAHUPOBOYHBIMU  PEILICHUSIMH,
TEXHOJOTMYECKMMH TpeOOBaHUSAMH, a TakKe HOpPMaTHBaMH Ha rabapUTHBIE TPaHCIOPTHBIE
pasMephl, COTJaCHO KOTOpPBIM MaKCHMajlbHblEe pa3Mepbl Ui KpYHMHOraOapUTHBIX TPY30B
COCTABJISIIOT: MO ImupuHe 3,5 M; mo juuHe 12 m; mo BeicoTe 3,9 M. OmHuM w3 HaumOolee
pacIpoCTpaHEHHBIX pa3MepoB MOIYJIS sBisieTcss 3X6%3(h) M, KOTOPBIH U ObUI MPUHAT B JaHHOM
cratee. Takum 00pa3om, Macca, coopannas ¢ nepekpbitus (G), cocraBisetr 900+1350 kr.

3aBUCUMOCTh TepuoJia KOJIEOAHWH OT CEUYEeHUH DJIEMEHTOB YIAOOHO MpPEJCTaBUTH C
MOMOIIbI0 COOTHOLIEHHSI MOMEHTOB MHEPIIMH PUTENS U CTOMKU:

Nk

L
=— 2
r=7 @)
C yuerom (2) moxHO nipeoOpa3oBath BeipaxkeHue (1):
l
G-h3-(1+ 2
T =2 nlch (1+575) 3)
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N3 dopmynsr (3) BHIHO, YTO TEpHOJ KOJeOAaHWUN 3aBUCHT OT BBICOTHI 3JIaHUS H
JKECTKOCTEW puresis U CTONKU. J[7s BBIABIEHUS TPaHUI] 3HAUEHUH MOMEHTOB HMHEPIMH CTOEK,
OpH KOTOPHIX KOI(PPUIIMEHTH JUHAMUYHOCTH HAYUMHAIOT YOBIBaTh, (opmyny (3) MOXKHO
npeoOpa3oBarh:;

l

2. f2 . K3, —2_
4-m%-c“-G-h (1+r-h)
24-E-g-T? '

“4)

11:

Pe3yJ’IbTaTLI HCCICI0BaAaHUA

IIpu moxcranoBke B (opmyny (4) 3HaueHuwit mepuonoB kosebanuit 0,4 ¢ m 0,8 c,
COOTBETCTBYIOIIMX PAa3HbIM TUIIAM IPYHTA, MOKHO MOJIYYUTh TPAHUYHBIE KPUBBIE, IIPH KOTOPBIX
KO3 QHUIMEHT AMHAMUYHOCTU paBeH 2,5. JlaHHbIE KpUBBIC MPEICTAaBICHBl Ha PUCYHKaxX 2 U 3
qns rpyaroB I, 1T u 1II, IV kareropuii, cCOOTBETCTBEHHO, MpU Harpy3kax Ha nepekpoitus 100
kr/M° 1 150 kr/v’.

Ha rpadwukax 2 u 3 nyHKTHpHas JIUHUA IJI1 OJHOATAXHBIX 3JaHUM, IITPUX-TYHKTUPHAS
JUTSL IBYXATQKHBIX, CIUTOIIHAS JJIs1 TPEXATAXKHBIX. J{J1s1 onleHKH K03 (PUIIMeHTOB TUHAMUYHOCTH
pealbHbIX MOJIYJIBHBIX 37aHWA Ha TrpaduKax Tak)Ke OTMEYEHbl 3HAUEHUs, MOJTYYCHHBIE Ha
OCHOBE CEUEHUH 3JIEMEHTOB Moayneu u3 crared [18-26]. [lapamerpsl, a Takke BHIYMCICHHBIC
nepuobl KoueOaHUl paCCMOTPEHHBIX MOAY/IbHBIX 33JaHUN MTPUBEACHBI B Ta0uIe 1.

Tabnuna 1 — [TapameTpsl MOAYIBHBIX 3TAHUIA

Table 1 — Modular buildings parameters

T,c

4 4
Cchlnka Kononna banka I, em™ | L, cm r
1oT. | 23T. | 30T,

[18] HSS200x100x6 C250x100x4 1703 | 1682 | 0,99 | 0,167 | 0,333 | 0,500

[19] HSS150x150x8 | RHS250x150x8 | 1411 | 4886 | 3,46 | 0,132 | 0,265 | 0,397

[20] HSS125x125x6 C200x75x6 643 1179 | 1,83 | 0,226 | 0,452 | 0,678

[21] HSS150x150x8 C250x140x10 1411 | 5048 | 3,58 | 0,132 | 0,263 | 0,395

[22] HSS150x150x8 | HSS150x150x8 | 1411 | 1411 | 1,00 | 0,183 | 0,365 | 0,548

[23] HSS200x200x10 | HSS200x200x8 | 4251 | 3566 | 0,84 | 0,112 | 0,223 | 0,335

[24,25] | RHS150x100x6 C350x100x6 834 5481 | 6,57 | 0,157 | 0,313 | 0,470

[26] I'n. yronox 160x4 [IBennep 16 453 747 1,65 | 0,277 | 0,553 | 0,830
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Pucynok 2 — I'paduk u3MeHEeHHUs MOMEHTA UHEPIIMH CTOMKH, IPU KOTOPOM MPOUCXOTUT
yMeHbIIeHHE K0 (HUITMEHTa TMHAMIUYHOCTH MOIYJIbHOTO 31aHust Uit rpyHTOB | 1 11 kareropun

Figure 2 — Graph of the column moment of inertia change, at which there is a decrease in the
coefficient of dynamism of modular growth for soils of categories I and II
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Pucynok 3 — I'padux u3MeHEeHUSI MOMEHTa HHEPIIMH CTOWKH, TIPU KOTOPOM MTPOUCXOIUT
yMeHbIlIeHHnEe KOdPPUIUEeHTa JTUHAMUYHOCTH MOAYJIBHOTO 3/1aHus /it rpyHToB 111 u IV
KaTeropuu

Figure 3 — Graph of the column moment of inertia change, at which there is a decrease in the
coefficient of dynamism of modular growth for soils of categories III and IV
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JIst MOIYNBHBIX 3IaHUM ¢ KOHCTPYKTHBHBIMHM PEHICHUSIMU, KOTOPbIE HAXOMSTCS BBIIIE
KPUBBIX, MPEACTABICHHBIX Ha rpadukax 2 u 3, koddhpuimeHT tnHaMuIHOCTH paBeH 2,5. [lpu
rpyHTOBbIX ycnoBusx III m IV kareropum nmpakTU4ecku BCE PaCCMOTPEHHBIE KOHCTPYKTHUBHBIE
pelIeHUs] MOAYJIbHBIX 3/IaHUM PAacHoJIararoTCs BBIIIE KPUBOM Ja)ke JUIS TPEXITAKHBIX 3/IaHUM.
[Ipu rtpynTOBBIX ycnoBusix | m Il kareropum HaGmonmaercs cHKeHHE Kod(duumeHTa
JTUHAMUYHOCTH ISl JIBYXATAXHBIX 3[JaHUN C pelieHussMHU corjiacHo [20, 26], misd TpeXdTaKHbIX
3l1aHUi ¢ pemieHusMH corsacHo [18, 22, 24, 25]. Ilpu m1100bIX TPYHTOBBIX YCIOBHUSIX MAJIs
OJIHOATAXKHBIX MOIYJIbHBIX 3/aHUN KOI()PUIMEHT NUHAMUYHOCTU paBeH 2,5. OTAeIbHO CTOUT
OTMETUTbh, YTO Hauboyee HEYJauyHbIM KOHCTPYKTHBHBIM PpELICHUEM SBISETCS TaKoe, INpHU
KOTOPOM OTHOIIICHHE JKECTKOCTH PHUTEINIS K KECTKOCTH CTOMKHU () MeHbIe equHuibl [23]. Tlpu
7<] MpOUCXOIUT JTOBOJBHO PE3KOE YBEINUYEHNE MUHUMAJIBLHOTO MOMEHTA UHEPIIUHU CTOWKH, IPU
KOTOpPOM KO3(h(PULIMEHT TMHAMUYHOCTH MEHbIIE 2,5.

3akao4yeHue

Ha ocHoBe npoBeIeHHOT0 nccaeaoBaHus MOKHO CAENATh CIEAYIOUIUE BbIBOJbIL:

1. JUiss OTHOSTaKHBIX MOJIYJBHBIX 3[JaHUWA TpPU JTIOOBIX TPYHTOBBIX YCIOBHSX, a
Takke npu rpyHToBbIX ycioBusix III m IV kareropum ang 37aHUM BIUIOTH 10 TpEX ASTaxel,
KO3 PHUIMEHT TUHAMUYHOCTH PaBeH 2,5 B OOJIBIIMHCTBE CIIy4acs.

2. IIpu rpyHTOBBIX ycnoBusax I u Il kareropun MMEIOTCS KOHCTPYKTUBHBIEC PELICHUS
MOJIYJIbHBIX 37JaHUM BBIIIE ABYX ATaKEH, /Ui KOTOPHIX KOAXPIUIUEHT AUHAMUYHOCTH MEHbIIIE
2,5. T.e., C TOUKH 3pEHUS CEMCMUYECKOTO BO3JEHUCTBUS MHOTO3TaXKHbIE MOIYJIbHBIE 3JaHUS
0oJsee MPeANnOYTUTEIbHBL.

3. Haubonee HeynauyHoe KOHCTPYKTMBHOE pPELIEHHE — IMPU KOTOPOM COOTHOILLIEHHUE
MOMEHTOB MHEPLIUU PUreNsl U CTOMKU MeHbIIe equHUIbl. CiaenyeT NpoeKTUpOBaTh MOAYJIbHBIE
31aHusg c Oosiee TMOKMMHU CTOWKaMM M 0o0jee JKeCTKUMU pUTeNsIMH, IpPH BBINOJIHEHUU
TpeOOBaHUH 1O MPOYHOCTH, YCTOMUMBOCTH U KECTKOCTH.
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B TOHKHX KPYNHO(GOPMATHBIX 00JIMIOBOYHBIX IJIUTAX

Iagaosa M.O.!, 3axapoB B.A.%, Komenesa JL.W.?
2 AO «HULI «CtpoutensctBo» IHUMCK um. B.A. Kyuepenko.
Mocksa, Poccuniickas @enepanys
A0 «HUL «CtpoutennctBoy HUMXDB um. A.A. I'Bo3neBa.
Mocksa, Poccuniickas @enepanus

AHHoTanusi: B crartbe mpuBeneHbl pe3ynbTarhl J1a0OPAaTOPHBIX MCCIEIO0BAaHUN KOHCTPYKLUU
OOJUIIOBKU W3 KpymHO(POpPMATHBIX (UOPOIIEMEHTHBIX IUTUT B COCTaBe HaBECHOW QacaIHoit
CUCTEMBI Y AaHAJIU3 IPOEKTHBIX PEILIEHUN CMOHTUPOBAHHBIX HA 00BEKTE KOHCTPYKLIUH.
TexHuueckue pelleHHs, INpPUMEHEHHble Ha (acajax >KUJIOr0 KOMIUIEKCA TMEepEeMEHHOM
ATa)KHOCTH, OTIMYAIOTCSA CIOKHOCTHIO HCIOJHEHUS W WHIUBUAYAIbHBIMU apPXUTEKTYPHBIMHU
pELICHUSIMU, aPXUTEKTYpHAsl BBIPA3UTEIILHOCTh JOCTUTAeTCs 3a CUET MpUMEHEHHs Ha dacagax
KpYmHO(QOPMATHBIX IUIMT OOJMIIOBKH W3 (UOpOLIEMEHTa pAa3IUYHBIX IIBETOBBIX OTTEHKOB
(Gestoro, 4epHOro, KpacHoOro, BCero A0 7 BUIOB OTTEHKOB). IIpumeHeHue kpymHopopMaTHBIX
OOJMIIOBOYHBIX IUIMT Pa3IU4HON KoHurypamuu Ha (acajgax 34aHHMM CleAyeT OTHOCUTh K
00BEKTaM 3KCIEPUMEHTAIBHOIO CTpOUTENbCTBA. PazpaboTka mpoekTa Mo ycTpoMCTBY (hacanoB
3/1aHUS BBIIIOJHSETCS HA OCHOBE THUIOBBIX TEXHUYECKHUX PELICHUI 0e3 yuera MHAWBHIYaJTbHBIX
0coOeHHOCTeH y3710B U 0e3 ydeTa BIMSHUS COJTHEUHOW pajivalliy U MOBBIIIECHHBIX/TOHUKEHHBIX
Temneparyp npu pabore KOHCTpyKUuU. OCHOBHOW HpoOJIEeMOi, 3aTparMBaeéMOM B CTaTbe,
SBJISIIOTCSL TPOOJIEMBI MPOEKTUPOBAHMSA, MOHTaka M S3KCIUTyaTallud 3JaHMH, B TOM YHCIE B
ceificMMuecKkux paiioHax, a Takxke BbIcoTOM Oosiee 100 M ¢ 00aMIIOBKOIN KpymHO(OPMATHBIMU
3JIeMEHTaMH 13 (pUOPOLIEMEHTa Pa3IMYHON [[BETOBOM raMMbl, 3aKpEIUIEHHBIX Ha METAJUNINYECKUX
MOJIKOHCTPYKLHAX HABECHBIX (PacaJHbIX CUCTEM B YCIOBHUSAX METAIIOJIUCOB.
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Abstract: The article presents the results of laboratory studies of the construction of cladding
made of large-format fiber cement slabs as part of a hinged facade system and an analysis of
design solutions of structures mounted on the object. The technical solutions applied on the
facades of the residential complex of variable number of storeys differ in the complexity of
execution and individual architectural solutions, architectural expressiveness is achieved through
the use of large-format fiber cement cladding plates of various color shades (white, black, red
shades up to 7 types) on the facades. The use of large-format facing plates of various
configurations on the facades of buildings should be attributed to the objects of experimental
construction. The development of a project for the construction of building facades is carried out
on the basis of standard technical solutions without taking into account the individual
characteristics of the nodes and without taking into account the influence of solar radiation and
elevated / lowered temperatures during the operation of the structure. The main problem
addressed in the article is the problems of design, installation and operation of buildings,
including in seismic areas, as well as with a height of more than 100 m with facing with large-
format elements of fiber cement of various colors, fixed on metal substructures of hinged facade
systems in megacities.

Keywords: hinged facade system, large-format fiber cement slabs, inspection of the technical
condition of the building cladding, design of hinged facade systems, installation errors, technical
solutions, coefficient of thermal expansion, experimental studies, test methods
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BBenenne

CoBpeMeHHBIIl  apXUTEKTYpPHBI OOJMK TOPOJACKON 3acCTpOMKH  XapaKTepH3yeTcs
COUeTaHHEM CTeKJa, OEeTOHa, KHUpNHUYa, KEepaMOrpaHUTa M KOMIIO3UTHBIX MAaTepHalioB B
JIEKOpPaTUBHOM oT/enke (acasoB 3AaHUH.

TenneHuuy nNocaeaHUX JeT — CTPOUTEIBCTBO JKUJIBIX U aAMUHUCTPATUBHBIX KOMILIEKCOB
NIEPEMEHHO 3TaXXHOCTH, BEICOTOU 50 —150 M, IpH 3TOM 4acTO JKUJIbIE KOMIUIEKCHI BO3BOJATCS B
€MHOM CTWJIe, Ha €AMHBIX CTHJI00aTaxX, OTIMYasCh YHUKAJIbHBIM apXUTEKTYPHBIM CTHUJIEM U
pasHooOpa3ueM IIBETOBBIX pemieHui. Ilepen KOHCTPYKTOpOM BO3HMKAeT 3ajada BOIIOTUTH
3aMBICIIBI  APXUTEKTYPHOTO OIOPO, BBIMOJHUTh KOHCTPYKUMU OOJIMIOBKA B IKEJIAEMBIX
MaTepHajax U IIBETOBBIX FaMMax, IPU 3TOM HE JOMYCTUTh OIINOOK MPU MPOEKTUPOBAHUH.

Cno’XKHOCTh 3aKJII0YaeTcs B TOM, YTO B PACHOPSHKEHUH NMPOEKTUPOBIIUKOB HAXOIATCS
TUIIOBbIE  albOOMBI TEXHHYECKMX pPELICHWH, KOTOpble NpopaboTaHbl CHENHUATUCTAMH
pa3paboT4yMKa CUCTEMBI KpeIUIeHHs NpH ee co3gaHuu. HroaHc paboThl 3akiodyaercss B moadope
U3 UMEIOIIEICST HOMEHKIATyphl HEOOXOAMMBIX 3JIEMEHTOB, BXOISAIIUMX B YHU(DHUIIMPOBAHHBINA
nepeyeHb BbBIOpaHHON HaBecHOW (acagHol cuctembl. WHpopmanuu B 000CHOBBIBaOIIEH
JOKYMEHTAlIlMU IPOU3BOAUTENS JOCTATOUHO ISl IOHMMAaHUs KOHCTPYKLUHU, €CTh BO3MOYXKHOCTb
O3HAKOMUTBCS C 3JIEMEHTAMH BBIITYCKAaEMOM MPOAYKIMM M KOMIUIEKTOM H3JENuil, U3 KOTOPBIX
IpU TPOEKTUPOBAHUM TOTPEOYETCsI CKOHCTPYHPOBAaTh OONMILOBKY 3AaHui. VHBIMU cioBamH,
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MOJIb3YSCh TUIIOBBIMH ATbOOMAaMH MOKHO KaueCTBEHHO BBIMIOJIHHUTH MPOEKT Qacana s 31aHul
B IJIaHE TIPSIMOYTOJIbHOW WK [ '-00pa3Hol KOH(pHUTypamum.

ba3oBble TeXHWYECKHE pEHICHHS, KOTOpPbIE HMMEIOTCS B HAIUYUU Yy pPa3pabOTIUKOB
dacanHbIX KOHCTPYKIUHU TMPOLUIM HUCCIEIOBAHUS, MOJYYWIA TOJOKUTEIbHbIE Pe3yJbTaThl,
000CHOBAaHHBIE PACYETOM U MOATBEPKICHBI UCIBITAHUAMH 110 MEXaHUYECKOM, B TOM UYHUCIIE IS
ceiicMOOMNacHbIX pPalOHOB M TMOXKapHOM O€30MacHOCTH, amnpoOUpoBaHbl Ha OOBEKTax U
o0ecrieueHbl pa3penTebHON 1 000CHOBBIBAIOIIEH TOKYMEHTAIMEH.

OTtcyTcTBUE HMCCIENOBAaHUNA M MOHHMMAaHUS XapakTepa pabdoTbl HOBBIX B TEXHUYECKOM
IUTAaHE KOHCTPYKIHMKA OOJIMIIOBKHA TIOCJIE€ BHECCHHSI B THUIOBBIC KOHCTPYKIWHU JOIMOJHEHUN W
M3MEHEHUH, KOTOPbIE CTPOUTENN PEATU3YIOT HEMOCPEICTBEHHO Ha 00BEKTaX, MOXKET MPUBECTH K
CEPBhE3HBIM aBAPHUSAM HA CTPOUTENBHOMU IIomajke. [[puMepomM MOTYT CITy’KUTh MHOTOUYUCIICHHBIE
obpamenus B aapec [THUMCK um. B.A. KyuepeHko 3aka3uyukoB yke MOCIE Ca4l OOBEKTOB B
IKCIUTyaTalHIo.

CnoXHOCTh MPU MPOCKTUPOBAHUU BO3HUKAET MPHU OIICHKE PabOThl KOHCTPYKIIMU B CBSI3U
C YBEIMYEHHEM PA3MEPOB OOJIMIIOBOYHBIX MaHEJNEeH WIM C HEOoOXOJUMOCThIO 3aMEHbI
MaTepuasjoB HAa aHAJOTH, (PU3UKO-MEXaHUUECKUE XapaKTEPUCTHUKU KOTOPHIX MOTYT OTIMYATHCS
OT UCXOJHBIX.

[IpenMeToM OTAENBHBIX HCCIEAOBAHUN SIBISETCS BIMSHHE HA PabdOTy KOHCTPYKIIHMH
W3MCHEHUS Ta0apuTOB OOJUIIOBKH, HANIPUMEP, YBEIMUYCHUH Pa3MEPOB MaHENCH, COOTHOMCHUS
CTOPOH WJIM YMCHBIICHWW TOJNIIMHBI JJeMeHTa. [IpoBeieHHbIE pPabOThI OATBEPIHIN
CYIIIECTBEHHOE BJIMSHUE T€OMETPUHU U3JAETUN Ha TPEHMHOOOpa30BaHUE B OOJIMIIOBOYHOM CIIOEM
U HEOOXOAMMOCTh BHECCHHS KOPPEKTHPOBOK B IPUMEHSEMBbIC THIIOBBIE KOHCTPYKTHBHBIC
peleHusl.

OcHoBHAA YaCTh

Kak nmoka3zanu uccieqoBaHus, MPOBEJACHHbIE CIENUATNCTaMH J1a00opaToprun HaJeKHOCTH
dacamqoB u Teron3oyAnHoHHBIX ¢acaguaeix cucrem [[HUHUCK wum. B.A Kyuepenko,
npuMeHeHue Ha ¢acagax OONMIOBOYHBIX HM3AEIHH PAa3IUYHBIX LIBETOBBIX I'AMM M0 €JUHBIM
npaBwiaM, 0e3 ydera OCOOEHHOCTHM COBMECTHOIO BIIMSHUS TEMIIEpaTypbl OKPYKAIOLIETo
BO3/JyXa M COJHEYHOMN pagualMM TaKK€ MOYKET IPUBOJUTH K BOZHUKHOBEHUIO TOBPEXKICHUN B
KOHCTPYKIUSAX C OOJIMIIOBKOM M3 TOHKHMX KPYMHO(POpPMATHBIX IUIUT U3 (udbpornemenrta (puc. 1).
OuOpOIEMEHTHBIE IUIUTHI - 3TO OOJIMIIOBOYHBIE M3JIENHUs, MaTepuan KOTOPbIX COCTOUT U3 85-
90% uementa u 10-15% wMuHepanbHBIX J00aBOK U (GUOPHl — UEIUIIOJIO3HBIX MU
CHUHTETHUYECKUX BOJIOKOH, KaK apMHPYIOLIEr0 KOMIIOHEHTA, MPUIAIOIIEro MPOYHOCTh Ha U3THO.
Takxe B cocTaB (PUOPOLEMEHTHBIX IUIUT BXOJAT TUAPOPOON3aTOphl — 100aBKH, OJHOBPEMEHHO
3alllMIIAl0IIME MaTepual OT BIUTBIBAHMS BJard M IO3BOJSIOLIME €My «AblaTh». CHapyxku
IUTUTHI UMEIOT aTMOC(EPOCTONKOE TTOKPBITHE.

B kauecTBe mpuMmepa MOryT ObIThb HpPUBEICHBI PabOThI MO OOCIEIOBAaHHUIO Hapy>KHOU
OOJIMIIOBKM KOMIUIEKCA 3/aHui, Bo3BeaeHHOro B 2020 roxy. XKumoil KOMIUIEKC TPEICTaBIseT
coboit rpynny u3 10 crpynnupoBaHHBIX MOMAPHO BBICOTHBIX JKHIIBIX 37AaHUHM, 00BEIMHEHHBIX B
eAMHbIA apXUTEKTYpHBIM 00beM. MakcumanbHas oOTMeTKa 3AaHusi coctaBiusier +129.0 m
(oTMeTKa Bepxa rapariera 3/1aHus), BBICOTa THIIOBOTO 3Taxa — 3.150 m.

KoHcTpykTuBHas cxema 34aHMN KOMILJIEKCA KapKacHas, HECyllHe KOHCTPYKIHMH
BBIIIOJIHEHBl W3 MOHOJUTHOIO ’kene300eroHa. HapykHble orpaxiaromme CTEHOBBIE
KOHCTPYKIUHU BBITIOJHEHBI C MPUMEHEHHEM HAaBECHBIX (pacaJHbIX CHCTEM U OOJUIIOBOYHBIX
U3JIeNuil pa3IMyHbIX pa3mMepos (puc. 1).
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il i

Pucynok 1 — O6mwmii Bug o6bexTa 00cine1oBaHust ¢ OOIUIIOBKON (hacaioB U3 TOHKHX
KpynHO(OpMaTHBIX (HUOPOIIEMEHTHBIX ILITUT

Figure 1 — General view of the examination object with fibrocement slabs

IIpu yctpoiictBe (acanoB 3maHuii mpUMEHEHbI KpymHodopmatHbie (GUOpPOLIEMEHTHBIE
IUTATHI ¢ MakcuMalbHbIMU Tabaputamu 110 2130 x 1315 (H). [IpumensieMbie MIUTHI TOIMUHON 8
MM Ppa3UYHBIX OTTEHKOB O€J0ro, Ceporo, OpPaHKEBOT0, KpPacCHOTO M YEpPHOrO IIBETOB.
Kpenuienue T BHINOTHEHO ¢ MPUMEHEHHWEM BEPTHKAIBHBIX HAIPABISIIOIIUX U3 mpoduei -
u C-ob6paznoro nomnepeunoro ceueHusi ¢ pazmepom 40 x 40 x 1,2 mm. Cxema KperaeHUs TUIAT
IpelycCMaTpUBaeT YCTAaHOBKY 10 4 (UeThlpex) HampapBisSIOUIMX O JUIMHE IUIUT B Cly4ae ee
TOPU30HTAJILHOTO PACIOJIOKEHUs. 3aKpenjeHne OOJIMIIOBKU BBINOIHIOCH 3aKJIENKaMH 4Yepes
MJIACTUKOBYIO THJIB3y, B COOTBETCTBHM CO CXEMOW, KoTopas Obula pa3paboTaHa
MPOU3BOIUTENSIMUA OOJTUIIOBKY JJIS TUTUT, BBITMTOJIHEHHBIX U3 6a30Boro (6enoro) mpera.

B coorBercTBUM ¢ JoKyMmeHTanuedl Ha (UOPOLEMEHTHbIE IUINTHI, LEHTPAIBHOE
KpeIyIeHHEe IJIMT — HEMOABIKHOE, Jajiee 3aKperyieHHhe OOJUBOYHON IUIUTHI BBIIOJHSETCS IO
4acOBOM CTpEJNIKE C BO3MOKHOCTBIO IEpEMEIEHUs P AePopMalisax MaTepraia OTHOCUTEIbHO
HEMOABIKHON TOUKH KperieHus. [Ipu 3Tom 1uamMeTp oTBepCTHs B IJIMTAX B IMOJBHKHBIX TOUKAX
KpEIUIeHHUs JIOJDKEH IMpeBBIIaTh JUaMeTp BTYJIKH Juisi OOecneueHuss KOMIIEHCalluu
TeMIIepaTypHBIX AehopMaruii u3aenui.

[Ipu ocmoTpe dacaaHbIX KOHCTPYKLUUN B JIETHUI NEPUO MIPU HAarpEBaHUU MTOBEPXHOCTH
Ha (acajax 3/1aHUS OBLIM BBISABIEHBI MOBPEXKIACHUS IUIUT NMPEUMYILECTBEHHO TEMHBIX I[BETOB
(puc 2).

Ha y4acTkax moBpexaeHnii MOKHO ObIJI0 HAOJII0AaTh THUIOBBIE JePeKTH (pUC. 2): CKOJIBI
(¢bparMeHTOB OOJMIIOBOYHBIX IMaHedel, KopoOaeHHe OOJMIOBOYHBIX IUIMT YEPHOTO U TEMHBIX
I[BETOB C BU3Y&JIbHO OIPEAEISEMBIM BBIIYYMBAHHUEM B CTOPOHY YJIMIIBI, TOPU3OHTAJIBHBIE U
BEPTUKAJIbHBIE TPEIIUHBI, MNPOXOJAIIME Yepe3 DJIEMEHThl KpEIUIEHHS IUINT OOJIULIOBKH,
HaKJIOHHbBIE TPELUHBI, IPOXOISIINE Yepe3 BEpXHUE U OOKOBBIE 3JIEMEHTHI KPETIJICHHUS.

[IpyurHaMu TOBPEXACHUN SBIAIOTCS OMIMOKH TNPOEKTHUPOBAHUS M HApYyLIEHUS IpH
IPOBEICHUH CTPOUTEITHLHO-MOHTAXKHBIX paboT B MpoIlecce MOHTaKa KOHCTPYKLUHM ¢ 00JIHIIOBKOM
U3 KpynHo(opMaTHbIX IIUT U3 ¢pudbporementa. MccnenoBanus paboThl 0OIMIIOBOYHOIO CIIOS U3
VAT OOJIBIIMX pa3MEpoB B COCTaBE HABECHOM (pacagHON CHCTEMBbl HE IPOU3BOAMIIKCH,
MIPOEKTUPOBAHHUE OCYIIECTBIISUIOCh HA OCHOBE THUIIOBBIX PEHICHUN NJISi MEIKOPa3MEPHBIX IUIMT.
HayuHo-TexHHYECKOE CONpPOBOKIEHUE NPOEKTUPOBAHHUA M  CTPOUTEIBCTBA TAaKXKE HE
OCYIIECTBIISIIOCh. B pe3ynbTare, He ObUTH yUTEHBI 0OCOOCHHOCTH HOBOU (pacaiHON KOHCTPYKIINH,
HEBEPHO BBHINOJIHEHA PACCTAHOBKA Je()OPMAIIMOHHBIX IIBOB B IMOAKOHCTPYKLIHMAX M OOJUIIOBKE,
MPUMEHEHBI 3JIEMEHTBI TOJKOHCTPYKILIUU, CXEMBI M Y3JIbl KPEIUJICHHsI, KOTOPbIE HE IPUTOAHbI AJIs
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o0bekTa. Pazmepsl 0OMUIIOBKH MPEBBIIAIOT pa3pelieHHbIe, Oe30MacHas SKCIUTyaTalus KOTOPIX
HOJTBEPAK/I€HA SKCIIEPUMEHTAIIBHO.

o

Pucynok 2 — Jlepextsr kpynmHOpOpMaTHOH 00IUIIOBKY U3 GUOpOIIEMEHTa
Figure 2 — Defects of large-format fiber cement cladding

OcHOBHOE BIIMSIHHE Ha TIPOIECC JePOPMUPOBAHUS U 00pa30BaHUs TPEIIMH B OOJIUIIOBKE
OKa3aJl LIBET U3JENHUsl.

Haunbonpmiee konmuecTBO Ae(PEKTOB B BUJAE TPEUIMH BBIABICHO Ha (PHOPOLIEMEHTHBIX
TUTUTAaX OTTEHKOB TEMHBIX M SPKUX LIBETOB (YEPHOTO, CEporo M kpacHoro). [ToBpexaenuii mimr
CBETJIBIX TOHOB MPAKTUYCCKH HE OOHApY)KEHO. B MPOICHTHOM COOTHONICHWH KOJUYECTBO
MOBPEXKACHHBIX YEPHBIX TUIMT OT OOIIEro YMcia MOBPEXKJIEHUH COCTABISAIO, OPHEHTUPOBOYHO,
70%, xpacubix TOHOB — 20%, cepbix ToHOB — 10%. [loBpexaeHHe MIUT CBETIBIX TOHOB
cocraBisuio MmeHee 1% .

[TpoBeneHHBIC TAOOPATOPHBIE WCCIICOBAHMS TI0 OMPEISIICHUI0 (PU3NKO-MEXaHUISCKUX
MoKazarenei OONUIIOBOYHBIX TUIUT U3 (GuOpolieMeHTa MOATBEPAUIN MPEANON0KEHUs, KOTOPhIE
ObLTH C(hOPMYJTHPOBAHBI TI0 pe3yiIbTaTaM aHAJIM3a MPOEKTa, Ha OCHOBAHWH JOKYMEHTAIMH Ha
MPUMEHSIEMbIE MaTepPHAIIbI H BU3yaJTbHOTO OCMOTPA BO3BEACHHBIX KOHCTPYKIIHMA.

[lo pesynpraTam wucnbeITaHUd 00pa3lOoB (UOPOLIEMEHTHBIX IUIUT, IHPOBEICHHBIX B
naboparopun 00cleIOBaHUS U OOECIEYCHHs JIOJITOBEYHOCTH OETOHHBIX U KeJIe300€TOHHBIX
koHcTpykimi  HUMXB wum. A.A. TI'Bo3meBa ompeneneHbl TOKa3aTeld  IUIOTHOCTH,
BOJIOMOTJIONICHHUS, IPOYHOCTH MIPU U3TUOE, TOPUCTOCTH U MOPO30CTOMKOCTH.

[loaroroBieHHble K MCHOBITAHUSIM O00paslbl HWMENH CIEIYIOIIUEe TE€OMETPUYECKUE HU
[[BETOBBIC XapaKTEPUCTUKH:

- 50 MM X 50 MM X 8 MM — 7 mT. (Oembie);

- 70 MM X 70MM x 8 MM — 9 T, (OembIe);

- 70 MM X 70MM X 8 MM — 12 mIT. (4epHBbIe);

- 100 MM x 220 MM X 8 MM — 18 IT. (UepHBIE).

Jlo McnbITanus 00pasiibl XPaHWINCh B 1a00PaTOPHBIX yCIOBHAX mpu Temmeparype 20 °C
U OTHOCUTENBHOU BiaxkHoctu 70%.

[InoTHOCTH, BOMOMOIJIONIEHHE, TpeAeN TMPOYHOCTH MpU H3rHde, MOPO30CTOMKOCTh
MIPEJICTABICHHBIX 00PAa3IlOB OMPEICISIIUCh CTAaHIAPTHBIMU MeToJaMu B cooTBeTcTBUU ¢ [10]. 3a
IUIOTHOCTh NPHUHUMAJIOCh CpeaHeapu(MeTnyeckoe 3HaYeHHE pe3yJbTaTOB HCIBITAHUA CEMHU
0o0pa3ioB. Pe3ymbrarhl UCHBITAHWUN 1O OMPENCICHUIO TpefeNia MPOYHOCTH TPU H3TUOE TIO
cpenHeapu(PpMeTHIeCKOMY 3HAUCHHIO — M3 IIIECTH 00Pa3IoB.
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[To pe3ynbraTam MpPOBEACHHBIX JAOOPATOPHBIX HCHBITAHUN TOITYYEHBI CIIEAYIOIINE
pe3yJbTAThI:

- IUIOTHOCTH MaTepHalia o6pasioB (Bcex 1BeToB) — 2180 kr/m’;
- BOJIOTIOTJIONIEHUE OeNbIX 00pa3ioB — 8,8%, yepHbix — 12.3%;
- IPOYHOCTh Ipu M3rude — 22,9 Mlla;

- Mopo3ocTorkocTh — F150.

XapaKTepHCTUKH, MTOTyYSHHbIE TI0 pe3yabTaTaM UCIBITAaHHH, B I[EIOM, COOTBETCTBOBAIIN
3asBJICHHBIM IIPOM3BOJMUTEIEM B IHACIOPTHBIX JAaHHBIX Ha wu3aenus. OJHako, JaHHBIE,
NPUBEJCHHbIE B IACMOPTaX Ha MapTUH, HE AU(B(EepPeHIUPOBAHBI MO I[BETOBOMY pEIICHUIO
0OJIMIIOBOYHBIX TUTHT U3 (GUOPOIIEMEHTA.

VYuuteiBas cnennpuky o0beKTa, ObUIO MPUHITO PEIICHHE O MPOBEIECHUH Ja00paTOPHBIX
UCTBITAHUN 10  ONpEeAENeHHI0  KO3(p@UIMEHTa TEmIoBOr0 JMHEHHOIO  pacIIMpeHus
(UOPOLIEMEHTHBIX TUIMT pa3HbIX IBeTOB. C LENbI0 ONpeAeNeHHs HCXOAHBIX ITaHHBIX IS
HOCJEAYIOIMX BBIYMCICHUH BEJIWYMHBI TpeOyeMoro mapamerpa HpPOBOAWIMCH 3aMephl
TEMIIepaTypbl HarpeBa YKCIEPUMEHTAIBHBIX 00pa3ioB (GHOPOIEMEHTHBIX TUTUT B JTAOOPAaTOPHBIX
YCIIOBHUSX.

JlaGopaTopHbIe MCIBITaHUS MMPOBOAWINCH Ha 0Opa3max ((pparMeHTax), BHITUICHHBIX U3
LEJIBHBIX (UOPOILIEMEHTHBIX IUIUT, CIAEAYIOIUX Pa3MEpPOB:

- 8 MM x 40 MM % 160 MM — 6 mT. (Oenbie);
- 8 MM X 40 MM x 160 MM — 6 IT. (KpacHbIE);
- 8 MM X 40 MM x 160 MM — 6 IT. (4epHBIC).

B xoze mpoBeneHust 1abopaTOpHBIX HCCIIEOBaHUI BCe 00pa3Ilbl HArPEBAIHCH 10
90-95°C B cymmibHoM mmkady. Janee HarpeTbie 00pasibl GUKCHPOBAINCH HA J1aGOPATOPHOM
mratuBe. OAuH KOHel 00pa3IoB ONMUPAJICS HAa TOPU3OHTAIBHYIO IUIMTY IITaTHBA, HA JPYrou
KOHell 00Opa3loB YCTaHABIMBAJICA HMHJIMKATOP YAaCOBOTO THUIIA M ONPEAEsUIOCh H3MEHEHHE
pa3mepoB 00pa3IoB MO JTMHE, IUPUHE U ToJIUHE (puc. 3—4).

o 4+
24l 8004

3/03.22r

Pucynox 3 — O6mmii Bua 00pas3ioB GuOPOIEMEHTHBIX IJTUT KPACHOTO IIBETA JI0
VCTBITAaHUU C JINIIEBOW OBEPXHOCTH

Figure 3 — General view of samples of fiber cement slabs of red color before
testing from the front surface
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Pucynok 4 — O6mmii Bu 00pa3IoB B Mporiecce onpeaeiacHus ko3 uirenra TermoBoro
JUHEHHOTO PACIIUPEHUS MO JITTHHE

Figure 4 — General view of samples in the process of determining the coefficient of
thermal linear expansion along the length

[To pe3ynbpTaram J1aOOPATOPHBIX MCIBITAHUI BCIIEACTBUE TEMIIEPATYPHOTO BO3JCHCTBUS
Ha (pparMeHThl (HUOPOIEMEHTHBIX IUIMT CAETaH OCHOBHOHM BBIBOJ O TOM, YTO KO3(PHUIMEHT
TETUIOBOTO JIMHEHHOTO pACHIMPEHUsT HCHBITAHHBIX O00pa3IoB IO TOJIIMHE MPEBHIIIACT
KO3(PUIIMEHT TEIIOBOrO JIMHEHHOTO PaCIIMPEHUsI UCTIBITAHHBIX 00pa3LOB M0 AJIMHHOM CTOpOHE
B 1,5-1,8 paza. Takoit pazOpoc 3HaueHuit KOd)PHUIIMEHTA TEIIIOBOTO JTMHEWHOTO PACIIUPEHUS
IUTUT MOXKET WHUIIMUPOBATh UX KOPOOJEHHE U pacTpecKuBaHHe. MaKkcuMabHbIM K03 duimeHt
TEIIOBOrO pacIIMpeHust oOpasnos mo Ttommmue coctasun 19,5x10° K, urto mpessimaro
yKa3aHHbIE B TEXHUYECKOHN TOKyMEHTALlUU JIaHHbIE TIPOU3BOIUTES IIJIUT B 2 (J1Ba) pasa.

Kpome Toro, mpoBOAMIMCH HCHBITAaHUS IO ONPENEIIEHUIO TEMIIEpaTyphl HarpeBa
MOBEPXHOCTU M3JeNUN U3 (PUOPOLIEMEHTHBIX IUIMT B 3aBUCHUMOCTHM OT I[BETOBOM TI'aMMBbI MpHU
COBMECTHOM BO3JCHCTBUU TEMIIEpPAaTyphl OKPY)KAIOIIErO BO3/yXa, BIAXHOCTU M COJIHEYHOMN
panualnyy B €CTECTBEHHBIX YCJIOBHUAX OKpyKaromied cpenbl. bbulo mpousseaeHo nopsaka 150
WU3MEPEHUN.

OnbIThl BBINOJHSJIUCH B TeYeHHE HMosg-aBrycta 2022 roma, mpU CpeIHUX THEBHBIX
Temiieparypax HapyxkHoro Bosayxa +30 °C. Ilo ganubiM moprana Iloroga B Mockse
MaKCHMaJIbHOE CPEIHECYTOYHOE KOJIMYECTBO COJTHEUHBIX YacoB B uiose cocrapiseT 10.3 yacos -
YCpEAHEHHOE KOJMYECTBO YacOB 3a JIeHb, B TEUEHHE KOTOPBIX MpPSIMbIE COJHEYHBIE Jy4yu
JIOCTUTAIOT TIOBEPXHOCTHU 3eMiid. OrpesiesieHne TeMreparypbl MOBEPXHOCTH BBIMOJIHSIOCH ¢ 10
4acoB yTpa 70 18 4acoB Bedyepa ¢ MOCTOSTHHBIM BPEMEHHBIM HHTEPBAJIOM.

B mpouecce 00paboTKM 3aMepOB YCTAHOBJIEHO, YTO HE3AIIMIIEHHBIH OT COJIHEYHBIX
Jayuel Tepmomerp Harpesaics a0 +48 °C, a TepMOMETp, 3allUINEHHBIA OT COJHEYHBIX Iydeit
4epHOIT BETOIIBIO, HATPEBAICS Ha 7 rpaaycoB Bbime — 10 +55 °C.

TemnepaTypa HarpeBa NoBepxHOCTH (HUOPOLEMEHTHBIX IUT OMpEesiach Ha oOpa3iax
(pparmenTax) U3 LENbHBIX IUTUT, UCTIOIb3YEMbIX Ha 00BEKTE CTPOUTENIHCTBA.

Jlnist ipoBeIeHNsI MCIIBITAHUH 3aKa34MKOM OBUTH TIPEJICTABICHBI CIEIYIONINE BA BHIA
00pa3sIos:

- obpazer Nel, RAL 9011 (uepnsrit) pazmepom 597 mm x 1002 MM x 8 mm;
- oOpazen; Ne2, RAL 8004 (xpacHsrii) pazmepom 430 mm x 1002 MM x 8 MM.

CreuuanucraMd C TOMOUIbI0 TEPMOTUTPOMETpa H3MepsAiach TeMIlepaTypa Harpena

MOBEPXHOCTH (PUOPOLIEMEHTHBIX IUIUT B TpEX TOYKaxX IO JjIuHE 00pas3ioB (puc. 5). B Teuenue
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JHS TeMmIeparypa U BIQKHOCTh OKPY)KAIOIIErO0 BO3/AyXa 3aMEpsUIMCh IpU  [OMOILU
MH(PPAKPaCHOTO TEPMOMETpA.

Pucynoxk 5 — OOmuuii Bus1 00pa3iioB BO BpeMs OIPEICIICHUs] TEMIIEpaTyphl HarpeBa
MOBEPXHOCTH TLJIUT

Figure 5 — General view of samples during tests to determine the heating temperature of
the surface of the plates

XapakTepHble pe3yibTaThl ONpPEAETICHUs TeMIepaTyphl HarpeBa MOBEPXHOCTH 00pa3lioB
u3 (MOPOLIEMEHTHBIX IUTUT JBYX LIBETOB NpHUBeIeHbI B Tabmuie Nel.

Tabmua Nel
No H T Bura- Temmnepatypa I
o I[aTa 0Mep " 1BET BpeMﬂ eMﬂepaT?)'pa HOCTH HOBerHOCTI/l, OroaHbIe
n/n o0pa3ua Bo3ayxa, C BO31yXa, °C yca0BuA
%
1| 2 3 4 5 6 7 )
1 825‘1{;;& L1530 48.87 CoHeuHO
30.30 49.90
2 | oe. gngHE%L 8004 11.30 4237 CoNHeqHO
07.
3 | 2022 825‘1{;;& L1550 37.77 OG0
29.80 44.65
4 822};2H1;%L 8004 13.30 34.97 O6magHo
5 | o7, 822}{1,1?1)& 1T 1500 57.47 Conteuto
07. O6p.2 RAL 8004 33.00 38.45
6 | 2022 (<pacri) 15:00 48.43 ConHeuHo
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Baaxk-
Ne Jara Howmep u uBer Bpewmst TeMHepaT)ofpa HOCTh :sr;)eflf:c};p; IMoroannie
n/n o0pa3ua Bo3ayxa, C BO3/1yXa, oC YCJI0BHUA
%%
1| 2 3 4 5 6 7 8
7 gzg;ime\L W1 1610 39.03 O61a9Ho
31.60 38.10
8 g(gngEfAl)L 8004 1 16:10 35.90 O61a9Ho
9 gngLI%AL W11 15.10 61.63 | Comneuno
32.65 28.95
10| 16. angHiﬁA)L 8004 1 15.10 5123 | Comneuno
07.
11 | 2022 aigﬁilgf‘L 1690 42.83 O6naumo
31.45 29.45
12 O6p.2 RAL 8004 | 4.9 40.03 O6auHo
(KpacHblii)
13 azghilgf‘L LT 1550 62,73 CoNHEUHO
33,20 21,20
14 | 24. agngE%L 8004 12:50 53,70 CoaHeuyHo
08.
15 | 2022 ggiﬁilg)AL 2011 13:50 67,73 CoJiHeuHO
33,40 21,60
16 O6p.2 RAL 8004 | 5.5, 57,47 COoNHEUHO
(KpacHblii)
17 (?gg'HiH;R)AL 0T 11.00 4417 | Comneuno
30,60 30,10
18 ﬁiﬁfﬁ?f 8004 11.00 3840 | Commeuno
19 | 25, aigﬁllg)AL 1T 1530 6627 | Comneuno
08. 1 56p.2 RAL 8004 32,60 23,30
20 | 2022 (xpacHbrii) 12:30 56,30 CotHeuHO
21 (Oqig;{ilg)AL 2011 14:20 64,70 CoaHe4Ho
33,00 23.80
22 8(?)2;%14 8004 14:20 54,93 CoaHeuyHo

[lo monmyuyeHHBIM 3HAUYEHHSAM TEMIIEPATypbl HarpeBa MOBEPXHOCTH (PUOPOLIEMEHTHBIX
IUTUT Pa3HBIX LIBETOB B 3aBUCHMOCTH OT M3MEHSAIOLICHCA B TE€UEHHE JHS TeMIIepaTyphl BO3AyXa
MOCTPOEHBI rpapuuecKue 3aBUCUMOCTH (pHC. 6).
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8:24 9:36 10;48 12:00 13:12 14:24 15:36 16:48 18:00 1912 T1,4ac
—06.07.22 (YEPHbIN) +07.07.22 (YEPHbIN) +16.08.22 (UEPHbIN) ©24.08.22 (YEPHbIN) -25.08.22 (YEPHbIN)
—06.07.22 (KPACHbI) ~ +07.07.22 (KPACHbI) ~ +16.08.22 (KPACHBIA)  --24.0822 (KPACHBI)  --25.08.22 (KPACHBIV)
*  Ilpumewanue: Ha TpapuKax M3MEHEHHS TEMIIEPAaTyphl MOBEPXHOCTH OTMEYCHBI
MaKCUMaJIbHbIE 3HAYECHHS TEMIIEpATypa HApY>KHOTO BO3/lyXa B TCUEHUHU JHS

Pucynok 6 — I'paduk u3MeHeHUs TeMepaTypbl HarpeBa MOBEPXHOCTH (PUOPOLIEMEHTHBIX IIITUT
YEPHOTO U KPACHOTO LIBETOB B 3aBUCUMOCTH OT TEMIIEpaTyphl OKPYKAIOIIET0 BO3/1yXa B TEUEHUE
CBETOBOI'O JHS.

Figure 6 — Graph of changes in the heating temperature of the surface of fiber cement slabs
depending on the ambient temperature during daylight hours.

[Ipn ompeneneHHbIX MOTOJHBIX YCIOBUSAX TpapUuecKhe 3aBUCHUMOCTH B BHJE JIMHUM,
COEMHAIOIIUX 3HAYEHUS TEMIepaTyp B TOUKaX 3aMEpOB MMEIOT XapakTepHble (pOpMbI. AHAIN3
pe3y/bTaToOB 3aMEpOB IO3BOJSIET OTMETUTh, YTO MpU OOJa4YHON Moroje, MpU OTCYTCTBUU
IPSIMOTO BO3JIEHCTBHS COJIHEUHBIX JIydell Ha TOBEPXHOCTh 00PAa3LIoB TeMIlepaTypa MOBEPXHOCTH
(GuOPOIIEMEHTHBIX IIUT COOTBETCTBYET TEMIEPATYpPE OKPY’KAIOLIEro BO3JyXa WM IPEBHIIIAET
ee He Oonee yem Ha 30 %. B kapKkyi0 COJHEYHYIO TOTOAy TemIleparypa IHOBEPXHOCTH
SKCIIEPUMEHTAIIBHBIX 00PA3I[0B MPEBBIIIAET TEMIIEPATYPYy OKpPY)KAIOIIEro BO3yXa B JIBa pa3za —
Ha 100 %. Tak, mo pe3ynpTaTaMm 3aMepoB, TeMIIepaTypa MOBEPXHOCTH YepHOro oodpasua Nel mpu
WHTEHCUBHOM BO3JICCTBUU COJHEYHBIX JIy4€d TOCTHUIJIAa BEIUYUHBI 67 °C (mpu TemrmepaTtype
OKpY’Karolero Bozayxa 33, 4 0C). [Ipu 3TOM OTHOCUTENBHAS BIAXXHOCTH BO3/lyXa HE OKa3bIBAECT
CYILIECTBEHHOTO BIUSHUS Ha TPUBEJCHHbIE BEJIMYUHBI TemIeparyp noBepxHocTu. Cremyer
OTMETHUTh, YTO, UCXOAS U3 IKCIEPUMEHTAIbHBIX JIaHHBIX, MOBEPXHOCTh IJIUT TEMHOIO IIBETa
HarpeBaetcs Ha 15-20% cuiibHee, 4eM OBEPXHOCTH TUIUT KPAaCHOTO OTTEHKA.

B kapkyio JETHIOIO TMOrojay TeMIlepaTypa IOBEPXHOCTH OOJIMIIOBOYHBIX W3/EIUN
YEpHOTO I[BETa 3HAYUTENbHO MOBBIIIAETCA 3a CYET OOJIBLIEr0 MOTJIOUICHHS TEIUIOTHI MPsIMON
comHeYHON panuaruu. [Ipu mepeMeHHO# o0mayHOCTH (PAacCessHHON COJMHEUHOUN pagualivim)
MPOUCXOIUT CHIKEHHE TeMIlepaTyphl IMOBEPXHOCTH O0O0paslioB BIUIOTH [0 BEJIUYUHBI
COOTBETCTBYIOIIEH TeMIIepaType OKpYy>Karollero Bo3ayxa. Temmeparypa moBepXHOCTH 00pa3IoB
COOTBETCTBOBAJIa TEMIIEpAaType OKPYXAIOIIero BO3AyXa IpU MepeMeuleHHH o0pa3loB B
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3aKphITOE TOMEIICHUE CO CTALMOHAPHBIM TEMIIEPATYpHBIM PEXHMOM (Ha rpaduke — KpaiiHHe
JIeBble TOYKHM 3aMEpPOB TEMIIEpaTypbl MOBEPXHOCTH OOPA3IOB B KPHITOM IIPOU3BOJCTBEHHOM
MOMEIICHUH IIPU TeMIIEpaType OKPYKAIOIIEro Bo3ayxa 25 0C).

TemmepaTypa MOBEpPXHOCTH HCHBITYEMbIX OOpa3lOB 3aBUCUT OT BHJA COJHEYHOM
pamuanyy, BO3JCHCTBYIOIIEH Ha TMOBEPXHOCTh IUIMT W3 (UOPOIEMEHTa: YepHbIE IUIUTHI
aKTHBHEE MOTJIOUIAIOT COTHEYHBIE JTYyYH U CUJIbHEEe HarpeBalOTCs, YeM KPACHBIE IITUTHI.

Ha ocHoBe mnpoBeneHHBIX 3aMEpPOB HEOOXOAUMO CJeNaTh BBIBOJ O TOM, YTO IMpHU
MIPOEKTUPOBAHUU METAJIMYECKOH  TMOJKOHCTPYKIMHM W HA3HAYEHUHU  BEIUYHMHBI
KOMIICHCAIIMOHHBIX 3a30pOB B y3JlaX KPEIUICHUH JOJDKEH YYHUTBHIBATHCS HE TOJILKO MAcCIITAOHBIH
dakTop (UIMHA, IMMPUHA W TOJIIMHA OOJMIIOBOYHBIX IUIUT MPU TOCTOSHHOM KO3(dUIlUeHTe
TEIUIOBOTO PACIIMPEHUs, YCTAHOBJIEHHOI'O IIPOU3BOJAUTENEM ILIUT), HO U HHTEHCUBHOCTb
BO3/ICICTBUSL COJIHEYHOM paJualiyd Ha OOJUIOBOYHBIC IUTUTHl Pa3IUYHBIX 1LBEeTOB. [lpu
NPOSKTUPOBAaHUH (ACATHBIX KOHCTPYKIUHA C TMPUMEHCHHEM TOHKHUX KPYITHO()OPMATHBIX
OOJMIIOBOYHBIX M3/ETHI CIeNyeT YUUTHIBATh MPUpPAIEHUE TeMIIepaTypbl OOIMBOYHBIX IUIUT 32
CYET IOTJIOLIEHUS TEIUIOThl COJHEYHOM pajguanuu, Ipd 53TOM YYUTHIBaTh, 4YTO IIBET
MOBEPXHOCTH, TUIl TOKPBITHS MPU OJHOM M TOM >Ke 0a30BOM Marepualie OKa3bIBaIOT
ONpejeNsollee BIUSHUE Ha YBEIMYEHUE TeMIlepaTypbl INpu dKciyarauuu. Kpome Toro,
ClelyeT YYUTHIBATh BIMSHUE TEIJIOBOTO M3JIYUCHHUS OT PACIOJIOKEHHBIX B HEMOCPEICTBEHHON
0JIN30CTU HJIEMEHTOB MOKPBHITHS NapareroB, OTKOCOB OKOHHBIX MPOEMOB U T.II. JIEMEHTOB
JIeKopa, TeMIlepaTypa HarpeBa KOTOPBIX MOKET OBITh 3HAYMTENLHO BBIIIE, YeM OOJIMIIOBOYHOTO
CIIOS1.

VYka3aHHOE€ B HACTOAILIEE BpeMsl HE YYHUTHIBAETCA B IPAKTUKE IMPOEKTUPOBAHUS U
cTpouTenbeTBa. [Ipom3BoguTeNnu IUIMT, KaK MNPaBUIIO, OMPEIENSIOT MHapaMeTpbl U (U3UKO-
MEXaHUYECKHE XapaKTEPUCTHKH 0a30BOro Marepuana, 0e3 ydera TeOMETPHUYECKHX DPa3MepOB
U3JIeNHiA, He BIAJCIOT JaHHBIMU O BIUSHUHM PACCMOTPEHHBIX B HACTOSIIEH cTaThe (haKTOpPOB Ha
u3MeHeHne (GOpMbl CBOEH MNPOAYKUUMU — OOJIHMIIOBOYHBIX KPYMHO(OPMATHBIX IUIUT HpU
3HAUUTENBHBIX Tepenagax TeMIepaTypbl MOBEpXHOCTU 00pa3noB. [logoOHbIe OIEHKH BIMSHUS
HarpeBa MOBEPXHOCTH OOJIMIIOBOYHBIX IJIUT U3 (PUOPOLIEMEHTA Pa3IUYHbIX Pa3MEPOB JOJIKHBI
BBITIOJHATBCS B TpOIECCe MPOCKTUPOBAHUS C YYETOM TMPUHSATOW IIBETOBOM TaMMBbl
OOJMIIOBOYHBIX IIJIMT, B TOM 4YMCJIE Ha OCHOBE ucHblTaHui. Kpome TOoro, y4umrteiBas, 4ToO
OONUIIOBOYHBIE TUIMTHI 3aKPEIJISIOTCS K METAIMYEeCKOMY KapKacy, MPOEKTUPOBAaHUE
MOJAKOHCTPYKIIMKM JOJKHO OCYIIECTBIISITHCS C YYETOM COBMECTHOW pabOTHI C OOIHIIOBOYHBIM
CloeM, HampuMep, He JOMYCKaeTCs CMEIICHHE «HETMOJBMKHBIX TOYEK» KperieHUi
OTHOCUTEJIbHO TI'€OMETPUYECKOro IeHTpa IiauT. [lauTel nomkHBl 00JanaTh JAOCTAaTOYHOMN
JKECTKOCTbIO, YTOOBI HCKJIIOYATh TMOMEPEYHbIH M3TUO TMpU TEeMIEPATypHBIX BO3ACHCTBUSX.
KomneHcanonHbie 3a30pbl JODKHBI MPUHUMATBCA C YYETOM TEXHOJOTHMHU BEJCHHUS MOHTaXKa
dacana, UCKIIIOYATh «3aKyChIBaHUE» TUIAT B y3JaX KpeIJICHUH, HapuMep, 3a CUeT MPUMEHEHHS
OTIOPHOM TUTAHKW BMECTO THITOBBIX TOUEYHBIX KPETUICHHM.

3akJjao4eHue:

1. [To pe3ynpTaTam MpOBEIEHHBIX PabOT YCTAaHOBIIEHO, YTO MPU MPOEKTUPOBAHUU U
BO3BE/ICHUU (pacaTHBIX KOHCTPYKIUN HE YUUTHIBAETCS COBMECTHAsl paboTa OOIHUIIOBOYHOTO CIIOS
(acaoB 31aHUI ¥ HECYITHX METAJUIMIECKUX TTOAKOHCTPYKIHA. [Ipr OTCYyTCTBUM KOMILJIEKCHOTO
MOJX0/1a IKCIUTyaTal[MOHHAs HaJeKHOCTh (hacaJHbIX KOHCTPYKIMU He Oyner obecriedeHa B
CBSI3U C OTCYTCTBHEM OIBITA IIPOCKTUPOBAHUS U CTPOUTEIHCTBA HETHITOBBIX (DacaJlHbIX CHCTEM.

2. Bonbiast BapuaTUBHOCTH OOJUIIOBOYHBIX 3JIEMEHTOB, HOMEHKJIATYpa KOTOPBIX B
nocjaeHee BpeMsl 3HAYUTEIbHO PACHIMPSETCS, HE MOXET OBITh ydTeHa Kak pa3paboTYHKaMu
HaBECHBIX (hacaHBIX CHCTEM, TaK U OpraHaMH, OCYIIECTBIISIOIINMHU KOHTPOJIb MPOEKTUPOBAHHUS,
CTPOUTENbCTBA, CepPTU(PUKAINKM, OSKCHEPTHBIM cooOmecTBOM. Bompocsl MexaHM4ecKOn
0€30MaCHOCTH PACCMOTPEHHBIX B HACTOSILIEH cTaThe KOHCTPYKLUH, TOHKUX KPYIMHO(OPMaTHBIX
OOJIMIIOBOYHBIX W3AENUKA U3 (PUOpOIeMEHTa B COCTaBE KOMOMHHPOBAHHBIX KOHCTPYKITUH
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JIOJIKHBI pacCMaTpUBAaTHCS B paMKaxX Hay4HO-TEXHUYECKOTO COIIPOBOXKIEHUS IIPOEKTHPOBAHUS U
BO3Be/IeHUS (acaJHbIX KOHCTPYKLIMI, B TOM YHCIIE B CEHICMOOINACHBIX paiioHax.

3. OCOOCHHOCTBIO O0BEKTa CTPOUTENBCTBA, TMOMJIEKAIIEH JIOTOIHUTEIEHOMY
aHaJIu3y MpH NPOEKTHMPOBAHUHU, B TOM 4YMCJE IO pe3yibTaTaM HCIBITaHUH, CIEIyeT CUUTATh
IpUMEHEHHE TPH OOJIMIIOBKE 37JaHUS TOHKUX KPYMHO(OPMATHBIX OOJHIIOBOYHBIX HJIEMEHTOB U3
(GubpolLemMeHTa pa3InyHbIX LBETOBBIX raMM. IIpumeHeHne kpynHo(opMaTHBIX OOJIMIIOBOYHBIX
IUIAT DPa3NUYHOM KOoHUrypanmuu Ha ¢acamax 34aHUEl clIeayeT OTHOCHTh K OOBeKTam
9KCHEPUMEHTAIBHOIO CTPOUTENBCTBA.

4. CrnoxwuBIIeecss MHEHHE O TOM, YTO B (pacaJHON KOHCTPYKIUH, KOHCTPYKTHBHO
pasfeneHHOM  eOpMALMOHHBIMM  IIBAaMM, HUCKJIIOYEHO BO3HHUKHOBEHHE TpEIIMH B
OOJIMIIOBOYHBIX IUTUTAX, TPeOyeT KOPPeKTUPOBKH. TpenmHooOpa3oBaHue MOXKET BOSHUKATh U B
npeenax TeMIEpaTypHbIX OJIOKOB, 4eMy IPUMEpP PacCMOTPEHHBI OOBEKT CTPOUTENILCTBA.
ConHeuHasi paguanus, BO3ACHCTBYIONMAs Ha KPYMHO(GOpPMATHBIE OOJUIIOBOYHBIE KOHCTPYKIINH,
BBI3BIBACT JIOMOJHUTENIbHBIA HarpeB OBEPXHOCTHU U3/EIH, BEIMUYUHA KOTOPOTO B 3aBUCUMOCTH
OT LIBETA MOBEPXHOCTU W3JIEJIHs, THUIA JAKOKPACOUHOTO MOKPBITUS MOXKET AOCTUIATh BEJIUYMH,
HOPUBOAALIMX K OOpa30BAHUIO TPEIIMH, KOPOOJIEHUIO U PACTPECKUBAHHIO TOHKUX IUIUT W3
¢ubpouementa Ha ¢acagax NpH SKCIUTyaTanud. ECTECTBEHHO, YTO TEMHBIE NOBEPXHOCTH
HarpeBalTcs U JepOpMHUPYIOTCS CUIIbHEE, YE€M CBETJIbIe, OJIHAKO KOJIMYECTBEHHBIH aHaIN3
CIIelyeT OCYLIECTBIISITh MPUMEHUTEIBHO K OOBEKTY CTpPOUTENbCTBA. MaKCHUMalbHBIM radaput
JUIsl yCTAHOBJIEHHBIX MPOU3BOAMUTENIEM IUIUT MAPAMETPOB U3JEIUN ClIelyeT Ha3HA4yaTh TAKXKE 10
pe3yibTaTaM UCIBITAHUHN, B Cllydae BBISBICHUS IPU UCHBITAHUSIX W3MEHEHHs (OpMbI U3JeNuil
OPEIIPUHUMATh MEPOIPUATHS 10 TOBBIIIEHUIO JKECTKOCTH W3/ENUsl, COBEPILIEHCTBOBATH
METAJUINYECKYIO MOAKOHCTPYKIUIO U Y3JIbl KPEIUICHUH.

5. [Ipu BBIOOpPE MPOEKTHBIX PEIICHUN, KOTOPHIE COUETAIOT PA3JIMYHBIC IIBETOBBIC
peuieHUss U raGapuThl OOJIMIIOBOYHBIX 3JEMEHTOB, HEOOXOJMMO BBHIMOJIHEHHE KOMILIEKCa
NPEINpPOEKTHBIX paboT, HaNpaBlIEHHBIX Ha OLIEHKY COBMECTHOW pabOThl MNPUMEHSEMBIX
MaTepHajioB B cOcCTaBe (acagHbIX KOHCTPYKIHUH, C y4eTOM apXUTEKTYPHBIX OCOOEHHOCTEH
KOHKPETHOI'0 00BEKTa, TO €CTh C YUETOM a/IallTalluy TUIOBBIX TEXHUUECKUX PELUICHUH K 00BEKTY
IIPOEKTUPOBAHUS C TOCIEAYIOIIMM ITPOBEJEHUEM MOHUTOPUHIA BO3BEIEHHBIX KOHCTPYKIMH U
TEXHUUYECKOT0 OOCITY)KMBaHHS B COOTBETCTBUU C MHCTPYKLUEHN MO AKCILTyaTal|H.
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Teopemuuecxue U IKcnepumernmaiibHble uccieo006anus

KoMmno3uumoHHble MaTEPUAJIbI B YCUJIEHUH KeJI€300€TOHHBIX KOHCTPYKIIHIA:
BU/Ibl, CBOIICTBA, METO/IbI IPOU3BOICTBA
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AnHoTauusi: CTaThs MOCBsIIEHA aKTyalbHON NpoOjJeMe COBPEMEHHOIO CTPOUTENBCTBA —
npobJemMe yCUIIeHHUs )KeJIe300€TOHHBIX KOHCTPYKIINH.

Lenv uccneoosanus: u3yyeHue, aHaiau3, 0000IIEHUE U cUCTeMaTH3alus pa3po3HEeHHON HayyHOH
UHPOpPMALIMK TIO BOIPOCY YCHUJICHHS JKEJIE300€TOHHBIX KOHCTPYKUUH KOMITO3UITMOHHBIMU
MaTepHaJIaMH.

Mamepuanet u mMemoObvl: B CTaTbe aHATM3UPYIOTCS XapPAKTEPUCTHKH PA3IMYHBIX KOMIIO3UTOB,
UCMOJIb3YeMbIX B YCUJICHMM HECYILUX >KeJIe300€TOHHBIX KOHCTPYKIMH. B mporecce paboThi
OBUTM IPUMEHEHBI TAKWE METOJIbI MCCIICOBAHMS KaK aHAIN3, KiIacCU(DUKALUS ¥ CPaBHEHUE.
Hay4yHnas HOBHM3Ha HCCIIEZJOBAaHUS 3aKJIIOYaeTCs B IOMCKe, OOOOLIEHHHM M CUCTEeMaTH3alUH
Ppa3pO3HEHHOM HH(POPMAIIUHU TI0 TEMATHKE PaOOTHI.

Bvi6oo: MeToj yCWJIEHHS JKele300€TOHHBIX KOHCTPYKIMH MaTepuajaMd Ha OCHOBE
YIJIEKOMIIO3UTOB — Haubonee 3()(PEeKTUBHBIA CIIOCOO BOCCTAHOBJIEHMSI HECYIIEW CIIOCOOHOCTHU
HJIEMEHTOB 3aHUS.

KiroueBble cioBa: KOMIO3UTHas apMarypa, IOBPEXKIEHHUS, JAepopMmaliu, YyCUJIICHHE,
0€3011aCHOCTb, KOHCTPYKLIUH, YTIIEKOMIIO3UThI

s uurtupoBanusi: Pummumu B.WM., Ilakynuna FO.A. KommnosunumoHHble Marepuaibl B
YCUJIEHUH KeJIe300€TOHHBIX KOHCTPYKLHMH: BHUJABI, CBOMCTBA, METOJbl IPOU3BOJICTBA.
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Abstract: The article is devoted to the actual problem of modern construction - the
problem of strengthening reinforced concrete structures.

The purpose of the study: study, analysis, generalization and systematization of disparate
scientific information on the issue of strengthening reinforced concrete structures with composite
materials.

Materials and methods: the article analyzes the characteristics of various composites used
in the reinforcement of load-bearing reinforced concrete structures. In the process of work, such
research methods as analysis, classification and comparison were applied. The scientific novelty
of the study lies in the search, generalization and systematization of disparate information on the
subject of the work.

Conclusion: the method of reinforcing reinforced concrete structures with materials based
on carbon composites is the most effective way to restore the bearing capacity of building
elements.

Keywords: composite reinforcement, damage, deformation, reinforcement, construction

For citation: Rimsin V.I., Pakulina Yu.A. Composite materials in reinforcement of reinforced
concrete structures: types, properties, production methods. Farthquake engineering.
Constructions safety. 2022, no. 4, pp. 47-57

DOI 10.37153/2618-9283-2022-4-47-57

BBenenue

C kaxapIM THEM KOJIMYECTBO 3/IaHUI U COOPYKEHMM, KOTOPBIE HYXKIAOTCS B YCUIICHUU
U PEMOHTE HEYKJIOHHO yBenuuuBaeTcsi. OCOOEHHO OCTpO JaHHas CUTyallus OIIyIaeTcss Ha
tepputopun Poccuiickoit ®enepanuu. Kol (oHI, COCTOANMNA U3 MAaCCOBOW 3aCTPONKH
XKene300eTOHHBIMU MHOTOKBapTUpHbIMH JoMamu 70-x — 80-x rr. XX Beka, K HacTOSIIEMY
BpeMeHM oOBeTwIan U TpedyeT peMoHTa. [loMHMO BpeMeHHu CyIIECTBYIOT M HMHbIE BHEIIHUE
(bakTOpbl, KOTOpPBHIE CHIKAIOT HECYIIYIO CIIOCOOHOCTH >Kelle300€TOHHBIX KOHCTpyKIuid. He
BCEr7la BO3MOXKHO YCHUJIEHHME MKEJI€300€TOHHBIX KOHCTPYKIUI TpPaAUIIMOHHBIMU METOJaMH,
TaKMMH KaK TOPKPETUPOBAHKE, UHBELIUPOBAHUE U CO3/IaHUE BHEIIHETO apMUPOBAHUS METAIIJIOM.
B takux cinyyasx €IMHCTBEHHBIM BBIXOJOM MOXET OBbITh BHEIIHEE apMUpPOBAaHUE JIETKUMU U
TOHKMMH KOMITO3UTHBIMM Matepuaiamu [1-14]. B 3apyOexHol nuTeparype TakkKe OCBELIaroTCs
UCCJIEIOBAaHMSI 10 BONpPOCaM YCUJIEHMSI KOHCTPYKIIMM KOMIIO3UTHBIMM  MaTepHallaMi,
obecreunBarOIUMHA He0OX0IMMYI0 0€30MacHOCTh 3/IaHui 1 coopyxkeHuit [15-19].

B cratbe paccmarpuBaeTCsl MECTO M 3HAUYE€HHE KOMIIO3UTHBIX MaTepUajioB B YCHUJICHHH
XKene300eTOHHBIX KOHCTPYKIMH 3/ITaHUI U COOpPY>KEHH, MOBBIIIEHUN 0€30MaCHON HKCIUTyaTaI[H
3IaHUA U COOPYXKEHUH. AHAIM3UPYETCS M OINUCHIBAETCS CYIIHOCTh NMPHUMEHSIEMBIX I 3TOU
eI KOMITO3UTHBIX MaTepHajioB, UX BUIbl, OCOOCHHOCTH, BO3HUKAIOIIME MPU U3MEHEHHU HX
COCTaBa, a TAKXKE METOJIbI POU3BOJICTBA.
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1. Buabl KOMIO3MTOB, HCHOJB3YIOIIMXCH ISl YCHJIEHHUS JKeJie300€TOHHBIX
KOHCTPYKUMHU

Kak wu3BecTHO, KOMMO3UIIMOHHBIMM MaTE€pUaJaMH Ha3bIBAIOTCA BHUIbl MaTEPHAJIOB,
CO3/IaHHbIE U3 ABYX U Oosiee BUAOB KOMIIOHEHTOB. JlaHHBIE MaTepuaabl MOTYT OBITh CO3JaHbI
KaK HMCKYCCTBEHHO YEJOBEKOM, TaK M E€CTECTBEHHO B Mpupoje. BaxkHOW XapaKTepuCTUKOU
KOMITO3UIIMOHHBIX MaTEpUaJIOB SIBISIETCA TO, YTO XUMHUYECKUE W/WIK (prU3ruecKue CBOMCTBA MX
KOMIIOHEHTOB OTJMYAKTCS, & HUX COBMEIIEHME Ja€T MaTepuald C HOBBIMU CBOMCTBamMu. B
OTJINYME OT CMECEd U pPACTBOPOB, OTIECIbHbIE KOMIIOHEHTHl B IIOJMMEPHBIX Marepuaax
OCTalOTCsl TaKOBBIMU. B Makpo maciitabe Marepuain BBITJISIUT OJHOPOAHO, OJHAKO, B MUKPO
Maciurade 4€TKO BUIHA IPaHUIIa pa3/iesia KOMIIOHEHTOB.

B cocraBe xoMIio3uTHOro MaTepuana TPaAUIIMOHHO BBIJICTSIOT MAaTPUILY U HATIOJTHUTENb.
BapuaTtuBHOCTh KOJIMYECTBAa KAXKJIOTO M3 COCTaBISIOIIMX KOMIIOBUTHOIO Marepuaia, HX
MOJIOKEHUSI APYr OTHOCHUTEIBHO Jpyra, MO3BOJSET TMOJYyYUTh MaTepHal C Pa3IMYHBIMU
CBOMCTBAaMHM. 3a4acTy0 KOMIIO3UTHI KyJla Kpernye CBOUX TPAJULMOHHBIX aHAJIOTOB, HO IIPH 3TOM
UMEIOT 00JIee HU3KYIO Maccy.

B 3aBucuMocTM OT MaTpuubl BBIACISIOT CIEAYIOLIME BUIbl KOMIIO3ULMOHHBIX
MaTepHaJIOB:

® C METAUIMYECKON MaTpUIIEH;
® C HEMETAJUIMYECKON MaTpHUIleH.

B nepBom citydae, MaTpuiia yaie BCEro BBINOJHEHA U3 aTFOMUHUS, MarHus, HUKEJISA U UX
CIUTABOB. B 3aBHCHMOCTM OT TOro, Kakhe MaTepuaibl JJOOABISIIOTCS K MaTpHIle,
KOMITO3UIIMOHHBIE MaTEPHAJIbl C METAJUIMYECKON MaTpULIEH MPUHATO pa3AeiisATh Ha CIEAYOLIUe
BU/IBIL:

® BOJIOKHHCTBIE (YIIPOUYHEHHE BHICOKOIPOYHBIMU BOJIOKHAMHU );

® IUCIEPCHO-YIPOYHEHHBIE (YIIPOYHEHHE TYTOMJIAaBKUMH YaCTUI[AMH, KOTOpbIE HE
PacTBOPSIIOTCS B OCHOBHOM METaJlie);

® VYIPOYHEHHBIE YacTUIIAMH (700aBIIEHHE YAaCTHI[ C HHU3KOM CTOMMOCTBIO IS
3aroiHeHus 00bEMa).

KauecTBeHHBIM OTIMYMEM TAaKOTO poJa KOMIIO3UTHBIX MaTE€pPHAJIOB SIBIISETCA NJIMHA, Ha
KOTOpYIO mepenaércs Harpy3ka. OHa MEHbIIE, YeM y MaTepuajoB C MOJUMEPHOM MaTpUIICH.
Take KOMIO3HUTHI C METAJUTMYECKO MaTpHUIlell MOTYT UCIIONIb30BaThCA MPH 3HAYUTETIHLHO Ooliee
BBICOKHMX TemIiepaTypax u Oosiee 3(eKTUBHBI B MajorabapUTHBIX, HO CHJIBHO Harpy>K€HHBIX
netansx. CBOMCTBA TaHHOTO BHJAAa MaTepualia MO3BOJSIOT YMEHBIIUTh MAacCy COEIUHUTEIbHBIX
y370B (MCTIOJb30BaHUE PE3hOOBBIX COCNMHEHHH H T.1.). OCOOEHHOCTHIO KOMIIO3UTOB C
METAIITMYECKONH MaTpHIIeH SBISETCS yBEIUYCHHE TPEIIMHOCTOMKOCTH OObEIMHEHHSI MAaTPULIBI U
BOJIOKOH B CPaBHEHHUU C MAaTPUIICH, HEYKPEIIJIEHHOW BOJIOKHAMH.

Hambonee uYacTto KOMIIO3UTHI C METaNIMYECKOW MATpUIEH HCHONB3YIOTCS B
a’POKOCMHYECKOM OTpaciy, OJHAKO, B OyAyIIEeM BO3MOXKHO WX MPUMEHEHHE B T'PaKIaHCKOM
CTPOUTENHCTBE U B MPOU3BOJICTBE HA3EMHOT'O TPAHCIIOPTA.

B KOMIO3UIIMOHHBIX MaTepuaiax ¢ HEMETAIMYECKOW MaTpHUIEd B Ka4eCTBE MAaTpPHIIbI
UCIIOJIB3YIOTCSl TIOJIMMEPHBIE, YTIEPOJHbIE U KEPAMUYECKUE MaTepHalibl. Y Ka3aHHbIE MaTpPUIIbI
YIOPOYHSIOTCS OPTaHUYECKUMHU, CTEKISTHHBIMU, YTIIEPOTHBIMU BOJIOKHAMHM, TAKKE BOJOKHAMHU HA
OCHOBE HUTEBUJHBIX KPUCTAIIOB (pa3jiMYHbIE OKCUIBI, OOPHABI, HUTPHUTHI, KapOWIBI) WU
METAJTTMYECKON MTPOBOJIOKOM.
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Apmupyronie Matepuanbl MOTYT ObITh pPa3HBIX (POPM: BOJOKHA, JKTYThl, HUTH, JICHTHI,
MHOT'OCJIOMHBIE MaTEPUAJIBI.

VYT1eBOJIOKOHHBIE KOMITO3UTHI HCIIOJIB3YIOTCS B MPOU3BOACTBE OoJiee MATUACCITU JIET.
OHU TPHUMEHSIOTCSI B CHUTYaIUsX, KOTJIa MX BBICOKAas THOKOCTh M HH3Kas Macca SBISIOTCS
OonpIIMM  MpeuMyliecTBOM. LcTopust Hcmonb3oBaHUs MOJIMMEPOB UM KOMIIO3UTOB B
CTpouTelbcTBe Oepér cBOE Hauano co BpeMeHH Btopoll MupoBoii BOWHBI. Brocienctsuu, B
1960-x rogax 3HaAYUTEIHHO MOBBICUJICS UHTEPEC K TEXHOJIOTMU MPOU3BOJICTBA U HCIIOIb30BAHUS
BOJIOKOHHBIX IMOJMMEPHBIX KOMIIO3UTOB B CTPOUTEIILCTBE.

OcHOBHOE BHMMAaHHE B CTaTb€ YAENSAETCS TEM BOJOKOHHBIM KOMIIO3HTaM, KOTOpbIE B
HACTOSIIEE BpEMsl UCTIOIB3YIOTCS JIUISl MPOCKTUPOBAHUS YCUJICHHSI KOHCTpYKIU. To ecTh, XOTs
BO3MOXXHBI MHOTHE pa3IU4Hble KOMOMHAIIMM MaTepUaIoB (COUETaHUS BOJOKOH M MAaTpHIbI),
3/IeCh TPEJACTaBIICHA JIMIIb OYeHb HEOOJbINAs BBIOOPKA M3 IMOYTH OECKOHEYHOTO YHCIIa
BO3MOXKHOCTeH. [[ysi Takoro poja KOMIIO3UTOB AOCTYITHO HECKOJBKO PA3IUYHBIX TEXHOJIOTUI
MPOU3BOJICTBA, (OPM KOMIIOHEHTOB H KOHEYHBIX NPHUMCHCHHWU, HO B JaHHOW CTaThe
paccMaTpUBAIOTCS TOJIBKO T€ M3 HUX, KOTOpble HauOoliee aKTyaldbHBI ISl MPOEKTUPOBAHUS
YCWJICHHSI KeJIe300€TOHHBIX KOHCTpYKIMH. bonee mnompodHOe 00CyXIeHHE BOJIOKOHHBIX
KOMIIO3UTOB JOCTYIIHO B Pa3lWYHBIX HCCIENAOBAHUAX IO KOMIIO3UTHBIM MaTepHallaM
cnenyromux aBTopoB: ['. Ukonsa (1994), K.T. Dpaxosuy (1998), JI.K. bauk (2006) u apyrue.

2. Buabl u XapaKTEPUCTUKU BOJIOKOH, HCHOJbB3YEMbBIX B KOMIO3UIHOHHBIX
MarTrepuajgax aJjas yCUJICHUusA JKeJ1e300€eTOHHBIX KOHCprK].[I/Iﬁ

Kommo3uTtHble MaTtepualibl U3 MOJMMEPOB, APMUPOBAHHBIX BOJIOKHOM, COCTOSIT U3 TPEX
OCHOBHBIX KOMIIOHCHTOB: BOJIOKOH, IIOJIMMCPOB U 1[06a301<. B BOJIOKHHCTBIX MOJIMMEPHBIX
KOMIIO3UTaX BOJOKHa C BBICOKOM MPOYHOCTBIO M BBICOKOM JKECTKOCTBIO BCTPOECHBI B
HU3KOMOJYJIBHYIO HENPEPBIBHYKO IIOJMMEpPHYK0 MAaTpully M CBs3aHbl BMecTe. B ciydae
BOJIOKOHHBIX KOMIIO3UTOB, apMHUPYIOIIUE BOJOKHAa COCTAaBJSIOT OCHOBY MaTepuaia |
OTPEENAIOT €ro MPOYHOCTh U KECTKOCTh B HAIPABICHUU BOJOKOH. J[00aBKM BKIIOYAIOT
mIacTU(UKATOPBI, AHTUIUPEHBI, TEHOOOpAa30BaTENM, CBA3YIONIUME  BEIIECTBA, JPYrUe
KOMIIOHEHTBHI, Takke€ B HEOONBIINX KOJUYECTBAX BKJIIOYAIOT TMOKPBITHSA, MHUTMEHTH U
HaroJHuTeNu. YToOBl HCHONL30BaTh BECh MOTCHIHAJI KOMIIO3UTOB B KOHCTPYKIHMOHHBIX
MPUIIOKEHUSAX, HEOOXOAMMO TMOHUMATh CBOICTBA M MOBEACHHUE MX COCTABISIONINX, BOJIOKOH U
MaTpHII.

CrekiasiHHbIE BOJIOKHA SIBIISIIOTCA HanOoliee YacTO HCIONb3YEeMBIMH apMUPYIOIIUMU
BOJIOKHAMHU [IJI1 KOMITO3MIIMOHHBIX MaTEpUajoB C MOJMMEpPHOW MmaTpuuen. PacrniaBiieHHOe
CTEKJIO MOKHO BBITSITMBaTh B HEMPEPBIBHBIE HUTH, KOTOPBIE CBA3BIBAIOTCS B KIYThl. [lOKpbITHE
CTEKJISTHHBIX BOJIOKOH CBSI3YIOIITUM BEIIECTBOM OOeCTieurBaeT THOKUI CI0M Ha TpaHuIle pa3/ena,
yIydIIaeT TPOYHOCTh COSIMHEHUsS U YMEHBIIaeT KOJIMYECTBO MYCTOT B MaTepuaiue. Haunbonee
pacnpoCcTpaHEHHbIE CTEKJIOBOJOKHA M3rOTaBIMBAIOTCS M3 Y-CTekia (OTIMYaeTcs HU3ZKOU
DIIEKTPUYECKOM  MPOBOJUMOCTBIO), S-cTekiia (OTIMYaeTCs BBICOKOW MPOYHOCTHIO) U
HIeJIOUYECTOUKOro cTeksia. E-cTekiio sBisieTcs HauMeHee JOpPOTMM U3 BCEX THUIIOB CTEKJa U
HIMPOKO HCIOJIb3YEeTCS B ApPMHUPOBAHHBIX CTEKJIOBOJOKHOM KOHCTPYKLMSIX. S-CTEKIO HMEET
0oJiee BHICOKHUH Mpezielt pacTshKeHUs U 0oJiee BRICOKUI MOYIIb YIIPYrocTH, yem E-crekio.
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Hedopmanssd. pacTaxeHHe (%)

Pucynok 1 — KpuBast HanpspxeHHS-AeQOopMaIuy Ui 4aCTO UCTIOIb3yEMBIX B KOMIIO3UTHBIX
MarepHaiax BOJOKOH: a — YIIIepoIHOe (BBICOKHI MOIYJIb YIPYrOCTH); O — yriaepo (BbICOKas
npouHocTs); B — apamun (Kevlar 49); r — S-crekiio; e — E-ctekio

Figure 1 — Stress-strain curve for fibers often used in composite materials: a — carbon (high
modulus of elasticity); b — carbon (high strength); ¢ — aramid (Kevlar 49); d — S-glass;

e — E-glass

Tabnuna 1 — CBoiicTBa pa3IMYHBIX BOJOKOH, UCIIOJIb3YEMbIX B KOMIIO3UTHBIX MaTepuaiax

Table 1 — Properties of various fibers used in composite materials

Tun BoJIoKHA IlnoTHOCTB, Hpenen Moayab Ipenenbnas Koad. Koag.

kr/m® NMPOYHOCTH IOnra aepopmanust TeIJI0BOIo Iyaccona

Ha (IPOX0JIbHOM | pacTsKeHHsl, | pacUIMpeHusl,
pa3phbIB, yHpyrocru), % 10°%/0C
mlla I'lTA

E-ctexino 2500 3450 72,4 2,4 5 0,22
S-cTekio 2500 4580 85,5 3,3 2,9 0,22
IllenouecToii- 2270 1800- 70-76 2,0-3,0 - -
KO€ CTEKJIO 3500
ECR-crexio 2620 3500 80,5 4,6 6 0,22
(XuMH4eCcKu
CTOMKOE
CTEKJIO)
Kapbon 1950 2500- 350-650 0,5 -1,271-0,1 0,20
(BbICOKHH 4000
MOZIYJIb
YIIPYT'OCTH)
Kapbon 1750 3500 240 1,1 -0,6 71-0,2 0,20
(BBICOKAs
MIPOYHOCTBH)
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Apamuz 1440 2760 62 4.4 -2,0 0,35
(Kevlar 29) MIPOIOIABHBIN
59
paavanbHbINA
Apamnz 1440 3620 124 22 -2,0 0,35
(Kevlar 49) Hpoﬂogf’m’m
5
paavaabHbIN
Apamun 1440 3450 175 1.4 -2,0 0,35
(Kevlar 149) POAOILHLIE
5
panaabHbII
Apamug 1390 3000 70 4.4 -6,0 0,35
(Technora H) TpOZIONEHEIH
59
pauaabHbII
Apamuz 1430 3800- 130 3,5 - -
(SVM) 4200

[TomumepHBIE BOJOKHA TPH HCIIOJIB30BAaHUU TOAXOMSALIETO METOAAa O00pabOTKH MOTYT
JEMOHCTPUPOBATh BBICOKME IPOYHOCTb U JKECTKOCTb. OJTO IPOMCXOAUT B Ppe3yNbTare
BBICTpPAaUBaHUS IOJMMEPHBIX LENed BJIOJIb OCH BOJOKHA. ApaMuj (COKp. apoMaTH4ecKuil
HOJMAaMUJ]) — 3TO OOLIUI TEPMUH AJIS JJIMHHBIX 1IETI0YEK CHHTETUYECKUX MosimamMul. Marepuain
MMEET CaMbIil HU3KUH yZIEeJIbHBIN BEC U CaMO€ BBICOKOE OTHOLIEHUE IIPOYHOCTH Ha PACTKEHHUE K
BECY CPEM COBPEMEHHBIX apPMHUPYIOIIHUX BOJIOKOH.

3.Buabl W XapaKTEePUCTHMKH MOJHMMEPHBIX MATpPHL, HCHOJIb3yeMbIX B
KOMITIO3ULIMOHHBIX MaTepHAJIaX JAJ yCHJIEeHHS KeJe300eTOHHBIX KOHCTPYKIMIA

Marpuna B TOJMMEPHOM KOMITO3UTE MOXET PacCMaTpUBAThCA M KaK CTPYKTYPHBIH, U
KaK 3alUTHBIA KOMITOHEHT. CMoia mpeJjcTaBiseT co0oi oOImMi TepMUH, UCHOIb3yEeMBbIH IS
0003HauEHHS TTOJIMMEPa, MaTepHraja-npeaIeCTBEHHIKA OJTMMepa H/UITH UX CMECH MJTH COCTaBa
C pa3IUYHBIMU J00aBKaMM, XMMHYECKH aKTMBHBIMM KOMIOHeHTamu. Kak mpaBuiio, mojgumep
Ha3bIBAIOT CHCTEMOW CMOJIBI BO BpeMsi 00pabOTKH M MaTpHIIEH TIOCIIe OTBEPKACHUS TTOIHMEPA.
M3roroBneHre M CBOWCTBA KOMIIO3UTHOTO MaTepuaia B OCHOBHOM 3aBUCSAT OT CMOJbI, €€
XUMHYECKOTO COCTaBa U (PU3NUECKUX CBOMCTB. Marepuan MaTpHIlsl 00bYHO cocTaBisieT oT 30%
0 60% mno ob0bemy moauMmepHOro Kommnos3uta. OCHOBHBIMH —(YHKIMOHAIBHBIMH U
CTPYKTYPHBIMH TPEOOBAaHUSMHU K MAaTPHUIIE SIBIISTFOTCS:

e CBs3bIBaHME APMUPYIOIIUX BOJOKOH BMECTE;

e [iepejaya U pacmpeesieHue Harpy3KH Ha BOJIOKHA;

® 3amMTa BOJOKOH OT BO3JAEHCTBHS OKpY)KaloUled cpeasl M MEXaHMYECKOIro
UCTHPaHUS.

CrnemoBarenbHO, BEIOOp MAaTpHIIBI MMEET MEPBOCTEIIEHHOE 3HAueHHWE NpU pa3paboTke
KOMITO3UTHON CHUCTEMBI U OyJeT BIMATh KaK Ha MEXaHWYeCKHe, TaK U Ha (pU3NYECKue CBOICTBa
KOHEYHOTO TIPOIYKTA.

CymiecTByeT JBa OCHOBHBIX Kjlacca MOJMMEPHBIX MAaTpHIl, HCIOIb3YEMbIX B
BOJIOKHHCTHIX KOMITO3UTaX: TEPMOPEAKTHBHBIE U TEPMOIUIACTUYHBIE CMOJIBL. TepMOpeaKkTHBHBIE
CMOJIBI  MPEJCTAaBIAIOT CO0OM MOJMMEpHl, KOTOpbIE HEOOpaTUMO MpeodpasyroTcs U3
HU3KOMOJICKYIISIPHBIX ~ TIPE/IIECTBEHHUKOB C HH3KOW BS3KOCTBHIO. TepMoruractel — 3TO
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MOJIMMEPBI, HE 00pa3yroIlre MonepedHbIX cBsi3ei. OHU eCTh CIOCOOHOCTh K U3MEHEHHIO (DOPMBbI
U HEOJHOKPATHOMY pa3MITU€HUIO, U 3aKajKe IyTeM BO3ACHCTBUS Ha HUX TeMIEpaTypHBIX
LUKJIOB, TOCTUTAIOIINX 3HAYCHU, TPEBBIIIAIOIINX TEMIIEPaTypy UX (popMoBaHUS.

4. MeToAMKH TPOM3BOJACTBA KOMIIO3MIMOHHBIX MATEPHAJOB /I YCHJIEHUSA
JKeJ1e300e TOHHBIX KOHCTPYKIU

MeTtoapl  TPOM3BOJCTBA  KOMIIO3UTOB ~ MOTYT OBITh Kak pyYHbIM, TaKk H
ABTOMATU3UPOBAHHBIM MporeccoM. Ilpu 3ToM mocneanue 00ECNEeYUBAIOT JIYUIIHH KOHTPOIb
KauyecTBa, YEM IIEPBBIE.

Bnaxknas ykiiagka — 3TO pydHOM METOJ, IPHM KOTOPOM CyXas TKaHb WJIA BOJIOKHA Mata
CHavaJla YKJIAQJbIBAIOTCA HA OCHOBY WM (opMy. 3aTeM HAHOCUTCS CMOJa W PaBHOMEPHO
MPOKATHIBAETCS] IO TTOBEPXHOCTH, YTOOBI yIadUTh BO3AYLIHbIE KapMaHbl. JTO MOBTOpPSETCS /0
MOJIy4YeHUsI HEOOXOMMOI0 KOJIMYECTBA CJIOEB.

IIpu  cTpykTypHOM  BOCCTaHOBJeHMH ¢opmMa TMpeacTaBisieT co0oil  IPOCTO
CYLIECTBYIOIIUNA 3JIEMEHT KOHCTPYKLUHU, KOTOPbII HEOOXOAMMO YKpPENUTh, a CTEKJIOIIACTHK
ocTaeTcsi CBsi3aHHBIM C (GOpMOIl Tocne OTBEpKACHHUS (YTO OOBIYHO MPOUCXOAUT THPHU
TEMIIEPAType OKpYKaroIlel cpelpl). DTOT METOJ MMEET BaXKHOE MpeuMyiecTBo. OH JIerko U
OBICTPO BBIMIOJIHAETCS B MOJEBBIX YCIOBHUAX, OOecIeyrBas 3HAUUTEIbHbIC (PMHAHCOBBIE BHITObI
[0 CPaBHEHUIO C TPAJULIUOHHBIMU METOJaMH CTPYKTYpHOW peaOuiauTaluy, TaKUMU Kak
BHEILIHEE TMOKpPBITHE CTaibto. OJIHAaKO B 3TOM MPOLEAYpE YPE3BbIYAHHO Ba)XXEH KOHTPOJIb
Ka4yecTBa, M YacTo TpedyeTcs KBaM(UIMpoBaHHAs paboyas cuia. Mokpas yKiIagka uis
CTPYKTYpHOU peabunutaiiyiii 0ETOHHOM KOJIOHHBI IOKa3aHa Ha pHC. 2.

PI/IcyHOK 2 — Buemmnee ApMHUPOBAHHEC KOJIOHHBI C UCTTIOJIb30BAHUEM MCTOJa BJIaKHOMU
YKIIAAKHW KOMITIO3UTHOT'O MaTCpHraJia

Figure 2 — External reinforcement of the column using the method of wet laying of
composite material

[Iyntpy3ns — 3TO aBTOMaTHU3MPOBAHHBIN, HEMPEPHIBHBIN MPOU3BOJICTBEHHBIN IPOIECC.
B03MOXXHOCTH KOHCTPYKLIMH OIPAaHHUYUBAIOTCS TOJBKO TPEOOBAaHHEM HEM3MEHHOCTH MPOQHMIIs
no JuinHe oOobekTa. HempepriBHbIE BOJOKHA B (hopMe poBUHTa (HEKpyd€Hasl Mpsib U3 HUTEH)
WIM MaTa NPOTATHBAIOT Yepe3 BaHHY CO CMOJION, YTOOBI MOKPHITh KaXKA0€ BOJOKHO CHEIMAIbHO
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IPUTOTOBJICHHON CMECHIO CMOJIBI, KaK IMOKa3aHO Ha puc. 3. BookHa ¢ nOKpeITHEM COOMPAIOTCs
(OpMOBOUHOI HANpaBJISIOMIEH, a 3aTeM MPOTATUBAIOTCS Yepe3 HarpeTyro rojioBky. Harpes B
TOJIOBKE M KaTallM3aToOp B CMECH CMOJIbI HHULIUUPYIOT OTBEPXKACHUE TEPMOPEAKTUBHON CMOJIBI.
30HBI HarpeBa M OXJAXKIEHUS B TIOJOBKE KOHTPOJIMPYIOT CKOPOCTbh peakuuu. llonmydeHHbII
BBICOKONIPOYHBIN Npo¢uib Hape3zaeTcs no anuHe. Ha BbIxoje W3 MynTpy3MOHHOM MaIIMHBI,
npodmIb yKe rOTOB K HCIOJIb30BAHUIO.

ApMHpOBaHHE

JloGaBiIeHHE CMOJEI

e

: [

1

BEITATHBAOIIHE YCTPOHCTBA

Harpes H
OTBEPKICHHE

Pucynok 3 — YcTpoiicTBO MyATpY3MOHHOM MallIMHbI
Figure 3 — Pultrusion machine device
3akJ/oueHue

[TomBonmst WTOr BBHINIECKA3aHHOMY, MOXXHO YyTBEP)KIAaTh, YTO YCHJICHHE BHEIIHUM
apMUPOBAaHHEM KOMIIO3UTHBIMH MaTepHajaMd — 3TO COBPEMEHHbIM U 3¢ (EeKTUBHBINA CIOCOO
BOCCTAHOBJIEHMSI HECYLIEHl CHOCOOHOCTH KeJIe300€TOHHBIX KOHCTpYKIMH. MHorooOpasue
COCTaBOB KOMIIO3UTOB IIO3BOJISIET HAWTHM MaTepuan MOJ HYXKIbl KOHKPETHOIO OOBEKTa.
Komno3unnonHbie MaTepraisl ¢ MTOJTMMEPHONH MaTPUIEH OTIIMYAIOTCS JIETKOCTHIO, THOKOCTHIO U
IPOCTOTOM MOHTaxa. Takoi MeTox YCHJICHHs MO3BOJISIET JOOUTHhCS BOCCTAHOBJIEHUS HECyIlen
CIIOCOOHOCTH TOM WJIM MHOM KOHCTPYKIMM 0€3 M3MeHeHus rabaputoB. MoHTax Takoro poja
ycuJeHHus He TpeOyeT Joporocrosimiedl U rpoMo3akoi TexHuUKH. CaM mpolecc MOHTaxa He
COITPOBO’KIAETCS] BBICOKUM YPOBHEM IITyMa M HE JIOCTABIISIET HEYJOOCTB JIFOJISIM, HAXO/ISIINMCS B
COCE/IHUX MOMEIICHHSX.
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Teopemuuecxue U IKcnepumernmaiibHble uccneo008anus

Ycuniienue 0€30MaCHOCTH NAMATHUKOB APXUTEKTYPbl CHPHH ¢ TOMOIIBLIO TEXHOJIOTH A
CelCMOM30JISIIIUN C 1eJIbI0 CHUKEHNUSI HeTATUBHOTO BO3/1efiCTBHS 3eMJIeTPSICEHNH HA
ICUXUKY JIIOA el

Aunbapeon 3.A."
'®I'BOY BO «[lerepOyprckuii rocy1apCcTBEHHBIN YHUBEPCUTET MTyTEH COOOIIECHUS
Nmneparopa Anekcauapa I». Cankr-IletepOypr, Poccuiickas ®eneparwst

AHHOTanus: B crathe naeTcst onpeneneHne 3eMIETPACEHUs] U IPUYMH €r0 BOZHUKHOBEHUS,
OINMCBHIBAIOTCS TUIIBI CEUCMUYECKUX BOJIH, KOTOPBIE IEIATCS HA IPOAOJIbHBIEC U MONEPEYHBIE.
CpaBHHMBAIOTCS TPH IIKAJIbl CEHCMHUYECKOW MHTEHCHMBHOCTH, 2 UMEHHO MOAU(UIIMPOBaHHAS
ceiicMuyeckas Imkaga MepkamiM, Iikajga cedcMudeckod uHTeHcuBHOcTH 2017 roma u
AMOHCKass ceiicMuueckas mkana. [lpuBonutcs 0030p HEraTMBHOTO — BO3JEHCTBUS
3eMJICTPACEHUN Ha 3/aHus, IOBPEXKIEHUS pa3IUYHbIX 3[JaHUIl B Da3HBIX CTpaHax B
pe3ynbTare 3eMJIETPACEHUN, BO3HUKHOBEHUS TaKUX SIBJICHMUH, KAaK OIOJI3HH, pPa3KUKEHHUE
IIOYBBl M pa3pblB 3€MHOWM KOpBI, TaKK€ B pe3ylbTare 3emieTpsceHuil. PaccmorpeHo
HEraTUBHOE BIUSHUE 3EMJIETPSACEHUIN Ha IICUXUKY U IOBEIECHUE JII0JIEH, KOTOPOE BBI3BIBAET Y
qrofed  maHMKy, cTpax M ceiicModoburo. Jlamee mpenpnaraercs  MCHOJIb30BaTh
CEHCMOM3OJIALMIO 3JaHUN Ul YMEHBUICHUS HETaTUBHOI'O BO3JCHCTBUS 3€MIIETPSACEHHM Ha
JIOJEN U 374aHMs, UCIOb3ys npumep Benukoit Meuetn Anenno B Cupuu, KOTOpast sSBIAETCS
NaMSATHUKOM apXUTEKTYphl U BKItoueHa B cnucok Bcemupnoro nacnenus FOHECKO. [lano
OolnMcaHue  cedcMuyHocTd  Tepputopun  Cupum u  ropoja  AJenmno,  ONMCAaHbI
pe3uHOMEeTaJUIMYecKue omopbl Bbicokoro aemmndupoanus (HDRB), npeanaraembie s
UCTIOJIb30BaHUs JUIsl ceficMoM30MsuK 31aHus MedeTu. [IpuBeneHs! Gpopmyibl Ui pacyera
paznuuHbix napamerpoB Takux HDRB ans ux nocneayromiero npaBuUiIbHOIO BbIOOpa B
3aBUCUMOCTH OT CHJI, ACUCTBYIOIINX HA CTPOUTEIbHBIE KOHCTPYKLIMH 30aHMS.

KiroueBbie cj10Ba: CEICMUYHOCTB, 3€MIIETPSICEHHUE, CEHCMOCTOMKOCTh, CUCTEMA H30JISLUU
ocHoBaHus, Benukas meuers Anenno B Cupuu, yiiep0, naHuka, apXUTEKTypHbIE TAMSTHUKH,
CTPOUTEIILHBIE KOHCTPYKIIUH.

Jsa nutupoBanmsa: Anbapebu 3.A. YcuneHue 6€30MaCHOCTH MAMATHUKOB apXHUTEKTYPhI
Cupun ¢ TOMOIIBIO TEXHOJIOTUH CEHCMOM3O0JISILMU C IEJIbI0 CHIM)KEHUS HEraTUBHOIO
BO3/ICUCTBUS 3eMJIETpsICCHUH Ha ncuxuky mroaed // CeillcMOCTOIKOe CTpPOUTENBCTBO.
besonacHocTh coopyxenuit. 2022. Ne4. C.58-80,

DOI: 10.37153/2618-9283-2022-4-58-80

Introduction

Panic, fear are a natural and protective reaction of people to danger during cataclysms,
natural disasters and earthquakes. An earthquake causes all the above reactions in people and
is also the cause of many destructions in buildings and structures and all infrastructure in the
area where they occur.

To reduce fear and panic among people, and to save buildings and structures from
damage or destruction as a result of earthquakes, it is advisable to perform their seismic
isolation as one of the possible and effective ways to reduce seismic impacts on the building
structures of buildings and structures, and on people in them, which leads to the preservation
of their life and health.
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Earthquakes are subterranean shocks and vibrations of the Earth's surface, caused by
natural causes, mainly tectonic processes, or artificial processes such as explosions, filling
reservoirs, collapse of underground mine workings, etc. [1-6].

Every year on the globe there is over 300 thousand earthquakes, as a result of which
dies about 10 thousand people.

The following processes cause seismic phenomena (earthquakes):

e tectonic, occurring in connection with tectonic movements of the earth's crust;

e volcanic (volcanic eruptions);

e denudation associated with karst ramparts, mountain collapses, bomb explosions in the
ground, as well as with dynamic influences during production leadership of various
works.

Tectonic movements of the earth's crust occur mainly slowly and are hardly noticeable
within a person's life. Such slow displacements are called crane displacements. However, over
many millions of years, displacements measured in hundreds and thousands of kilometers
accumulate.

Volcanic and denudation processes are local in nature, while tectonic processes often cover
vast territories.

Earthquake sources are the hypocenter and epicenter. Hypocenters are usually located
at a depth of 10-700 km. The place above the focus of an earthquake on the surface of the
earth is called the epicenter. Elastic oscillations of the earth's crust propagate in the form of
waves from the hypocenter in all directions. These vibrations are of two types: P and S-waves
propagating in deep rocks and surface acoustic L- and R-waves (figure 1 - 5).

The velocity of propagation of P-waves (compression waves) is 1.7 times greater than
the velocity of S-waves (shear waves), so they are the first to be recorded by seismic stations.

The speed of longitudinal P-waves (compression waves) is equal to the speed of sound
in the corresponding rock. If the wave frequencies are greater than 15 Hz, they are perceived
by us as an underground rumble and rumble. Secondary transverse seismic waves S-waves
(shear waves) cause oscillations of rock particles perpendicular to the direction of wave
propagation. The third type of elastic waves is called long or surface seismic waves. It is this
third type that causes the most severe destruction [1-2].
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Figure 1 — Scheme of the propagation of seismic waves in the earth's crust and on the surface
of the earth: 1-longitudinal seismic waves; 2 — transverse seismic waves; 3 — surface seismic
waves; 4 — earthquake epicenter; 5 — earthquake hypocenter.

Pucynok 1 — Cxema pacnipocTpaHeHHs CECMUYECKUX BOJIH B 36MHOM KOpe U Ha
IIOBEPXHOCTHU 3€MJIU: | —IPOIOJIBHBIE CEHCMUYECKUE BOJIHBI; 2 — IIOIEPEYHbIE CEHCMUUYECKUE
BOJIHBI; 3 — IOBEPXHOCTHBIE CECMUYECKUE BOJIHBL;, 4 — SIULIEHTP 3eMJIETPSCEHUs; 5 —
TUIIOLEHTP 3€MJIETPSICEHHUS.
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Figure 2 — Body and surface seismic waves:
a — Body Primary (compression) waves; b — Body Secondary (shear) waves;
¢ — Surface Love waves; d — Surface Rayleigh waves.

Pucynok 2 — O6beMHbBIE U TOBEPXHOCTHBIE CEHCMUYECKHE BOJTHBI:
a — [lepBuunbie BoJIHBI Tena (CxaTus); 6 — BropudHbie BOJTHBI Tea (CIBHUTA);
6 — IloBepxHocTHBIE BONIHBI JIsBa; 2 — [loBepXHOCTHBIE BOJIHBI Pases.
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Figure 3 -Movement of Body (P- and S-) waves and Surface (L- and R-) waves of
earthquake.

Pucynok 3 — JIpmwxkenne o0beMHbIX (P- 1 S-) BoH 1 moBepxHocTHBIX (L- 11 R-) BonH
3eMJIETPSICEHUSI.
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Figure 4 — An example of seismic P- and S-waves on seismograph readings.

Pucynok 4 — [Ipumep ceiicmuueckux P- u S-BosH Ha moka3aHusix ceiicmorpada.
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GLOBAL SEISMIC HAZARD MAP
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Figure 5 — Seismic map of the world as of 1999.

Pucynok 5 — CelicMuueckast KapTa MUpa 110 cocTosiHUIo Ha 1999 rox.

The intensity of an earthquake can be estimated by the size of cracks in the soil, by the
behavior of people in buildings and by the reaction of structures, that is, by the degree of
damage to structures. There are several seismic scales in the world. Japan uses the IMA 7-
point seismic scale, Europe uses the 12-point European Macroseismic Scale (EMS-98), USA
use the 12-point Modified Mercalli scale (MM), and Russia uses the 12-point Seismic
Intensity Scale-17 (SHSI-17). When it is necessary to convert the intensity in one scale to the
intensity in another scale, you can use table 1, which compares the three seismic scales (JMA,
MM and SHSI-17). For example, if an earthquake with an intensity of 3 points on the SHSI-
17 scale occurred, then on the MM scale this earthquake will also be estimated at 3 points,
and on the JMA scale - already at 1.8 points [5, 7].
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Table 1 — Comparison of the main seismic scales.

Tabnuna 1 — CpaBHEHHE OCHOBHBIX CEMCMHUYECKUX IIKAIL.

Modified Seismic Intensity Japan Meteorological Effects
Mercalli Scale-17 Agency seismic on people
intensity scale | (SHSI-17), in points intensity scale
(MM), in points (JMA), in points
0.6 ~1.0 ~0.0 ~ Imperceptible to most
people
~ Perceptible to some
N - people in the upper
L9 ~2,0 ~L1 stories of multi-story
buildings
~ Perceptible to most
3,0 =~3,0 ~1,8 people indoors.
Awakens light sleepers
4.0 ~4.0 = Perceptible to
. ’ everyone indoors.
3,6 ~5,0 Frightens some people
6,4 ~6,0 ~ Frightens most
people. Some seek
~6,5 ~4,0 escape. Awakens most
sleepers
~ Most people try to
escape from danger by
=7,0 ~4,3 running outside. Some
people find it difficult
to move
~Many people are
~3.0 considerably frightened
’ and find it difficult to
move
~9.0 ~ Difficult to keep
’ standing
~ Impossible to stand,
~10,0 cannot move without
crawling
~11,0 =~ Thrown off by the
20 shaking and impossible

to move at will.

Impact of earthquakes on buildings and structures

The study of the consequences of earthquakes showed that buildings of various
designs in case of exceeding the calculated seismic impacts, they can receive various
damages. In frame buildings, the frame nodes are predominantly destroyed. Severe damage is
especially received by the bases of the uprights and the joints of the crossbars with the
uprights of the frame, if the dimensions of the latter are insufficient and if they do not have
reinforcements in the form of haunches. In large-block and large-panel buildings, there are
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cases of mutual displacement of panels, opening of vertical joints, deflection of panels, and
even their collapse [6, 8-12]. It should be noted that earthquakes also cause the formation of
various vertical, diagonal and cruciform cracks in the masonry, and in some cases lead to the
complete destruction of buildings or structures (figures 6-12).

Figure 6 — Damaged house on the island of Crete in Greece as a result of the Arkalochori
earthquake in 2021.

Pucynok 6 — [loBpexxaeHnslit 1oM Ha octpoBe Kput B ['peninu B pe3ynabTare 3eMIETPSICEHUS B
Apxkanoxopu B 2021 roxy.
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Figure 7 — Damaged old masonry building built in 1875, during the earthquake in South
Napa, California, in 2014.

Pucynok 7 — KamenHoe 31anue, noctpoeHHoe B 1875 rony v moBpexJI€HHOE BO BpEMs
3emierpsicenus B FOxnoit Hane, Kanudopuus, B 2014 roxy.

Figure 8 — Damaged Benedictine Hall turret at Saint Gregory University in Shawnee,
Oklahoma USA, in the 2011 earthquake.
Pucynox 8 —bamns benenuktuHckoro 3ana Yuausepcutera Cesitoro I'peropu B Illonu, mrar
Oxkuaxoma, CIIA, noBpexaeHHast Bo Bpems 3emiierpsicenus 2011 roga.
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Figure 9 — Partially collapsed old Inmaculada Concepcion church built in 1841, after the 2020
earthquake on the island of Guayanilla, Puerto Rico.

Pucynok 9 — HactuuHo paspymenHas nocie semierpscerus 2020 rora Ha ocTpoBe
I'yasuunbs, [lyapro-Puxo nepxoss Mamaxynana Koncencron, nocrpoensas B 1841 rogy.

Figure 10 — Collapsed building as a result of the 2017 earthquake in Mexico City, Mexico.

Pucynox 10 — 3nanue, oopymmBiieecs B pe3ysbrare 3emierpsicenns 2017 roma B Mexuko,
Mekcuxa.
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Figure 11 — Damaged Greek Orthodox church on the island of Crete in Greece as a
result of the Arkalochori earthquake in 2021.

Pucynok 11 — I'peueckas nmpaBocnaBHas 1iepkoBb Ha octpose Kpurt B I'penun,
MOBPEXKICHHAS B pe3yJibTare 3emierpsiceHus B Apkanoxopu B 2021 roxy.

Figure 12 — Damaged dome of Catholic temple “Sanctuary of Our Lady of the Angels”
as a result of the 2017 earthquake in Mexico City, Mexico.

Pucynok 12 — Kynon katonndeckoro xpama “Caarunuiie boromarepu AHrenos”,
MOBPEKICHHBIN B pe3ynbTare 3emiuerpsicenus 2017 rona B Mexuko, Mekcuka.
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Strong earthquakes closer to the epicenter leave many traces, such as screes of loose
soil, landslides and cracks on the surface of the earth (figures 13-15).

Figure 13 — Liquefaction of sand base as a result of a longitudinal seismic wave in Kobe,
Japan.

Pucynok 13 — PazxukeHne necyaHoro rpyHTa B pe3yJbTaTe MpoI0JIbHON CEHCMUYECKOM
BoutHEI B KoOe, Snonus.
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Figure 14 — Landslides and slope buckling under residential buildings from the 1994
Northridge, California, USA earthquake.

Pucynok 14 — OnonsHu ¥ notepst yCTOMYMBOCTU CKJIOHA O] KUJIBIMU 3/1aHUSIMU B
pesyabTare 3emierpscenus B Hoprpumke, Kanmupopnus, CILIA B 1994 r.

Figure 15 — Rupture of the earth's crust due to a series of earthquakes (along Garlock Fault) in
Ridgecrest, California, USA in 2019.

Pucynoxk 15 — Pa3pbIB 3eMHOI KOpPHI B Pe3yJIbTaTe CEPUU 3eMIICTPSICEHUH (B0 pa3iioMa
I'apnok) B Pumkkpecre, Kanudopuus, CIIA, B8 2019 roxy.
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The impact of earthquakes on people and their psyche

As stated at the beginning of this article an earthquake is a dangerous natural disaster
for living beings, in particular for people, which occurs suddenly. Despite its short impact on
a building or people, often no more than 30 seconds, its devastating consequences are much
worse than the consequences of other natural disasters [9-10].

The construction of earthquake-resistant structures of buildings and structures can
protect people from the destructive effects of strong earthquakes, but cannot protect them
from severe mental trauma resulting from the impact of strong earthquakes when they are in
buildings.

An analysis of the behavior and reactions of people in buildings during an earthquake
showed that in with strong earthquakes of 7 points and higher, people panic, which poses a
certain risk to their lives in such situations.

International seismic scales such as MSK-64[5], the Mercalli scale [6], the new SHSI-
17 scale [7] indicate the natural reaction of people who are in buildings during an earthquake.
They use people's reactions, such as fear, panic and anxiety, as a yardstick for assessing the
intensity of earthquakes. The Mercalli Scale indicates that there is a sense of general terror
and flight from home for people who are in a building during a magnitude 7 earthquake.

There is such a thing as the so-called “crowd effect”, which means that with a large crowd of
people in the halls, when an earthquake occurs, their panic can multiply [13-14].

The author of the work [13] gives an example that when analyzing the mental state of
law enforcement personnel during the Spitak earthquake that occurred on the territory of the
Armenian SSR in 1988, medical scientists recorded seismophobia in all examined patients,
i.e. a feeling of fear of repeated shocks. The severity and severity of fear was inversely
proportional to the mental stability of a person. Seismophobia was the cause of panic among
the personnel who arrived for reinforcement, which led to the loss of efficiency of the above
staff [13-16, 17-21].

Building structures and their influence on people's reaction to earthquakes and
optimization of people's evacuation time.

Building structures during earthquakes have a strong influence on people's behavior.
The vibration parameters of building structures differ on different floors [13-17].
In works [14-17] it was pointed out and justified that the reaction of people during an
earthquake should be assessed only on the first floor of the building [18], since the higher the
floor, the greater the intensity of the earthquake. If the earthquake strength on the first floor is
7 points, then on the second floor and above it will be 8 points.
If we compare the reaction of people in buildings and in open areas, the authors [13-16]
conclude that people in buildings experience a seismic effect by almost 1 point more than
those in open areas.
During strong earthquakes, people have a natural reaction to the threat and the desire to leave
the building and go to a safe open space. The set of rules for construction in seismic areas
dictates to the designer the time for evacuating people from the building [4, 17] and this
means that the reaction of people is predetermined even when designing an earthquake-
resistant building.
Clause 3.4 of the Code of Practice for Building in Seismic Areas [4] requires that escape
routes pass through a long series of intermediate spaces such as corridors, lobbies, stairwells,
etc. Because of this rule, escape routes in earthquake-resistant buildings where there are halls ,
for example, cinemas, theaters, mosques, etc., are long. The time required for the evacuation
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of people from the auditoriums (t aqgitional) according to fire regulations varies from 1.5 to 4.5
minutes [13].

An important role in the duration of the evacuation of people is played by the number
of floors in the building [13]. The higher the floor, the more time citizens need to evacuate the
building. In public buildings, the time for the evacuation of citizens from the upper floors to

the lower ones along the staircase is determined by the formula 1:
L
teatc == 1
calc V ( )

where: L is the length of the path (evacuation) along the flight of stairs, V is the speed of
people in m/min.

Engineering seismological classification of the degree of human reaction (E) during an
earthquake can be found in the work of scientists from the Institute of Physics of the Earth
named after. O. Yu. Schmidt [13, 19]:

e (E =0) - there are no reactions at all: a person does not notice anything, does not feel
anything, does not react to anything;

e (E =1) - the presence of weak sensations: a person experiences a barely noticeable
bewilderment, behavior does not change, in the case of sleep, he wakes up calmly, but
does not thirty understands and is unaware of the reason;

e (E = 2) - the presence of a strong sensation (anxiety): a person can pay attention,
clearly feels, is able to estimate the duration, direction, and some phases of oscillation,
in case of sleep - wakes up feeling that he was awakened,

e (E =3) - fright: a person is frightened, but retains the ability to assess the duration,
direction, and some phases of oscillations, tends to leave the building;

e (E=4) - astrong fright: a person in this case is very frightened, shows a desire to run
out of the building, and runs out;

e (E =5) - panic: a person falls into a state of panic, screams in hysterics, may lose
balance, may jump out of a window;

e (E = 6) - the strongest panic: a person cannot stand on his own without support, he
reacts very badly to everything that surrounds him;

e (E =7) - complete shutdown: in this case, the person falls into a state of stupor and
loses consciousness.

Earthquakes that occur in the same construction area with the same soil conditions
form a different level of seismic effects in the structures of buildings and constructions with
different design solutions. The highest level of seismic impact is formed in buildings and
constructions, in which the value of the period of the fundamental tone of vibrations coincides
with the value of the period of soil vibrations. And vice versa, the seismic impact will be
minimal in the structures of buildings and constructions, in which the period of the
fundamental tone of vibrations differs significantly from the period of soil vibrations.

Therefore, in order to reduce seismic effects on people, on the building structures of
buildings and constructions, it is advisable to use seismic isolation, which allows you to
change the dynamic scheme of the object and thereby reduce seismic effects in it and their
negative nature on people and building structures.

Significance of architectural monuments of cultural and religious significance in Syria in
the culture and life of Muslim society

Architectural monuments of cultural and religious significance are of great importance
in the culture and life of Muslim society. The main place of worship for Muslims is the
mosque. Mosques have played and are playing a very important role in their lives, because in
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them they pray and listen to sermons. There are ancient mosques everywhere where there
were Muslims. For example, in Spain, which was once conquered by the Arabs, there are
many ancient mosques. In all Arab countries, including Syria, there are many ancient and
modern mosques.

In Syria, the Great Mosque in Aleppo (figure 16) is one of the largest and oldest

Muslim sites of religious significance in this country [2, 3, 22-24] and is located in the old
part of the city of Aleppo.
The architecture of the mosque belongs to the Islamic period of the Umayyad Dynasty and
was built in 715. The plan (figure 17) of the Great Mosque is rectangular with a rectangular
courtyard measuring 105x78m. Surrounded by galleries with square and rectangular columns.
The columns are built of limestone and lined with marble. In the courtyard there is a column
and two fountains for the ablution of believers before prayer. This courtyard is famous for its
multicolored stone pavement of intricate geometric patterns. In the north-western corner rises
a square minaret about 45 m high, measuring 4.7 x 4.7 m in plan. The minaret was built in
1095 and stands on a stone foundation. The mosque was damaged as a result of past
earthquakes and hostilities. It is included in the UNESCO World Heritage List.

Figure 16 —The Great Mosque in Aleppo, Syria.

Pucynok 16 — bonbimas meuets B Anenmo, Cupusi.
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Figure 17 — The Plan of the Great Mosque in Aleppo, Syria.

Pucynok 17 — I1nan bonbmioit meyetu B Anenno, Cupus.
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Buildings and constructions of religious significance, such as Muslim mosques, are
primarily public buildings, and a place where a large number of people gather during prayer.
If an earthquake occurs at this time, people's reactions such as panic, fear, stampede, etc. will
inevitably follow.

If a person prays, then at that time he is concentrated on this action. The shocks and
vibrations from an earthquake lead to different reactions in different people from panic and
fear to trance or mental illness, depending on the innate, psycho-physiological qualities and
type of the human nervous system. After all, melancholic, sanguine, phlegmatic and choleric
people can react to this in different ways. Therefore, there is a need to protect people and
building structures of buildings and structures by reducing the seismic impact using
traditional or non-traditional methods of seismic protection

Seismic protection of the Great Mosque in Aleppo
An analysis of the seismic situation in Syria and the city of Aleppo [2-3,22-24] in
particular showed that the territory of this country and this city is subject to seismic effects of

different intensity and Peak Ground Acceleration (PGA), (tables 2-3).

Table 2 — Seismicity of the territory of the city and province of Aleppo, Syria in points
according to the scale of seismic intensity SHSI-17.

Tabnuma 2 — CelicMUYHOCTh TEPPUTOPUH rOpoAaa U poBuHIMYU Auenmo, Cupus B 6ajiiax 1o
mkasne ceiicmuyeckoi nateHcupHoctu LHICHU-17.

I100), I(500), I(1000)s I2000),
Intensity Intensity Intensity Intensity
) (in points) (in points) (in points) (in points)
Locality name | for earthquake | for earthquake for earthquake for earthquake
return period return period return period return period
Teq=100 years Teq=500 years Teq=1000 years | Teq=2000 years
Aleppo VII VIl VIII IX

Table 3 — Peak Ground Acceleration (PGA) values in fractions of (g) for the city and province
of Aleppo, Syria.

Tabmuua 3 — 3Hauenus nuKoBoro yckopenus rpyura (PGA) B nonsix (g) niast Anenmno, Cupus.

PGA, (g) PGA, (g) PGA, (g) PGA, (g)
peak ground peak ground peak ground peak ground
. acceleration for | acceleration for | acceleration for | acceleration for
Locality name earthquake earthquake earthquake earthquake
return period return period return period return period
Teg=100 years | Teq=500 years | Teq=1000 years | Teq=2000 years
Aleppo 0,051 0,0516 0,1885 0,4691

It is proposed to protect people and building structures of buildings and constructions
from the negative consequences of earthquakes [25-28] to use an unconventional method of

74



Z.A. Aldrebi Strengthening the security of Syrian architectural monuments with the help of ...

CeiicmocToiiKoe cTpouTesnbeTBo. BesonacHocTb coopyxenuit / Earthquake Engineering. Constructions Safety

seismic protection in the form of seismic isolation of the entire building of the mosque to
reduce seismic impact.

For seismic isolation of the Great Mosque in Aleppo, it is proposed to use a High
Damping Rubber Bearing (HDRB) with a high ability to dissipate energy, designed for
maximum movement of equal £200 mm. The rubber compound used in the production of the
HDRB support has a dynamic shear modulus (Ggin)=0.4 MPa (figures 18-19).

Plate

high-damping
rubber

internal
steel sheets

coated
rubber

Figure 18 — High Damping Rubber Bearing (HDRB) in section.

Pucynok 18 — Celicmon3onupytomniasi pe3MHOMETaIINYecKast 0Iopa ¢ BHICOKOM
CIIOCOOHOCTBIO K MCCUIMALIK SHEPTHH B paspese.

Figure 19 — Idealized “force - displacement” (F—D) relationship for a High Damping Rubber
Bearing (HDRB).

The total thickness of rubber (7)) provides the low horizontal stiffness (K;) needed to
lengthen the fundamental natural period of the system [2-3,9], whereas the close spacing of
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the intermediate steel shim plates provides a large vertical stiffness and critical load capacity
for a given shear modulus (G) and bonded rubber area (4,). However, steel shim plates do not
affect the horizontal stiffness of the bearing.

It is possible to calculate the horizontal stiffness factor (K}) of the elastomeric bearing by the
formula 2:

K. = GA,
h Tr

(2)

The modulus of compression (£.) for a single solid round rubber layer, assuming that the
rubber is incompressible, given by the formula 3:

E, = 6GS? (3)

Shape factor, which can be calculated by the formula 4:

s=t 4
=7 @
Where:
S- shape factor, which is a dimensionless geometric parameter defined for a single rubber
layer;
A;-loaded area;
A - seismic isolation surface area.
The vertical stiffness factor (K,) can be calculated using formula 5:
E.-A 6GS?*A
Kv _ ¢ b — b (5)

T T,
The vertical and horizontal stiffness of the elastomeric bearing are related. For example, for
circular bearings can be calculated using formula 6:

K,

— =682 6
Ky (6)
The shape factor for a circular bearing with a diameter d, is given by the formula 7 and made

of rubber layers of thickness 7:

md;
_ G _ 4 -
ndgT, 4T,

The shape factor for a square bearing of sides a - a is given by the formula 8 and made of
rubber layers of thickness 7-

P a-a _a ®)
- 2T.(a+a) 4T,

The shape factor for a rectangular bearing of sides a - b is given by the formula 9 and made of

rubber layers of thickness 7-
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~ 2T.(a+Db)
And, finally, a design model (figure 20) was built corresponding to the state of the
mosque after seismic isolation and the calculation was performed in the LIRA-SAPR 2016
software package, in which it is possible to obtain all the necessary system parameters, for

example, loads in elements, displacements, vibration periods, visualization of vibration modes
[25-36].

Figure 20 — Design model of the Great Mosque in Aleppo with High Damping Rubber
Bearing (HDRB), installed under the building.

Pucynok 20 — [IpoektHas Mozenb bonbuiol MeueT B AJIENIO ¢ pe3MHOMETAIIIMYECKUMU
onopamu Bbicokoro Jemnuposanust (HDRB), ycraHOBiIEHHBIMU TIOJT 3/JaHUEM.

The assessment and calculation of the seismic resistance of the building showed the

effectiveness of seismic isolation in this case (figure 21). More about this may be written in
future articles.

a(a) 6(0)

1

Figure 21 —Displacement mosaics along X and Y after seismic isolation of the building of the
Great Mosque in Aleppo:
a — displacement mosaic along X; b — displacement mosaic along Y.

Pucynok 21 — Mo3auku nepemenieHuid B1oiab X U Y Hociie CeHCMON30ISAIUN 3/1aHUs

Bonbioit meuetun B Anernro:
a — MO3auKa IepeMeleHH BIoIb X; b — Mo3anKa rnepeMenieHuii BAoib Y.
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It turned out that High Damping Rubber Bearings (HDRB), have the best

characteristics such as very high damping capacity, with an equivalent damping factor of
more than 15 % for a large earthquake, and good recoverability without additional dampers,
in other words ability to recover to its original position after seismic impact.

All of the above made it possible to reduce the impact of the earthquake on building

structures, which would lead to a decrease in negative reactions of people in buildings and
structures, such as fear and seismophobia, leading to panic.

Conclusions

To reduce the negative impact of earthquakes on people, on buildings and structures

and on the environment, the following measures should be taken:

e construction of buildings and structures, taking into account and based on the
normative maps of seismic zoning;

e increasing the seismic resistance of existing buildings and structures using non-
traditional methods of seismic strengthening, such as seismic isolation;

e as a successful and effective example of increasing the seismic resistance of
buildings, we can cite the proposed use of seismic isolation of the Great
Mosque building in Aleppo, which is one of the significant architectural
monuments of Syria;

e pay special attention to seismic hazard forecast;

e cffective organization of rescue services, medical assistance and firefighters;

e creation of emergency supplies of tents, medicines, clothing, heating
appliances, food, drinking water, etc.;

e cducating people and teaching them the rules of behavior in seismic hazard
conditions in order to avoid panic and increase the survival rate.
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Method of calculation of reconstructed excavation special fortifications in non-rock soils on
the impact of seismic waves of a nuclear explosion, taking into account the actual state of
the load-bearing structures
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Support named after Army General A.V. Khrulev. Saint Petersburg, Russian Federation
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Abstract: The article is devoted to the development of a scientific and methodological apparatus
that allows during reconstruction to make verification calculations of a special fortification in
non-rock soils for the impact of seismic waves of a nuclear explosion, taking into account the
actual state of the load-bearing structures. In particular, in this article, the authors proposed and
consecrated a method for calculating reconstructed excavation special fortifications in non-rock
soils on the impact of seismic waves of a nuclear explosion, taking into account the actual state
of the load-bearing structures. The theoretical significance of the described technique is to sub-
stantiate the application of the theories of continuum mechanics, elasticity and plasticity, and
methods of finite elements and initial stresses in the calculation of load-bearing structures of
special excavation fortifications to the effects of seismic waves of a nuclear explosion during the
design of the reconstruction of the KSFS. The practical significance of the methodology devel-
oped by the authors lies in the possibility of application to assess the actual condition of the bear-
ing structures of the excavated special fortifications after exposure to dynamic loads.
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1. BBenenue

[Tomapnsitoree OOMBIIMHCTBO CHENHATBHBIX (HOPTUDHUKAIIMOHHBIX COOPYKCHHI KOTIIO-
BAaHHOI'O THUIIA, BO3BEJIECHHBIX B NOpPs/KE 3a0JaroBpeMEHHON BOCHHO-MHXEHEPHOH NOArOTOBKU
TEPPUTOPUU CTPAHBI K BOCHHBIM JEHCTBUSM, OBLIO MOCTPOCHO B COBETCKOE BPEMs B MEPUOJ C
1950 no 1970 roxpl. Buenpenue aktuBHO# cucteMbl 3amuThl (ITPO) mo3ponuio caenate KCOC
OCHOBHOM CIIEP>KUBAIOLLEH CUJION IPYU NIEPBBIX HACTYNATEIbHBIX ACUCTBUAX IIPOTUBHUKA.

B ycnoBusxX orpaHMYeHHOro (PMHAHCHPOBAHUS CTPOUTENLCTBA B MuUHUCTEpPCTBE 000pO-
Hbl Poccuiickoii @enepanuu U A YCKOPEHHsI CPOKOB IOCTAHOBKM Ha OOEBOE JIEKYPCTBO KOT-
JIOBaHHBIX CHELHMATIBHBIX (POPTUPHUKALMOHHBIX COOPYKEHUH HE0OXOAMMO IMOWTH MO MyTH pe-
KOHCTPYKLMHU WIN KallUTaIbHOIO peMOoHTa cymecTByrommux KCDC.

OnHako, B COBPEMEHHBIX YCIOBMSX OLIEHKA CTEHNEHM 3aIlUThl KOTJIOBAaHHBIX CIIELHAlIb-
HBIX (POPTUUKAIIMOHHBIX COOPYKEHHH MpH PEKOHCTpYKIMHU B MuHHCTEepcTBE 000poHBI Poc-
cuiickoit denepany xapakTepu3yercss HATMUUEM psiia IPOTUBOPEUHA.

Bo-nepBbIX, MpakTHKa 3KCILTyaTalluy KOTJIOBAaHHBIX (OPTUHUKAIIMOHHBIX COOPYKECHUN B
CEHCMUYECKH aKTUBHBIX pailoHax nokasaia, uto KCOC nosydaroT NOBpekXIEHUs, CHIKAIOLIUE
UX 3alllUTHBIE CBOMCTBA, OJTHAKO B HOPMAaxX MPOEKTUPOBAHUS MPUPOJIHAS CEMCMMKA KaK pacyeT-
HOE BO3/IEHCTBUE OTCYTCTBYET.

Bo-BTOphIX, nedexTsl u noBpexaeHus, norydaemsie KCOC B mporecce 3KCIITyaTanuy,
CHIDKAIOT 3alllUTHbIE CBOWCTBA JAHHBIX COOPY)KEHUH, IPU 3TOM OTCYTCTBYIOT METOJIMKU IO
onenke creneHyu 3amutel KCOC ¢ yyeTroM (QakTHUECKOro COCTOSHUS HECYIIMX KOHCTPYKIIMM
IPU PEKOHCTPYKIIHH.

BrrmenepednciieHHple  TPOTUBOPEYHsT MOTYT OBITH pemIeHbl Pa3pabOTKOW HaydHO-
METOAMYECKOI0 armapara, MO3BOJISIONIEr0 IpHU PEeKOHCTPYKIMHM MPOU3BECTU MTOBEPOUYHBIE pac-
YeTbl KOTJIOBAHHOTO CHEHHAIBLHOrO0 (GOPTU(UKALMOHHOTO COOPYKEHUSI B HECKAJIbHBIX IPyHTax
Ha BO3JIEICTBHE CEiCMOB3PBIBHBIX BOJH SJIEPHOIO B3phIBA C yYETOM (PAKTHUECKOTO COCTOSIHUS
HECYIIMX KOHCTPYKIMII Ha OCHOBE TEOPHM MEXaHUKH KOHTHHYYMa, YIIPYTrOCTH U TUIACTUYHOCTH
Y METOJI0B KOHEUYHBIX JIEMEHTOB U HadaJbHBIX HANPSKCHUM.

B nponecce pazpaboTky BbIIIEYKa3aHHOIO Hay4YHO-METOJUYECKOIO armapara aBTOpaMH
ObUIa MpeAIoKeHa METOAMKA pacdeTa peKOHCTPYUPYEMbIX KOTJIOBAHHBIX CHEIHMAIbHBIX (HOPTH-
(UKALMOHHBIX COOPYKEHWH B HECKAJIbHBIX TIPYHTaX Ha BO3JIEHCTBUE CEHCMOB3PHIBHBIX BOJIH
SJIEPHOTO B3pbIBA C Y4E€TOM (PaKTHUECKOTO COCTOSHUS HECYIIMX KOHCTPYKLUH, KIHOYeBbIE ac-
IIEKTBI KOTOPOM M3JI0KEHBI B JAHHOM CTaThe.

2. OcHOBHbIE MOJIOKEHHS METOAUKH

MeTtouka peTHa3HadeHa Uil yaera (aKTHYECKOTO COCTOSTHHUS HECYNTUX KOHCTPYKIIAN
IpU MPOSKTUPOBAHUM PEKOHCTPYKIIMU KOTJIIOBAHHBIX CIEUUATbHBIX (HOPTUPHUKAIIMOHHBIX CO-
OpymeHHﬁ, pacCUUThIBACMBIX Ha BOS}ICI\/'ICTBI/IG CeﬁCMOBSPBIBHI)IX BOJIH AACPHOTO B3phIBA.

CyIIHOCTh METOJMKH COCTOUT B TOM, YTO TMOCIIE MTPOBECHUSI BU3YAIBHOTO U JETATLHOTO
o0cCITeZIOBaHUS BBIMTOJTHSACTCS TMOBEPOUYHBIA pacdeT, IEeNbI0 KOTOPOTO SIBISIETCS OIpe/eeHue
(haKTUYECKOTO COCTOSIHUS HECYITUX KOHCTPYKIIHI 32 BCIO MCTOPHUIO IKCILTyaTalliid KOTJIOBAHHO-
ro CHenualbHOTO POPTUPHUKALUOHHOTO COOPYKEHHUS, IPU ITOM YUUTHIBAIOTCA U 1€(DEKTHI, BbI-
SIBIIGHHBIC HA MpeABIAYIIeM dTarne oocnenoBanus. OOmas cxema anropuTMa pacyeTa MpeIcTaB-
JieHa Ha pucyHke (puc. 1).
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MpoBeaeHne 0b6cne0BaHMA TEXHUYECKOTO COCTOAHMA HECYLLIMX KOHCTPYKLmMIA KCOC

v

BbisiBneHve fedpeKToB M NPUUMH MX 0bpa3oBaHms

P KCoC Pacuet KC®C Ha BO3-
acuer Ha BO3-
aevicteue OCM Aluranueckie AeiCTBUE NPUPOLHOIL

Harpysku CEeMCMMKM
I'Ioc:poeHme OMCKPETHbIX Moaenel pacieTHoM 061acTh € y4EeTOM BbIABAEHHbIX ,D,:d)eKTOB
dopmuposaHme matpuy, K, C, M aHcambns KOHeijIX 3/1eMEeHTOB pacYeTHOM ANCKPETHOM Moaenun
®opmunpoBaHME BEKTOPA HArpy3Ku oT ceﬁCMOB:pblsHoro BO34EeMNCTBMA Ha pacyeTHy 061acTb
NHTerpnpoBaHue ypaBHEHUN ABM)KtHMFI MeTOAa KOHEYHbIX 3/IEMEHTOB
v

OnpeaeneHne KMHEMATUUYECKUX NapamMeTPOB U HaNpAXKeHHO-A4edOPMUPOBAHHOIO COCTOAHMA
pacuyeTHoM 06acTu rpyHTa

v

BbluMCIeHNE KUHEMATUYECKMX MAaPAMETPOB U BHYTPEHHUX ycuamnii (M, N) B KOHCTPYKLMAX

Pucynok 1 — O6uiast 6110K-cxema ajlropuTMa pacdera peKOHCTPYUPYEMbBIX KOTJIIOBAaHHBIX
crienuagbHbIX (POPTUHUKAITMOHHBIX COOPYKEHUM

Figure 1 — General block diagram of the algorithm for calculating reconstructed
excavation special fortifications

Onenka (pakTHYECKOTO TEXHUYECKOTO COCTOSTHUS Hecynmx KoHCTpykiuii KCDC, B Tom
yucie 3amuieHHocTy U kuBydectTd KCOC B 1eoM WK €ro OTACNIbHBIX 3JIEMEHTOB IS MPH-
HATHS PEICHUs [0 PEKOHCTPYKIUHU MPOU3BOJIUTCS Ha OCHOBE PE3yJbTaTOB OOCIIEIOBAHUS CO-
OpYKCHHUSL.

Ob6cnenoBanne Texuuueckoro coctossuusi KCOC npoBoaures B 1Ba stana. Ha 1 srane
BBINOJIHAIOT BU3yalbHOE 00CIEI0BAHNE HECYLINX KOHCTPYKIMM Ui BBIABICHUS 3HAUUTEIIBHBIX
U KPUTHYECKUX AEe(PEKTOB, BIUSIOMNX HA HECYIIYIO0 CIIOCOOHOCTb, )KECTKOCTh M YCTOMYUBOCTB.
Ha 2 stane npoBoasT AeranbHOEe 00ciel0BaHUE MOBPEKICHHBIX HECYIINX KOHCTPYKIMH 00/e-
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JIOK B COOTBETCTBUU C HOPMAaTHBHBIMH JokyMeHTamu [1, 2]. [To naHHBIM 0OCneoBaHHs BbISB-
JSIFOT YYacTKH € Je(eKTaMu.

[enbto BU3yalbHOTO 00CIEA0BaHUs SBJISETCS IEpBUYHASA (OlepaTUBHAsI) OLIEHKA TEXHU-
yeckoro coctosiHust KCOC 3a Bce Bpems dKcIulyataluu. Pe3ynbraTaMu npoBeaeHMs IpeaBapu-
TEJILHOTO (BU3YaJIbHOT0) 00CIIeIOBaHUS SBISIOTCS: CXEMBI U BEOMOCTH Ae(DEKTOB U MOBPEK/Ie-
HUH ¢ QuKcanued UX MECT U XapakTepa; pe3yibTaThl NPOBEPKU HAJIUYUS XapaKTepHbIX Aedop-
MaIHii COOPYKEHHUS U €r0 OTJEIBHBIX CTPOUTEIBHBIX KOHCTPYKIUHN (IPOTUOBI, KPEHBI, BBITHOBL,
HIEPEKOCHI, Pa3JIOMBbl U T. I1.); BBIIBJICHUE aBAPUIHBIX YJACTKOB (IIPH HATUYHH).

Ecnu pe3ynbpTaToB BU3yaldbHOTO 00CIEIOBAHUS U IPUHATHS PEIICHUS IO PEKOHCTPYK-
IIUM HEJOCTaTOYHO, U IIPU BU3YyalbHOM 00CIEIOBaHUU OOHAPYXKEHbI JePEKThl U NOBPEXKICHHUS,
CHIDKAIOIIKE MPOYHOCTh U YCTOWYMBOCTD HECYIIMX KOHCTPYKIMI COOPYXEHUS, TO NEPEXOIAT K
MHCTPYMEHTAJIbHOMY 00CJI€ZIOBAaHUIO.

Ha ocHoBe pe3ynbTaToB MHCTPYMEHTAIBLHOTO 00CIIEIOBaHMSI YCTaHABIMBAIOTCS LENH, 3a-
Jlauu, BUJIl U XapaKTep HNOBPEKICHUH HECYIIMX KOHCTPYKLUH HEOOXOAMMBbIEe Ul MPUHATHS
peuieHus o nanbHeimen pekoncrpykunu KCOC.

B xone npoBeneHust o0ciea0BaHMs 1aeTCsl OLEHKA TEXHUYECKOr0 COCTOSHUS Kese300e-
TOHHBIX HECYILIUX KOHCTPYKIIMH HAa OCHOBE:!

—  OHpeeseHUsI FeOMETPUUECKUX Pa3MepOB KOHCTPYKIMHA U UX CEUEHUH;

— conocTaBiieHHs (aKTUUYECKUX Pa3MepPOB KOHCTPYKIMH C MPOEKTHBIMU pa3MepaMu;
(bU3MKO-MEXaHNYECKUX CBOMCTB MaTepUalIOB KOHCTPYKIIMIA;

— HaJIWYMS TPELIMH, CKOJIOB U Pa3pyLlEHU; MECTOPACIIONO0KEHHUS;

— XapakTepa TPEUIMH U UIMPUHBI UX PACKPBITUS, COCTOSHUS 3AIIMTHBIX MOKPBITUH,
nepopManuii KOHCTPYKIIMIA;

— TIPU3HAKOB HApYyILEHMs CLEIUICHUS apMaTypbl ¢ OETOHOM, HAIWYMS Pa3pbIBOB ap-
MaTypbl, CTEIIEHH KOPPO3UU OETOHA U apMaTyphl.

C nenbio yroyHeHHs pe3yJabTaToOB OOCIIEOBAaHUS MPOBOJUTCS MOBEPOUHBIM pacueT He-
cymux KoHCTpykiuii KCOC Ha Bo3znelicTBHE celiCMOB3PBIBHBIX BOJIH SIIEPHOTO B3phiBa. Pacuer
BBITOJIHSACTCS. B CHEIMAIM3UPOBAHHOM IMPOTPAMMHOM KOMIUIEKCE Ha 0a3e MeToja KOHEYHBIX
AJIEMEHTOB B (hOpMe MepeMeleHn i, TPeTyCMaTPUBAIOIIHNM CIISYIOIIHE ITalbl pacuera [4]:

— pa3bueHue paccMaTpuBaeMoOi 00JacTW Ha KOHEUHBIE 3JIEMEHTHI, U MOATOTOBKA
TOIOJIOTUYECKOM, FeOMETPUUECKOM 1 pu3ndeckoil nHpopmalmu;

— TIOCTpPOEHUE ISl BbIIEJICHHBIX KOHEUHBIX 3JIEMEHTOB Ha OCHOBE MH(OpManuu 3a-
BHUCHMBIX MEPEMEHHBIX KYCOUHO-TIOJIMHOMHBIMH (YHKIUSIMU C U3BECTHBIMHU Ia-
pameTpaMu s KaXA0ro KOHEYHOI'O DJJIEMEHTAa, COOTBETCTBYIOUIMX MAaTpPHUIL
(’KeCTKOCTH, Macc, BA3KOCTH) U BEKTOPOB, OIMPENEISIONINX 3aBUCUMOCTH MEXY
peakuusIMHU U IEPEMEIICHUSIMH B y3J1aX DJIEMEHTOB;

— (opmupoBaHHE pa3pelIalomed CUCTEeMbl YPAaBHEHHH, MAIOIINX 3HAYCHHE IOJICH
MEepEeMEIICHU N, CKOPOCTEN U YCKOPEHUH y3JIOBBIX TOUEK.

JUist TOTHOLIEHHON KapTUHBI HAIPSDKEHHO-1e(OPMUPOBAHUS COCTOSHUS PAcyeT BBIMOJ-
HSIETCSl B NMPOCTPAHCTBEHHOM MOCTAaHOBKE C MPUMEHEHHWEM HEJMHEHHBIX Mojeniell paboThl He-
CKaJIbHOT'O IPYHTA U MaTepuaja HECYIIUX KOHCTPYKIIUM.

Jlj1s BBIMOJHEHMsI MPOCTPAHCTBEHHOT'O pacdyeTa KOTJIIOBAaHHBIX CIEHHaTIbHBIX (QopTHdH-
KallMOHHBIX COOPY)KEHUI Ha BO3JCHUCTBUE CEHCMOB3PBIBHBIX BOJIH SJIEPHOTO B3pbIBA BHIOMpACT-
csi 00y1acTh, BKIJIIOYAIOIIAsl HECKAJIbHBIN IPYHT, BMELIAIONINI KOTJIOBaHHOE creluaibHoe (op-
TUUKAIIMOHHOE coopyxkeHue [4]. dopmupoBaHHE NHUCKPETHOM MOJENN pacdyeTHOH OO0JIACTH
noJipa3ymMeBaeT paz0uTHe rPyYHTOBOIO MacCHBa Ha rekcadpajibHble KOHEUHbIE 3JIEMEHTHI C BO-
ceMbio y3namH, a KoHCTpykuuu KCDC pa3buBaroTcss Ha 000104€UHbIE KOHEYHBIE 3JIEMEHTHI C
YeThIpbMs y31aMu. [Ipu 3TOM rycToTa 3JIEMEHTOB YBEJIMYMBAETCS B 30HE OIPaXKJIArOIIUX KOH-
CTPYKIIMI U YMEHBIIAETCS TI0 MEpe YAAJICHUsI OT COOPYKEHHUs K rpaHuiiam obnactu. MizmeHenue
pPa3MepoB JIEMEHTOB OT CJIOSl K CJIOK0 JOJDKHO OBITh TIJIaBHBIM, YTOOBI UCKIIOUYUTH 3P(HEKTHI OT-
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paKeHUs IPU MOJICTMPOBAHUH PACIPOCTPAHEHUS BOJIH B TPYHTOBOM MaccuBe. OIBIT MOKa3bIBa-
€T, YTO €CJIM Pa3Mepbl COCEAHUX JIEMEHTOB OTJIMYatoTcs He 6oinee yeM Ha 20-30%, To yroms-
HYTBIMU 3¢ dexramMmn MOXHO TpeneOpeub. [Ipumep TUCKpeTHOW 00JIacTH MpPEICTaBICH Ha PH-
cyHKe (puc. 2).

Ecnu rpyHTOBBIN MacCUB COCTOUT U3 PA3IUYHBIX CJIOEB C SPKO BBHIPAKEHHBIMU (PH3UKO-
MEXaHUYECKUMHU XapaKTePUCTUKAMH, TO 3TO YYUTHIBAETCS IIyTEM MOJIEIUPOBAHUS KaXIO0TO CII0s
TpyHTa 3JEMEHTAMH C KOHKPETHBIMH (PH3MKO-MEXaHHYECKUMHU XapaKTEPUCTHKAMH (MOIYIb
yrnpyrocty, ko3dduiment Ilyaccona u ap.), npu 3TomM AepopMaTHBHbIE CBOWCTBA 3JIE€MEHTa

KaKa0ro CJI04 I'pyHTa MOT'YT OIIMCBIBATLCA PA3JIMUYHBIMU YPABHCHUAMU COCTOSIHUA.

Pucynok 2 — JluckpeTHas MoJielIb pac4eTHOW 001acTH
Figure 2 — Discrete model of the computational domain

Koneuno-3neMeHnTHast Mozenpb orpaxaaronmnx KoHCTpykiuil KCOC crpoutcs Ha 0OCHOBE
MakeTa TUIOBBIX KOHEYHBIX 3JIeMEHTOB. JKelle300eTOHHBIC KOHCTPYKIIMHA Pa30MBAIOTCS Ha 000-
JIOYEYHbIE KOHEYHBIE PJIEMEHTHI, B pad0Te 3JIEMEHTOB TaKOTO TUIA MOTYT OBITh YUTEHHI Jedop-
Manuu u3ruda u capura. s yuera moBpexaeHuil U 1e(eKTOB B KeIe300€TOHHBIX KOHCTPYK-
[IUSIX, BBISIBJICHHBIX TIPU OOCJIEIOBAaHUH HECYIUX KOHCTPYKIIMH, UCIIONB3YIOTCS TaKUe K€ CTaH-
JapTHBIE 000J0YEUYHBbIE KOHEYHBIC AMeMEeHTHI. [Ipu 3ToM MX (HU3MKO-MEXaHWYECKHUE CBOWCTBA
HA3HAYaroTCs 1O pe3yabTaTaM 00CcIeI0BaHusI.

[Ipu pa3paboTke AUCKPETHOM CXeMbI HEOOXOIMMO YUUTHIBATh U TOT (DAKT, YTO y3JIBI KO-
HEYHBIX JIEMEHTOB KOHCTPYKIIMH JOJDKHBI B3aUMOJICHCTBOBATh C COOTBETCTBYIOIIUMHU Yy3JIaMHU
rpyHTa. cxonst U3 3TOTO CTENeHb MUCKpeTH3anuu orpaxaaronux KoHcTpykiuii KCOC nomkna
OBITh yBsI3aHA C TYCTOTOW KOHEYHO-IJIEMEHTHOU CETKU 001acTH TPYHTA.

[Ipu pa3paboTke AUCKPETHOM CXeMbl HEOOXOIMMO YUUTHIBATh U TOT (DAKT, YTO Y3JIBI KO-
HEYHBIX JIEMEHTOB KOHCTPYKIIMH JOJKHBI B3aUMOJICHCTBOBATh C COOTBETCTBYIOIIMMHU Y3JIaMHU
rpyHTa. Micxoas u3 3Toro, CTeNeHb AUCKPETH3auu orpaxaaroniux KoHCTpykinii KCOC momxk-
Ha OBITh yBS3aHA C T'YCTOTOM KOHEUYHO-3JIEMEHTHOM CeTKM 00J1acTH IpyHTa [5].

I'excasapanbHpIii 0OBEMHBIH KOHEYHBIM SJIEMEHT, MPUMEHSEMBIN I JTUCKPETHU3AINN
TPYHTOBOT'O MacCHBa, HIMEET TP BEKTOpa MepeMeIeH st {u} B y3ie aiemenTa (puc. 3).
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Matpu4Hoe ypaBHEHUE ABUKEHUS 3JIEMEHTOB:

[m]{i} + [cl{u} + [k]{u} = {P(O)} (1

OIMCBIBACT €T0 NOBEJCHHE 10 MOSABICHUS HEYNPYTUX JePOpMaLuii.
Henuneilinblii XxapakTep pabOThl TPYHTOBOTO MAacCHBA IMMPUBOJAUT K CUCTEME HEIMHEHHBIX
g depeHIraIbHbIX ypaBHEHUH paOdoTy 3JIEMEHTOB B YIPYTOMJIaCTUYECKON CTaIHH.

[m]{i} + [cl{i} + [kH{u} = {P(D)} + {F}, 2

rie  {P(t)} — cronben-BexkTOp 000OMEHHBIX CHII, IEHCTBYIOIIUX HA SJICMCHT;
{F} — cTon0en-BeKTOp HAa4YaIbHBIX Y3JOBBIX CHJI, OOYCIOBJICHHbIM HAYaJbHBIMU Hamps-
’KEHHSMH B 3JIEMECHTAX [PU UX paboTe 3a mpeaeaMu yIpyrocTy.
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Pucynok 3 — I'ekcasipaiibHbIil KOHEUHBIN DJIEMEHT IIEPEMEIICHHUS
Figure 3 — Hexahedral finite element of displacement

Martpuna macc [m] ¥ MaTpHIa XECTKOCTH [k] dIeMeHTa ONpeAeNsIoTCs CIEAYIOIUMU
BBIPAKCHUSIMH.

[m]=pFl f, NTNd§ (3)
[k] = [BI[DI[B]"V @)

raie  [B]— marpuna nedhopmMupoBaHus;
[D] — MaTpuia yipyrux XapakTepUCTHK MaTepuaa,;
V' — 06beM arieMeHTa.
JInst Toro, 4ToObl MOCTPOUTH MATPHILY KECTKOCTH DJIEMEHTA HEOOXOIMMO BHIPA3HUTh Iie-
pemenienus toyek BHyTpH dnementa {u} = {u(x,y,z) v(x,y,z) w(x,y,z)} uepes nepemerie-
HMS €10 y3510B {q};, APYyTUMH CJIOBaAMH YCTaHOBUTH 3aBHCUMOCTH BH/Ia

{u} = [Nl{g}:. )

3neck [N], Tak Ha3biBacMasi, MaTpHIla HHTEPIIOISIHOHHBIX (QYHKIMI, KOTOpask B TAHHOM
ciryyae OyJieT UMeTh BOCEMb OJIOKOB, IO YUCITY y3JI0B

[N] = [[N]® ... [N]® ... [N]®)], (6)
KaXIbI U3 KOTOPBIX pABEH
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[N](k) = E3Nk(xly' Z), (7)

rae E; - ennHuYHas MaTpula TPETHETO MOPsIKa.
Nurepnonsimmonnsie yHrimu Ny (X, Y, z) 00b19HO (HOPMYIUPYIOT HE B 0OMIEH CHCTEME
KOOPAMWHAT X, V, Z, @ B MECTHOW, TPEXMEPHON HOPMAIU30BAaHHOM, UMEIOLIEH JIJISl TEKCA3Ipa BUL

f=22 =225 0= (8)

X¢) Yer Zc - KOOPAMHATHI LIEHTPA TSHKECTH FeKcal’apa.
B »THX KOOpAMHATAX WHTEPHOIIIUOHHAA QYHKIMSA OYAET UMETh BUJ

N, 6) = < (1 +mem) (1 + &1+ 6i6) ©)

U TIPEJCTaBIIIET COOOW MHTEPIOJISIIIMOHHBIA TOJWHOM IEPBOTO MOpsaka. DU3HUYECKUN CMBICIT
Beipaskenust Ny (€,1, ¢) 3aKiro4aeTcst B TOM, 4TO KakJIas U3 3aBUCHMOCTEH MPEICTaBIsAET COOOM
OTHOIIIEHHE 00bEeMa COOTBETCTBYIOIIETO 3aIITPUXOBAHHOMY MapajUieJeNuIlely C BEPIIMHON B
JTAHHOW TOYKE K 00beMy BCEr0 KOHEYHOIO AJIeMEHTa [6].

Jledopmaruu BHYTPH 3JIEMEHTA OTPEACIIIOTCS Yepe3 MEePEMEICHUs ero y3JI0B ToCpe/I-
CTBOM, TaK Ha3bIBAEMOM, MaTpullsl aedopmanuii [B], comepskaiieii BOCEMb CTaHIAPTHBIX OJI0-
KOB, KOTOPBIE BXOJAT B KaU€CTBE COMHOKHUTEJIEH B IMOJBIHTErPAIIbHOE BBIPAKEHHE COOTHOIIE-
HHUSL:

[B] = [[B]V ...[B]® ...[B]®], (10)
CTaHI[apTHBIfI 6J'IOK ManI/II_IBI I[e(l)OpMaI_[I/Iﬁ OHpC,Z[CJ'I}IeTC}I C ITIOMOIIIBKO COOTHOIIICHHUA:
[B](k) = [CD]Nk(x,y,Z) (11)

rae [@] matpuna nuddepeHuanbHbIX 0NepaTOpPOB:

a —_
—~ 0 0
d
0 o 0
0 0 %
[(D]= 9 9 0 (12)
3y ox
d 0
0 0
5, 0 3

[Tocne nuddepeHnnpoBaHUs MOTYIUM

[$c(1+ men) (1 + 66) 0 0 ]
0 M (1 + &8 (1 + 6k6) 0

[B] =i 0 0 (14 $k$) (1 + mem)
8a|me(1+ &) (L +6ks) (1 +mem)(1 4+ ¢is) 0

0 k(1 +EE)A+men) me(1 4§ (1 + 6i6)

L6 (1 + &8 (1 + mem) 0 Sk (L +mem) (1 + ¢is)d
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1 —v v v 0 0 0 1
% 1—v A 0 0 0
v v 1—v 0 0 0
1-—2v
(D] = E 0 0 0 — 0 0
(1+V)(1—2V) 1-2v
0 0 0 0 _
2
0 0 0 0 1-2v
| 2 |
Marpuua Bs3kocTs [C|omnpenensercss U3 BHIPasKEHHS:
[C] = a;[m] + a,[k], (13)

rJie: QU Q5 — IPOU3BOJIbHBIC KOA(D(UIIUSHTHI TPONOPIIMOHATLHOCTH.

Konewno-armeMeHTHas: MOJIeTh KOHCTPYKIUNA (POPTUPUKANMOHHOTO COOPYKEHHUST KOTIIO-
BAaHHOTO THUIIA CTPOUTCS HAa OCHOBE IMaKeTa THIIOBBIX KOHEYHBIX JJIEMEHTOB. PaMHBIH Kapkac
pa36I/IBaeTC$I Ha 000104eYHBIE KOHEYHBIE OJICMCHTBI, BOCIIPUHHUMAIOIINUC I/I3FI/I6HI)I€, npoaoJjb-
HBI€, U CIBUTOBBIE AeQopMaIuu. ITH KOHEUHBIE JIEMEHTHI HAJIEISIFOTCS CBOIICTBaMH keJe300e-
TOHHBIX IIIUT, KOTOPBIE MOTYT 1e(hOpMUPOBATHCS B pa3inyHbIX cTagusx. [Ipu paspaboTke muc-
KPETHOM MOJIETIM CXEMbl HEOOXOJIMUMO YUYUTHIBATh, YTO Y3JIbI KOHEYHBIX AJIEMEHTOB TPYHTa
JOJIZKHBI B3aHMOHeﬁCTBOBaTb C COOTBCTCTBYIOIIMMH Yy3JIaMH KOHCYHBLIX 3JICMCHTOB KOHCTPYK-
WU, TPUMBIKAIOIMUX IPpyHTY. CTENeHb AUCKPETU3AlNU OTPaXAAI0IIUX KOHCTPYKIUN Ha KOHEY-
HBIC JICMEHTHI JIOJKHA OBITh YBsI3aHA C TYCTOTOW KOHEYHO-3JIEMEHTHOM 00JIACTH TPYHTA.

O060104YeUHbI KOHEUHBIH EMEHT [ 7] XxapakTepusyeTcst BeKTopoM ycunuit {f} (puc. 4) u
BEKTOPOM Y3JIOBBIX MepeMenieHuii {u}(puc. 5).

{f}:{Nxx: ny: Qzx Mxnyx' Nyy' nyr Qyzr MxyMyy' Ny, ny: Qzx)
Mxnyx' Nyy' ny' Qyz' MxyMyy}T 5 (14)

— T
{U={ugv1w 0551 0y 21Uz VW2 0y520, 50Uz V3 W30,y530,,3Us VW, 9xz49yz4} (15)

Pucynok 4 — BekTops! ycuinii 000J109€4HOTO0 KOHEYHOTO DJIEMEHTA

Figure 4 — Vectors of efforts of the shell finite element
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PI/ICYHOK 5— BeKTopH Y3JIOBBIX nepeMemeHI/Iﬁ 000JI0Y€YHOT0 KOHEYHOT'O
9JICMCHTAa

Figure 5 — Vectors of nodal displacements of the shell finite element

TouyHOCTB pe3ynbTaToB pacueTa, nojdyyaeMblx Ha ocHoBe MKD, 3aBucuT, B epByro oue-
penb, OT CTENEHH U XapaKTepa IMCKPeTU3aluu peiaeMoi 00JacTi Ha KOHEUHbIe 3JeMeHThI. Kak
IIPaBUJIO, B YMCJIEHHBIX PELICHUAX, HAPALY C TOYHOCTBI) PACCMATPUBAETCS BOIPOC SKOHOMUU
pecypcoB OBM, 4TO B KOHEYHOM HMTOre MPUBOAUT K HEOOXOAMMOCTH MPUMEHEHHS ONTHMAallb-
HBIX JMCKPETHBIX CXEM, YJIOBJIETBOPSIONIMX MO TOYHOCTH M TpeOyeMbIM pecypcaM BBIUMCIIH-
TEJIbHON TEXHHUKE.

Metonuka pacueTa peKOHCTPYUPYEMBIX KOTJIOBAHHBIX CHELMAIBHBIX (OPTHU(PUKALMOH-
HBIX COOPYXEHMHM B HECKAJIBHBIX I'PYHTaX Ha BO3JECHCTBHE CEHCMOB3PBIBHBIX BOJIH SIEPHOTO
B3pbIBa C YYETOM (DAKTHUECKOIO COCTOSHUSI HECYHIUX KOHCTPYKIMM, peann3oBaHa B BBIYUCIIH-
tenbHOU nporpamme MIDAS GTS NX. B ocHOBe anroputma 4MCIEHHOTO PELICHUs 33a4H Je-
JKUT MOIIAaroBO€ COBMECTHOE MHTEIPUPOBAHUE PA3PEIIAIOIINX YPaBHEHHM, ONMMCBIBAIOIINX -
HaMHU4ECKOE IOBEACHUE TPYHTOBOI'O MAaCCHBA M CTPOMUTEIBHBIX KOHCTPYKIUN KOTJIIOBAaHHBIX
cHenuaibHbIX (POpTUPUKAIIMOHHBIX COOpYXeHHH. B 1emom jxe MeTonKa pacuera BKIIIOYAET U
PSAI BCIIOMOTaTENIbHBIX ONEpaluii, B TOM YUCIIE CBA3aHHBIX C IOCTPOCHUEM PACUYETHON CXEMBI U
MOATOTOBKON MCXOAHOW YUCIIEHHON MCXOJHOW CXEMBI U TIOJATOTOBKOM YHCICHHOW WH(MOpMAIUu
JUUIS. MAaIIMHHOTO cuerTa [8].

OcHOBHBIE Ollepali METOANKH CIEAYIOIINE:

— MpOBEJICHUE 00CIIeOBAHUS CTPOUTENbHBIX KOHCTPYKLIUH;

— BBISIBJIEHUE 1€(DEKTOB U MOBPEKICHHUIA;

— BBOJI UCXOJTHBIX JIAaHHBIX, KX 00pa0OTKa ¥ MPEIBAPUTEIbHBIE BEIYUCICHUS;

— IOCTPOEHUE AUCKPETHON MOJEIHN CTPOUTENBHBIX KOHCTPYKIIMI U TPYHTOBOT'O MacCHUBa;

— (hopMupoBaHME MaTPHUIIBI KECTKOCTH aHCAMOJIsl KOHEUHBIX 3JEMEHTOB C Y4ETOM Jie-
(beKTOB U MOBPEXKICHUII;

— (opMHpOBaHUE HArpy3KHd, JEHCTBYIOIIEH Ha pacueTHYIO OOJIACTh B COOTBETCTBHU C
3aJJaHHOM MOJIENBIO CEICMOB3PBIBHOTO BO3JCHCTBUS;

— COBMECTHOE MHTETPUPOBAHUE Pa3pEIIAIONINX YpaBHEHUI 001acTH pelleHus Ha OIUH
11ar ¢ y4eToM B3aMMOJICHCTBHS TPYHTA U CTPOUTENbHBIX KOHCTpYKIUi KCDC;

— onpeaenenne HJIC rpyHTOBOro MaccuBa Ha OCHOBE YPAaBHEHMM COCTOSIHUS, OIIpeIensi-
IOLIUX YIIPYTroe U YIpyroiacTuieckoe 1e(popMUPOBAHUE;
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— onpenenenre H/IC cTpouTenbHbIX KOHCTPYKIUH.

PesynpraTomM pacuera sBIS€TCS HaNpsHKEHHO-IE(POPMHUPOBAHHOE COCTOSHUE HECYLIMX
KOHCTPYKLUH ¥ HECKAJIbHOTO TPYHTA.

Hayunas HOBM3HA METOAMKHU B OTJIMYUE OT CYILECTBYIOLIMX COCTOUT B TOM, YTO MO3BO-
asier B pacuere pekoHcTpyupyembix KCDC ydecTh (pakTHUecKOe COCTOSHHE HECYIIMX KOH-
CTPYKIIMH, 4TO B CBOIO OYepeb HauboJiee MOJIHO OTpaXkaeT HalpsKeHHO-1e(pOPMUPOBAHHOE CO-
CTOSIHUE HECYIIMX KOHCTPYKIMH KOTJIOBAHHBIX CIEHUATBHBIX (DOPTH(PHKAIMOHHBIX COOpPYKe-
HUMH.

Teopernueckas 3HaYMMOCTh 3aKJIOYAETCSI B 0O0OCHOBAHUU NPUMEHEHUS TEOPUIl MEXaHU-
KA KOHTHHYYMa, YHOPYrOCTH W IUIACTUYMHOCTH M METOJa KOHEYHBIX 3JEMEHTOB M HayaJbHbIX
HANpPsDKEHUH TPU pacdeTe HeCYIIUX KOHCTPYKIMH KOTJIOBAaHHBIX CHEIHATbHBIX (HOpTHHUKAIIU-
OHHBIX COOpY’KEHHH Ha BO3JIEHCTBUS CEHCMOB3PBIBHBIX BOJIH SJIEPHOIO B3pbIBa B IIpOLECCE
npoekTupoBanus pekoHCTpykiuu KCPC.

[IpakTHyeckass 3HAYUMOCTh pa3pabOTAaHHONH METOAMKHM 3aKJIHYaeTCsl B BO3MOYKHOCTH
IPUMEHEHHUS JJI OLIEHKHU (DAKTUUECKOTO COCTOSIHUSI HECYIIUX KOHCTPYKLUUN KOTJIOBaHHBIX CIIe-
UabHBIX (HOPTUDUKAIIMOHHBIX COOPYKEHUI 1ocie BO3IeHCTBUS JUHAMUYECKUX HAarpy30K.

J10CTOBEpHOCTh YMCIIEHHBIX PELIEHUII HEOOX0IUMO CPaBHUTH C pPe3yJbTaTaMH HaTypHO-
ro skcnepumenta. HUL[ 26ITHMU MO P® B 2004 u 2005 rr. B pamkax KHUP «KotiaoBan»
[90mmoka! UcTOYHUK CCHUIKH He Haii/leH.| IpOU3BEIeHbl SKCIIEPUMEHTAIbHbIE HUCCIIEI0Ba-
HUS [1TapaMEeTPOB BOJIHOBBIX IOJICH, T€HEpUPYEMbIX B IPYHTOBBIX MacCHBaX IPHU MHOTOKPATHOM
nericreuu bITOC.

OKCIIepUMEHTAIIBHBIE UCCIIEOBAHMSI, TO3BOJISIIOIINAE OLIEHUTD BIMSAHUE MHOIOKPAaTHOCTU
BO3/ICHCTBUS Ha MapaMeTpbl BO30YKIaeMbIX celicMoB3pbIBHBIX BoJH (CBB), peanusyromuxcs B
Iperpajax U rpyHTOBBIX MAacCHBaX, UMEIOT Ba)KHOE 3HAYCHME JJIsl OLICHKU JEHCTBUS MOpaKkaro-
nmx (akTopoB 00bIYHBIX cpeacTB nopaxkeHus (OCII) Ha KOHCTPYKLNHU 3alIUTHBIX COOPY>KEHUH.
[Tony4yeHHbIe IPU 3TOM SKCIEPUMEHTANIbHbIE JaHHBIE HEOOXOIUMBI JUIsl TECTUPOBAHUS YHCIICH-
HBIX MeToauK pacdera COC u mperpaj Ha B3pbIBHBIE HAarpy3KH, a TakKe METOAMK pacyera 00-
JacTeil pa3zpylieHus Mperpaj MpHu B3pbIBax 3ariayosieHHbIX 3apsnoB BTO B pasnuuHbIX cpepax.
Hccnenyemble BOJTHOBBIE MOJISI TEHEPUPYIOTCS B MACCUBE MTKOTO FPYHTA.
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Pucynok 6 — PacueTHas cxema sKkCiepuMEHTa
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Figure 6 — Calculation scheme of the experiment
OU3NKO-MEXaHMUECKUE XapaKTEPUCTUKHU IPYHTA IPUBEACHbI B Tabmuie (Tadm. 1).
Tabmuna 1 — @U3MKO-MeXaHUYECKUE XapaKTEPUCTUKU TPYHTA

Table 1 — Physical and mechanical characteristics of the soil

No HaumeHoBaHue XxapakTEpUCTUKHU Enununa | CumBon Bennuuna
n/m

1.| Monynb nedopmanyu MlIla E 10

2.| Koopdunuenr [lyaccona - v 0,28

3.| YaenbHbIIH Bec kr/m3 y 2000

4.| Cuemuienue MIla Cy 0,02

5.] Y103 BHYTPEHHETO TPEHUs I'payChl [0 20

[TpousBeneM JaHHBIN SKCIIEPUMEHT COTIACHO pa3pabOTaHHOW METOAMKE B IPOTPAMMHOM
kommiekce MIDAS GTX NS. Jlns 3Toro cozgaaium pacyeTHy0 00JacTh U JUCKPETHYIO MOJEIb,
M300paXeHHYIO Ha pUCYHKE (pHC. 7).

e

o

Pucynok 7— JluckpeTHast MOAENb IKCIIEPUMEHTA
Figure 7 — Discrete model of the experiment

CpaBHeHHME pe3ysibTaTa YUCICHHOTO PEIICHHUS C IKCIEPUMEHTAIbHBIMU JAaHHBIMH T10
CMEIIEHUSM U CKOPOCTSIM CMEIICHUI TOYEK MPUBEICHBI Ha pUCyHKax (pwuc. §, 9).
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U, (w/c)

Pucynoxk 8 — 3aBUCHMOCTh TOPU3OHTAIBHBIX CKOPOCTEHM OT BPEMEHH Ha TIIyOUHE 5 M

Figure 8 — Dependence of horizontal velocities on time at a depth of 5 m
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Pucynok 9 — 3aBUCHMOCTD JaBJICHUS OT BpEMEHH Ha TIIyOUHE 5 M
Figure 9 — Dependence of pressure on time at a depth of 5 m

Anamns MPUBCACHHBIX PE3YJIBTATOB OKCICPUMCHTA W YHUCJIICHHOTO PCIICHUA IMO3BOJIACT

CACJIaTh CICAYIOMINC BbIBOJbI:

— 3aKOHOMEPHOCTH M3MEHEHHUs BO BPEMEHU TOPU30HTAIBHBIX CKOPOCTEN M JIaBile-
Hus (puc. 8, 9), Noay4eHHbIE SKCIIEPUMEHTAIBHBIM IIyTEM, XOPOILIO COTJIACYIOTCS
C YHCIJICHHBIMU PE3YJIbTaTaAMU;

— DKCIEPUMEHTAIBHBIE CPEAHECTATUCTUYECKUE MAKCUMAJIbHBIE OTHOCHUTEIBHBIE
3HAQ4YEHMS] TOPU30HTAIBHBIX CKOPOCTEN M JABJIEHUS U IOJIYyYEHHBIE PAaCYeTOM I10
MIPEIIOKEHHON METOUKE JIEKAT B IIPEEIaX JOBEPUTEIBLHOIO HHTEPBAJIA JKCIIE-

PUMEHTA;

— MaKCHMaJlbHble a0COJIFOTHBIE 3HAYEHUSI TOPU30HTAIBHBIX CKOPOCTEN M JTaBJICHUS
TaKXke JIeKaT B Ipezenax JOBEpUTEIbHOI0 MHTEpBaja SKCIEPUMEHTa U OTINYa-
I0TCA OT €r0 CpeHEeCTaTUCTUUECKHUX 3HaueHul He O6osee yeM Ha 5%. HecoBnane-
HUSL aOCOJIFOTHBIX 3HAYEHUH TOPU30HTAJIBHBIX CKOPOCTEH, MpEICTaBICHHBIX Ha

15

20 25
t, (Mc)

pucyske (puc. 8), cocraBiusroT 18%.
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3. BeiBOj

Pa3paboTanHast MeToMKa MPOCTPAHCTBEHHOT'O pacdeTa PEKOHCTPYHPYEMBIX KOTIOBAaH-
HBIX CIEUUAIBHBIX (OPTU(PUKALMOHHBIX COOPYKEHHH B HECKAJIbHBIX IPYHTAX Ha BO3JCHCTBUE
CEICMOB3PBIBHBIX BOJIH SICPHOTO B3pBIBA B OTJIMYME OT CYIIECTBYIOUIMX IMO3BOJISIET yYECTh
(akTHYECKOE COCTOSHHE HECYIIUX KOHCTPYKIMH, YTO B CBOIO Oouepenb Haubosee MOIHO OTpa-
KaeT HaNpsHKEHHO-1e(OPMUPOBAHHOE COCTOSHHE HECYIIMX KOHCTPYKIMH KOTIOBaHHBIX. OHa
MO3BOJISIET BBIMOIHHUTDH OLEHKY (PAKTHMYECKOTO COCTOSHHS HECYIIUX KOHCTPYKIIMI KOTIOBAHHBIX
CIeIUATBHBIX POPTUPHUKALUOHHBIX COOPYKEHHUH MOCIIE BO3ACHCTBHS AMHAMUYECKUX Harpy3oK.

B MeToauke 4eTko 000CHOBBIBACTCS MPUMEHEHUE TEOPUN MEXaHUKU KOHTUHYYMa, YIIPY-
TOCTH U IUTACTUYHOCTH M METO/IOB KOHEUHBIX JIEMEHTOB M HAaYAJIbHBIX HANPSHKEHHUH MIPU pacyde-
T€ HECYUIMX KOHCTPYKIHUI KOTJIOBAaHHBIX CIEHUAIBHBIX (OPTU(UKAMOHHBIX COOPYKCHUH Ha
BO3JICHCTBUS CEHCMOB3PBIBHBIX BOJH SJEPHOTO B3phIBA B IPOIECCE MPOSKTHPOBAHHS PEKOH-
ctpykuuu KCOC.
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