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Abstract:

The object of research is the seismic resilience of industrial buildings with a frame design of the
structural scheme. Increasing seismic resilience, especially for energy facilities, is promising. With the
change in the regulatory and technical base of the Russian Federation, it is necessary to search and
analyze new design options that would increase the survivability of the building while being economically
justified. Therefore, this paper considers the use of methods for improving seismic resistance through
elements for absorbing vibrational energy during the implementation of a special seismic effect, working
elastoplastically. Method. A detailed numerical analysis of the operation of the industrial building frame's
structural system was carried out using the finite element method in modern software systems based on
the example of a thermal power plant (TPP) with a gas turbine with a capacity of 170 MW in two versions
with energy-absorbing structures of details and a "traditional" version. Results. As a result, the prospects
for using energy absorption elements in frame-braced structures of the frame of the TPP building were
substantiated. It has been established that such solutions make it possible to concentrate most of the
residual deformations in themselves, thereby reducing the deformability of other structural elements,
increasing the overall survivability of the frame, and reducing the volume of restoration during the
implementation of seismic impact. A quantitative assessment was given of the change in the operation
of the frame of a TPP with a 170 MW gas turbine equipped with energy absorbers during the
implementation of a seismic impact.

1 Introduction

Tepputopusa Poccuinckon degepaumm B LLENIOM XapakTepudyeTcs yMEPEHHOW CENCMNYHOCTLIO, 3a
ncknioveHmem pernoHos CesepHoro KaBkasa, tora Cubupu, [anbHero Boctoka u gpyrux, rge
WHTEHCMBHOCTbL 3eMIIETPsSICEHMIA MOXeT gocturate 7—10 6annos no wkane MSK-64 [1]. BmecTte ¢ Tem
TPEHA rocydapCTBEHHOro pas3sutnad B Hadvane 2020-x rogoB HanpaefieH HENOCPEACTBEHHO Ha
yKa3aHHble pervoHbl [2]-[3], 4To, Tak unm nHaye cBA3aHO C HEOOXOAMMOCTbIO CTPOUTENBbCTBA HOBbIX
0OBHEKTOB, B TOM YMCNE AHEPreTUYECKMX.

B yacTHOCTK, OoNa TENMOBLIX SNEKTPUYECKMX CTaHLUMIN, XapaKkTepHo pacnpegenenune go 50-70 %
KanuTanoBroXeHWn B OOHO 34aHMe Ha TeppuUTOPUM MPOMbLILINEHHOM NMNOLWAAKM — rMaBHbIA Kopnyc,
TPagULMOHHBIM peLLEHNEM KOHCTPYKTMBHOWM CXEMbl KOTOPOro, ABMSETCA — KapKacHasi paMHO-CBA3eBas
C pamMamMmu B MonepevyHoM HanpasieHUKN, KOTOpble COeAMHEHbI CBA3AMW M pacnopkaMy B NPOAOSbHOM

[4]-[5].
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B cBolo o4epenb, NpoeKkTMpoBaHue 34aHu U COOPYXEHWI B paloHax C BbICOKOW MHTEHCUBHOCTLIO
3eMMeTpPsSCeHUn CTaBUT 3a4ayn MOMCKa W PacCMOTPEHMUST HOBbIX, 3PMEKTUBHBLIX KOHCTPYKTUBHbIX
peLLeHnn, MO3BONSALWMNX NOBLICUTL CEMCMOCTONKOCTb, a Takke MUHUMU3NPOBaTb 3aTpaThl U CPOKM MpU
Oydywiem BOCCTaHOBIEHWM B Cryvyae peanusauum HeratMBHOro cobbiTusl, 3a CYeT MEeHbLUUX
NOBPEXOEHUN M NErKO 3aMeHAEMbIX 3NeMeHTOoB [6]. OgHUMK 13 Hanbonee yHMBepcanbHbIX, MPOCTbIX U
3P PEKTMBHBLIX CNOCOBOB MOBbLILLEHNS CEMCMOCTOMKOCTM SIBMISIKOTCSA 3HEPronornoLllarLwmne arnemMeHTbl
METanMOKOHCTPYKUMI KapKkaca, nepexoduive B YNpyronnacTuyeckyto cTtaguio paboTbl M 3a CYET
pas3BuUTUA NnacTudecknx gedopmauuin, nornoLlatoLlmne aHepruto [7].

OpgHako, HoOpMaTMBHOM AOKYMeHTauuen PO npumeHeHMe yKasaHHbIX pPEeLleHUn  He
pernameHTupyetcs [1].

B Hay4yHO-TeXHMYECKOW nuTepaType paccMaTpuBaeTCd WX MPUMEHEHME K MHOrO3TaXHbIM
3[aHuAM, rae Kapkacbl B 060MX ropu3oHTanbHbIX HanpaBneHnsx MeoT pambl co cassmu [8]-[10], ecTb
MHOIO MCCneoBaHWUM Y3roBbIX peLeHud B OTAENbHOCTW, B Y4aCTHOCTUM pamHbixX ys3nos [11]-[12],
cBA3eBbIX anemeHToB [13]-[14], onopHbLIX 4YacTten KofoHH [15]. MOXHO OTMEeTUTb, 4YTO BOMNPOC
NCNONb30BaHWs 3NIEMEHTOB 3HEPMOrTOLEHNSI AOCTaTOYHO XOPOLLIO U3YYeH, eCTb MHOIO BapyaLmMn Takmx
3N1EMEHTOB M NPUMEPOB UX NPUMEHEHNS B MHOrO3TaXXHbIX, B OCHOBHOM OCOUCHbLIX 34aHMUSAX.

[Mpn 9TOM AN O4HO3TAXHbIX NPOMbILINEHHbIX 34aHUn NMB0O paccMaTpuBalOTCA ApYyrve BapuaHTbl
cencmosawmnTbl, NMBO [ONONHUTENbHbIE MEPONPUATUS MO  YBENIMYEHUID CENCMOCTOMKOCTU He
npumeHstoT [16]-[18]. To ecTb Mano nsyvyeHbl KOHKPETHbIE NPUMEPLI BHEAPEHNUS 3HEPrONOrnoTUTENen B
paMHO-CBA3€EBbIE Kapkacbl MPOM34aHUN U aHanm3 Nx BIIMSHUS Ha paboTy TakMX KOHCTPYKTMBHbBIX CXEM
npu CEeNCMUYECKOM BO3OENCTBUWM, MOSTOMY LESbl AaHHOW paboTbl SABNSAETCA YUCIIEHHLIN aHanm3
METOAOM KOHEYHbIX 3NIEMEHTOB paboTbl KApKaCcoOB MPOMbILLMEHHbIX 34aHUMI B PasfuMyHbIX BapuaHTax
UCNONHEHNs («TpaguLMOHHOM» W C  WUCMNOMb30BAHWEM 3HEPronormnowarLmnx dreMeHToB) npwu
peanusaumm CeNCMMYEcKOro BO3AEWCTBUSA, Ha NpUMepe [MaBHOro Koprnyca TenroaneKkTpocTaHumm
(TAC) c rasotypbuHHon yctaHoBkow (I'TY). Ons [OCTUXKEHNA OaHHOM Lenu HeobxoauMmo BbIMOMHUTL
cnegyrowne 3agadu:

1. OnpegeneHne y3rnoB KOHCTPYKUUW Kapkaca MNPOMbILUSIEHHOrO 30aHus, B KOTOpbIX Oyaer
3PP EKTMBHO UCMNOSIb30BaHME 3HEPronornoTUTENENn

2. Pacyét kapkaca npoMbILLIEHHOr0 34aHNs B BapuaHTe UcrnonHeHns 6e3 aHepronornoLarLLmx
3NemMeHTOB

3. Nopbop ceveHnit aHepronornoTUTenen

4. PacyéT kapkaca NpOoMbILUNEHHOro 34aHNs B BapuaHTe UCMOSTHEHUSA C 3HeprornornoLlanLwmmm
aneMeHTamu

5. CpaBHeHMe pe3ynbLTaToB pacyeTa ABYX BapuMaHTOB WCMOSIHEHUs, onpeneneHme addekrta oT
MCNONb30BaHWSA aHepronornoTuTenen

O6beKTOM nccrnefoBaHNs ABNAOTCSH KOHCTPYKTUBHbBIE PELUEHUST KAPKAaCHbIX 34aHUN B YCNOBUAX
ONHAMNYECKNX Harpy>KeHUNn.

lMpeomeToM wuccnegoBaHUA SABMAAOTCH 3HEpPronornowarwme areMeHTbl B paMHO-CBA3EBbIX
Kapkacax NpoMbILLIEHHbIX 34aHWI B YCITOBUAX CEMCMMUYECKOro BO3AENCTBUS.

2 Materials and Methods

B kauecTBe o6bekTa paccmaTpuBaeTCs CTanbHOM PaMHO-CBS3€BON kapKac 30aHns MOHOBST0YHOro
rnasHoro kopnyca TOC-ITY mowHoctelo — 170 MBT. OnemeHTbl Kapkaca npeactaBnaAlT cobon
nonepeyHble [OBYXMNPONETHble pambl, PUresii KU  KOSOHHblI KOTOPbIX BbIMOMHEHbI U3 CBapHbIX
CMOLWHOCTEHYaThLIX ABYyTaBpoB. Pambl cBA3aHbl Mexay cobon HGankamu-pacnopkamm 1 TpeyrosibHbIMU
CBA3SIMW, @ TaKkKe rOpU3OHTanbHbIMW U BEPTUKANbHBIMWU CBA3SMU B OroOKe MOKPbITUSA, U BbINOSHEHbI
NPeMMyLLECTBEHHO M3 THYTbIX NPOKaTHbIX npodunen. ObWwnn B1ua Ha pacHETHYH U KOHCTPYKTUBHYIO
CXeMy Kapkaca C yKaszaHuem cevYeHUn MNPUHATbIX 3N1eMEHTOB MnokasdaHbl Ha pucyHke 1. PacyeTHas
CENCMMYHOCTbL NSIOWALKN NPUHATA paBHoM — 9 6annos no wkane MSK-64.
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B00* 340 Colurnn K1

400740 Column K2
400* 750 Caolurnn K3

500* 1450 Girder PF1

5001100 Girder PPZ
400* 950 Girder PP3

500* 1100 Girder PP4
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160G Brace branch CB2
L1gmaz Brace branch CB3
L1404 Brace branch CB4
La0x7 Brace branch CB5
160x5 Foof braces

400 Strut branch PC
3o Strutbranch TG
502 Strut branch BF

160x5 Foof struts

OHar - oga-H- I

C) 18

Puc. 1 — Bua Ha kapkac 3gaHus rnaBHoro kopnyca T3C ¢ I'TY mowHocTeio 170 MBT, rge: a)
reomeTpuyeckas coctaBnsiowas pac4éTtHom cxemsl, BbinonHeHHas B MK SCAD 21; b) o6wasn
KOHCTPYKTMBHAas cXxema 3[aHus; ¢) Tabnuua oCHOBHbIX TUNOB NPUHATLIX CEYEeHUN U MaTepuanoB
3aNeMeHTOB KapKaca

Fig. 1 - A view of the frame of the main building of the thermal power plant GTP with a capacity of
170 MW, where: a) the geometric component of the design scheme made in the SCAD 21 PC; b) the
general structural scheme of the building; c) a table of the main types of accepted sections and
materials of the frame elements

K anemeHTam kapkaca oblnv npunoxeHbl Bce Tpedyemble cornacHo CIM20.13330.2016 «Harpy3sku
n sosgencteusa» [19] n CI 90.13330.2012 «3dnekTpocTaHumm Tennosble» [20] Harpy3kn, a MMEHHO:
COOCTBEHHbI BEC KOHCTPYKLMIA, HAarpy3kn Ha KPOBIHO, BKMOYAA CHEroBble, Harpy3kn Ha nepekpbITus,
Harpyskm OT TexHomormdeckoro obopyaoBaHua u TpyboOnNpoBOAOB, HArpy3kM OT Beca CTEHOBOro
MOKPbITUSI, BETPOBbIE HArpy3ku, KPaHOBbIE OT MOCTOBOMO M ABYX NOABECHbIX KPAHOB M CENCMUYeckue
Harpysku no TpeM OpPTOroHasnbHbIM HanpaBneHUsIM NpU pasnnyHbIX NOMOXEHMAX MOCTOBOIO KpaHa.

Harpyskn Ha kpoBnto cobpaHbl C rpy30BOM MNMOLWaAn B MecTa OnNvpaHus MPOroHOB Ha purenu,
Harpyskv Ha nepekpbiTUsi U BeTpoBble cobpaHbl C rpy30BbIX Nowanen u pacnpegeneHsl Ha 6anku
HacTua N KONIOHHbI COOTBETCTBEHHO. Tabnuua pacyeTHbIx codeTaHmin yeunuin (PCY) us pacyéta B MK
SCAD npuBegeHa Ha puc. 2.
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5 Active 5 Involved in aroup operations Fraction
pote | loadngin Name Type of loading Type of load ”En’g”“ Combiat Mol | gt oadings Safeelich
DCD ions  excusion duration
1 = 5 Own weight of steel Permanent loads | | Weight of steel structures [«] = =l r I o 1,05 i
2 ¥ ¥ Permanent loads on roof Permanentloads || Other = - ] r = [ 1,2 1
3 ¥ ¥ Permanent loads from walls Permanentloads || Other = - ] [ = 1,12 |1
4 I I Long-term loads on roof Long-term loads | = Weight of stationary equipment =] = = = = 1,3 1
5 o ¥ Permanent loads on overlaps Permanentloads || Other = 5] = I (BN 1,6 |1
5 o ¥ snow Short-termloads || Full snow loads in the regions with an average January temperature greater than minus 5°C [+] [ o i N = 0,7
7 I ] Snow bag parapet 1 (axis B) Short-term loads | | Other = E I =] =
8 I ] Snow bag parapet 2 (axis A) Short-term loads | w| Other =] = I =] =
] I I Long-term loads on overlaps +11,200 (axes 1-4) Long-term loads E Weight of stationary equipment z| I . = &
10 I I Mounting load on overlaps +11,200 (axes 1-4) Short-term loads | | Weight of people and repair materials in the service areas =] = = ] =
11 I I Long-term loads on overlaps (axes 5-5) Long-term loads | | Weight of stationary equipment =] = ™ ™ C
12 I I Mounting load on overlaps (axes 5-8) Short-term loads | | Weight of people and repair materials in the service areas =] = ™ I C
13 = ] = =] [ = I =
14 = ] = El ] I =
15 ] ] [ =] = ] I =
16 ] ] = =] = ] I =
17 e ¥ Fullwind right (axis A) Short-termloads [ = Wind loads =] ] = =
1 e ¥ Fullwind left (axis B) Short-termloads | = Wind loads =] ] = =
13 o ¥ Fullwind endface axis 1 Short-termloads || Wind loads =] ] o =
20 ] ] Full wind endface axis 9 Short-term loads [ | Wind loads = E = I =
20 I ] Long-term load from AFCS Long-term loads | | Weight of stationary equipment =] E = ™ =
22 I ] Short-term load from AFCS Short-term loads | w| Loads from the equipment in the nonstationary mode =] = ™ ™ I3
23 I I Vertical from pipelines on 7,5 Long-term loads E Other z| I . = &
24 I I Horizontal X from pipelines on 7,5 Long-term loads | +| Other =] = i I
25 I I Horizontal Y from pipelines on 7,5 Long-term loads | w| Other =] ™ ™ ™ v
2% I I Vertical from pipelines on 10,5 Long-term loads | =| Other =] = ] ] =
27 I I Horizontal X from pipelines on 10,5 Long-term loads | »| Other =] ] ] W
28 e I Horizontal ¥ from pipelines on 10,5 Long-term loads | »| Other =] ] ] I
1 I I Vertical from pipelines on 19 Long-term loads [ =| Other =] I~ I~ =
£ I I Horizontal X from pipelines on 19 Long-term loads [ =| Other =] = I~ — I
31 I I Horizontal Y from pipelines on 19 Long-term loads | =| Other =] = = I~ I
32 o ¥ Crane Stload on the axis B Crane [=| Full vertical loads from overhead traveling and underslung cranes =] ] ] =
33 = ] Crane 5tload on the axis B Crane E Full vertical loads from overhead traveling and undersiung cranes z| =t o = &
34 I ] Braking crane 5t on the axis B Crane [+|Braking "on the left”, ‘load is on the left™ =] = ™ =
35 I ] Braking crane 5t on the axis 5 Crane [w|Braking "on the right”, “oad is on the right™ =] & ™ ™ =
36 I I Braking along crane 5t on the axis B Crane [-w|Braking along a crane runway =] & I~ — =
37 I I Braking along crane 5t on the axis 5 Crane [ | Braking along a crane runway =] = — =
38 e ¥ Crane Stload on the axis B (seismic) Crane | =] crane with seismic action =] = = ] =
39 o ¥ Crane Stload on the axis b (seismic) Crane [ =] crane with seismic action =] = = I =
40 o ¥ Crane 10t load on the axis B Crane [ |Full vertical Ioads from overhead traveling and undersiung cranes =] = = ] =
41 I ¥ Crane 10t load on the axis B Crane [ | Full vertical Ioads from overhead traveling and undersiung cranes =] = ] ] =
42 e ¥ Braking crane 10t on the axis B Crane [ ] Braking "on the left”, Toad is on the left™ =] ] ] =
43 I I Braking crane 10t on the axis B Crane [|Braking "on the right”, load is on the right”™ =] = I~ I~ =
44 I I Braking along crane 10t on the axis B Crane [+|Braking along & crane runway =] = = I~ =
45 i ¥ Brakingalong crane 10t on the axis B Crane [+|Braking along & crane runway =] = ] ] =
% o ¥ Crane 10tload on the axis B (seismic) Crane [=] €rane with seismic action =] ] ] =
47 I ] Crane 10t load on the axis B (seismic) Crane [+] crane with seismic action = E = =] =
43 I ] Overhead crane axis 2 -load on the axis B Crane E Full vertical loads from overhead traveling and undersiung cranes z| 1 o = [
49 I ] Overhead crane axis 2 - load on the axis A Crane E Full vertical loads from overhead traveling and underslung cranes z| 1 o = [
50 I I Overhead crane axis 2 - bracking on the axis 5 Crane [ |Braking "on the left”, load is on the left™ =] = — =
51 I I Overhead crane axis 2 - bracking on the axis A Crane [ |Braking "on the right”, “load is on the right™ =] = i =
52 I I Overhead crane axis 2 - bracking along on the axis 5 Crane [+|Braking along a crane runway =] ™ ™ ™ C
53 I I Overhead crane axis 2 - bracking along on the axis A Crane [+|Braking along a crane runway =] ] ] =
54 I I Overhead crane axis 2 - load on the axis & (seismic)  Crane [ ] crane with seismic action =] = ] ] =
55 e I Overhead crane axis 2 - load on the axis A (seismic)  Crane || crane with seismic action =] = ] I =
56 ¥ ¥ Overhead crane axis 4 - load on the axis 5 Crane [=| Full vertical loads from overhead traveling and underslung cranes =l ] ] =
57 ¥ ¥ Overhead crane axis 4 - load on the axis A Crane [=| Full vertical loads from overhead traveling and underslung cranes =] ] ] =
58 e ¥ Overhead crane axis 4 - bracking on the axis 5 Crane [ ] Braking "on the left”, Toad is on the left™ =] = ] ] =
53 o ¥ Overhead crane axis 4 - bracking on the axis A Crane [=|Braking "on the right”, “load is on the right” =] = ] ] =
60 = ] Overhead crane axis 4 - bracking along on the axis b Crane E Braking along a crane runway z| I3 = ™ =
61 I ] Overhead crane axis 4 - bracking along on the axis A Crane [+ |Braking along a crane runway =] = = ™ =
62 I ] Overhead crane axis 4 - load on the axis b (seismic)  Crane E Crane with seismic action z| 1 o = [
63 I I Overhead crane axis 4 - load on the axis A (seismic)  Crane [ | Crane with seismic action =] = = ] =
64 I I Overhead crane axis & - load on the axis 5 Crane E Full vertical loads from overhead travelling and undersiung cranes z| I . = &
65 I I Overhead crane axis 6 - load on the axis A Crane [+ |Full vertical Ioads from overhead traveliing and undersiung cranes =] = ™ ™ C
&6 I I Overhead crane axis 6 - bracking on the axis & Crane [+|Braking "on the left”, load is on the left” =] ™ ™ =
57 I ¥ Overhead crane axis 6 - bracking on the axis A Crane [|Braking "on the right”, “oad is on the right™ =] = ] =
68 e I Overhead crane axis & - bracking along on the axis 6 Crane || Braking along a crane runway =] ] ] =
6 I I Overhead crane axis 6 - bracking along on the axis A Crane [=|Braking along & crane runway =] = I~ I~ =
0 I I Overhead crane axis 6 - load on the axis B (seismic)  Crane [=] crane with seismic action =] I~ I~ =
71 I I Overhead crane axis 6 - load on the axis A (seismic)  Crane [ =] crane with seismic action =] = I =
23 o ¥ Seismic X overhead crane on axis 2 Special load [+ seismic actions =] = o o o
73 o ¥ Seismic Y overhead crane on axis 2 Special load [+ seismic actions =] = o o o
74 ] ] Seismic 45 overhead crane on axis 2 Spedial load [+ seismic actions =] = I I I
75 ] ] Seismic Z overhead arane on axis 2 with X Special load [+]seismic actions =] & I T I
76 ] ] Seismic Z overhead arane on axis 2 with Y Special load [+] seismic actions =] & I ] I
Fid ] ] Seismic Z overhead arane on axis 2 with 45 Special load [ | seismic actions =] I g »
78 e ¥ Seismic ¥ overhead crane on axis 4 Spedial load | =] seismic actions =] ™ I I I
79 e ¥ Seismic ¥ overhead crane on axis 4 Spedial load | =] seismic actions =] ™ I I I
80 I ¥ Seismic 45 overhead crane on axis 4 Special load [=|seismic actions =] I I I
81 I ¥ Seismic Z overhead crane on axis 4 with X Spedial load [ | seismic actions =] I I I
82 I ¥ Seismic Z overhead crane on axis 4 with Y Spedial load | | seismic actions =] I I I
83 I ¥ Seismic Z overhead crane on axis 4 with 45 Special load [+ seismic actions =] = I I T
84 e ¥ Seismic X overhead aane on axis 6 Special load [+ seismic actions =] = e = o
85 e ¥ Seismic Y overhead aane on axis 6 Special load [+ seismic actions =] = e = o
86 o ¥ Seismic 45 overhead crane on axis 6 Special load [+ seismic actions =] = o o o
87 ] ] Seismic Z overhead arane on axis & with X Spedial load [+ seismic actions =] = I I I
88 ] ] Seismic Z overhead arane on axis & with Y Spedial load [+ seismic actions =] = I I I
89 ] ] Seismic Z overhead arane on axis & with 45 Special load [+] seismic actions =] & I ] I
90 I I Seismic X without cranes, snow and mounting Spedal load [ | seismic actions =] I g I3
91 I I Seismic Y without cranes, snow and mounting Spedal load [ | seismic actions =] I g I3
92 I I Seismic 45 without cranes, snow and mounting Special load [ =] seismic actions =] ™ I I v
az I I Seismic Z without cranes, snow and mounting with X Spedial load [=|seismic actions =] I I W
aq I I Seismic Z without cranes, snow and mounting with ¥ Spedial load [ | seismic actions =] I I W
a5 = =] Seismic Z without cranes, snow and mounting with 45 Spedal load || seismic actions =] It H |

Puc. 2 — Tabnuua pacyeTHbIX coyeTaHum ycunum (PCY) ns pacuéra B MK SCAD
Fig. 2 — Table of design combinations of forces from the calculation in the SCAD PC

UucneHHbI aHanu3 npoCcTpaHCTBEHHOM paboTbl Kapkaca 34aHus, a Takke HanpsbkeHun u
aedopmaumii, BO3HUKAOWNX B 3fIEMEHTax Kapkaca B pasfuyHbiX BapuaHTax MWCMOMHEHUs, npu
peanu3aumm CEeMCMUYECKOro BO3AEeNCTBUS, NPOBOAMNCS B 3 3Tana € MCMob30BaHNEM MPOrpaMMHbIX
komnnekcos SCAD  (https://scadsoft.com/), JIMPA 10 (https://lira-soft.com/) wn ANSYS
(https://www.ansys.com/):

e 1 9Tanm — pacdéT Kapkaca 34aHud B BapuMaHTE WCMONHEeHus 6e3 MCNoNb30BaHUS
SHEPronormnoLwanLLmx aNeMeHTOB (3HepronornoTuTenen);
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e 2 3Tan - noabop No ycunmsiMm U coveTaHUsIM YCUNUIA, NONMyYeHHbIX B pesynbTaTe peanusauum 1
aTana, Ce4eHUN N MaTepuanoB 3NEMEHTOB 3HEProOMNOrfoLEHWS, YNCTIEHHbIV aHann3 ux paboTbl;

e 3 9aTan - pacyeT Kapkaca 340aHUMs B BapuaHTe UCMOSIHEHWs C  NoAobpaHHbIMK
SHEepronornowamnLmMMm  3remMeHTaM1, CpaBHEHWe C  pacyeTHbiM  BapuaHTom  Ges
3HepronornoTuTenei.

Ha 1 3Tane pacyét kapkaca 34aHuMsi B BapuaHTe WCMONHeHus 6e3 aHepronornotuTenen
BbINOMHANICA METOAOM KOHEYHbIX 3N1IEMEHTOB B 06bEMHOW NOCTaHOBKe, Npu 3TOM cornacHo n. 5.2 CI1
14.13330.2018 «CTponTenbCTBO B CEMCMUYECKUX parioHax» [1] Ana ABYX pacyeTHbIX CuUTyauun, a
MMEHHO: PacyY€THOE M KOHTPOMbHOE 3eMIeTpsiCeEHME.

PacuéTtHoe 3emneTtpsiceHne (P3) npegnonaraeT NPOEKTHLIM yyeT npeaernbHbIX COCTOSHUIA Mo
nepson rpynne, Ans obwien oueHKU BbIOPaHHbIX CEYEHUN INEMEHTOB KOHCTPYKLWMA Ha NPOYHOCTb,
KECTKOCTb M YCTOM4YMBOCTb, WM npoBoguncs B gaHHon pabote B K SCAD 21.1.9.9 nuHenHo-
cnekTparnbHbIM METOAOM B HacTOTHOW obnacTu.

Pac4yeT Ha KoHTponbHoe 3emneTpsiceHne (K3), aBnserca dakTuyeckm NpoBepPOYHbIM PaCHETOM.
HanHbin aHanns nposoguncsa B MK JINPA 10.12 ¢ yyeTom pmn3nyeckon HenMHENHOCTN paboTbl cTanu
npuHATON No oboblweHHon anarpamme Ha ocHoBaHum CI1 16.13330.2017 «CtarnbHble KOHCTPYKLUN»
[21], BB Takke yyuTeH koahuumneHT ycnosuin pabotel my (cornacHo n. 5.15 CI1 14.13330.2018 [1]).
PacyeTHaa oueHka BbINOMHANACL BO BpPeMeEHHOW obnact MeTodoM MPAMOro WHTErpupoBaHUS
YpaBHEHU OBWXKEHUS C NMPUMEHEHUEM CUHTE3MPOBAHHLIX akcerneporpamm no TPEM OpTOroHasnbHbIM
HanpaBneHnsiM, B Ka4eCcTBe OCHOBHOIO KpUTepus BbIN0 NPUHATO — HEOBPYLLEHNE KOHCTPYKLINNA.

Ha 2 atane no ycunusam u coyetaHuam ycunui u3 pacdétoB Ha P3 u K3 kapkaca 6es
NCNONb30BaHNsi 3HEPronornoTUTenen MpPou3BOAUTCS MEPBUYHbIA  BbIOOp cedeHun u  (pu3amnko-
MeXaHNYECKMX XapaKTEPUCTUK IHEPronornoTuTenen, ¢ Lenblo ganbHEenWwero YCNeHHoro aHanmaa mx
paboTbl B cocTaBe Kapkaca 3gaHus rnasHoro kopnyca TOC c ITY. Jlornka BbiGopa KOHCTPYKUWiA
9HepronornoTuTenen OcHoBaHa Ha TOM, OBcCTosTenbCTBE, YTOObI OHM BKMNOYanuMcb B paboTty npu
MUKOBbIX CEMCMUYECKMX Harpy3kax, He JoMnycKas paspyLUeHUsl OCHOBHbLIX 3NIEMEHTOB KapKkaca 34aHus.
To ecTb, NOAGOP 3NEMEHTOB OCYLLECTBNSAETCS N0 HanbonbLWnM yeunuam (Hanbonee HebnaronpuATHLIM
MX COYETaHUSAM) B 3NIEMEHTax KOHCTPYKUWWA, MOMNy4YeHHbIM B pesynbTaTe pacyéTa Ha pacveTHoe
semnetpsaceHne (P3), u B npegnonoxeHun ux ynpyron crtagum paboTbl Mpu AaHHbIX YCUIMAX
(coyeTaHusix). 3aTem, OCyLLECTBNAETCA NpoBepKa NoA0OGpPaHHbIX CEYEHUA N XapaKTEPUCTUK CTanu npu
MaKCUMarbHbIX YCUMUSX, peanuaylowmxca npu pacdéte Ha KOHTPOSbHOE 3eMMSATPsSICeHne, TO ecCTb
NnpoBepseTCsl, YTO OHW, Nepexoas B YNPYronsacTUyYeckylo CTaauio paboTbl, pacceuBaloT JHEPruro
konebaHun 1 He TepSI0T HECYLLYIO CNOCOBHOCTb.

B pamax npu XeCTKOM CONps>KEHWUN pUrenemn ¢ KOIOHHaMM U KONOHH € (pyHAaMEHTOM, Kak MpaBumnio
3HepromnornoLiarLlne anemMeHTbl pacrnonaraloT B paMHOM y3rie purensd C KonoHHon [22]-[23]. B
HEKOTOPbIX UCCNefoBaHNsIX NpeanaraeTcs UCNonb3oBaHNe NOSICOB puUrens u paclumMpeHe nx B MecTe
CTbika C KONTOHHOW [24]-[25], B Apyrnx paccmaTpuBaeTCsa BapuMaHT C UCNONb30BaHMEM HaKMaZdokK y3na Ha
BbICOKOMPOYHbIX OonTax B KaydecTBe 3HEPronornowarmnx aneMeHToB [26]-[28]. B Hawem crniyvae
NPUHAT Havbornee NpPOCTOM BapuaHT: 3HEPronornoTUTEnsMuM B MOMNEpPEeYHOM HanpaBrneHuu Kapkaca
3[aHu1A ABNAOTCA Nosica pUrenemn, onopHble CEYEHNST KOTOPbIX Pa3BUTbI 3@ CHET YBEMUYEHUS LLIMPUHBbI
MoOfoK BO M3BexaHne Xpynkoro paspyLlleHUs B MecTe CBapHOro CTblka CTEHKU M MOSICOB C MOJSIKOW
KOMOHHbI. Y3rbl COMPSKEHUSI OTNPAaBOYHbBIX MAapOK puUresien ¢ KOIOHHaMU — Ha BbICOKOMPOYHbIX BonTtax
C BbIHOCOM MOHT@XHOrO CTblKa M3 30Hbl OEWCTBUS NpeanonaraemMoro MakcumarbHOro marnbatowlero
MOMEHTA, a MIMEHHO y4YacTka HENoCPeACTBEHHOIO NPUMbIKAHWS pUrens K KONOoHHE (CM. PUCYHOK 3).
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Puc. 3 — MpuHATLIN y3en conpsiXkeHUs purensi ¢ KONOHHOW, rae: a) npodune y3na; b) Bua ceepxy Ha
y3en. KpacHbIM LBETOM BblAerieH y4acTOK YWMPEHUS NONKU purens (NpUHATas KOHCTPYKLUSA
3HepronornoTuTens)

Fig. 3 — The accepted connection of the girder with the column, where: a) the profile of the detail; b)
the top view of the detail. The section of the widening of the crossbar flanges is highlighted in red
(the adopted design of the energy absorber)

B npogonbHOM HanpaBrneHuM Kapkaca 34aHusi paccMmaTpyBaloTCs BepTUKarnbHble COBUrOBblE
aHepronornotutenu (J3MNC) [29]-[30], npeactaBnstowme cobor BCTaBKM M3 CBApPHOro [ABYTaBpa,
pacnonoXeHHble B y3nax COeAUHEHMS PAacNOpPOK U BEPTUKATbHbIX CBA3EN (CM. PUCYHOK 4).
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Puc. 4 — Bug Ha paccmMaTp1MBaeMyro KOHCTPYKLUIO COBUTOBOro BepTUKarbHOro
3HepronornoTuTerssi, yCTaHOBIIEHHOrO B Y35ie CONpPshKeHUsi 6anok-pacnopok u cBAsen B
npoaosibHOM HarnpaBrieHUM Kapkaca 3aaHus. KpacHbIM LiIBETOM BbiAerieHa KOHCTPYKLUUS
COBUIOBOro BEPTUKaNIbHOro 3HEpPronornoTuTens

Fig. 4 — A view of the considered design of a vertical shear energy absorber (vertical shear link
(VSL)) installed in the connection of strut and braces in the longitudinal direction of the building
frame. The shear vertical energy absorber is highlighted in red

Ha 3 9aTtane pacyé€T kapkaca 34aHus B BapuaHTe WCMOSIHEHMS C 3HEepronornoTUTensamm
BbINOJSIHANCA TakKe METOAOM KOHEYHbIX 3N1IEMEHTOB B 0O bEMHOWN NOCTAHOBKE, HO TOMNBbKO AN pac4YeTHON
cutyaumm koHTpornbHoro 3emnetpsacerus (K3) B MK JIMPA 10.12 ¢ yueTom chnanyeckom HeNMMHENHOCTH
paboTbl cTanu, 4Tobbl y4ecTb APAEKT OT NPUMEHEHMSA NpeanaraeMbIX 3N1IEMEHTOB.
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OcHoBOW BbLIBOAOB MOCNYXWUNO Npou3BeNeHHOE CpaBHEHWE pes3ynbTaToB pacyéta Ha K3 aByx
BapVvaHTOB peLUeHMsT KOHCTPYKTMBHbLIX CXEM, @ WUMEHHO C MUCMONb30BaHWEM 3SHEPronorroLarLLmx
3M1EMEHTOB (3HepronornoTuTenei) B COCTaBe 3rieMeHTOB, Y30B U NPUMbIKaHWIA kapkaca 1 6e3 Hux.

3 Results and Discussion

Ha 1 atane uccnepoBaHus no pesynbTatam pacdéta Ha P3 kapkaca 3gaHus B BapuaHTte
ncnonHeHus 6e3 aHepronornoTutTenemn 6bim OKOHYATENbHO NPUHATBI CEYEHUSA ANEMEHTOB (PUCYHOK 1C),
a Takke onpegeneHbl Hanbonblmne ycunusa n Hambornee HebnaronpuAaTHbIe COYETaHUsA yCunun Ons
noabopa aHepronormnoLwarLLmnX 3NeMeHTOB.

B yactHoCTW, onpegeneHbl Hanbonee HebnaronpuATHbIE COYETAHMSA YCUMUIA B OMOPHbIX YacTsax
purenen, ons nogbopa n pacyéTta ux NosCoB, Kak aHepronornotuTenen. MNonyyeHHble codeTaHns gns
paccmaTtpuBaemMoro B gaHHoun pabote purena PP3, nsobpaxeHHoro Ha puc. 3 npuBegeHbl B 1abn. 1.
Cxema peanusaumm OCHOBHbIX YCUITMI NpeAcTaBrieHa Ha puc. 6.

Ta6nuua 1. CouyeTaHus ycunum n3 pac4veta Ha P3 gna noa6opa af1leMeHTOB SHEpPronornoweHus
purens

Table 1. Combinations of forces based on the design earthquake calculation for the selection of
energy absorption elements of the girder

Narmbatowmn | MNMonepeynasn | Narmbatowmin | MonepeyHasn | KpyTtawmin
MpogonbHag
MomMeHT My, cuna Qz, MOMEeHT Mz, cuna Qy, MOMEHT
cuna N, kH
KH*m KH*m KH*™M KH*m Mk, kH*m
CoueTtaHune
P3 57 -2970 891 7 -2 -0.004

Takke onpegeneHbl HaMbonbLME 3HaYeHMS NPOAOSbHBIX YCUITMIA B pacnopkax Mexay KOnoHHamu,
ans nogbopa cOBWUroBbLIX 3HepronornoTutenen. [ns paccmatpvBaeMoro B gaHHouM paboTte ysna
(pycyHoK 4) MmakcMmarnbHas no 3HaveHuto npogornbHas cuna B pacnopke PC1 coctaBuna Negps = -300
KH.

Takke no pesynbtatam pacyéta Ha P3 nepuopg nepBoro ToHa konebaHuin 3gaHnsa paseH T1 = 2.34
CeKyHAbl.

Mo pesynbtatam pacdéta Ha K3 «kapkaca 3gaHua B BapuaHTe uMcCnonHeHus 6es
3HepronornotuTenen 6oina npomnsseaeHa oueHka paboThbl kapkaca, OH COXpaHu 06LLYH YCTONYMBOCTb,
obpyLeHns He oxungaetcd. Kpome Toro, aHanorn4Ho P3, onpegeneHsl yeunus n covyeTaHns ycunum npu
MUKOBBIX CEMCMWUYECKUX Harpyskax yxe Ofs NpoBepkn paboTbl SHEPronornowatoLmx dreMeHTOB.
lMonyyeHHble coyeTaHUA pacyeTHbIX yCUNuUW M3 pacyeta Ha K3 onsg paccmaTpuBaemMoro B JaHHOW
paboTte purens PP3, nsobpaxeHHoro Ha puc. 3 npuseeHnbl B Tabn. 2.

Ta6bnuua 2. CouyeTaHua ycunum ms pacyeta Ha K3 onsa npoBepku 3anemMeHTOB 3HEpPronormioweHus
purens

Table 2. Combinations of forces based on the verification (safe shutdown) earthquake calculation
to check the energy absorption elements of the crossbar

Narmbatowmn | MNonepedHasn | Uarmbatowmn | MNMonepeyHas | KpyTtawwmi
MpogonbHas
MOMeHT My, cuna Qz, MOMeEHT Mz, cvna Qy, MOMEHT
cuna N, kH
KH*m KH*M KH*m KH*M Mk, kH*m
CoueTtaHune
<3 51 -4404 1096 160 23 5

Ha puc. 5 npegcraesneH rpaduvk 3aBucumocTtu npogosibHon cunel N B pacnopke PC1 us
paccmaTtpusaemoro ysna (puc. 4) ot sBpemenu npu pacuyéte Ha K3 B MK JIMPA 10.12.

Belov, V.; Verkhovskiy, R.; Nikolaev, G.; Mikheev, S.
Seismic resilience frames of industrial buildings with energy absorbers;
2023; Construction of Unique Buildings and Structures; 109 Article No 10925. doi: 10.4123/CUBS.109.25


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

This publication is licensed under a CC BY-NC 4.0

N (KN)

142.81

,—ﬂ\/v“\/

Puc. 5 — 3aBucumoctb ycunusa N B pacnopke PC1 (puc. 3) oT BpemeHu npu pacuéte Ha K3
Fig. 5 — The dependence of the force N in the strut PC1 (Fig. 3) on time during calculation for a
verification (safe shutdown) earthquake

M3 rpadmka BMOHO, YTO MakcMmanbHasi No 3Ha4YeHuo NpogonbHas cuna B pacnopke PC1 npu
nukoBbIx Harpy3kax npu K3 coctaBmna Neaks = -682.55 kH.

OHepronornoTuTensaMm B NonepeyHoM HanpasreHnn Kapkaca 34aHus BbICTYyNatoT nosica purenen,
OMOpPHLIE CEYEHUS] KOTOPLIX Pa3BMBAOTCHA 3a CYET YBENIMYEHUS LUMPUHBI MOSIOK (CM. PUCYHOK 3).
MOHTaXHbI CTbIK Ha BbICOKONPOYHbIX 6GONTax NPUHAT PaBHONPOYHBIM OCHOBHOMY CEYEHWUIO.

feomeTpuyeckme xapakTepucTUKM paccMaTpuBaemMon B pacyéte obrnactu M yka3aHue CXembl
peanunsaumm OCHOBHbIX YCUNUIA, AN yKa3aHHOro y3na, nokasaHbl Ha pUCyHKe 6.
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Puc. 6 — K pacuyéTy y3na onupaHusi purensi Ha KONMOHHY KapKaca, rae a) cxema peanusauum
OCHOBHbIX ycunun; b) paccmatpuBaembie ce4eHUsI U UX FTEOMETPUUYECKUE XapaKTEPUCTUKU

Fig. 6 — To the calculation of the crossbar support on the frame column, where a) the scheme of the
implementation of the main forces; b) the sections under consideration and their geometric
characteristics

B pacuyete npuHATO rpaHu4Hoe ycnosue paboTbl y3na, 3akniuaroweecsas B TOM, 4YTO: MNpu
NOSTlY4EHHOM COYeTaHUM YCUNUIA B OMOPHOM YacTu purens u3 pacdeta Ha P3 (pesynbTatbl cM. Tabn. 1)
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Kak OnopHoe ceyeHune purens (ceveHne a-a, pUCyHOK 6b), Tak 1 OCHOBHOE NponéTHoe (ceyeHne b-b,
PUCYHOK 6b) gomkHbl paboTaTb B ynpyrom cragMm M uX NPOYHOCTb ©e3 yyeTa nnacTuyeckux
aedopmaumii gormkHa OblTb obecneveHa. A npu codeTaHnm yCunum oT NMKOBbIX CEMCMUYECKMX Harpy3okK
n3 pacyeta Ha K3 (pesynbtatbl cM. Tabn. 2) onopHoe cedyeHne purens (cedeHve a-a, pUCYHOK 6b)
AOIMKHO paboTaTtb B ynpyrom ctagum U ero NpoYHocTb 6e3 yyeTta nnactuyecknx gedopmMauun omkHa
OblTb obecneyeHa, NpuU 3TOM OCHOBHOE MPOMETHOE cedeHue (ceveHne b-b, pucyHok 6b) gormkHo
pabotaTb ynpyronnactudecku, paccevBasi 3Hepruto konebaHwn, TO eCTb MNpPOYHOCTb 6e3 yyeTa
nnacTunyeckux gedopmaunn obecneyeHa He BygeT, HO Npu 3TOM JOIMKHA BbITb 06ecneyeHa NPOYHOCTb
C y4eTOM nnacTnyeckux gedopmaiui.

Pac4yeTHas npoBepka purensi Ha NPOYHOCTb NO ceyeHnsiMm a-a u b-b (pucyHok 6b) nposoanTcs ns3
YCINOBWI, MPUHATBLIX MO Tabnuue 1 1 2 coveTaHun yCunun, Nnpyu AeNCcTBMm NPOA0SNIbHON CUMbl C N3rnbom
no n. 9.1.1 (dpopmynsl 105, 106) CIM 16.13330.2017 «CTranbHble KOHCTpyKuMm» [21]. Kak 6e3 yyeTa, Tak
M C y4eToM nnacTudecknx gedopmaumi (To ectb 6e3 M ¢ ncnonb3oBaHnem koappuumneHToB ans
pacyéTa aneMeHTOB KOHCTPYKLUMIA C Y4ETOM pa3BUTUA NnacTuydeckux gedopmaunim cx, Cy 1 n no npun. E
[21]). Takke yunTbiBaeTCA KOIDULMEHT yCcrnoBuii paboTbl my cornacHo [1]. PeaynbTaTbl 3TOM NpoOBEPKM
cBefeHbl B Tabnvuy 3, B HeEW NpuBeLeHbl 3Ha4YeHus1, nony4veHHble no opmyne (105/106) [21]. ae, npwu
3Ha4yeHMn MeHbLle 1, MPOYHOCTL cynTaeTca obecneyeHHon, BonbLue — HeT.

Ta6bnuua 3. NMpoBepka ce4eHUn N UX INeMeHTOB ANA puresnsi B o06nacTu onupaHusa Ha KOMOHHY
Table 3. Checking the cross sections and their elements for the crossbar around support on the
column

Mony4eHHOe B pesynbTaTe 3Ha4YeHMe pacyeTHOM
PacueTHas

Kputepun oueHkn no dopmyrne 105/106 [21]

cuTyaums

Purenb B ceyeHnun «a-a»

Purenb B cedyeHnn «b-b»

P3 (couetaHue

1)

ycunui ns tabn.

MpoyHOCTb NpU OENCTBUM
NPOAONBHON CUnbI C
nsrméom (n. 9.1.1 [21])

6e3 yyéTta pas3suTus

0.597
(Mpo4yHOCTL 0GecneyeHa,
paboTa anemeHTa

KOHCTPYKLMWN B yNpyrow

0.494
(npo4HOCTL 0becneyera,
paboTa anemeHTa

KOHCTPYKLMMW B yNpyromn

K3 (coveTaHue

2)

ycunui ns tabn.

NniacTN4ecKnx
. cTagumn) craaun)
nedopmaumi
Mpo4HOCTE Npu aencTenm
- 0.897
NpPogONbHOWN CUMbl C 1.141

narnéom (n. 9.1.1 [21])

0e3 yuéTta pa3suTtua

(MpOYHOCTL anemeHTa

KOHCTPYKLMMN He

(npoyHoCTL ObecneyeHa,
paboTta anemeHTa

KOHCTPYKLMM B yNpyromn

NNacTUYeCKmX obecneveHa)
5 cTagum)
aedopmauni
MpoyHOCTb NpU OeNCTBUM 0.968

NPOAOSIBEHON CUnbI C
narnbom (n. 9.1.1[21]) c
Y4ETOM pasBuUTUS

nnacTtn4ecKkmnx

nedopmauni

(npoyHOCTb ObecrneveHa,
paboTa anemeHTa
KOHCTPYKLMMN B
ynpyronnactu4eckomn

cTagum)

Mpu oueHke Ha P3 B 06omx ceveHmnsax (kak ONnopHoe, Tak 1 nponeTHoe (a-a u b-b cooTBETCTBEHHO,
CM. PUCYHOK 6b)) purens, ycTaHOBMEHO, YTO ero anemMeHTbl paboTatoT B ynpyron ctagmu. PacyetHas
OLeHKa Npy peanu3aumm NUMKOBLIX CEMCMUYECKMX Harpy3ok (Ha K3), nokasana, 4To Mecto CoeguHeHus
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purens ¢ KOSIOHHOW paboTaeT B ynpyron ctagun, B TO BPEMS Kak B NPOSIETHOM CEeYEeHMU nosica purens
paccenBatoT 3HEPrUio (TO €CTb BINOSHAIOT PYHKLUUIO SHEPronornoTuTenen).

OHepronornoTuTenb BepTuKkanbHbi casuroson (ANC), nmeeT ceyeHne ceapHoro gsyTtaspa (CM.
puc. 4) MoatanHbin noabop ceveHnsa anemeHToB 3INC npuBoanTcs B TabnuyHon popme (cm. Tabn. 4).
CeyeHue cTeHkn nogbupaeTcsa n3 pacyeTta no NPOYHOCTM Ha CABUI, rAe COBUraloLLEN CUIMON, BbICTYNaeT,
npogonbHas cuna B pacnopke PC1 (cMm. puc. 4), koTopas, Kak ObIfio yka3aHo Bbllle, B 4aHHOW paboTe
paBHa Nczpz =300 kH, BbicoTa JINC npuHATa NCXOAA U3 COOTHOLLIEHMST BbICOTbI U WIMpKUHLI [31]-[34], a
CeyeHue Morkn n3 pacdeTta Ha NPOYHOCTb NpY AEUCTBMM NPOSOSbHOM CUMbl, BO3HWUKAKOLLEN B NOSICE OT
pacyeTHOro n3rnbarLLero MOMeHTa.

Ta6bnuua 4. Nopbop reomeTpuyecknx anemeHton AMC
Table 4. Selection of geometric elements of the vertical shear energy absorber (vertical shear link

(VSL))
KOHCTPYKTUBHbIV MuHUManeHo
MpuHaToe
Ne n/n 3NIEMEHT PacueTtHasa dopmyna Tpebyemoe
3HayeHwue
3HepronornoTuUTens 3HaveHune
_ ) 17.04 cm?
’ Mnowaab ceyeHus Aw = Nozps(0.58 Ry mi-yc) 16.58 o2 (cevenue
CTeHKU, Aw (dbopmyna 54 [21]) ' CTeHku: 284 x 6
MM)
Mo
2 BbicoTa anemeHTa, H - pekomMeHgaumsm 300 Mm
[31]-[34]
- 9.88 cm?
As = c . wt “Myr-Ve ’ 2
= (Neapa Hhu YRy mirve) TOMLWMHA NOMKK 16 com
3 Mnowanb cevyeHms o (cevenne
nonku, Ag (dbopmyna 5 [21]) peKoMeHaALMM nonkmmzn())o x 8
[35]-[36]

MpumeyaHue: Ry — pac4é€THoe conpoTuBneHne ctanu, npuHsaToe no tabn. B.3 [21], paBHbIM 240
MMa (gnsa crann C245); y. — k0o dMUNEHT ycnoBuin paboTbl, NPUHAT No Tabn. 1 [21], paBHbIM 1; My —
KoapbmumeHT ycnosui paboTbl Npu CEMCMUYECKOM BO3AENCTBMM, MPUHAT No Tabn. 5.4 [1], paBHbiM 1.3;
hw — BblcoTa cTeHkn JlNC, B MM; tf — TonwmHa nonku 3MC, B MM.

MopobpaHHoe ceveHne IAMNC n3obpakeHO Ha PUCYHKe 7.

200x8 200x8
28Lx6

t:=8 hw=284 t.=8

Puc. 7 — Bug Ha nogobpaHHoe cevyeHue anemeHTa AlC
Fig. 7 — View of the selected section of the vertical shear energy absorber (vertical shear link (VSL))

[ns npoeepku pabotbl AMC, nogobpaHHoro B Tabnuue 4 ceveHusi, CpaBHUBaKOTCA HanbonbLume
OTHOCUTENbHbIE NacTnyeckne aecdopmarmm, BosHukarowme B AMNC ¢ gonyctumbiMu.

BbluncrieHMe  ypoBHS  OTHOCUTEMbHLIX — MNfacTUYecKMx  Aedopmauui, BO3HUKAKOLWWUX B
3HepronornoTutene ObINO0  BLINOMHEHO C  MOMOLWBID  MaTemMaTU4eckoro  MoAenupoBaHUS
HENnOCpPeACTBEHHO paccMaTpMBaEMOro yana Kapkaca 3gaHusa B obbemHon noctaHoBke B MK ANSYS
Workbench 2022 R1, pe3ynbTaTbl NPUBOASATCS HUXE MO TEKCTY.

Tak pacyéTtHasa cxema, BbinonHeHHas B MK ANSYS Workbench 2022 R1 npuBefeHa Ha pucyHke
8. KpenneHune aneMeHTOB B MOOENMPYEMOM Y35e€ NPUHSATO: BHU3Y BEPTUKANbHbLIX CBA3EN — LUAPHUPHO,
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cneBa B 6ankax pacnopkax — 3akpenseHbl Ypyron CBs3bto, UMEIOLLIEN XKECTKOCTb pacnopku. B kayecTtse
pac4yeTHOW Harpys3ku, MogenupyoLlen paboTy y3na npn ceNCMUYeCcKoM BO3AENCTBUUN, NPUHATO — ycunue
paBHoO€e Ncqks = -682.55 kH (13 pacyeTa Ha K3, cM. Bbile NO TEKCTY), KOTOPOE MPUIOXKEHO NO CEYEHUIO
6anok-pacnopok. C nomoulbto MHCTpymeHTa Mesh 6bina pasbuTta cTaHgapTHasi TeTpasgpudeckas
perynsipHasi CeTka KOHEYHbIX 3NIEMEHTOB, CpedHEen UX KPYMHOCTbIO, paBHOM — 25 x 25 x 25 mm.
HenunHenHble cBONCTBa cTanu, ANs 9NEMEHTOB KOHCTPYKUMIA, MPUHATLI N0 OUAMHENHOW anarpamme C
ynpo4HeHneM B cooTBeTCTBUM C npunoxeHmem B CIM 16.13330.2017 «CTtanbHble KOHCTPYKLummn» [21].

] :

[D] Remote Displacement 4
E] Standard Earth Gravity: 9.8066 m/s*
[E] Force: 6.8255¢ +005 N

. Force 2: 6.8255¢ +005 N

[H] Elastic Support: 8.6e+009 Nfm*
[ Elastic Support 2: 8.6e+009 N/m*

Puc. 8 — O6wun Bna Ha pacyeTHyr cxeMy, BbinonHeHHyto B MK ANSYS Workbench 2022 R1, rge: A,
B, C, D — wapHupHbIle 3akpenneHus; E — 3eMHas rpaBuTauus (4aetT COGCTBEHHbIN BeC 3fieMeHTaM);
F, G - npunoxeHHas Harpy3ka, N¢qkz = -682.55 kH; H, | — ynpyras cBsi3b, umMeloLlas XeCcTKOCTb
pacnopok, paBHas — 8.6-10° H/m3.

Fig. 8 — A general view of the desigh scheme made in the PC ANSYS Workbench 2022 R1, where: A,
B, C, D - hinge fastenings; E - Earth gravity (gives its own weight to the elements); F, G - applied
load, N¢ak3 = -682.55 kN; H, | — elastic supports having a struts stiffness equal to — 8.6-10° N/m?3,

PesynbTaTbl pacyeTHOM OLEHKN OTHOCUTENbHbIX NNnacTuyeckux gedopmMaunin, nonyvyeHHsle B MK
ANSYS Workbench 2022 R1, npuBegeHbl Ha puc. 9.

Puc. 9 — Pe3ynbTaTbl OTHOCUTENbHbIX NNacTM4YeCKMX AedopmMauun, peanusyromecs B afieMeHTax
3MC, rae a) o6wum BUAQ mogenu y3na; b) Bug Ha anemeHT AlC.

Fig. 9 — The results of equivalent plastic strain realized in the VSL elements, where a) the general
view of the detail model; b) the view of the VSL element.
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Ha ocHoBaHMK pe3ynbTaToB, NOKa3aHHbIX PUCYHKe 9 BUOHO, YTO B yNpyronnacTuyeckyto paboTty
nepeweén tonbko OIC, a ocTanbHble anemMeHTbl y3na paboTtaiT B ynpyron ctaguu. Kpome Toro,
MaKkcuMMmaribHble OTHOCUTESNbHbIE NracTuyeckne gedopmaumm, BosHuKawowme B anemeHte OlC npu
pac4yeTHOM CEeMCMMYECKOM BO3AeNCTBMM paBHbl B gonax — 0.0039.

Mpn aToM gonycTuMmble OTHOCUTENbHbIE AedopMauum ANg yKasaHHOro Tuna KOHCTPYKUMWA He
pernameHTnpoBaHbl B Hopmax PO [21], [37], HO umetoTca TpeboBaHua n. 4.3.1, 4.4.2 n 4.4.3 CIl
294.1325800.2017 «KoHcTpykumMu cTanbHble. [lpaBuna npoektupoBaHus» [37], roe ykasaHo, 4To
OTHOCUTENbHbIE NNacTU4eckme gedopmauun &y orpaHmyanBatoTca npegenom B 4-5 % (B gonsix: 0.04 —
0.05), cnegosaTtenbHO NpuHMMaem 3HadveHume 0.05, kak gonyctumoe no Hopmam PO,

OpHako, Kak npaBuno, OONYyCTMMblE OTHOCUTENbHble AedopMaumm ONs Takux 9SfEeMEHTOB
nonyyaroT M3 pacdéta Ha Manoumknosyto npodHocTb [38]. B Hopmax PO [21], [37] He npuBoauTCA
noaxogswmMx MeToauk, No3ToMy B AaHHOW paboTe ncnonb3yeTcs MeToanka, onnucaHHas B [Nocobum no
pacyeTy M KOHCTPYMPOBAHWMIO CTamnbHbIX CENCMOCTOMKUX KapKacoOB MHOrO3TaXHbIX 3gaHun [33],
OCHOBaHHas Ha ypaBHeHun MaHcoHa-KodduHa.

OueHka MaroumMKnoBOM MPOYHOCTU 3INEMEHTOB MPUHATOM KOHCTpyKumn JIIMNC npuBegeHa B
TabnuyHon cbopme (cm. Tabnuua 5).

Ta6bnuua 5. OueHKa ManouuKIoBOM NPOYHOCTU 3NIEMEHTOB NMPUHATON KOHCTPYKuumn JMNC
Table 5. Evaluation of the low-cycle strength of the elements of the adopted design of the VSL

XapaktepucTuka lMonyyeHHoe
MpuHATLIE HaYanbHbIe PacuyeTtHas
Ne paccynTbiBAEMOro pacyeTHoe
rpaHuYHbIE YCNOBUSA dopmyna
nokasarens 3Ha4eHue
3HayeHne OTHOCUTENBHOrO
Cy>XeHusi obpasua cTanu B
MpenensHaga ynpyras
MOMEHT paspyLleHnst npu _
OTHOCUTEnNbLHasA C =0.5In(1/(1-
1 CTaTU4ECKOM Harpy>keHuw, 0.383
nedopmaums ctanm, W) [38]
C NPUHATO, Kak aAns
MarnoyrnepoamcTon crtanu
— W = 0.535 [38]
Yucno unknos
HarpyXeHusi, KoTopble MpoOomKUTENBHOCTD
OyayT BblAepXuBaTb | 3emrneTpsacenHus t, npuHaTa
AlNC3zaz2 paBHon He 6onee 30
> 3emIeTpACeHNs: cekyHp [38], a nepuop, ] N = 24T [38] o5 64
pac4éTHOro n Ha 1 nepBoro ToHa konebaHun
©ann MeHblUe Ao 34aHus U3 pacyéta Ha P3
NosiBNeHns nepBbIxX — T1=2.34 cekyHabl (CM.
Npu3HaKoB BbILLE MO TEKCTY)
paspyweHus, N
MpenensHble 3HauyeHune koahbdmumeHTa
3 OTHOCUTENbHbIE m, NPUHATO, KaK Ans &n = C/N™ [38] 0.0757
nnactuyeckme MaroyrnepoamcTon cranm, '
agedopmaumm, & TO ecTb paBHbiM — 0.5 [38]

B pesynbrate BbIMNOMHEHHOW pPaCYEeTHOM OLEHKW YCTAHOBMEHO, YTO 3HadYeHue AOonyCTUMbIX
OTHOCUTENBHBIX Aedopmaumi, passmBarowmxcsa B anemeHtax 3MNC, No ykazaHHOM METOAMKE B JOMSIX
paBHO — 0.0757. OkoH4aTeNbHO MMEEM Ba 3HAYEHUSA AONYCTUMbIX OTHOCUTENBHbIX Aedhopmauni: 0.05
no Hopmam P® n 0.0757 no pacuyéTy.

B ntore, MakcMmarnbHble OTHOCUTEIbHbIE NNAacTUYeckue gecopmanmm, BO3HMKAIOLINE B 3NIEMEHTE
QlC npu pacyeTHOM ceMcMNYECKOM BO3AeNCTBUN M paBHble B gonsax — 0.0039, meHbLle 4onyCTUMbIX
0.05 1 0.0757, cooTBETCTBEHHO NPOBEpPKa NponaeHa n cevyeHne nogobpaHo BEPHO.

Mo pesynbTatam pacyéta Ha K3 kapkaca 3gaHus B BapuaHTe WUCMOMHEHMs ¢ nogobpaHHbIMU
3HepronornoTuTenamMm Obina npousBeneHa obwas oueHka paboTbl kapkaca, OH COXpaHun obLLyto
YCTOMYMBOCTb, M OOPYLLUEHMS €r0 3N1IeMEHTOB HE NPOrHo3npyeTcs.

[na oueHkn Bknaga 9HepronornotTutenen B obwyk paboTy kapkaca coopyxeHus 6bino
BbINOSIHEHO CpaBHeEHME pe3ynbTaToB pacdéta Ha K3 B o0oux BapuaHTax ero WUCNonHeHust (C
3HepronornoTuTenamm n 6e3 Hux). Tak Ha pucyHke 10 NpMBOAATCA pe3ynbTaTthbl, NOMyYEHHbIE B X04€e
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pacyeta Ha K3 Bcero kapkaca 3gaHusi, @ WMEHHO, NpuBeAEHbl — MNpeAenbHble OTHOCUTESbHbIE
AedopmaLmn anemMeHTOB Kapkaca B ABYX BapuaHTax ero UCNOMHEeHns, BO BpeMeHW. Tak kKak K MOMEHTY
OKOHYaHWA pacyéTa B HEKOTOPbIX dfieMEeHTaxX HaKOMUINCh MiacTudeckne (ocTaTtouHble) gedopmaumm,
KOTOpble COCTaBNAT BONbLUYO YacTb 06LWMNX AedopMaLmin kKapkaca, TO N0 HUM MOXHO MOCfe CHATUA
CENCMUNYECKOW Harpy3ku CyanTb O Pa3BMBaOLLNXCSA HANPSXKEHUSIX B €0 AreMeHTax, KOTOpble BO3HMKAOT

BO BpeM4d KOHTiOJ’IbHOI’O 36MJ'I6TEF|C€HVIFI.

-0.006766 -0.003383 0 0.02759 0.05518

without energy absorbers

a)
-0.004893 -0.002446 0 0.02466 0.04931
x i ; with energy absorbers
b) -

Puc. 10 — lNpepenbHble OTHOCUTENbHbIE Aed)opMaL M 3NeMEeHTOB KapKaca 34aHUA rnaBHOro
kopnyca TOC c 'TY 170 MBT B MOMEHT OKOHYaHUA 3eMrieTpsiceHust, npu pacyéTe Ha K3, rage: a) 6e3
3HepronornoTtutenen; b) c aHepronornoTutTenamu

Fig. 10 — Limiting equivalent plastic strain of the building frame elements of the main building of the
thermal power plant GTP with a capacity of 170 MW at the end of the earthquake, when calculated
for a verification (safe shutdown) earthquake, where: a) without energy absorbers; b) with energy
absorbers

Kak BugHO 13 pucyHka 10, HW OOUH U3 3NEMEHTOB HEe AOCTUr OTHOCUTESNbHbIX Aedopmauni,
COOTBETCTBYIOLLNX BPEMEHHbIM COMPOTMBIIEHMAM MaTepuanos (4ns ctanu mapkm C245 —0.2189; C355
— 0.1925 cornacHo npunoxenuto B [21]). Takum obpasom, paspyLleHnsi INEMEHTOB HE OXMAAETCS.

OpHako B BapuaHTe 06e3 3HepronornoTUTenerM B TPeX PUrensix Kapkaca MOryT pasBuTcA
OTHOCUTENbHbIE MNacTuyeckue gedopmauun, npesbllarowme MakCMManbHO OONYCTUMbIE 3HAYeHWUs
(0.55 > 0.5), cornacHo nn. 4.3.1, 4.4.2 n 4.4.3 [37], no3aTOMy, HWXE NPUBOAATCA pesynbratbl 6onee
noapobHOro aHanu3a HanpsXeHHO-A4e(POPMMPOBAHHOIO COCTOSIHUA B CaMOW Harpy>XeHHouW pame
Kapkaca, npv peanusaunm nMKoBbIX Harpy3ok ot K3 (cMm. pucyHok 11).
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-160.01 -80.00% 0 22294 4485 -L4BS -224.06 0 168.04

without widening the flanges with the widening of the flanges

Puc. 11 — HopmanbHble HanpskeHus B MIMNa pa3BuBarowmecs B aneMeHTax caMon Harpy>eHHOMn
pambl Kapkaca 3aaHus rnaBHoro kopnyca TOC ¢ I'TY 170 MBT B MOMEHT HanbonbLUINX YCKOPEeHUM
OCHOBaHuA, rae: a) purenu 6e3 ylumpeHus nonok; b) purenu B aHepronornoLlarLen KOHCTPYKLUMN
(T.e. c ywmpeHuem nonok). OBanamu o603Ha4YeHbl 30HbI peanu3aun HanpsKeHUn 6NM3Knx K
npeaerny TeKy4yecTu ctanu

Fig. 11 — Normal stresses in MPa developing in the elements of the most loaded transverse frame of
the of the main building of the thermal power plant GTP with a capacity of 170 MW at the time of the
greatest accelerations of the base, where: a) girders without widening the flanges; b) girders in an
energy-absorbing structure (with the widening of the flanges). Ovals indicate the zones of
realization of stresses close to the yield strength of steel

Kak BMaHO, B 0603HaYeHHbIX Ha puCyHKe 11 30Hax, HaNpPsPKEHUA COOTBETCTBYHOT 3a4aHHOMY
npegeny Tekydectu ctanu (paBHbol — 448.5 Mlla), cnegoBatenbHO, B BapuvaHTE KOHCTPYKTUBHOIO
peleHna 6e3 aHepronornoTuTenen, rae He NPegyCMOTPEHO YLWIMPEHWe MOMOK purenemn, nosiBrsieTcs
OMacHOCTb paspyLUeHWUsi CBApHOro coefuHEeHUs No MeTanmny LBa WNKU Xe MNo Nnorioce OKOMOLLOBHOMO
NPOCTPaHCTBa, rAe B pesyribTaTte TEXHOMNOrMYECKNX CTPYKTYPHbIX U3MEHEHUIN, MOXET peann3oBbiBaTbCA
COCTOSIHWE, MNpW KOTOPOM Mpeden TeKy4yeCTU HEeCKONIbKO MeHblle YeM Yy OCHOBHOro Metanna
KOHCTpyKLUmMK [34]. Npn aTOM, B BapuaHTe UCMOMHEHNS pUrens B 3HEpronornoLlatoLen KOHCTPYKUun (C
yLUMPEHNEM MONOK puUrens), Hambornee HanpsKeHHbIE y4acTKM, COOTBETCTBYIOLIME 3adaHHOMY npeaeny
TEKYYeCTU CTanun, HECKOSbKO yAaneHbl OT y3na CONpPsiKeHUs1 C KOMIOHHOW, U B CAMOM Y3f1e COCTaBnsaoT
3Ha4YeHUus, MeHbLLE 3TUX NPeaenos, cregoBaTeribHO, CBapHOE CoOeaMHEHMNE PUrens C KOIOHHOM (CM. puC.
3) Haxogutca B ynpyrov ctagum paboTbl, @ 3HAYUT CHUXAETCS BEPOSITHOCTb €ro paspyLleHust npu
HaCTyNNeHUn peanbHOro 3eMETPSICEHMS B NPOLECCe aKcnnyaTauuu.

[nsa oueHkn BnuaHua IMNC Ha obuyto paboTy Kapkaca npoBepeHa YyCTONYNBOCTb BEPTUKAbHbIX
CBS13€M MO KOJIOHHaM, B COEANHEHNS KOTOPbIX, C pacnopkamu n 61 BHegpeHsl AlNC.

Ha pucyHke 12 npuBogsTcs pesynbTaTbl pacyeTa Ha K3 B cpaBHEHUM OBYX KOHCTPYKTUBHbIX
UCMOMHEHNSIX CBA3EM MO Kapkacy 34aHua rnaBHoro kopnyca TOC c¢ ITY 170 MBT (c
3HepronornoLlarLLnMm aneMmeHTamm n 6e3 HuX).

a)

b)

rz |
A

Puc. 12 — PeaynbTaTthbl pacyeTta Ha K3 B cpaBHeHUU ABYX KOHCTPYKTUBHbLIX UCMONTHEHUAX CBA3en No
Kapkacy 3gaHua rmaBHoro kopnyca TOC ¢ 'TY 170 MBT, raoe: a) 6e3 aHepronornawjarowmx
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anemeHTOB; b) c aHepronornowarwmnmm anemeHTamu. KpacHbiM LBETOM BblAeseHbl CBSA3N,
noTtepsiBLLME YCTOMYUBOCTb

Fig. 12 — Calculation results for a verification (safe shutdown) earthquake in comparison of two
structural designs of braces along the frame of the main building of the thermal power plant GTP
with a capacity of 170 MW, where: a) without energy-absorbing elements; b) with energy-absorbing
elements. Connections that have lost stability are highlighted in red

Takum o6pa3om, yCTaHOBIIEHO, YTO B BapuaHTe UCNOSTHEHNUS Kapkaca 6e3 aHepronormnoLwarmLmx
3M1eMEeHTOB B y3ne NpuMbIKaHUA CBA3eW, npeanoriaraeTtca noteps yCTOMYMBOCTU 24 3nemMeHToB, B
BapuaHTe C aHepronornotutenamm — 15 BepTuKkanbHbIX CBA3en NO KornoHHaMm (Ha 37.5 % MeHbLue),
cnepoBaTenbHO, peanbHas paboTa Kapkaca 30aHWs W ero CTOMKOCTb MPOTUB 3eMNeTpsiCeHus
noBbILLIAETCA.

[Mpn 3TOM CTOMUT OTMETUTL, YTO Macca MeTasnna Ha yKa3aHHble peLleHUsi 3HeprornorrnoTuTenemn
He3HaunTernbHa No CpaBHEHWIO C Maccon MeTanna Bcero kapkaca (Tabn. 6) 1 AaHHble peLeHnss MOXXHO
BHeaApATb 6e3 yBenuyeHns CMeTHOW CTOMMOCTW BO3BEAEHUS Kapkaca.

Tabnuua 6. Pacxog metanna Ha pelleHue KapKaca C 3HepronosioTUuTensamMm
Table 6. Metal consumption for a design solution of the frame with energy absorbes

YwmnpeHue nosicoB purenen | HepronornoTutenu
Kapkac 3paHus B MECTe COeaUHEHMNs C BepTUKarnbHble
KONOHHON casurosble (AMC)
Pacxon metanna, T 731.05 0.648 0.66
Jons oT obLero
pacxoga Ha kapkac, 100 0.089 0.09
%

4 Conclusions

1. MNpeanoxeHbl BapuaHTbl BHEOPEHWUS 3HEPronorfowarlmnx 3f1eMeHTOB B paMHO-CBS3EBOM
Kapkac NPOMBbILLIIEHHOrO 34aHUs, 8 UIMEHHO B PaMHbI y3en COeQUHEHUS purens C KONIOHHOW U y3en
COeUHEeHUs pacnopkn ¢ BepTUKaNbHbIMU CBA3SIMW MO KOMOHHAM.

2. Ha npumepe M3MeHeHWNs1 KOHCTPYKTUBHOIO peLleHus y3na npuMbIKaHusa purenemn U KOroHH, B
AaHHoun paboTe, 6bina NpogeMOHCTPUPOBaHa BO3MOXHOCTb OTBOAA 30HbI YNpYyronnacTuyeckon ctagum
paboTbl MaTepuana OT KOHCTPYKTUBHbIX COMPSXKEHWIA KOFTOHH M CBapHbIX LUBOB COEAMHEHUS purenemn c
KONOHHaMMU.

3. Ha npumepe BapuaHTa KOHCTPYKTMBHOIO PELUEHUs y3na NpuUMbIKaHUS CBA3EN C NIIaCTUYECKUM
anemMeHToM, Oblnl NMokasaH, cnocob MOBbLILWEHUA CTOMKOCTU BEPTUKAlbHbIX CBA3EW MO KOSIOHHaM, Tak
YMCNO CBSA3EN, MOTEPSIBLUMX YCTOMYMMBOCTb B XOAE UWUCIIEHHOrO0 aHanmMsa Ha KOHTPOSibHOEe
3emMmneTpsiceHne, ymeHbLumnoch Ha 37.5 %.

4. YcCTaHOBMEHO, YTO TMPUMEHEHNE 3NIEMEHTOB SHEPronornoweHnss B pPaMHO-CBS3EBbIX
KOHCTPYKLUMAX Kapkaca 30aHus MO3BONSET CKOHUEHTpMpoBaTb OOnblIyld 4YacTb OCTATOYHbIX
aecdopmaumim B HUX camMux, TeM CaMbiM CHWXaeT AedOpMUPYEMOCTb APYrnUX KOHCTPYKTMBHbIX
3MIEMEHTOB, MOBLILIASA, XMBYYECTb 34aHUA U yMeHbllas OObEM BOCCTAHOBMEHUS, NPWU peanusauunm
peanbHOro cemcMmyeckoro Bosgenctaus. MNMossonget crabunusmposatb paboTy kapkaca 3gaHus, U C
Oonblen gonen BEPOSTHOCTM BbldepXXaTb NMOBTOPHLIE TOMYKM BbICOKOW WMHTEHCUBHOCTWU. [pn 3TOM
yBenuyeHne CTOMMOCTM UCMOMHEHNS KapKaca C 3HepronornowarLwnuMm aneMeHTaMmn He3HaunTenbHo,
Mo CpaBHEHMUIO C TPAAMUMOHHBIMKU cnocobamm NOBLILWEHNS CENCMOCTOMKOCTM 34aHUN U COOPYXKEHUMN,
TakKMX Kak — YyBENMYEHWE CEYEeHWA IJNEeMEHTOB, MNPUMEHEHME [OOMOMHUTENbHBIX 3N1EMEHTOB
packpenneHua kapkaca W T.4. CnepoBaTtenbHo, HeobxoouMM  fanbHEWWWn  pacyeTHo-
3KCMepUMEHTanbHbIN aHann3 paboTbl KapKacoB MPOMbILLMEHHbIX 34aHWA C 3HEepronornoLlwarLmMmMm
3NIEMEHTaMM, KaK MEPCNEKTUBHBIX PELLEHN AN NOBbILEHNS UX 00LWen CENCMOCTONKOCTH.
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