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AHHOTAULMUA

BBeneHnue. TennoanektpoctaHuyun (TOC) B PO aBnsioTca BeAyLLMMU SHEProreHepupyoLMMM KOMNeKcamu no cpaBHe-
HUIO C APYTIMU KOMMIEKCaMM SHEPreTUYECKOM MPOMBILLIIEHHOCTU U B CUITy CBOEN HE3aBUCMMOCTM OT MECTOMOOXEHNS
MCTOYHMKa 3HEPrMMN YacTo pacrnonaraloTcst Ha nioLaakax, xapakTepuayemMblX rpyHTaMm ¢ HeyA0BNeTBOPUTENbHbIMY CBON-
cTBamu. PaccmaTtprBaeTcs COOTBETCTBYIOLLMI NPUMEP U3 MPaKTUKK cTpoutenbctea B CaHkT-lNeTepbypre Ha cTponnnoLwaa-
Ke C TMKCOTPOMHbLIMW FPyHTaMU.

MaTepuansi u metoabl. CTponTenbCTBO 1 paboTa 06bLEKTOB Ha NOLLaAKax C TMKCOTPOMHBIMU IPYHTaMM NPUBIEKAET BHU-
MaHve uccnegoBaTenei v NPakTUKOB CBOEW 3aBUCUMOCTbLIO OT BO3AENCTBUSI CTaTUHECKUX Y AMHAMUYeCcKux Harpysok. Mpea-
NOXeHbl pa3Hble MeToAbl YyCTPOWCTBa PyHAAMEHTOB (CBaWiHble, MNNUTHbIE U Ap.). PaccMoTpeHa B kavyecTBe anbTepHaTuBbI
KOHCTPYKLMS cBaWHOro dpyHAameHTa Ans gononHutensHoro Typboarperata tennoanektpoctaHummn B CaHkT-MNeTepbypre,
BKIoYatoLLasi ABe NNuTbl C BUOpomnsonsTopamu.

Pesynbrathl. [poBeAeHHbIe nccneaoBaHns Nokasanu, YTo Hanm4me BUOPOM30NSaTOpOB MPeaoCcTaBnseT BO3MOXHOCTb pe-
rynupoBaTh BbICOTHOE MOMNOXeHWEe cUCTEMbI «TypboarperaTt — doyHAaMeHT», a Takke NPaKTUYeCKU NOMHOCTLIO UCKMovaeT
nepepady Bubpauuii Ha rpyHToBOe (CBalHOE) OCHOBaHWE W MpureratpLimMe CTPOUTENbHbIE KOHCTPYKLUMU, BKIOYas Cylle-
cTBylOLME 30aHMs. BbinonHeHHoe reoTexHn4eckoe ModenupoBaHue (Moaernb «arperart — onopHas nnvTa — cBaliHOe OCHO-
BaHVe» (OMHaMUYeCcKuii pacyeT OMOPHOW MNUTLI U CTAaTUYECKUIA pacyeT CBaHOTO OCHOBaHWSA) U MOAENb «arperaT — cBau-
HOE OCHOBaHWe» (AMHAMUYECKUA U CTaTUYECKUA pacyeTbl CBAMHOIO OCHOBAHMSA)) C NOMOLLBIO MPOrpamMMHOro Kommnnekca
PLAXIS 3D nokasanu, 4TO Ha HXHIOK NIUTY KOHCTPYKLUM 1 Ha OrONIOBKU CBai ypoBeHb BMbpaLummu MHorokpaTtHo (B 40 pas)
MeHbLLE YPOBHS 2 MM/C, Npu KOTOPOM TpebyeTcs yunTbiBaTb CHUXEHME HECYLLEN CMOCOBHOCTM OCHOBAHUS Kak yHAameH-
Ta, TaK N COCEAHUX K HeMmy.

BbiBoabl. HecMoTps Ha npevMyllecTBa anbTepHaTUBHOIO BapuaHTa no CTOMMOCTU U ob6bemam, puUCKu, COMyTCTBYIOLLME
ansTepHaTUBHOW KOHCTPYKLMK, NOBYxAaloT OTAaTb NPeAnoyYTeHne BapuaHTy KOHCTPYKUUW, MPUHATOMY B NMPOEKTHOW A0-
KyMeHTaLuun.

KNIOYEBbLIE CITOBA: BnbpounsonsTop, AMHaMmuyeckas Harpyska, NiMTHO-CBaWHbIN yHAAMEHT, CBalHbIN hyHAaMEHT,
TENnoaNeKkTPOCTaHUMA, cTaTuyeckasi Harpyska, TUKCOTPOMHBbIV TPYHT, ddyHOAaMeEHT
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ABSTRACT

Introduction. Thermal power plants in Russia are the leading power generating complexes in comparison with other com-
plexes of energy industry and due to their independence from the location of the energy source, they are often located on
sites characterized by soils with unsatisfactory properties. A relevant example from the practice of construction in St. Peters-
burg on a construction site with thixotropic soils is considered.

Materials and methods. Construction and operation of objects on sites with thixotropic soils attracts the attention of re-
searchers and practitioners by their dependence on the impact of static and dynamic loads. Different methods of foundation
construction (pile, slab, etc.) were proposed. The pile foundation design for an additional turbine unit of a thermal power plant
in St. Petersburg, including two slabs with vibration isolators, is considered as an alternative.
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Results. The conducted research has shown that the presence of vibration isolators provides an opportunity to regulate
the height position of the system “turbine unit — foundation”, as well as almost completely eliminates the transmission of vi-
brations to the ground (pile) foundation and adjacent building structures, including existing buildings. The performed geo-
technical modelling (model “unit — baseplate — pile foundation” (dynamic calculation of the baseplate and static calculation
of the pile foundation) and model “unit — pile foundation” (dynamic and static calculations of the pile foundation)) with the help
of Plaxis 3D software package showed that the vibration level on the bottom plate of the structure and on the pile heads is
many times (40 times) less than the level of 2 mm/s, at which it is necessary to take into account the reduction of the bearing
capacity of the base of both the foundation itself and the adjacent ones.

Conclusions. Despite the advantages of the alternative variant in terms of cost and volume, the risks associated with the al-
ternative design induce to favour the design variant adopted in the design documentation.

KEYWORDS: dynamic load, foundation, pile foundation, slab-and-pile foundation, thermal power plant, static load, thixo-
tropic soil, vibration isolator
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BBEJAEHHUE

Ternoanexrpocranuuu (TOC) B PO  spmsror-
Cs BEAYLIMMH SHEPrOTCHEPUPYIONMMH KOMILUIEKCa-
MU HO CPaBHEHUIO C JPYIMMHU KOMILJIEKCAMM JHepre-
TUYECKOM NPOMBIIIJIEHHOCTH: 1O JaHHbIM Poccrara
3a 2022 r.! Enunast snepreruyeckast cucrema (EDC) Poc-
cuu BKJIro4aeT 69 % sHepruu, BbIpadaTbiBaeMON UMU.

TOC mMpoko pacnpoCTpaHEHbl B YCIOBHUSIX TO-
POJCKOM 3aCTPOMKH, TAI€, OAHAKO, 3a4aCTYH OTCYTCTBY-
€T BapHaTHBHOCTh BHIOOPA IUIOMIAZIKK CTPOUTEIBCTBRA,
B pe3yabTaTe 4ero reojIoTHUECKHUe YCJIOBHS OKa3bIBa-
IOTCSI HE CaMbIMH OJaroNpHUATHBIMHA U YJOOHBIMH JUIS
9KCIUTyaTalludl TSDKEJIOro O00OpYNOBaHHS CO CIICIH-
¢uuecknMu Harpy3kaMmu. [IpuMepoM MOXKET CIIyKHTb
CTPOUTEIHCTBO JIOTIOIHUTEIBHBIX 3HEProOIOKOB Ta30-
TypOuHHOM 3nekTpoctaniuu IC-1 [enrpanbaoit TOI]
B Cankr-IleTepOypre?, KOTOPBIH H3BECTEH CBOUMU CJla-
OBIMH TITHHUCTBIME TpyHTaMi® [1].

B npornecce MHKEHEPHO-TEOIOTHIECKUX U3BICKa-
HUH OBIIM BBISBICHBI HACBITHBIE TPYHTHI U 3aTtopdo-
BaHHBIE IIECKH, TIECKU KPYITHBIC 1 TIBUICBATHIE, @ TAKKE
CYIIMHKHM TEKy4YeIUIAaCTHUYHbIE, CKJIOHHBIE K TIPOSB-
JICHUIO THKCOTPOIIHBIX CBOWCTB IPHU JUHAMHYECKHX
Harpyskax, 0e3 KOTOpBIX HeMbICJIMMa paboTa JIoOboro
Typ6oarperara TOII.

B cBsI31 ¢ 3TUM C LIeNTbIO TIOMCKA ITyTel COBEpIIEH-
CTBOBaHHUSI NIPOPAOOTAaHHOTO B TPOEKTHOH JOKyMEHTa-
uun pyHmameHTa ykazanHoi TOC npeanpuHsTa MoIbIT-
Ka YHUCJICHHON OIIEHKH JMHAMHMYECKOrO BO3JCHCTBUA
Ha ee CBaifHbBIIN (yHIAMEHT 1011 TypOoarperaTtom B rpyH-
TaX, CKJIOHHBIX K IPOSIBICHUIO CBOWCTB THKCOTPOIUH,
C yYETOM ANHAMHYECKUX U CTATHIECKUX Harpy3o0K.

! BeipaboTka anektpossepruu B Poccun B 2022 rofy BeIpoc-
na Ha 0,6 %. URL.: https://tass.ru/ekonomika/16939991

29C-1. UenrpanbHas TOL. CTpoUTENLCTBO TEIIOBOM ra3o-
TypOuHHOM 3nekrpoctanimn // DLIM. URL: https://ecm.ru/
projects/2016/6225/

3Teonoruss Caukt-IlerepOypra // DKONOrHYECKUM MOPTAT
Cankr-ITerepOypra. URL: https://m.infoeco.ru/okruzhausha-
ya-sreda/nedra
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MATEPHUAJIBI U METO/JbI

[TpoBeneH aHAIN3 HHKEHEPHO-TEOJIOTNIECKUX yC-
JIOBHUH CTPOMIIIONTAIKN, JAHHBIX TIPOCKTHON 1 paboueit
JOKYMEHTAIIUM TI0 apXWUTEKTYPHBIM W KOHCTPYKTHB-
HBIM pEIIeHHsIM, pacueTa (JyHaaMeHTa B IPOrpaMMHOM
rxomrutekce (ITK) SCAD, mpoekra opraHu3aIiu CTPO-
utenscrBa 00bekta. B TIK PLAXIS* ¢ yuerom nuna-
MHUYECKUX BO3JICHCTBUI TypOoarperara Ha GpyHIaMeHT
U TPYHTOBBIH MAacCCHB MOCTPOECHA COOTBETCTBYIOIIAS
MOZIETb. JTO TO3BOJIMIO BBINOJHUTE CPAaBHHUTEIb-
HBIH aHAJM3 TPOEKTHBIX PELICHUH M CPOPMYITHPOBATH
00OCHOBaHHBIC BBIBOJIBI, MOATBEPXKIAIONINE HEO0-
XOJMMOCTh y4YeTa JAWHAMHYECKOTO BO3AEHCTBHUS IpH
MIPOEKTUPOBAHUN (PYHJAMEHTOB MO 00OpyrOBaHHE
U arperarsl Ha TPyHTax, CKIIOHHBIX K ITPOSIBJICHUIO THK-
COTPOITHBIX CBOMCTB.

B mpoekTHO# HOKyMEHTalnu peKOMEHIIOBaH Ba-
pHaHT cBaifHOrO (hyHmaMeHTa 1moj Typboarperar (oke-
71e300€TOHHBIE CBaW, YCTpanBacMbIe METOJIOM BJ/IaBIIHU-
BaHMS, WM OYpOMHBEKIIMOHHBIE CBaM).

B CIIOXHBIX MH)XEHEPHO-T€0JIOTNYECKUX YCIIOBH-
sx Cankr-IleTepOypra Ui IUIACTUYHBIX IIMHUCTBIX
TPYHTOB MHHUMAaJIbHO JOCTATOYHBIM CUHMTACTCS pas-
BUTH yCWJINE BIABIMBAaHMS, paBHOE HECYyIIEH crnocoo-
HOCTH CBaM.

VYuuThIBasi CTECHEHHBIE YCIJIOBHUSI CTPOMILIOIIAN-
KH{, B OIMCHIBAEMOM HCCIICAOBAHUY TIPHHATO PEIICHHUE
HCIIONIb30BaTh OypOHAOMBHBIC CBAM.

[Tpn Hanmmuum cnaObIX BOJOHACHIIIEHHBIX TPYH-
TOB IIPEYCMOTPEH INIMHUCTHIN PACTBOP OEHTOHUTOBBIX
IJIMH, OKa3bIBAIONIMH T'MJIPOCTAaTHYEeCKOE BO3/CHCTBHE
Ha CTEHKH, OOecrieurBasl HaJe)KHOE CKpEIUICHHE OT-
JIETIbHBIX CIIOEB IPYHTOB.

B ciydae ¢pyHamMeHTOB, BO3BOANMBIX HA TPYHTaX,
CKJIOHHBIX K ITPOSIBJICHUIO CBOWCTB THKCOTPOMHH (IO~
HOE WJIM YaCTUYHOE Pa3pylIeHNe CTPYKTYPHBIX CBsI3eH
I0/1 BO3JICUCTBHEM JAMHAMUYECKUX Harpy3oK U B II0-
CJICITYIOIIEM [0 MPOLISCTBUH OIPEICICHHOTO TEePHO-

4 PLAXIS 3D. TpexmepHble reotexHudeckue pacyersl. URL:
https://www.plaxis.ru/product/plaxis-3d/
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Puc. 1. Cxema ycTpoiicTBa Ta30TypOMHHOM YCTAaHOBKH JUTS SJICKTPHYECKHX CTaHIMil hupmbl Siemens»’: [ — cucrema

BO3/1yX03a00pa; 2 — razorypounnas ycranoska (I'TY); 3 — neimoBas Tpy0a; 4 — oTBOA ra3oB; 5 — auddysop; 6 — pama

I'TY; 7 — anexrporeneparop; § — TpaHchopmarop; 9 — OIOK yrpaBIeHHS

Jla BPEeMEHH CaMOCTOSITeIbHOE BOCCTAHOBJICHHE B OT-
CYTCTBHUE JPYTMX BHEIIHUX HArpy30K IPH MOCTOSHHON
TEeMIlepaType W BIAXKHOCTH), TPH IPOESKTUPOBAHUN
pELIeHO OTJaTh MPEIIIOYTEHHE CIIOXHBIM MAacCHBHBIM
KOHCTPYKIMSIM, CITIOCOOCTBYIOIIIMM «TallleHUIO» JAWHA-
MHYECKHX Harpy3o0K, a TaK)Ke UCII0JIb30BaTh BUOPOU30-
JISITOPBI, HAlPUMeED, NPYKUHHOTO THUIIA.

AHanmu3 pe3ynbTaToB HAyYHO-TIPOEKTHBIX MPO-
pabotok [2-9] mokasan, YTO CBaifHBIC (YHIAMCHTEHI
o0naiatoT omnpeseacHHON crenudukoil paboTel mpu
JUHAMHYECKOW HArpy3ke Ha THKCOTPOITHBIX TPYyHTaX:
BOKpPYr CBaW 00Opa3yeTcsi OCiaaOICHHBIH TPYHTOBBIN
MacCHB pPagycoM 5-8 nmaMeTpoB cBau, W BHOpO-
M30JISITOPBI CIIOCOOCTBYIOT CMSITYEHHIO 3TOTO BO3CH-
crBus. [lockoibKy Besikasi JUHAMHYECKash Harpyska
Ha THKCOTpPOIIHBIC T'PYHTHI OYEHb OIacHa, IPH3HAHO
1enecoo0pa3HbIM TIPUMEHITh METOIbl CTaTHYECKOTO
BIABJIMBAHUS WIM OTAATh MPEANOYTECHHUE TEXHOJIOTHU
ycTpolicTBa OypOHaOWBHBIX CBail C HCIONH30BAHHE
IIMHUCTOTO PAacTBOpA.

Ha ocHoBe BapmaHTHBIX PacyeToB W C y4YETOM
OIbITA TMPOEKTHPOBAHUSI M PAaOOTHI Tra30TypOMHHBIX
TypOoarperaToB Ha INIUTHBIX (DyHAaMEHTaX B CIOKHBIX
TPYHTOBBIX YCJIOBHSX Ha 0a3e MPOCKTHOH W paboueit
JOKyMeHTalmu GpyHaaMeHToB Typooarperara SGT-800
¢upmbr Siemens s oobekta «OC-1 IleHrpanbHas
T3IL] cTPOUTEIHCTBO TEILIOBOI I'a30TYpOMHHOM 3JICK-
tpocraniu (I'TY-TOL) B 1. Cankr-IlerepOypre»
6bu1 ipuHAT TypbOoarperar SGT-800 ¢upmel Siemens
(puc. 1), a ang aHanmm3a B MCCIEAOBAHUM TPHHST
(yHIAMEHT CO CIIOKHOW KOHCTPYKIHEH, COCTOsIIen
W3 BEpXHEH M HIDKHEW T (puc. 2) ¢ NpYKUHHOU

’Tazorypbunnsie snekrpocranuun Siemens (Cumenc) —
ycTaHOBKM — cutoBble ctanuun u3 ['epmanun. URL: https://
manbw.ru/analitycs/siemens.html

BHOpOU3OJIALMEN Ha CBaiHOM OCHOBaHUH. Jdexrt
CHIDKEHHSI YPOBHS BHOpAIMM JOCTHIAaeTCsl MO100pOM
BHOPOHM30IATOPOB, TO3BOJSIOMIMX O0ECHEYNTh OITH-
MaJibHbIe BHOpAIMOHHBIE U JIe()OpPMAlMOHHbBIE XapaK-
TepucTuku QyHgameHta. Hamudane BHOPOHM30ISTOPOB
MIPE0CTABIISAET BO3MOKHOCTD PEryJIMPOBaTh BHICOTHOE
TIOJIOKEHUE CHCTEMBI «TypOoarperar — (yHIaMEHT»,
a TAaKXKe IMPAKTHYECKH IOTHOCTBIO HCKIIIOYAeT Iepe-
Jnady BHOpaiuii Ha TpyHTOBOE (CBaiiHOE) OCHOBaHHE
U MpUJIETAIOIAE CTPOUTEIbHbIE KOHCTPYKLIUHU, BKIIO-
Yask CyIIECTBYIONINE 3/1aHMUS.

Hanuuue rpyHTOB ¢ THKCOTPOIIHBIMHU CBOMCTBa-
MH, HH3Ko4yacTOTHOro (25 I') BO3OyKmeHus ¢ Inu-
POKOM 30HOH pacmpoCTpaHEHUs, OONBIINX HArPy30K
OT TSKEJIBIX POTOPOB T€HEepaTopa M TUXOXOJHOIO Basa
peayKTOpa IPUBOIAT K 3HAUUTEIBHOMY CHHKEHHIO TO-
PU30HTAJIBHOW KECTKOCTH CBAaWHOTO OCHOBAaHMS TpHU
JMHAMHYecKoM BozzneicTBuu. [1pu oTcyreTBHM BUOpO-
M30JSIIUK 3TO TIPUBENET K HEIOMYCTHMOMY YPOBHIO
MOTIepeyHbIX BUOpaluii arperara M K CyIIECTBEHHO-
My CHIKEHHIO HecylleH CIIoCOOHOCTH (DyHIaMEHTOB
IJIABHOTO KOpIyca (MaIlIMHHOTO 3a71a) M COCETHUX 3/a-
Huid. IIpu stom u camu I'TY moryr B3auMHO BIMATH
JpYT Ha Jpyra.

[TpuHsTas KOHCTPYKIMS BEPXHEr0 CTPOCHUS —
IUIMTHBIA (DYHJIAMEHT U3 MOHOJIMTHOTO JKeJe300eToHa
Ha BHOpomsonsTopax mpomussonacTsa ¢upmel GERB
(cMm. puc. 2). Harpysku oT 060pyaoBaHUS M OMOPHON
aTropMbl MepelaloTes Ha HIDKHIOI TUINTY uepe3
cucreMy u3 20 BUOPOM30IMPYIOMINX TPYKUHHBIX dJIe-
MEHTOB (M3 HUX 6 NpYXHHHO-IemIpepHbIX). Bubdpo-
M30JIATOPBl onuparoTcs Ha 10 BepTHKAIbHBIX MOCTa-
MEHTOB BBICOTOM OKO0JIO 50 CM U MONEPEUHBIX CEUEHU-
em 50 x 200 cm.

Macca moAIpyKHHEHHON JKeIe300eTOHHOW KOH-
crpykmmn 1430 T.
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Puc. 2. XKene3oberonHas KOHCTPYKIHMS BepxHei (a) u HwkHel (b) GynnamenTHbIX muT [10]

[Tnura umeer tommuny 3,0 M (6e3 ydera mocra-
MEHTOB O] T€HEepaToOp U MOJ| IMyCKOBOH AIIEKTPOJBHU-
rarelb), B 30HE YCTAaHOBKH IIKa(hOB BCIIOMOTATEIBHOTO
000pyIOBaHUS B IUTUTE UMEETCS CTYTIEHYATOE TOHIKE-
aue Ha 0,9 M.

IToxBanbHast 4acTh MPEACTABISIET COOOM OTKPHI-
TBI CBEPXY W IO OJHOH M3 CTOPOH KOpPOO C HIDKHEH
IUTATOW TONIIIMHON | M W MOATIOPHBIMU CTEHAMH TOJI-
o 0,4 M. Ha muinte pa3MerieHsl moCcTaMeHTHI BEI-

Puc. 3. ITnan ckBaxud

48

coroii 0,44 x 2,0 M u toimuHo#i 0,5 M oz BUOpou3o-
TSATOpHI (pHC. 2, b).

PaccmarpuBaemass TeppuTOpus  CTpOHIUIOLIA-
KM pacrojiokeHa B CEHCMUYECKH CIIOKOMHOM paiioHe,
OHAKO CIIa0BIe TONYKH OTMEUAIHCh B pa3HBIE TOJBI
(3—4 6amna). CelicMuueckasi akTHUBHOCTh paiiOHa, CO-
rmacHo CIT 14.13330.2011, cocTaBinser 5 6amioB.

B mecre crpouTtenscTBa ABYX Tra30TypOMHHBIX
YCTAHOBOK PAaCIOJIOKEHbI CKBaXXUHBL: mepBast [ TY —
ckB. 46, BTOopast — ckB. 35 (puc. 3, 4).
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Puc. 4. I'eonorngeckuii paspes ocaoBanust [ TY-1

OtHocutenbHOM oTMeTke +0,000 cooTBeTCTBYET

adcomrotHas +7,500 B bantuiickoil cCHCTEME BBICOT.

Ha nmomazike cTpouTebCTBA BBIABICHBI CyTiecya-
HBII TPYHT ¢ TUKCOTPOITHBIMU CBOWCTBAMH, MPEICTAB-
JICHHBIN CYTIIMHKAMH TEKy4YeTIaCTHIHBIMH, C TTPOCIIOs-
MU MSTKOIUIACTUYHBIX, JIETKUX M TSIKENbIX MbIIICBATHIX,
JICHTOYHBIX U CIIOMCTBIX, THKCOTPOITHBIX, KOPUIHEBATO-

CEPBIX, C MPOCIIOAMHU TICCKOB IBUIEBATHIX, HACBHIIICH-

HBIX BOJOH. BBIIO B35TO 5 00pa3IioB TaHHBIX TPYHTOB,

Janee ynoMuHaeMmbIx mog Ne 7—-11.

Jns ydera BHOPOMON3YYECTH TPYHTOB HCIONb-
30BaH N00aBOYHBIH KOO(QQuIHUEHT K , CHWKAIOMMWH
BEJIMYUHY CTaTUIECKOTO MOAYIsS oOmiel aedopMariim
(KBa3MUCTATHUCCKUH TTOIXO):
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K =Ae/(Ae + Asg), (1)

rie Ag, u Ag, — npupauieHus nedopmanum OT CTaTh-
YECKOTO M JMHAMHUYECKOTO HAarpyXeHHUsl B 3aJaHHOM
JMana3oHe HampsHKEHUH.

Monyns nedopManuu rpyHTa ¢ y4eTom jieopma-
IIUH BUOPOTION3YUECTH ONPENEIISIIH 110 (hopmyre:

E =E K, 2)

B
me £ =oc_-Bl(e, te) E = (c/e)  B; E,— momynb
nedopmanuii Mo pesyibTaraM CTaTHYECKHX HCIIbITa-
Huif; B = 0,8 U1 IecyaHbIX TPYHTOB.

OTanbl KOHCOJNIMAALMU U JIEBHATOPHOTO Harpy-
JKEHUsI BBITIOJNHSIN 10 KOHCOJHIMPOBAaHHO-APEHUPO-
BAaHHOM cXeMme, 3Tan BHOPAlMOHHOTO HArpyXeHHsS —
10  KOHCOJIMAMPOBAHHO-HEJPEHUPOBAHHOW  CXEMe.
B pesynbTrare ucneITaHUA MOTyYeHbI 3HAUEHUs Aedop-
Malui Mpy pa3iIndHbIX CXeMaX HarpyKeHHS.

CraTuko-IUHaMUYECKHE TPEXOCHBIE  HCIBITa-
HUS ITIMHUCTBIX TPYHTOB TOKA3ajiH, YTO MCCIeTyeMbIe
TPYHTBI TIOJl BO3/ICHCTBHEM CTaTHUECKOW M TMHAMMUE-
CKOM Harpy30K IpOSIBIISIIOT CBOWCTBA BUOPOIIOI3YyUECTH
U UMEIOT KOA(PPHUIMEHTHl BUOPOIIOI3YUECTH TPH aM-
IUTATYJIE ieBUaTopHoro Harpyxenuns 1o 30 kl1a.

Cpeanue 3HauYeHUs Km’cpm = 0,40, chpzo =0,35
NPUMEHEHBI NIPU pacueTax CHIDKCHUs Ae(opMaliioH-
HBIX XapaKTEPUCTUK I'PYHTA NMPH TUHAMHYECKOM BO3-
nericTBuM B cootBeTcTBUH c11. 6.13.4 CIT 22.13330.2011
«OcHOBaHUS 31aHUI U COOPYKEHUID.

Kpome TOTO, MpH MPOEKTHPOBAHUU YUTEHO, YTO
pu BUOPAIMOHHBIX HArpy3kax ¢ gactoroir oT 50 I'm
CTa0MIM3alusl BEPTUKAJIBHBIX IIEPEMENICHUI  JuIs
IIMHUCTBIX 00pa3loB HE HACTYNMWIA, CBHIACTENbCTBYS
0 TMHAMHYECKOH HEYCTOMYMBOCTH M Pa3KIKEHUH 00-
Pa3LOB [IPU yKa3aHHBIX YaCTOTaX.

[Tonyuyennsie kpaiiHe Hu3kue 3HadeHus K 00-
YCIIOBJICHBI BBICOKOH YyBCTBHUTEIBHOCTHIO 0Opa3IOB
K BUOpalMOHHBIM BO3JCHCTBHSM, MOJICKALICH yUETy
IpU TPOEKTHPOBAHUU COOPYKEHHUH Ha CBaHBIX (yH-
JaMeHTax. Bo3MOXKHO M3MEHEHHE CXEMBI PabOTHI PO-
CTBEpKa (IIepexoj] OT HU3KOTO POCTBEPKA K BHICOKOMY)
BCJIEZICTBHE JIOTIONIHUTENBHBIX 0CaJ 0K I'PYHTOBBIX CIIO-
€B B MEXCBallHOM IIPOCTPAHCTBE.

3Hauenne  Mmoxayined  oOmeidt  medopmarnyn
MO pe3yibTaTaM JIeBHAaTOPHOTO HArpy)KeHHs AJIs pac-
CMOTPEHHBIX 00pa3loB MEHAETCA B mpepenax £ .- =
=1332xllau E__=34826 lla.

B mccrienoBanmny npoBeieH pacuyeT CBaliHOTO (yH-
JlaMEHTa METOZOM IocioitHoro cymmupoBanus u B [1K
SCAD.

Pacuer Hecymieil crioCOOHOCTH CBail BBITIOJIHEH
cormacio CIT 24.13330.2011 «Cnaiinble QyHIaMeH-
TbD». C y4eToM KOHCTPYKTHBHBIX OT'DaHWYEHHH IpH-
HSATO cBaifHoe roje n3 18 OypoHaOMBHBIX CBaill Jrame-
TpoM 820 MM u myrHOHN 21 M. CBan KeCTKO 3aJIeTaHbl
B (D)yHIaMEHTHYIO TUIUTY.

B coorBerctBun co CHull 2.02.05-87 «DyHnna-
MEHTBl MalllMH C JTUHAMHYECKUMHU Harpy3Kamu» QyH-
JAMEHTHBIE KOHCTPYKIMH HIDKE BHOpPOM30ISITOPOB
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paccUnTHIBAIOTCS 10 OOBIYHBIM HOpPMaM Ha cTaTuye-
CKHE Harpy3KH.

HwxHue xoHIBI cBall (hyHIIaMEHTOB TypOoarpera-
TOB ONHUPAIOTCS HA DIMHBI TBEpabIE ¢ L, = —0,18, Mo-
nynb pedopmarmn £ = 30 MITa.

JlnuHa cBau B TpyHTE cocTaBisieT 21 M, COOCTBEH-
upii Bec G, = 300 kH. Onnnovnas cas B coctase QyH-
JAMEHTa PACCUUTHIBACTCS MO0 HECYIIEH CHOCOOHOCTH
rpyHTa ucxoms u3 ycnosus (7.2) nuz CIT124.13330.2011:

Yo+ F,

N< ,
Yn+Yk

)
rae N — pacueTHas Harpyska, repeaaBaeMasi Ha CBao;
Y, = 1,15 — xooppuumnent ycnoeuii paboTsl Ipu Ky-
CTOBOM DAacCIOJIOKEHUU CBaii; F, — pacueTHas Hecy-
1Iast CocoOHOCTh TPYHTa OCHOBaHusA cBaM; ¥, = 1,1 —
KOO(QPUITMEHT HAJESKHOCTH 10 OTBETCTBEHHOCTH;
Y, = 1,4 — K02 QUIMEHT HAEKHOCTH 1O TPYHTY IS
cilydasl OIpE/ENEHHs Hecyled CIIOCOOHOCTH CBan
pacyeToM.

B cootserctBum ¢ CII 24.13330.2021 «Csaiinbie
(dbyHIaMEHTB), HeCyIasi CIioCOOHOCTh OypoHaOMBHON
cBau ompezaeisercst no 3aBucumoctu (popmyna 7.11
n3 T'OCT 12248.4-2020 «I'pynTsl. OnpeneneHue xa-
PaKTepUCTHK 1e(hOPMUPYEMOCTH METOJIOM KOMIIPECCH-
OHHOTO COKATHSI»):

Fy=y (R Aty uy f h), 4)
rae v, = 1,0 — koo puuuent paboTel cBau B IPYHTE;
A — ToTniepeyHoe ceueHHe CBaw; Yy — KO PUITHEHT
YCJIOBUI pabOTBI IPYHTA IO/ HI’KHUM KOHIIOM H 110 60-
KOBOW TIOBEPXHOCTH CBaW; i — HAPYKHBIH MEPUMETP
TIOTEPEYHOTO CEYEHUs CBaW; f, h, — pacyeTHoe Co-
MIPOTUBIICHHE W TOJIIMHA i-TO CJIOSl TPyHTa Ha OOKO-
BOW TIOBEPXHOCTH CBaW (pacyeTHBIC COIPOTHUBICHUS
npuHnMarotrea mo tabn. 7.8 n3 'OCT 12248.4-2020
«I['pynTsl. Ompezenenue XxapakTepucTuk aedopmupye-
MOCTH METOJIOM KOMITIPECCHOHHOTO CKaTHsI»).

O1leHKa CTaTHYECKON KECTKOCTU CBAaM MPOBOJIUT-
cst Ha ocHoBanuu CIT 24.13330.2021 «Cgaitabie QyH-
naMeHTel». OneHKa JaHa AJsl ClydaeB HaUMEHBILIETO
(1900 mm) u naubGombiiero (6200 mMm) paccTosHHNA
MEXXY CBasIMH B COCTABE CBAfHOTO IOJISL.

ITockonbKy craTndeckasl TOPH30HTAIbHAs JKECT-
KOCTh CBalHOIO OCHOBaHHsSI M TIPYHTa 110 OOKOBBIM
MIOBEPXHOCTSAM (PyHIAMEHTAa HE3HAYUTEIHHO BIIUSET
Ha pe3ynbTaT PacueToB, a HArpy3KU Ha IUIUTY B OCHOB-
HOM BEpTHKaJIbHbIE, 3HAUCHHE TOPU30HTAIILHOMN KecT-
KOCTH TPHHATO paBHBIM 0,5 OT 3Ha4YeHHs BEPTHKAIb-
HOM JKECTKOCTH.

I'eneparopnasi 4acTb (yHJaMeHTa CYIIECTBEHHO
TsDKeTIee TYpOMHHOM (OSTOHHBIN TTOCTAMEHT II0]] TeHe-
paTropoM M BeC reHeparopa MpPEeBBIIAIT BEC TYPOHHBI
U pacronaraloTcs Ha MPOTHBOIOJIOKHOM KOHIIE OT Te-
HepaTopa auddysopa).

[TytemM BapHaHTHBIX pPacyeTOB OINpeJeNieHa OIl-
TUMaJbHas paccrtaHoBka 18 cmail (puc. 5). Llentp -
JKECTH IJIaHa CBall HaXOAWTCS Ha pacctosHuH 11,1 M
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OT KOHIIa (DYHJAMEHTHOM IUIUTHI mojBana. LleHTp Ts-

JKECTU NOCTOSHHBIX HArpy30K IO MOACIN — COOTBCT-

ctBerHo Ha 11,07 m. Dkcienrpucuret e = 0,03/24,7 =

=0,001 (0,1 %). YcrnoBue orpaHUYECHUS IKCIICHTPUCHTE-

ta 0,1 <3 % BeImonHEHO (cortacHo padoram [11-18]).

Ha ocHoBe mpoBeeHHBIX UCIBITAHUN U aHAJH-
3a ONbITa MPOEKTUPOBAHUS MPOLUIBIX JIET B KaU€CTBE
BapHaHTa B JAHHOM HCCJIEIOBaHUH OBIJIO IPUHATO pe-
LIeHHE 0 pa3paboTke NpoekTa GyHAAMEHTOB MO TYp-
Ooarperar ¢ KOHCTPYKIHCH, TIPEICTABICHHON IBYMS
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MaCCHBHBIMHU TUIUTAMH, «COEJANHEHHBIMUY» BUOPOU30-
JSITOPAMH, TaK KaK IPH OTCYTCTBHH BHOPOU3OIISAILIUH
BO3/CHCTBHE AMHAMHYECKHX HArpy30K OT MAaIlIWHBI
MPUBEAET K HEJONYCTUMOMY YPOBHIO IOIIEPEYHBIX
BUOpamnuii arperara M CYIIECTBEHHOMY CHIKCHHUIO
Hecymel CcmocoOHOCTH (DYHIaMEHTOB TJIAaBHOTO
KopIyca.

B pamkax HacTOAIIEro MCCIIETOBAHMS BBIIOIHECH
pacdeT cBaifHOro (pyHIaMEHTa BPYUHYIO METOAOM IIO-
CJIOMHOIO0 CyMMHPOBAHUS IIPU OTCYTCTBUM JIEUCTBHUS
Ha HEro JUHAMHYECKOW Harpyskd (HecyImasl Croco0-
HOCTh BHUCSYMX M OypOBBIX CBaif, CBaif-000J0YeK, 3a-
TMIOJTHSIEMBIX OETOHOM, ONpEe/eTICHUE 0CaIKH KycTa CBal
TIPY HEHTPAIBLHOM CXKATHHU (PACCTOSTHUE MEX/TY CBasIMA
1900, 6200 mm)). [TomydeHHBIC pe3yNbTaTHl YAOBICTBO-
PUTECIILHBIC. CTpOI/ITeHLCTBO M OKCILUTyaTalus JaHHOTO
00BEKTa SIBISIIOTCST O€3011aCHBIMHU.

Hcxonst W3 TOMyYEHHBIX PE3yIbTaTOB HMPUHSATHI
ONTUMAJIbHBIE TEOMETPUUYECKUE XaPAKTEPUCTUKHU CBai-
Horo (yHaaMenTa ¢ ydetoMm neHTpupoBanus (18 Oypo-
HaOWBHBIX CBail IimuHON 21 ™).

B paccmarpuBaemoil 3ajade MMeeTCs MCTOYHUK
TIEPUO/IMYECKUX HArpy30K — TypOoreneparop (Typ-
OmHa + TeHepaTrop) OSJIEKTPUUECKOW Tra30TypOnHON
CTaHIIMU.

B wmccienoBaHny paccMOTPEHO BIMSTHHE HCTOY-
HUKa BHOpalMu Ha TPYHTOBOE OCHOBAaHHE C yYETOM
HaJM4Msl TUKCOTPOIHBIX IPyHTOB. Pu3nueckoe IeMI-
¢upoBanue koneOaHWi, 00ycioBieHHOE 3(dexTom
BSI3KOCTH, YUUTHIBACTCS TIOCPEICTBOM JEMIT(UPOBAHMS
1o Parnero. 3aTyxaHuio BUOpAIHil MOKET TOMOYb U «Te-
OMETPHYECKOE JeMII(UPOBAHNEY, KOTOPOE MPOSIBIISET-
Cs1 BCIIEICTBHE OCECUMMETPHYHOCTH MOJIEIH.

OZIHI/IM U3 BaOXKHEHIIINX npu TMHAMHUYE€CKOM pac-
4yere SIBISETCS MOJEIMPOBAaHWE T'PAHHUI] T'PYHTOBOTO
MaccuBa. BuOpannoHnHble BOIHBI HMEIOT CBOHCTBO OT-
paxarbCs OT TPAHHUIl MOJEIH (YTO B ACHCTBUTEIBHO-
CTH, KOHEYHO, HE MPOUCXOMUT), OITOMY HEOOXOANMO
YIOCTOBEPHUTHCS, YTO MMEET MECTO TIOTJIONIEHUE BOJH,
KOTOpBIE DOCTUrafoT rpaHuil. YToObl n3dexarb 3TOro,
MIPUKJIAJBIBAEM K T'paHHIAM CHElUaJIbHBIE YCIOBUSL.
IIpumep KOppEeKTHOM AMHAMHUYECKOW MOJENM Mpe.-
CTaBJICH Ha pHUC. 6.

B Hamem ciydyae MCTOYHMKAMHU TUHAMHUYECKHX
BO3/ICHCTBHH CITy’KaT TypOWHa M FeHepaTop, yCTaHOB-
JIeHHBIe Ha OeTOHHOH muTe TommuHoi 3,3 M. Typ6u-
Ha pacmnojio’)k€Ha Ha AJOIOJIHUTEJIbHOM BO3BBLIIICHUU
OT OTMETKH oOmmed miuTel Ha 1,7 M. B ocHoBaHuMH
CUMMETPUYHO PpACIIOJIOKEHBI U JKECTKO 3aJIeJIaHbl
B (hyHIZaMEHTHYIO IUINTy. B paccmarpuBaemoii 3aiaue
YUUTBIBAEM, YTO JUHAMHYECKas Harpy3ka HE «IITy-
muTes» AeMidepaMu NMpYyKUHHOTO THIIA, a Mepesa-
€TCsl HeIMOCPEJCTBEHHO uepe3 (yHIaMEHT Ha I'PYHT.
B onmceiBaeMoM HcciieIOBaHUH, HAITPOTHB, yUUTHIBA-
JIOCh, YTO KOHCTPYKIUS TUINTHI OOJIee CIOXKHAS, NMe-
€T BEPXHIOI0 M HIKHIOI YacTH, KOTOpPbIE B3aWMOC-
BsI3aHBI JieMrepaMu NPYXKUHHOTO THIA, Onaromaps
YeMy Ha OCHOBaHHE MEPENAeTCs TONBKO CTaTHYecKas
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Puc. 6. IIpumep quHAMHYECKOTO pacyeTa TeHepaTopa

Ha yIpyroM OCHOBAaHHMHM Ha IUTUTE, ToMuHOM 0,2 M 6e3
cBail Ha TPYHTOBOM MAaCCHUBE, MIPEICTaBIEHHOM TJIMHON
(CIT 22.13330.2016 «OcHOBaHHS 3TaHUI U COOPYKEHUID»)

Harpyska, 3HaueHHe KOTOpOM, B CBOIO ouepejb, TaK-
JK€ BO3pacTaeT M3-3a HaJIM4YMUs MAaCCUBHOM BepXHEH
KOHCTPYKIMH (DYHJAMEHTHOH IUIUTHI IIUPUHON 3 M
1 ¢ OOJBIINM ITPOIICHTOM apMHPOBAHUS HA TSHKEIOM
OeToHe.

B pemraemoii 3amade MpemycMOTpPEHO Mpo-
aHaJIM3MPOBATh HEOOXOJMMOCTh TAaKOW KOHCTPYKIMU
U Ha TpaKTUKe YOeAWThCS B TOM, YTO IIPU 3aTaHHBIX
JVUHAMUYECKHUX Harpys3kax (KOTOpbIE B paccMaTpHBac-
MOM cllyyae He KOMIICHCHUPYIOTCS) 9TO TpedyeTcs Juis
6e3omacHoctr 3manus TOC, ee COOpyKeHUH, PIIOM
CTOAIIUX CTPOCHUHM M HKOHOMMYECKOH LenecooOpas-
HOCTH HCIIOJIBb30BaHUs 00JIee CIOKHOM KOHCTPYKINH,
«DTylnanei» OoJiplne AMHAMUYECKUE HArpy3KH, BbI-
3pIBaeMbIe TypOuHOU U reHepaTtopom TIC.

Be3BanHbIE TypOOTEHEpaTOPOM KOJIeOaHUs mepe-
JaroTcst yepe3 (PyHIaMEHT Ha TPYHTOBBIM MaccuB. DTH
KosleOaHUsT MOJEIHPYeM IOCPEICTBOM pPaBHOMEPHO
pacIpe/ielIeHHOM TapMOHUYECKOH Harpy3KH B COOTBET-
CTBHU C MaCOPTHLBIMU JaHHBIMU MalllMHBI.

JluHaMudecKkue Harpy3kd, BBIIaHHBIE 3aBOLOM-
W3rOTOBUTEIIEM, NIPEACTABICHBI B TAOIHILIE.

Breruuciienne tuHaMUYECKIX Harpys30K IIpu 3KCIUTyaTallunu P Pt

Oi(;i{;zzl;ﬂe Typbuna T'eneparop
£, T 110 25
®, 06/MUH 6608 1500
Q, pan/c 690,8 157,1
M potopa, Kr 7677 27500
P, xH 33,8 27,5

Take y4uTBIBAETCSI BEC CAMOTO TypOOreHeparo-
pa (crarudeckas COCTaBILAIONIAs pacCMaTpUBaeMoil 3a-
Jla4n), IPUHUMAEMBIH U3 MACTIOPTHBIX JAHHBIX HA TYp-
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Goarperar OT 3aBOJa-U3TOTOBUTENSI U MOJEIHPYEMBbIN
TIOCPEICTBOM PaBHOMEPHO paclipeaeIeHHOI Harpy3KH.

I'panuipl MOzIENN pa3MeniaeM Mo BO3MOXKHOCTU
KaK MOJKHO JIQJIbIIIe OT paCCMaTpUBaeMOii 30HbI, YTOOBI
n30eKaTh MCKAXKCHUS BCJICICTBHE BO3MOXHBIX OTpa-
JKCHUU OT TpaHUIl Moneid. Takke YYTCHO NpH JUHA-
MHYECKOM pacdeTre, YTO BOJHA HE OJDKHA IPOXOTUTH
6omee onHoro KoHEewHOTO HMeMenTa (KD) 3a mar mpu-
paleHus] BpeMeHH, OATOMY pa3Mep TaKoro dJIEMEHTa
BBIOMPAETCs CTPOTO U3 yCIOBUSL:

At<L)V, 5)

rjie Af — TpuUpaleHne BPEMERH, C; L, — pasMepHOCTb
K3 cetkm; V' — cKopocTh pacipoCTpaHSHHUS BOJHEBI
B IPYHTE, M/C.

Baxmneiimeld 0COOCHHOCTBIO TPOBEICHHS KOP-
PEKTHOTO pacueTa SIBISIETCS y4eT JIOMOJHUTEIBHBIX
TPaHWYHBIX YCIIOBHUI, BS3KHX T'PAaHMII, KOTOPbIE HEOO-
XOANMO BBOAUTH 10 KPasiM MOJIEIIH, YTOOBI HCKIIIOYHUTD
OTpa)KeHHE BHUOPAIIMOHHBIX BOJH. DTO CBOMCTBO «BSI3-
KHE TPaHHIIbI» YU4TeHO B roapassene Dynamics (auHa-
Mugeckas mozens) moaenu PLAXIS 3D.

Pacuer ¢ ywerom neMndupoBaHHS IIPOBEICH
o Panero. [lpunsat Bo BHUMaHHE 3(eKT aemmdupo-
BaHUs KojeOaHWi B Marepuaie. Pacuernas cxema mpu
CTaTU4YECKOM Harpy>kKeHWH I0Ka3aHa Ha pHC. 7, COOTBET-
CTBYIOIINE H30MONS BEPTUKAIBHBIX ITEPEMEILCHUH —
Ha puc. 8, TO JKEe IPU JAUHAMHYECKOM Harpyxe-
HUU — Ha puc. 9.

~

PE3YJIBTATBI HCCJIEJOBAHNA

IIpoBeneHo cpaBHEHHE pacyeTa 10 MOJEIHU «arpe-
rar — OnopHasi TUIMTa — CBaiHOe OCHOBaHHE» (IMHAMU-
YECKHUH pacyeT ONOPHOM IINTHI U CTATUYECKUN pacueT
CBAfHOTO OCHOBAHMSA) C PACUETOM II0 MOJEINH «arpe-
rar — CBaiHOE OCHOBaHUE» (IMHAMUYCCKUH U CTaTH4e-
CKHUI1 pacueThl CBAifHOTO OCHOBAHUS).

PacueTsl IPOJEMOHCTPUPOBAIIHN, YTO HA HUKHIOIO
IUINTY KOHCTPYKIIMM M Ha OTOJIOBKH CBaii ypOBEHb
BHOparu MHOTOKpaTHO (B 40 pa3) MeHbIE ypOBHA
2 MM/c, TIpH KOTOPOM TpeOyeTcsl yUUTHIBAaTh CHIKEHHE
HeCylIlel ClIOCOOHOCTH OCHOBAaHUS Kak caMoro QyH/a-
MEHTa, TaK U COCETHUX K HEMY.

B nienom pacueTsl mokasanm, 4To CTaTHIECKUE Je-
¢dopmanuu (ocanku, TPOTUOBI, KPeHBI) (GYHIAMEHTOB
JIBYX TIOJBEPTHYTBHIX COMOCTABICHUIO KOHCTPYKIUH
YIOBJICTBOPSIIOT HOPMAaTHBHBIM TPEOOBAHUSM U TPeOo-
BaHUAM M3TOTOBUTENEH TypOoarperara.

Jl1st Mozienu «arperar — OIopHasi IJITa — CBaiiHOE
OCHOBaHHE» MaKCHMaJIbHBIH YPOBEHb BHOPOCKOPOCTEH
Ha paboueil yacToTe B 30HE YCTAaHOBKH TypOoarperara
cocrasisier 0,59 mMm/c. HopmaruBHOE orpaHuyeHue,
YCTaHOBJIGHHOE 3aBojioM-u3rotoBureneM (1 wmwm/c),
HE IpeBBILIEHO. B cilyyae Moznenu «arperar — cBaiiHOE
OCHOBAaHHE» «3aTyXaHHE» KoleOaHWH HE MPOWCXOMUT,
YTO MOXKET HETaTUBHO IMOBIMATH KaKk Ha (yHJIaMEHT,
TaK U Ha OKPY’KaIOIIyI0 3aCTPOHKY.

Puc. 7. O0wuii BUJ pacueTHOI CXeMbl Ha Tare MPUIOKEHHs CTATHYECKUX HArpy30K
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[¥10° m]
0,50
0,00
-0,50
-1,00
-1,50
1 2,00
-2,50
-3,00
-3,50
—4,00
—4,50
-5,00
-5,50
—-6,00
-6,50
=7,00
-7,50
-8,00
-8,50
-9,00
-9,50
-10,00

Total displacements u_ (scaled up 500 times)
Maximum value = 0,1480*10* m (Element 38878 at Node 124767)
Minimum value =-9,658%10~ m (Element 539 at Node 76370)

Puc. 8. MU3zonomns BCPTUKAJIIBHBIX HepeMCH_[CHI/II‘/'I Ha 3Tale NpUJIOKECHUS CTATUYECKUX HAIrPy30K

[*10° m]
0,11
0,10
0,09
0,08
0,07
0,06
0,05
0,04
0,03
0,02
0,01
0,00
0,01
0,02
0,03
0,04
0,05
0,06

Total displacements u_(scaled up 50,0%10° times)
Maximum value = 0,1065*10° m (Element 14139 at Node 70434)
Minimum value = -0,05114*10 m (Element 40434 at Node 110755)

Puc. 9. U3zonomns BCPTHUKAJIBHBIX HepeMeHICHI/II\/'I Ha 3Talle NpuIoKCHUSA TUHAMWYCCKUX HAarpy3ok
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3AKJIIOYEHHUE U OBCYXIAEHHUE

B pesymnbrare mccnemoBaHUS YCTAaHOBJICHO, YTO
HEOOXOIMMO HCIOJB30BAHUE NEMII(PEPOB U CIOKHOM
KOHCTPYKITHH, COCTOSAIICH W3 IUIUTHI C KECTKO 3aje-
JAHHBIMH CBasMHU U IUTUTOH, Ha KOTOPYIO OMHPAIOTCS
MAalIWHBbI. BBI/I}Iy CJIIOXKHBIX T'COJIOTMYCCKHUX yCJ'IOBI/II\/’I
(HaMIMYMe TPYHTOB C THUKCOTPOTIHBIMHU CBOMCTBAMHU
U OOBOJHCHHBIX TPYHTOB, IIyOOKOE 3aJICTaHUE «OTie-
pabebHBIX» CIIOEB, PACIOIOKEHUE (YHIAMCHTa Typ-
Ooarperara BHYTpPH IJIABHOTO KOpIyca, TAC TaKXKe
MPeyCMaTPUBAIOTCS APYTHE MACCHBHEIC (DyHIAMCHTBI
Moy 000pyIOBaHNE, TaKue KaK (yHAaMEHTHI MO KOT-
JIBI-YTHJIN3ATOPBI, HAJMYHE CIIOKHOW KOHCTPYKIHH
IJIABHOTO KOpITyca C HECKOJBKHMH TIepPEIBUKHBIMH
KpaHaM¥ OOJIBIIION TPY30MOABEMHOCTH), & TAKXKE YUH-
TBIBasI, YTO CTAHIIUS pacroyiaractcs B 1eHTpe . CaHKT-

[erepOypra, HEOOXOANMO MPENOTBPATUTH JUHAMHUYE-
CKOE€ M CTaTH4eCKOE BIMAHUE KAaK Ha CYIIECTBYIOIIYIO
3aCTPOMKY, TaK M Ha INIABHBII KOPIIYC CO BCEMU BCIIO-
MOTaTeNbHBIMU 31aHUAMHU U coopyxkeHussMu TOC.

VYUuTHIBask CTOMMOCTb U 00BEMBI CPaBHHBACMBIX
(yHIaMEHTOB, CJieNaH BbIBOJ, YTO aJIbTepPHATUBHAsS
KOHCTPYKIIMSI HAMHOTO JIEIIeBJIE, HO, COOTHOCA BCE
PHCKH, CIEIyeT OTAATh MPEINOYTEHNUE BAPUAHTYy KOH-
CTPYKLIMHU, COCTOSLIEH U3 BEpXHEH U HUXKHEW MacCHB-
HBIX TUIUT, COCAMHEHHBIX» JIeMIT(pepamH.

CrnenoBaTenbHO, COBMEILICHNUE B OJHY KOHCTPYK-
LU0 HIDKHEH W BEpXHEH MINT B O0JIee MOHATHYIO KOH-
CTPYKIIHIO (B MMPOBEICHHOM HCCIIEIOBAHUH 3TO CBAHHO-
IUINTHOE OCHOBAaHME) M TOJIHBIH OTKa3 OT YCTaHOBKH
BHOPOU3OJIATOPOB HELEIECO00pa3sHO M ONAcHO JuIs
paccMaTrpuBaeMoil KOHCTPYKIUH.
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INTRODUCTION

Thermal power plants (TPP) in the Russian Fed-
eration are the leading energy generating complexes
compared to other complexes of the energy industry:
according to Rosstat data for 2022' the Unified Energy
System (UES) of Russia includes 69 % of energy gener-
ated by them.

TPP are widespread in urban areas, where, howev-
er, there is often a lack of variability in construction site
selection, resulting in geological conditions that are not
the most favourable and convenient for the operation
of heavy equipment with specific loads. An example
is the construction of additional power units of the gas
turbine power plant PP-1 of the Central CHP in St. Pe-
tersburg?, which is known for its weak clay soils’ [1].

In the process of engineering-geological surveys,
bulk soils and marshy sands, coarse and dusty sands, as
well as flow-plastic loams prone to thixotropic proper-
ties under dynamic loads, without which the operation
of any CHP turbine unit is inconceivable.

In this connection, in order to find ways to im-
prove the foundation of the mentioned TPP developed
in the design documentation, an attempt to numerical-
ly assess the dynamic impact on its pile foundation un-
der the turbine unit in soils prone to thixotropy proper-
ties, taking into account dynamic and static loads, was
made.

! Electricity generation in Russia in 2022 increased by 0.6 %.
URL.: https://tass.ru/ekonomika/16939991

2PP-1. Central CHP. Construction of thermal gas turbine
power plant, ECM. URL: https://ecm.ru/projects/2016/6225/

3 Geology of St. Petersburg, Environmental Portal of St. Pe-
tersburg. URL: https://m.infoeco.ru/okruzhaushaya-sreda/
nedra
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MATERIALS AND METHODS

The analysis of engineering and geological con-
ditions of the construction site, data from design and
working documentation on architectural and structural
solutions, foundation calculations in SCAD software
package (PC), and the project of the facility construc-
tion organization was carried out. In PLAXIS* PC
the corresponding model was built taking into account
the dynamic effects of the turbine unit on the founda-
tion and ground mass. This made it possible to perform
a comparative analysis of design solutions and formu-
late reasonable conclusions confirming the necessity to
take into account the dynamic impact when designing
foundations for equipment and units on soils prone to
thixotropic properties.

The design documentation recommends the op-
tion of pile foundation for the turbine unit (reinforced
concrete piles using the indentation method or bored-
injection piles).

In the difficult engineering and geological con-
ditions of St. Petersburg, for plastic clayey soils, it is
considered to be minimally sufficient to develop an in-
dentation force equal to the bearing capacity of the pile.

Considering the cramped conditions of
the construction site, it was decided to use bored piles
in the study described.

In the presence of weak water-saturated soils,
a clay solution of bentonite clay is provided, which ex-
erts a hydrostatic effect on the walls, providing reliable
bonding of individual layers of soils.

In the case of foundations built on soils prone to
thixotropy properties (complete or partial destruction of
structural bonds under the influence of dynamic loads

4PLAXIS 3D. Three-dimensional geotechnical calculations.
URL: https://www.plaxis.ru/product/plaxis-3d/
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()

Fig. 1. Schematic diagram of gas turbine unit for electric power plants of Siemens®: / — air intake system; 2 — gas turbine

unit (GTU); 3 — chimney; 4 — gas outlet; 5 — diffuser; 6 — GTU frame; 7 — electric generator; 8§ — transformer; 9 —

control unit

and subsequent self-recovery after a certain period of
time in the absence of other external loads at constant
temperature and humidity), it is decided to give prefer-
ence in the design to complex massive structures that
contribute to the “damping” of dynamic loads, as well
as to use vibration isolators, for example, of the spring
type.

Analysis of the results of scientific and design
studies [2-9] has shown that pile foundations have cer-
tain specifics of operation under dynamic loading on
thixotropic soils: a weakened soil mass with a radius of
5-8 pile diameters is formed around the pile, and vibra-
tion isolators help to mitigate this effect. As any dynam-
ic loading on thixotropic soils is very dangerous, it is
considered advisable to use static indentation methods
or to favour the bored pile technique using clay mortar.

On the basis of variant calculations and taking into
account the experience of designing and operation of
gas turbine turbo units on slab foundations in difficult
ground conditions on the basis of design and working
documentation of foundations of turbine unit SGT-800
of Siemens company for the object “PP-1 Central
CHP construction of thermal gas turbine power plant
(GTU-TPP) in St. Petersburg”, the foundation with
a complex structure consisting of upper and lower slabs
(Fig. 2) was adopted. SGT-800 turbine unit of Sie-
mens company (Fig. 1) was accepted for the analysis
in the study, and the foundation with a complex struc-
ture consisting of upper and lower slabs (Fig. 2) with
spring vibration isolation on a pile base was accepted
for the analysis in the study. The effect of vibration re-
duction is achieved by selecting vibration isolators to

* Siemens (Siemens) gas turbine power plants — installations —
power plants from Germany. URL: https://manbw.ru/anali-
tycs/siemens.html

ensure optimal vibration and deformation characteris-
tics of the foundation. The presence of vibration iso-
lators makes it possible to regulate the height position
of the system “turbine unit — foundation”, as well as
almost completely eliminates the transmission of vibra-
tions to the ground (pile) base and adjacent building
structures, including existing buildings.

The presence of soils with thixotropic properties,
low-frequency (25 Hz) excitation with a wide propaga-
tion zone, large loads from heavy generator rotors and
slow-speed gearbox shaft lead to a significant reduction
in the horizontal stiffness of the pile foundation under
dynamic impact. In the absence of vibration isolation it
will lead to inadmissible level of transverse vibrations
of the unit and to essential reduction of bearing capacity
of foundations of the main building (engine room) and
neighbouring buildings. At the same time GTU them-
selves can mutually influence each other.

The adopted structure of the upper structure is
a slab foundation made of monolithic reinforced con-
crete on vibration isolators manufactured by GERB
(see Fig. 2). Loads from the equipment and the sup-
port platform are transferred to the lower slab through
a system of 20 vibration-isolating spring elements (6
of which are spring-damped). The vibration isolators
are supported on 10 vertical pedestals with a height of
about 50 cm and cross-sections of 50 x 200 cm.

The mass of the sprung reinforced concrete struc-
ture is 1,430 tonnes.

The slab has a thickness of 3.0 m (excluding
the pedestals for the generator and for the starting mo-
tor), in the area of installation of auxiliary equipment
cabinets there is a step-down of 0.9 m in the slab.
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a

Fig. 2. Reinforced concrete structure of the upper (a) and lower (b) foundation slabs [10]

The basement part is a box open at the top and
on one of the sides with a 1 m thick bottom slab and
0.4 m thick retaining walls. The slab has pedestals
0.44 x 2.0 m high and 0.5 m thick for vibration isola-
tors (Fig. 2, D).

The construction site under consideration is lo-
cated in a seismically quiet area, but weak shocks were
recorded in different years (3—4 points). The seismic
activity of the area, according to CP 14.13330.2011, is
5 points.

Fig. 3. Well plan
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The following wells are located at the site of con-
struction of two gas turbine units: the first GTU — well
46, the second — well 35 (Fig. 3, 4).

The relative mark +0.000 corresponds to the abso-
Iute mark +7.500 in the Baltic Height System.

The construction site revealed sandy loam with
thixotropic properties, represented by very soft plastic
loams with interlayers of soft plastic, light and heavy
dusty, banded and layered, thixotropic, brownish grey,
with interlayers of dusty sands saturated with water.
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Fig. 4. Geological section of the GTU-1 basement

Five specimens of these soils were taken, hereinafter

referred to as Nos. 7-11.

To account for vibration creep of soils, an addi-
tive coefficient K , which reduces the value of static
modulus of total deformation (quasi-static approach),

was used:

K, =Ag [(Ag + Asg), (1)

where Ag_and Aag are strain increments from static and
dynamic loading in a given stress range.

The modulus of deformation of the soil taking
into account the vibration creep deformation was deter-
mined by the formula:
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Evc = Ez’ - er’ (2)

where £ =oc_-B/(e, +¢,); E,= (0 /e)— B; E,— modu-
lus of deformation based on static test results; f = 0.8
for sandy soils.

The consolidation and deviatoric loading stages
were performed according to the consolidated-drained
scheme, the vibration loading stage — according to
the consolidated-undrained scheme. As a result of
the tests, the values of deformations at different loading
schemes were obtained.

Static-dynamic triaxial tests of clayey soils have
shown that the studied soils under the influence of static
and dynamic loads exhibit vibration creep properties
and have vibration creep coefficients at deviatoric load-
ing amplitude up to 30 kPa.

Average values vaw = 0.40, me20 = 0.35 are
used in calculations of reduction of deformation char-
acteristics of soil under dynamic impact in accordance
with clause 6.13.4 of CP 22.13330.2011 “Foundations
of Buildings and Structures”.

In addition, the design takes into account that sta-
bilization of vertical displacements for clay specimens
did not occur under vibration loads at frequencies from
50 Hz, indicating dynamic instability and liquefaction
of the specimens at these frequencies.

The obtained extremely low values of K are due
to the high sensitivity of the specimens to vibration ef-
fects to be taken into account when designing structures
on pile foundations. It is possible to change the working
pattern of the pile foundation (transition from low to
high pile foundation) due to additional settlements of
soil layers in the inter-pile space.

The value of total strain moduli from the results of
deviatoric loading for the considered specimens varies
intherange £ . =1,332kPaand £ = 34.826 kPa.

In the study, the pile foundation was calculated by
layer-by-layer summation method and in the PC SCAD.

Calculation of pile bearing capacity is performed
according to CP 24.13330.2011 “Pile Foundations”.
Taking into account the design constraints, a pile field of
18 bored piles with a diameter of 820 mm and a length
of 21 m was adopted. The piles are rigidly embedded in
the foundation slab.

In accordance with SNiP 2.02.05-87 “Founda-
tions of machines with dynamic loads”, the foundation
structures below the vibration isolators are calculated
according to the usual norms for static loads.

The lower ends of the turbine unit foundation piles
are supported on hard clays with L, = —0.18, deforma-
tion modulus £ = 30 MPa.

The length of the pile in the ground is 21 m, dead
weight G, = 300 kN. A single pile as part of the foun-
dation is calculated for the bearing capacity of the soil
based on condition (7.2) from CP 24.13330.2011:

60
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'Yn+'Yk
where N — design load transferred to the pile;

Y, = 1.15 — coefficient of working conditions in case
of pile arrangement; F, — design bearing capacity of
the soil of the pile base; y, = 1.1 — reliability factor
for responsibility; y, = 1.4 — reliability factor for soil
in case of determining the bearing capacity of the pile
by calculation.

According to CP 24.13330.2021 “Pile founda-
tions”, the bearing capacity of a bored pile is deter-
mined according to the dependence (formula 7.11 from
GOST 12248.4-2020 “Soils. Determination of deform-
ability characteristics by compression method”):

Fy=y,-(R-A+y, -uY f,-h), (4)

where vy, = 1.0 — coefficient of pile operation in soil;
A — cross-section of the pile; v, — coefficient of soil
working conditions under the bottom end and on the lat-
eral surface of the pile; u — outer perimeter of the pile
cross-section; f, i — design resistance and thickness
of the i-th layer of soil on the lateral surface of the pile
(design resistances are taken from Table 7.8 of GOST
12248.4-2020 “Soils. Determination of deformability
characteristics by compression method”).

The static stiffness of the pile is assessed on the ba-
sis of CP 24.13330.2021 “Pile foundations”. The assess-
ment is given for the cases of the smallest (1,900 mm)
and the largest (6,200 mm) pile spacing within the pile
field.

Since the static horizontal stiffness of the pile foun-
dation and the soil on the lateral surfaces of the founda-
tion has an insignificant effect on the calculation result,
and the loads on the slab are mainly vertical, the val-
ue of the horizontal stiffness is assumed to be 0.5 of
the vertical stiffness value.

The generator portion of the foundation is sig-
nificantly heavier than the turbine portion (the concrete
pedestal under the generator and the weight of the gen-
erator exceeds the weight of the turbine and is located at
the opposite end from the diffuser generator).

The optimal arrangement of 18 piles was deter-
mined by variant calculations (Fig. 5). The centre of
gravity of the pile plan is at a distance of 11.1 m from
the end of the basement foundation slab. The centre of
gravity of the permanent model loads is at 11.07 m, re-
spectively. Eccentricity e = 0.03/24.7 = 0.001 (0.1 %).
The condition of eccentricity limitation 0.1 < 3 % is
fulfilled (according to [11-18]).

Based on the conducted tests and analysis of de-
sign experience of the past years, as an option in this
study it was decided to develop the design of founda-
tions for the turbine unit with a structure represented by
two massive slabs “connected” by vibration isolators,
since in the absence of vibration isolation the impact of
dynamic loads from the machine will lead to an unac-
ceptable level of transverse vibrations of the unit and
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Fig. 5. Pile field plan of GTU-1

a significant reduction in the load-bearing capacity of
the foundations of the main body.

Within the framework of the present study, the pile
foundation was calculated manually by layer-by-layer
summation method in the absence of dynamic loading

(bearing capacity of hanging and bored piles, pile-shells
filled with concrete, determination of pile cluster settle-
ment under central compression (distance between piles
1,900, 6,200 mm)). The results obtained are satisfactory.
The construction and operation of this facility is safe.
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Based on the results obtained, the optimum geomet-
ric characteristics of the pile foundation with regard to
centering (18 bored piles of 21 m length) were adopted.

In the considered problem, there is a source of pe-
riodic loads — a turbogenerator (turbine + generator) of
an electric gas turbine station.

The study considers the effect of a vibration source
on a soil subgrade, taking into account the presence of
thixotropic soils. Physical damping of vibrations due to
viscous effects is accounted for by Rayleigh damping.
Vibration damping can also be assisted by “geometric
damping”, which is due to the axisymmetric nature of
the model.

One of the most important aspects of dynam-
ic calculation is the modelling of the boundaries of
the soil mass. Vibration waves tend to be reflected from
the boundaries of the model (which, of course, does not
happen in reality), so it is necessary to make sure that
there is absorption of the waves that reach the bound-
aries. To avoid this, we apply special conditions to
the boundaries. An example of a correct dynamic model
is shown in Fig. 6.

Fig. 6. Example of dynamic calculation of a generator on
an elastic base on a 0.2 m thick slab without piles on a soil
mass represented by clay (CP 22.13330.2016 “Foundations
of Buildings and Structures’)

In our case, the sources of dynamic impacts are
the turbine and generator mounted on a 3.3 m thick
concrete slab. The turbine is located at an additional
elevation of 1.7 m from the general slab level. The tur-
bines are symmetrically located at the base and rigidly
embedded in the foundation slab. In the task under con-
sideration, we take into account that the dynamic load
is not “damped” by spring-type dampers, but is trans-
mitted directly through the foundation to the ground. In
the described study, on the contrary, it was taken into
account that the slab structure is more complex, with
upper and lower parts, which are interconnected by
spring-type dampers, due to which only the static load
is transmitted to the foundation, the value of which, in
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turn, also increases due to the presence of a massive up-
per structure of the foundation slab, 3 m wide and with
a high percentage of reinforcement on heavy concrete.

The problem to be solved is to analyze the necessi-
ty of such a structure and to verify in practice that under
given dynamic loads (which in the case under consid-
eration are not compensated) it is required for the safety
of the TPP building, its structures, adjacent structures
and the economic feasibility of using a more complex
structure “silencing” the large dynamic loads caused by
the turbine and generator of the TPP.

The vibrations caused by the turbo-generator are
transmitted through the foundation to the soil mass.
These vibrations are modelled by means of a uniformly
distributed harmonic load according to the machine
data sheet.

The dynamic loads issued by the factory are shown
in the Table below.

Calculation of dynamic operating loads P,

Load designation Turbine Generator
f,Hz 110 25
®, rpm 6,608 1,500
Q, rad/s 690,8 157,1
M rotor, kg 7,677 27,500
P, kN 33,8 27,5

The weight of the turbine-generator itself (static
component of the problem under consideration) is also
taken into account, which is taken from the turbine-
generator nameplate data from the manufacturer and
modelled by means of a uniformly distributed load.

The model boundaries are placed as far as possi-
ble from the considered zone to avoid distortion due
to possible reflections from the model boundaries. It is
also taken into account in the dynamic calculation that
the wave should not pass more than one finite element
(FE) per time increment step, so the size of such an ele-
ment is chosen strictly from the condition:

At<L_ /Y, 5)

where At is the time increment, s; L, is the dimensional-
ity of the grid FE; Vis the wave propagation velocity in
the ground, m/s.

The most important feature of a correct calculation is
to take into account additional boundary conditions, vis-
cous boundaries, which must be introduced at the edges
of the model to exclude reflection of vibration waves.
This property “viscous boundaries” is taken into account
in the Dynamics subsection of the PLAXIS 3D model.

Calculation taking into account damping is car-
ried out according to Rayleigh. The effect of vibration
damping in the material is taken into account. The cal-
culation scheme under static loading is shown in Fig. 7,
the corresponding isopoles of vertical displacements —
in Fig. 8, the same for dynamic loading — in Fig. 9.
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Fig. 7. General view of the design scheme at the stage of static loads application

Total displacements u_ (scaled up 500 times)
Maximum value = 0.1480*10* m (Element 38878 at Node 124767)
Minimum value =-9.658%10~ m (Element 539 at Node 76370)

Fig. 8. Isopoles of vertical displacements at the stage of static loads application
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Fig. 9. Isopoles of vertical displacements at the stage of dynamic loads application

RESEARCH RESULTS

Comparison of the calculation according to
the model “aggregate — baseplate — pile foundation”
(dynamic calculation of the baseplate and static cal-
culation of the pile foundation) with the calculation
according to the model “aggregate — pile foundation”
(dynamic and static calculation of the pile foundation)
has been carried out.

The calculations demonstrated that the vibration
level on the bottom slab of the structure and on the pile
caps is many times (40 times) less than the level of
2 mm/s, at which it is necessary to take into account
the reduction of the bearing capacity of the foundation
itself and the neighbouring foundations.

In general, the calculations showed that the stat-
ic deformations (settlement, deflections, and rolls) of
the foundations of the two compared structures meet
the normative requirements and the requirements of
the turbine unit manufacturers.

For the model “unit — baseplate — pile founda-
tion” the maximum level of vibration velocities at op-
erating frequency in the turbine unit installation area
is 0.59 mm/s. The normative limit set by the manufac-
turer (1 mm/s) is not exceeded. In the case of the model
“unit — pile foundation” there is no “damping” of vibra-
tions, which can negatively affect both the foundation
and the surrounding building.
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CONCLUSION AND DISCUSSION

As a result of the study, it was found that the use of
dampers and a complex structure consisting of a slab with
rigidly embedded piles and a slab on which the machines
rest. Due to the complex geological conditions (the pres-
ence of soils with thixotropic properties and waterlogged
soils, deep occurrence of “operable” layers, the location
of the turbine unit foundation inside the main building,
where other massive foundations for equipment are also
provided, such as foundations for waste heat boilers,
the presence of a complex structure of the main build-
ing with several mobile cranes of large lifting capacity),
and also taking into account that the station is located
in the center of St. Petersburg, it is necessary to prevent
dynamic and static impact both on the existing buildings
and on the main building with all auxiliary buildings
and structures of the thermal power plant. Taking into
account the cost and volumes of the compared founda-
tions, it is concluded that the alternative design is much
cheaper, but, correlating all the risks, one should favour
the design option consisting of upper and lower solid
slabs “connected” by dampers.

Consequently, combining the bottom and top slabs
in one structure into a more comprehensible structure
(in the study conducted, it is a pile-and-slab foundation)
and completely abandoning the installation of vibration
isolators is inappropriate and dangerous for the struc-
ture under consideration.
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