BbicoTHOE
CTPOUTENBCTBO

CTPORTETHTR0

Hay4Ho-TexH14eckunin
1 NPON3BOACTBEHHDBIN XYypHan

YK 550.34:69.032.22

H.K. KAIIYCTAH, 0-p ¢puz.-mam. nayx, A.H. KIUMOB, unxcenep,
OAO «llenmpanbHblil HAYMHO-UCCA008AMENbCKULL U NPOCKMHbBLI UHCIUMY I HCUABIX
u obwecmeenuvix 30anuil (LIHUHUIIT scuruwia)» (Mockea);, I.H. AHTOHOBCKAA, kauo. mexu. Hayk,
Hncmumym sxonoeuueckux npoonem Cesepa YpO PAH (Apxaneensck)

N.K. KAPUSTYAN, A.N. KLIMOYV, Honored Builder of Russia, (TSNIIEP) (Moscow);
G.N. ANTONOVSKAYA, Institute of Ecological Problems of the North,
Ural Branch of Russian Academy of Science

BbICOTHBIE 31aHNS: ONBIT MOHUTOPHHIA
1 IIYTH €ro UCIO0JIb30BAHUSA IPU MPOEKTUPOBAHUM

Monitoring of high-rise buildings as an important
asset for the construction design

PaccMoTpeH onbIT MHCTPYMEHTAa/IbHOrO MOHUTOPMHIA KOHCTPYKLMV BbICOTHBIX 34aHuVi C UCMOMb30BaHNEM CeHCMO-
MeTpu4ecKmnx MeTogoB. Ha aKkcriepyMeHTasibHbIX npumMepax rnokasaHs! HOBble BO3MOXHOCTH, MO3BOSISAIOLLNE MHXKE-
Hepy Ha cTaguy NPOeKTUPOBaHUS MPOrHO3MpPOBaTh MOBEAEHNE KOHCTPYKLMM nocsie ee Bo3BeaeHus . [pueaeHHble
matepuasbl MOryT 6bITb UCMOMb30BaHbl HA MPaKTUKe B KA4YECTBE MPUMEPOB PEeLLEHMS OCTaTOYHO PacrpoCTpaHeH-
HbIX 33484 OLleHKW BO3AeVICTBUN, a TAKXe /ieHdb B OCHOBY Hay4YHO-UCCIe0BaTe/IbCKUX pa3paboToK 10 BbISBIEHUIO

pyHOaMeHTasIbHbIX 3aKOHOB PabOoTbl KOHCTPYKLN.

New applications of seismometric monitoring of high-rise buildings are demonstrated by several experimental
examples. The resulting data allows predict of construction behavior. In practice this method can be employed for the
common task of impact estimation or in fundamental construction researches.

Knro4yeBble cnioBa: BbICOTHOE 34aHnNe, CeNCMOMETPUYECKU MOHUTOPUHIT, BUOPOBO3AENCTBUS, COOCTBEHHbIE KOJle-

6aHvs, AUHaMU4ecKuii pac4yer.
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M3yyeHne cOCTOAHMA M 3aKOHOMEPHOCTEN paboTbl Hecy-
LLIMX KOHCTPYKLMI OTBETCTBEHHbIX COOPY>XXEHWN, K KOTOPbIM OT-
HOCATCS BbICOTHbIE 3[aHWs, a TaKXe NUCMOoMb30BaHMe NoMnyYeH-
HbIX 3HaHWA B MPaKTUKE MPOEKTUPOBAHUS ABMSETCH 3a/rorom
Ha[eXHOCTU 1 6e30MacHOCTU UX (PYHKLUMOHMPOBaHus. Beakas
HOBaUMs B CTPOUTENIbCTBE NPU NPUMEHEHUN HA NPaKTUKE Mpo-
X0OuT psaf CTadui, B TOM 4MCNe UCCNedoBaHUs Ha MOLEnsX,
obpasuax, HaTypHbIX CTeHAax BMnOTb O MOCTAHOBKW crneuu-
anbHbIX HA6IOOEHWI NPV BO3BELEHWM U 3KCNNyaTaumm. Apkum
NPUMEPOM MOCINENHErO ABMATCA 3KCMEePUMEHTLI Npodeccopa
W.J1. Kop4mHCKOro npu CTPOMTENbCTBE BbICOTHbLIX AOMOB B Moc-
kBe B 1950-X rr. — n3yyanucb BETPOBblE BO3OENCTBUA Ha 30a-
HWA 1 ObINO fOKA3aHO, YTO B OCHOBHOM HECYLLME KOHCTPYKLMMU
MacCCHBHbIX COOPY>XXEHUI paboTatoT Ha CABWI.

BoapoxaeHne npakTuKm BbICOTHOIO CTpouTenbcTBa B Moc-
KBE COMPOBOXAANOCh MPUHATUEM HOPMAaTMBHbLIX TpeboBaHui
OCHaLLleHNs 30aHui faTtymkaMm MHCTPYMEHTANIbHOrO MOHUTO-
puHra, NpMyemM He TONbKO AN TPaAULMOHHOIO KOHTPONS oca-
0OK 1 KPeHOB, HO U ansa HabniogeHui konebaHuim cemncMomeT-
pamu (MCH 4.19-2005). Bonee 4em OecATUNETHUIA OMNbIT Bbl-
COTHOrO CTPOMUTENBLCTBA C COMPOBOXAEHMEM €ro MOHUTOPUH-
roM, B TOM 4YMClie U CENCMOMETPUYECKUM, MPUBEN K HEKOTO-

The safety and reliability of complex constructions as in-
dustrial objects or high-rise buildings depends on a thorough
research of the construction behavior of existing buildings. The
research results can be incorporated into the design process
only after several stages: model study including natural objects
and the monitoring of a construction process. A good example is
a series of experiments of Prof. |.L. Korchinsky performed during
the construction of high-rise buildings in Moscow in 1950-s. The
studied impact of a wind has shown that structures of such build-
ings are mostly under the action of lateral force.

The current renaissance of high-rise construction was con-
ducted with an introduction of new safety building codes that
prescribe instrumental monitoring devices to be installed. The
traditional position displacement gauges are been installed
but also the seismometers are now mandatory (Moscow state
building codes — MI'CH 4.19-2005). The 10-year experience
of high-rise construction accompanied with monitoring (includ-
ing seismometrical) lead to several corrections of the initial
safety building codes. However, the main point prescribing all-
stages construction monitoring (including raising and demoli-
tion) stayed unchanged (Federal law — ®3 Ne384). While the
monitoring during the raising or exploitation phase has obvious
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poli KOPPEKTMPOBKE HOPMATMBOB, HO
ocTanocb rnaBHoe — Tpe6oBaHue Mnpo-
BeeHNA MOHUTOPUHIra OTBETCTBEHHbIX
COOpPYXEHWU Ha Bcex 3tanax, OT Mpo-
ekTupoBaHusa 0o cHoca (3akoH P® ot
30.12.2009 Ne 384-03 «TexHUYeCKMI
pernameHT o0 6e30MacHOCTV 3OaHui n
COOpY>XeHuii»). Ecnn BbINONHEHWE MO-
HUTOPWMHIra AN CTPOSLLErocs u cylie-
CTBYIOLLIEro 3aaHns OornyckaeT pasfmy-

Hble NPUEMbI, ero LUenu NoHATHbLI, TO 3a-

0adyn MOHMTOPWUHra Ha cTagum npoek-

TUPOBaHWUS He CTONMb O4YeBUAHbI. Heco-

MHEHHO, MPOEKT MOHUTOPWHra, onpepe-

NALWMI Noadop N pasmeLleHe gaT4yu- dopHbL s and e

KOB B 3[aHuu, siBfsieTcs C?CTaBHOVI ya- [ 1 T 0.24 T 0.2449

CTbO KOMMEKTa NPOEKTHOM JOKYMEHTa- 1041 |

LMK, HO eCcTb U gpyrve 3aga4u. 2 0,32 0,2911
MpvBegem npumepbl 3agaqy MOHM- 3 t 11 t 0.7423

TOPWHra, KoTopble MOryT peLlaTtbcs npu 4 2 i

NPOEKTUpPOBaHMU. VIX MOXHO pasgenvTb 4 1,37 0,9511

Ha [iBe KaTeropun: npakTu4yeckme —obec-

neyvsaroime 6e30MacHOCTb 34aHus, 0 Ly - § 1,64 0,9719

M Hay4HoO-uccrepoBaTefib.CKMe — orpe- T352 PaccrosHue (0T onopsl MocTa), M 17.710 ' 6 2.02 1.209

Jensiowpme BbI60Op TOro UM MHOTO KOH-
CTPYKTMBHOrO peluenus. K nocnegHum,
B KayecTBe npumepa, OTHOCATCA paboTbl
no MOAENVPOBAHMNIO NOBEAEHNS MPYHTOB
OCHOBaHUSANOMXXapaKTepucTuKam, nony-
YEHHbIM MPU NHXEHEPHO-TE0NOrnMYeCcKUx
U3bICKaHUAX Ha noLlafke CTpOUTENb-
cTBa. HakannueBaembie npu 3TOM Hayu-
Hble MpeAcTaBfieHVsl, OCO6EeHHO mnog-
TBEPXAEHHbIE re0TEXHNYECKUM MOHUTO-
puHrom [1-3], oboraiwiatoT CTpouUTenb-
Hyt0 HayKy. Kpyr npo6nem 60nbLUOR, OCTaHOBMMCS HA BO3MOX-
HOCTSIX MEHee pacnpoCTpaHEeHHOro Buaa MOHUTOPUHra — Cel-
CMOMETPUYECKOrO AJ19 PEeLUeHMsT NPakTUHeCKUX W Hay4Ho-
uccneposaTenbCKMx 3agad.

OueHka BMOPOBO3[EUCTBUN HA MPOEKTUPYeMoe 3haHue.
BbicoTHOE CTPOUTENBCTBO B OCHOBHOM BEAETCS B KPYMHbIX rO-
poaax, Ons KOTOpbIX XapaKTepHbl cneuuduyeckme guHammye-
CKVe BO3[EWNCTBYSA, U3 HUX PacCMOTPUM ABa: BNUSHWE Ha Mpo-
eKTupyemMoe 3faHune KonebaHuim CocefHUX COOPYXEHUI U BO3-
fdevicTere BMOGpaLMA OT TpaHCMNOPTa, B YaCTHOCTU OT METPOMo-
NMTEeHa HernyboKoro 3anoXeHus. Y4eT BNUAHUSA MNOSICHUM 3KC-
nepvMeHTanbHLIMM NPUMepPamMm 13 NPaKTUKN MPOEKTUPOBAHWS.

Mpumep 1. BnvaHne Ha 30aHve konebaHuin cocegHUx co-
OPY>XEHUA MPOUSIIIOCTPUPYEM HA MpUMEpe OLIEHKM BO3[ewn-
CTBUI cyulecTByoLero JIeHMHrpagckoro MocTta 4epes Ka-
Han uMm. MOCKBbl Ha 3faHue, NPOEKTMPYeMoe Ha PacCTOSHUU
npumepHo 200 M oT Hero (puc. 1). SpdekT ycuneHus Kone-
6aHns 30aHnsa NpyY HaBeOEHUN Ha Hero KonebaHwii oT cocep-
HEro mMocTta O6HapyXeH Mpu 9KCNepuMMeHTaNIbHOM CencMo-
METPUYECKOM M3YHEHUN COBCTBEHHbIX YacToT BawHn-2000 B
MockBea-Cutu [4]. Bbilo nokasaHo, 4TO PacnonioXeHHbIN ps-
AOM MoOCT «barpatnoH», pasBsa3aHHbI OT 34aHWUA KOHCTPYK-
TUBHO, HO CBA3aHHbIV NO rPyHTaM OCHOBaHWSA, CNOCO6EeH HaBo-
OUTb Ha 6aluHI0 KonebaHus, aMmnnTyaa KOTOpbIX MOXET npe-
BbiLLAaTb 3HAYEHUs1 COBCTBEHHbIX KonebaHui 6aluHn. O6Hapy-
XEHO, 4TO COBCTBEHHbIE 4YacTOThbl MOCTa U 30aHUS Pa3NMYHBI,
T. €. HET ABJIeHNdA pe30oHaHca.

Puc. 1. Ceiicmomempuueckoe o6caedosanue eubpo8o3deiicmeuss MOCma Ha NPoeKmupyemoe 6bi-
comHoe 30anue: pomo mocma (a) u cnymuuxosas kapma (6) ¢ moukamu Habao0enull (Yugpot)
u naowadkoil cmpoumenscmea (kKeaopam); epapuxu ocaabaenus amnaumyo Koaebanuil ¢ pac-
cmosiHuem (8) u mabauya cpasHeHus HabAO0eHHbIX U pacuemHbix yacmom koaebanuil (2). Ha
epaghuke: yuppvl — 3HAUEHUS YACMOM NUKO8, UBEm AUHUI COOMEEMCMEyem Mmuny 604H: CU-
HUIl — NOBEPXHOCMHbBIX, KPACHBLU — 00BEMHbIX)

Fig. 1. The seismometric study of the vibrational influence of the bridge on the future high-rise
building: a photo of the bridge (a) and a satellite map (6) with measurement points marked by
numbers, square - a future construction site; vibrations amplitudes plotted versus distance (8)
and a table with the experimental and simulated vibration frequencies (2). The numbers in graph
denote the frequency values. Blue lines are the surface seismic waves and red — body ones

purposes, the task of a monitoring during the project design is
not so obvious. Clearly, a project includes the special monitor-
ing design documentation that contains the devices placement
and their technical requirements, however this is not a monitor-
ing itself.

The goals of the project-stage monitoring can be split into
two groups: the practical one secures safety of an object and
the research one aims at the development of a solution for the
various constructional designs. The latter includes for example a
modeling of the soil behavior using the parameters from the geo-
logical investigations at the construction site. Results obtained
in such a research can bring new scientific insights especially if
confirmed by a geotechnical monitoring [1-3]. Since the amount
of objectives is large we focus on a specific monitoring type,
namely seismometric.

Estimation of vibrational impact on a building in a project
stage. The high-rise buildings are mostly built in large cities and
thus have several specific circumstances impacts. The most
prominent is an impact of the oscillations produced by a) neigh-
boring objects and b) nearby transport routes including subway
lines. The estimation of this impact is demonstrated with the fol-
lowing practical design examples.

Example 1. Constructions mutual interaction. The high-rise
building was planned to be built in ~200 m from Leningrad bridge
in Moscow (Fig. 1). In our practice was a similar example — Tow-
er-2000 in Moscow-city was built near the “Bagration” bridge,
and there was a seismometric observation system installed in
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YunTbiBas BO3MOXHOCTb pe3oHaHca npu NpoeKTUpOBaHUN
30aHusa BO6NM3N J1EeHMHrpagackoro MOCTa, BbINOMHEHbI CEWc-
MOMETPUYECKME HABMIOOEHNSA, CXema KOTOPbIX Mokas3aHa Ha
puc. 1. Oatunkn (akcenepomeTpbl CMG-5T) pacnonaranvcb
nog MOCTOM Y OMopbl, U NOCNeAoBaTeNbHbIM NepemMeLLeHemM
OQHOro M3 HUX 6bIN NPoONAEH NPodunb BNAOTb A0 Npeanona-
raemMoro Mecta cTpoutenbcTBa. Heob6xoaMmMocTb NPOXOXAEeHNs
npocunsa coctosna B cnegyoLlem. Bo-nepBbix, Ana Toro, 4To-
6bl NPaBUSIbHO OTAENUTL Ha NONyYaeMomn 3annucu CO6CTBEHHbIE
konebaHus MocTa OT NPO4MX CEMCMUYECKMX curHanos. MNpoue-
Jypa COCTOWUT B pacyeTe CrMeKTPOB MOLLHOCTWU 3anucu, Bblge-
fIeHNM MUKOB CreKkTpa (Pe30HaHCOoB), pacyeTe UX aMmnauTydbl
W ornpegeneHnn 3aKoHOB ocrabfieHna aMnnnTydbl ¢ yaaneHn-
eM oT MocTa. Taknm cnocobomM n3 Habopa NUKOB CnekTpa 6biu
BblOENEHbl HECKOMbKO XapaKTepuaytloLmxcs ocnabneHvem ¢
paccTosHMEM, YTO YKa3biBasio Ha NPUHAOIEXHOCTb UX MOCTO-
AHHO MPWUCYTCTBYIOLLUMM KOnebaHusM MocTa (M3-3a npoxoxae-
HWA TpaHCnopTa, BETPOBbLIX Nyfbcauunin 1 np.).

Bo-BTOpbIX, U3y4anucb 3aKOHOMEPHOCTU OcnabneHus am-
NAUTYA C PacCTOSHWMEM, YTO BbISBUNO ABE TEHOEHLMW, Xapak-
TepHble AN19 06bEMHbIX U NMOBEPXHOCTHbIX BOSH (puc. 1). Takum
06pa3om, cCoH6CTBEHHbIE KonebaHns MoCTa Yepes Omnopbl «yXo-
OAT» B FPYHTbI B BUAE CMECU ABYX TUMOB CEMCMUYECKNX BOSH C
HabopOoM xapakTepHbIX YacToT. OnpefeneHne TUNOB BOJH, pas-
JINYAIOLLMXCA TPAEKTOPUAMM OBUXKEHUS HacTuL, Npu KonebaHu-
AX, CyLLeCTBEHHO Npu pacyeTe CEMCMNYECKUNX BO3OENCTBUN.

Haéniopaemble 3Ha4yeHMs 4acToT CONOCTaBMANINCE C BENU-
YMHaMW, NONY4EHHbIMU NPU pac4eTax CO6CTBEHHbIX KonebaHuin
npoekTnpyemoro 3gaHusa. O6HapyxeHo, 4To 1-a hopma Kone-
6aHUin gomMa nMpakTUYECKN coBMafaeT ¢ COOCTBEHHbIMU Kore-
6aHuAMKN MocTa. Bbin BbINOMHEH pacyeT KOHEYHO-3NIEMEHTHOM
MOAENN 30aHNs Ha CENCMUYECKUE BO3OENCTBUSA, 3a[aBaeMble
B BUAe akceneporpammsl (nporpamma «Jlupa»®), npuyem B Ka-
4YeCTBE MCXOOHOW akceneporpaMmbl B3ATbl SKCNEpUMEHTasb-
Hble 3anucu, NonyYeHHble Ha NoLwaakm cTpouTenscTea. Pac-
YyeTHas KapTuHa nepemeLleHun (puc. 2) gaet HanbosbLUMe 3Ha-
yeHust 0,004 MM Ha BEPXHUX 3Taxkax, MepecHeT B YCKOPEHUS Ha
HaBe[eHHOW YacToTe, coBnaaatoLlen ¢ CO6CTBEHHOM Ans 3pa-
Hus, paet 0,01 MM/C?, 4TO CYLLIECTBEHHO HUXE OOMYCTUMbIX MO
CIM 20.13330.2011 CHwuMM 2.01.07-85* «Harpysku n BO3few-
cteus» (80 mm/c?). CpaBHeHWe pacyeTHbIX NapameTpoB AvHa-
MUWKM 30aHNS (NepeMeLLEeHNA, YCKOPEHWIA) NPY HaBEAEHHbIX KO-
nedaHusix U Npy BETPOBbIX BO3aencTemax (40 Mm/c?) nokasbl-
BaeT, YTO BeTep OKa3blBaeT CYLUECTBEHHO 6osbLuee BAnsHWE
Ha 3paHue, Yem Bnbpaumn. NprseaeHHbIN NpUMepP LEeMOHCTPU-
pyeT, 4TO HaBefeHue KonebaHui OT COCEOHUX COOPY>XEHWI
MOXET NPeAcTaBnATb ONacHOCTb He Bcerga, a npu cneumgun-
YeCKMX YCNOBUAX — 04€Hb 65IM3KOM PaCMONOXeHUN 30aHNI U COo-
OpY>XEHWI, 0COBEHHOCTAX KOHCTPYKTUBHbBIX CXEM W M.

Mpumep 2. BnunsaHne Ha NpoekTUpyemMoe BbICOTHOE 3aaHne
METPONONUTEHA HErNMYOBOKOro 3aN0XKEHUSA PACCMOTPUM Ha Npu-
Mepe BbICOTHOMO Kopryca, nnaHvpyemoro B 100 M OT BETKU MeT-
po B6aM3un cT. MakuHuHo B Mockee. Ha nnowlagke npegnona-
raemMoro CTpouTenbCTBa NpoBefdeHbl CEICMOMETPUYECKME Ha-
6nogeHns ¢ TOM Xe annapaTtypon, Y4TO B NpedplayLiemM npume-
pe. Ha puvc. 3 npeactaBneHbl XxapakTepHble akcesneporpaMmmbl,
nony4eHHble Ha rpyHTe niowankun onga cnydasa aosyx nayumx Ha-
BCTpeYy NoesnoBs, permcTpaums no TpeM KOMMNOHeHTaMm (BepTu-
KaslbHOW 1 FOPU3OHTaNbHbIM — BAOSb JIMHUM METPO U BKPECT €e).

[na oueHKn BO3OENCTBMI paccHUTbIBAsICA CMEKTp 3anucu
1 3aTeM NePecHUTLIBANICA B CKOPOCTU cMeLLeHuit (V) ¢ ydeTom
TOro, 41O 406aBOYHbIE HaNpsXXeHna G~V. CpaBHeHME CO Crek-

Sarpyxene 4 )

Cocraenstowas 1 04 i
M3onons nepemeLenmit no X(G)
EVHWLBI M3MEPEHUs — MM

Puc. 2. Dacad u naan evicomuo2o 30anus, NOKA3bleauue nepemeuje-
HUS O Pe3yAbmamam pacuemos e2o Mooeau Ha eubpogosoeiicmeue om
Mocma (Hanpaesienue NOKa3aHo CMmpeaxoil)

Fig. 2. The simulation of the high-rise building reaction to the vibrational
load generated by the bridge. The arrow gives the direction of vibrational
waves

it. The study of tower eigenfrequencies revealed that the oscil-
lations of the bridge amplified the characteristic vibrations of the
tower [4]. It was demonstrated that the “Bagration” bridge de-
spite having no structural connection to the tower can induce via
soil oscillations with magnitude higher than the inherent to the
tower. Luckily, frequencies were not congruent so no resonance
took place.

To account for possible resonances of the construction
planned near Leningrad bridge a seismic study was conducted
at points shown on plan in Fig. 1. CMG-5T accelerometers [5]
were placed — one under the bridge near the support and the
other moved stepwise along the profile towards the future con-
struction site. This profile was performed to resolve several is-
sues. Firstly, it was needed to separate the bridge oscillations
from other seismic signals. The procedure involves power spec-
tra calculation and plotting of resonance-peak amplitudes ver-
sus distance to the bridge. Those peaks that are decreased with
distance were attributed to the bridge oscillations, though the
origins of impacts could be different (due to traffic, wind blows,
etc.). Secondly, the law of amplitude decreasing was studied,
body and surface waves were identified (Fig. 1). The conclusion
is that bridge oscillations are radiated into the soil as a mix of two
groups of seismic waves with the specific eigenfrequencies. The
identification of wave type (body or surface ones) is important for
a calculation of seismic oscillations impact.

The comparison of bridge eigenfrequencies with the ones
calculated for the building design shows the bridge eigenfre-
quency congruent with one for the building’s first form. The
finite elements calculation was made with “Lira” software and
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observed records from the construc-
tion site were used as an impact ac-
celerogram. The resulting calculations
(Fig. 2) give displacement 0.004 mm at
higher floors. The corresponding accel-
eration due to this impact matches the
building eigenfrequency is 0.01 mm/s? —
that is well below the limit of 80 mm/s?
(building  code  CI20.13330.2011
“CHul1 2.01.07-85: Loads and impacts”).
The comparison of calculated dynamics
induced by discussed external oscilla-
tions and wind impact (40 mm/s?) shows
that wind has a greater impact that the
vibrations. This example demonstrates
that vibrations induced by neighboring

uenmpe) u 8xpecm ee (86epxy)

Fig. 3. The typical accelerogram for the case of two subway trains moving in both directions. The
measurement was performed on surface for the components: vertical (bottom) and two horizontal

— along (middle) and transverse (top) the subway line

TPOM /191 y4aCTKOB 3anvcu BHE NPOXOXAEHUS Noe3fa nokasbl-
BaeT, YTO MOABLEM CrMeKTpa Ha YacTtoTax okono 7 'y n B nosno-
ce 20-50 'y (c makcumymoM npumepHo 40 My) cooTBETCTBYET
Yactotam Bubpaumii ot MeTpo. OTMETUM, HYTO MWK Ha YacToTe
npumepHo 7 'y (ToyHee f=6,64 'u) onpepensieTcs AMamMeTpoM
Koneca BaroHa (d=860 MM) M CpefHel CKOpOCTblo V=65 KM/4
(18 m/c): Bpemst o6opoTa koneca T=md/v=0,15 ¢ nepecuntbiBa-
eTcsa B YactoTy f=1/T~6,67 'u. ITOT NUK ABNSETCA TUMUYHBIM
Ans Bubpauuii npy OBYXEHUN METPOMOE3A0B, Ero cnemyeT y4n-
TbiBaTb AN COOPYXXEHWUI C B6NIM3KUMMN MO 3HAYEHUsIM COO6CTBEH-
HbIMW YacToTamu, T. €. Af19 HeOONbLUMX CTPOEHWUIA MU NErkux
KOHCTPYKLIMIA, COOPY>KaeMbIX BOM3U JINHUIA NErKOro MeTpPo.

B cootBeTcTBMM ¢ TOCT P 52892-2007 «Bubpauus v yaap.
Bu6pauunsa 3gaHun. amepeHne Bubpaumm n oLeHKa ee Bo3nemn-
CTBMS Ha KOHCTPYKLMIO» MOXHO OLEHWUTb AN1A 30aHUIA [ONyCTH-

S constructions are not always dangerous

Puc. 3. Tunuunas axcenepoepamma 0as 08yX 6CMpeUHbIX N0E3006 Ne2K020 Mempo, 3anuchb Ha
2PYHmMe NO KOMNOHEHMAM: 6ePMUKAAbHOU (6HU3Y) U 20DUSOHMANBHIM — 60016 AUHUU MempO (8

except for specific cases depending on
building proximity, constructional pecu-
liarities or else.

Example 2. Subway influence. A good
example of how a subway can influence a
construction is a high-rise residential that
was planned to be built in 100 m proximity to Myakinino subway
station in Moscow. The same monitoring procedure was carried
out on a future construction area. The characteristic accelero-
grams obtained at the site are shown in Fig. 3 for the case of two
trains coming in both directions. The data is presented for three
components: with one vertical and two horizontal — along the
subway line and across it.

To estimate the influence of the subway impact the spec-
tra of acceleration records were calculated and convert into
displacement velocities (V) considering that stresses o~V.
The comparison of these spectra with ones that were recorded
without any train moving shows that the signal generated by
the subway lies in frequency band 7 and 20-50 Hz with maxi-
mum at 40 Hz. The peak at 6.64 Hz is attributed to be specific to
wagon wheels (0,86 m diameter) moving at average velocity of
65 km/h resulting in a wheel rotational pe-
riod to be T=md/v=0,15 s and frequency

0,0006

0,0005 4

0,0004 4

0,0008 4

0,0002 |

0,0001 |

AMNANTYOHBI CNEKTP 4SS ckopocTein konebaHuii, m/c

f=1/T=6,67 Hz. This frequency is com-
mon for subways and has to be taken into
consideration for constructions with simi-
lar eigenfrequencies (i. e. small or light
constructions), which are to be built near
subway lines.

The acceptable velocities that are
caused by vibration can be estimated
for buildings according to building code
FOCT P 52892-2007 (“Vibrations and
impact. Vibrations of constructions. Mea-
surement of vibration and estimation of its
impact on construction.”). For residential
buildings these velocities should not ex-
ceed 15 mm/s and for 7 Hz — 5 mm/s in
20-50 Hz frequency band. According to
Fig. 4 there is almost a tenfold reserve of

f, My

Puc. 4. Tunuunviii amnaumyoHbslii cnekmp cKopocmell cCMeueHui 6UOP08030elicmeuil Ha epyHme

om npoxodicdeHus noe3da mempo

Fig. 4. The typical amplitude spectrum of displacement velocities of vibrational in soil caused by

subway train passing influence

100 how much the vibrations could rise.

This calculation was performed with
excluding a possible resonance with the
building oscillations and subway vibra-
tions as frequencies differed significantly.
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Mbl€ CKOPOCTM, CO3haBaeMble BUGPALMAMU — ONS XUMbIX 30a-
HWA B nonoce 20-50 'y OHWM He JoMmKHbI NpeBbiwaTs 15 Mm/c,
ans 7 'y — 5 mm/c, T. e. cornacHo puc. 4 B Hallem criyyae nme-
eTcsa noytn 10-kpaTHbIN «3anac».

OTOT pacyeT chenaH 6e3 y4eta BO3MOXHOIMO pe3oHaHca
C COGCTBEHHbLIMY KonebaHusiMU 3aaHns. MoxHO peluunTb 3aaa-
4y, KaKk 1 B npepblgyLLeM npuMepe, MyTeM pacyeTa KOMMblo-
TEPHOW MOJEenV 34aHua Mo peanbHOW akceneporpamme, H4To
M 6bIN0 cOenaHo C BbIYUCMEHMEM NapamMeTpoB A8 NepBbiX
100 chopM COBCTBEHHBIX KonebaHui. AHanu3 pe3ynsrTatoB Mo-
OanbHOro aHanusa nokasblBaeT, Y4TO Mosy4aemble 3Ha4eHus
COOGCTBEHHbIX 4YacToT KonebaHui 3gaHust OYeHb 6NM3KKU: Npu
onpegenennn 100 popm KonebaHu ygaeTca «OOWTU» TOMbKO
00 3 ', 4TO HMXKE AOMUHUPYIOLLNX 4acTOT BUOPOBO3AENCTBUNA.
[aHHaa ocobeHHOCTb pacyeTa CBA3aHa CO COXHOCTbIO MPo-
CTPaHCTBEHHOM MOZenu, onpejensiowlen nosiBNeHne MHOro-
YUCNEHHbIX (POPM KPYTUSIbHBIX KOnebaHui.
Mpumep aToOro pacyeTa BbISBNSET psf NPO6IIEM, U3 HUX 06-
cyoum pBe. MNpexpae BCero, y4utbiBas, HYTO OCHOBHbIE YacTo-
Tbl BMOpaUMA OOCTATOYHO BbICOKW, pPasyMHO cpaldy nepemnTu
OT 30aHus B LIESIOM K ero anemeHTaM. Tak, B KOHTEKCTe OaH-
HOWM 3afda4M pacCMOTPEHO BAMAHME BUOPALMOHHBLIX Harpy30K
Ha orpaxgaroLlime KOHCTpykuun. Bbina 3agaHa mogens Tvno-
BOW HeCYLLEeN KOHCTPYKLMN, NOOAEPXKMBAIOLLEN 3IEMEHTbI ap-
XWUTEKTYpHOro odopMneHnsa 3gaHus (kapHusa). KoHcTpykums
CoCTaBfeHa 13 NPOKaTHbIX CTalNbHbIX YrOMKOB U KPEMNUTCS K Xe-
N1e306E€TOHHbLIM HECYLLIMM KOHCTPYKLMAM 30aHUSA NPy NMOMOLLN
MexaHu4eckunx aHkepoB. COBCTBEHHbIE HAaCcTOTbI KonebaHum Ta-
KOW KOHCTPYKLMKN 6AIN3KKN K YaCTOTaM BHELLHEro BUGPaLIMOHHO-
ro BO3AENCTBUS, YTO 06YCNOBNMBAET BO3HUKHOBEHWE B €€ 3re-
MeHTax OOMNONHUTENbHbLIX yeunuin. Ha puc. 5 nokasaHa copma
kone6aHun, COOTBETCTBYOLLAA COBCTBEHHOM YacToTe f=51 L.
MakcumanbHble yCunus, BO3HMKaOLLME B 3NeMeHTax AaHHOMN
KOHCTPYKLUN Npu OeNCcTBUN BUOPaLIMK, COCTaBUIM OKono 12%
YCUNUS1, BO3HMKAIOLLIEro Npy AeNCTBUN SKCMNIyaTaUMOHHbIX Ha-
rpy30K, 4TO MOXET OKa3aTb BMUSIHME Ha €€ HECYLLYIO Crnoco6-
HOCTb. PaccMoTpeHHasi KOHCTpYKUMA SBRSETCA NULb WISIo-
cTpaumen, nokasbiBarLlen BAMsaHMe BUOPaLMOHHBIX HArpy30K
Ha orpaxgawLime KOHCTPYKUMMU, MPUMEHSIOLIMECA B COBpe-
MEHHbIX 3daHuax. Pe3ynbTaTbl OLLEHOYHOro pacyeTa nokasanu,
YTO MOCIIe YTOYHEHUS] aPXUTEKTYPHbIX U KOHCTPYKTUBHBIX pe-
LLEeHWI 30aHus cnegyeTt NpoBEeCTM AeTallbHbl aHann3 BVSHUSA
BNOPaLIMOHHBIX BO3OENCTBUI HA NPUMEHsIEMble orpaxjaroLume
KOHCTPYKLMU.

BepHemcs k Manomy Luary no 4actotam, nonyyYeHHoMy npu
pacyeTte chopM KonebaHuin. OnbIT CEMCMOMETPUYECKOrO 06Cne-
[OBaHWs COOPY>XKEHWI MPOCTbIX hopM yO6eanTeENbLHO NoKasbiBa-
€T, 4TO 6NN3KME MO 3HA4YEHUSIM YaCTOTbl COBCTBEHHBIX Kone-
6aHUN, KakK JNIMHENHbIX, TaK N KPYTUIbHbIX, NPW HaTYpPHbIX Ha-
6monevax npencTtaBfieHbl B CreKTpax eanHbIM NMUKOM C «MpPo-
MEXYTOYHOW» 4acToTow [5, 6], YTO ABNAETCA OTPaXeHUeM pe-
anbHO CYLLECTBYIOLUMX HENMUHENHbIX CBA3EM KOHCTPYKTUB-
HbIX 3N1eMeHTOB. Hanbonee apkue nposiBneHns 3Toro agodpek-
Ta OTMEYalTCA B MCTOPUHECKMX 3AAHUSAX U NAMSATHUKAX apXu-
TEKTYpbl [5], HO Ha6nAATCA TakxXe U ONA Xene306eTOHHbIX
APOYHbIX MJIOTUH.

Ona yveta paHHoro adhdekta npu oueHKke BMOPOBO3QEN-
CTBUIA OT METPO MPUMEHEH CneayloLwwmin npueM. boina coctas-
NeHa 3KBMBAsNeHTHas yrnpoLleHHas pacHeTHas CXema, y4uTbiBa-
oLan pacrnpeneneHve XeCcTKOCTen U Macc no BbICOTE 3[aHUs.

B pesynbrate pacyeTta ynpoLLEeHHOW MOLEeNnV 3daHus Ha BuO-

paunoHHOE BO3OENCTBME, 3afaHHOE B BUOE akCceneporpamm,

10

Puc. 5. Bubposo3sodeiicmeus om mempo Ha npoekmupyemoe 30anHue —
KapmuHa 8bIHYHCOeHHbIX Koaebanuil KoHcmpykuyuu kaprusza (f =51 T'y)

Fig. 5. The subway-induced vibrations of the cornice (f=51 Hz)

A simulation with the real accelerogram taken as an initial condi-
tion similar to the one in the previous case was performed for the
first 100 forms of characteristic oscillations. The modal analysis
gives that the resulting building eigenfrequencies are close and
the first 100 forms are still below 3 Hz, thus lower that the ma-
jor external vibration frequencies. This simulation peculiarity is
related to the complexity of a spatial model that defines a lot of
forms of rotational vibrations.

The given example of a calculation sheds light on several
problems. We will discuss two of them. First of all, it is rea-
sonable to focus on construction elements vibration instead on

L =
i1 | [ e =
1 ﬂ |
|I |I g I|
l o | [ | = |
b o P —
IR S | —
NARrE= Rl "
| f-— i U -—
| =
3 X 2 ] ®
LA LRSS *'U

Puc. 6. Bubpososdeiicmeus om mempo Ha npoekmupyemoe 30aHue — Hu3-
wiue popmbl cobCmMeeHHbIX KOAOAHULL IKBUBANCHMHOL MOOeAU 30aHUSL

Fig. 6. Lower forms of characteristic oscillations of equivalent
construction model with subway vibrations taken into account
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f,ry
0,53 4

0,75 the whole building considering because
impact frequencies are high enough. An
influence of a vibrational load on build-
ing envelope and decorative elements
was studied. A calculation was made for
a typical architectural elements (cornice).
The supporting frame is made from hot-
rolled steel angles and is attached to the
0,7 exterior walls with mechanical anchors.
The characteristic frequencies of such a
construction are close to those of exter-
nal vibrations causing additional strains.
The form of oscillations at eigenfrequency
of 51 Hz is shown in Fig. 5. The maximal
strains induced by vibrations make up to
12% of service loads and thus can influ-

f,ry

0,48
01.04 01.05 01.06 01.07 01.08 01.09 01.10 01.11 01.12 01.13 01.14

Harta

Puc. 7. Pesyabmam decsimunemue2o MOHUMOPUHeA U3MEHEHULl 80 8PeMeHU 3HAYeHUl coOCMEeH-
HbIX 4acmom (CUHUe U KPACHbIe KPUGble) 44-dmadcHo2o Jcuno2o 00Ma u ux mpeHo (YepHble Kpugble)

Fig. 7. The temporal evolution of eigenfrequencies (black line is the general trend) obtained with

10-year long seismometric monitoring of the 44 floor residential building

nony4YeHbl UHEPLMOHHBIE CUMbl U aMNAUTYAbl kKonebaHuin 3pa-
HMA No BceM chopmaM (BMSIOTb [0 3HAYEHUSI COOCTBEHHbIX Ya-
cToT f=90 N'y). Ha puc. 6 nokasaHbl H13LMe PopMbl KonedaHmi
30aHnA — OBe N3rnéHble n ofHa KpyTunbHas. MakcumanbHble
3Ha4YeHV amMnAnTyg MNepemeLleHnii, CKOPOCTEW U YCKOPEeHWI
koneb6aHui CcocTaBuiIM COOTBETCTBEHHO 0,45 mMm; 1,3 MM/C M
36 MM/c?, 4TO Ka4eCTBEHHO COBMaAAET C 6onee rpyboii OLEHKON
no MOCT P 52892—2007 «Bubpauus n yaap. IamepeHne Bubpa-
LM 1 OLIEHKa ee BO3[ENCTBUSA Ha KOHCTPYKUMIO». OTMETUM, 4TO
OblIY HE TOSbKO YTOYHEHbI NapamMeTpbl BO3MOXHbIX KonebaHuin
3[aHns, HO TaKXe MoslyyeHa OLEeHKa AOMOMHUTENbHbLIX YCUNUA
B HECYLLIMX KOHCTPYKLMAX: 3HAYEHNE NPOAOSILHOIO YCUNNA B KO-
JIOHHAX HVXXHEro aTaxa OT BUOPaLMOHHON Harpy3ku coctaBnseT
0,571, 1. e. MeHee 0,5% pacyeTHOro ycunus ot BepTUKarbHbIX Ha-
rpy3oK. Takum 06pa3om, Npu COCTaBIEHNN COYETAaHUI HArpPy30K
B XOfie pacyeTa KOSIOHH MO MPO4HOCTU U YCTONYMBOCTU BMOpa-
LIMOHHOE BO3OENCTBUE MOXHO HE yYUTbIBaTb.

Kak 6b1510 NokasaHo, Hay4HO-UccnegoBaTenbCKU NOOX04,
Heob6xoouM MNPV UCMONb30BAHUN KOMMbIOTEPHOrO MOAENNPO-
BaHuA. Nogbop aKBMBANEHTHOW MOZENU O pacyeTa C y4ye-
TOM BO3MOXHOIO U3MEHEHWSA XapaKTePUCTUK MaTepmanos KOH-
CTPYKLMIA YMECTHO NPOMNIIOCTPUPOBATL NPUMEPOM LOMTrOBpe-
MeHHOro (okono 10 f1eT) MOHUTOPUHIa COCTOAHUS KOHCTPYK-
uni, HadaToro LIHUN3M xunuwa B 2000-X . Npu NpOEKTUpO-
BaHWN BOCbMOW MOCKOBCKOW «BbICOTKU» — 44-3Ta)XHOro 34aHns
«QpenbBenc». OgHMM M3 BOMPOCOB 6bISI0 BbIACHEHWE pearb-
HbIX U3MEHEHUIN BO BPEMEHWN COCTOSIHUA 34aHus C Xxenesobe-
TOHHbIM KapkacoMm. MocTaHOBKa aKCNepuMeHTa, MO CyLLEeCTBY,
npogonxana Tpagauuumn Hay4yHo-1ccnegoBaTenbCKkmx paspado-
TOK UHCTUTYTA.

BbisiBrieHne u3MeHeHW! COCTOSIHUSI KOHCTPYKUME BO Bpe-
MEHM peLlanocb CEMCMOMETPUYECKMM METOAOM NyTeM Habnto-
OEeHUsi COBCTBEHHbIX KonebaHuin. YunTbiBas, Y4TO K Hadasy aKc-
nepuMeHTa HOpMaTUBHbLIX OOKYMEHTOB MO MOHUTOPUHIY eLle
He cyLlecTBoBasno, Hanbonee npocTbiM CMOCOGOM, MpakTU4e-
CKN He 3aTparvearoLLiMM MHTEPECHI 3aKa3yumka, sSiBUIOCb 060-
pyooBaHve Ha 44-M TEXHUYECKOM 3TaXe MOMELLEHUS MOHMUTO-
pUHra ¢ TPEXKOMIMOHEHTHOW CENCMOMETPUYECKOWN perncrpaum-
en. Ha pwvc. 7 npegcTaeneHbl UBMEHEHUSA BO BPEMEHWN 3HA4EHUI

ence the load bearing capacity of the
construction. The scheme considered is a
good illustration of a vibrational impact on
non-bearing structures for modern build-
ings. The estimation based on the simu-
lation shows that the main construction
design phase has to be followed with a
detailed analysis of vibrational impact on building envelope and
decorative elements.

Let us consider the small frequency differ that was obtained
in the oscillation forms simulation. The experience in monitoring
of simple constructions convincingly shows that both linear and
rotational eigenfrequencies that are close in reality appear in
spectrum as a single peak at the intermediate frequency [5, 6].
This reflects the non-linear nature of links between construc-
tional elements. The effect becomes most prominently appar-
ent in historical buildings [5] and was registered for reinforced
concrete dams.

To take this effect into account when the subway influence
is considered the following procedure takes place. A simplified
calculation model was created that takes into account the distri-
bution of stiffness and weight over the building height. The vibra-
tion impact simulation was performed with the real accelerogram
as an initial condition. The inertial forces and vibrational ampli-
tudes for all forms were obtained up to eigenfrequency value of
90 Hz. The lowest vibration forms of the building in Fig. 6 are:
two linear and one rotational. The maximum values of displace-
ment, velocities and accelerations are 0.45 mm, 1.3 mm/s and
36 mm/s? respectively matching qualitatively the crude estima-
tion based on the code MOCT P 52892-2007. Notably, not only
the parameters of possible vibrations were refined but also the
estimation of additional strains in bearing elements was made.
The axial force caused by vibrations in lower floor columns lies
below 0.5% of the force caused by vertical loads. This implies
that in a calculation of the column strength and stability the vi-
brational impact can be neglected.

The overall experience demonstrates that the research ap-
proach is necessary for a computer simulation to be correct. The
choice of an adequate model for calculation that considers pos-
sible alteration of construction material properties is illustrated
by a 10 year long monitoring. It was started by Central Research
and Design Institute for Residential and Public Buildings in 2000
for the eighth Moscow high-rise residential — 44-floor “Edel-
weiss” tower. The problem studied was the possible alteration of
a reinforced concrete construction state during the exploitation.
The experiment continued the Institute research tradition.
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OBYX OCHOBHbIX COOCTBEHHbIX HaCTOT 30aHUS U TPEHAb! KPUBbIX.
BugHo, 4to 3a 10 neT 3Ha4YeHus COBCTBEHHbIX YaCTOT YMEHb-
wmnmcb npumepHo Ha 10%, npyyemM TeHaeHUMs crnaga KpuBbIX
TpeHda HanoMuHaeT 3aKOHOMEPHOCTW, Nony4vaemMble Ha o6pas-
Lax gns nonsyyectn 6eToHa. ITOT BONpocC TpebyeT cneumasnbHo-
ro NccnefoBaHns; 34ecb OTMETUM, YTO KpMBbIE TPEHAA CTPEMSAT-
Csl K OQHOMY 3Ha4YEeHWUI0 HaCTOTbl, HTO XapaKTepHO A1a adhdekTa
COrnacoBaHnsa 4acToT MpU Hanu4Mn HENMMMHEMHOCTU B CUCTEME.
Mo-Bugumomy, HabnogaeTcs KOMOUHaLMs NoN3y4ecTn marepu-
ana v nposiBfieHNs HEIMHENHbIX CBA3EN B KOHCTPYKUmsX. [Npak-
TUYECKNUMU pe3ynbTaTamm N3yHeHns 3Toro ABEHUS, OTMEYEHHO-
ro Npy MOHUTOPUHIe, ABMAETCA YTOYHEHNE COBPEMEHHbIX Nped-
CTaBfIEHN B 061aCTW CONPOTMBIIEHNS BbICOTHbLIX 30AHWI BETPO-
BbIM U CEMCMUYECKNM BO3OENCTBUAM, & TakKXXe COBEPLUEHCTBO-
BaHWe KOHCTPYKTUBHbIX PeLLeHnii 6yayLLIMX BbICOTHbIX 30aHWNA.

3akmnouerme. OnbIT  MHCTPYMEHTANBHOMO MOHUTOPUHra
KOHCTPYKLUA BbICOTHBIX 34aHWMIA C UCMONb30BaHWEM CENCMO-
MEeTPUYECKMX METOLO0B NMOKa3blBaeT, YTO Y NPOEKTUPOBLLMKOB
NOSIBNSAIOTCA HOBbIE BO3MOXHOCTW MOHATb, Kak 6yaeT pabotaTb
KOHCTPYKLMSA nocne ee Bo3BedeHus . lNprBedeHHble matepuanbl
MOryT 6bITb UCMONb30BaHbI HAa NPaKTUKE B KA4ECTBE NPUMEPOB
peLleHnss JoCTaTO4HO pacnpoCTpaHeHHbIX 3afad OLEeHKU BO3-
OEeNCTBUN, a Takxe Neyb B OCHOBY Hay4HO-UCCNeaoBaTenbCKNX
pa3paboToK MO BbIABAEHUIO (DyHOAMEHTasbHbIX 3aKOHOB pato-
Tbl KOHCTPYKUWA.

Pabota 4YacTu4HO BbINO/IHEHA B paMKax WUHULMATUBHOIO
npoekta YpO PAH Ne 12-Y-5-1006.
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The temporal changes in construction state. A seismometric
monitoring of eigenfrequency values solves this problem. No
monitoring codes existed at the time the experiment started.
The simplest way of doing it without interfering with business
interests of a client was the installation of a single three-com-
ponent station in a small technical room on 44th floor. An over-
time change of the two major characteristic eigenfrequencies
and the trends of temporal change are presented in Fig. 7. It is
seen clear that over 10 years of exploitation their values were
reduced by 10%. The curves shapes are similar to the tempo-
ral trends obtained for concrete creep samples. This alone de-
mands a separate study, though it is notable that the curves
converge to a common frequency value. This is characteristic
for frequency congruence when a non-linearity is present in a
system. The effect observed can be assumed to be due to a
combination of creep and a non-liner interaction of construc-
tion elements. The practical result of the study is a clarification
of modern conceptions of how a construction reacts to a wind
and seismic load thus improving high-rise buildings construction
principles.

Conclusion. Several experimental examples show that the
instrumental monitoring of high-rise constructions by means of
seismometric methods gives a valuable insight of how these
constructions will function. The data obtained by such tech-
niques can be applied as an example of successful solution of
the common task of impact estimation or be a base for a funda-
mental research of constructions functioning.
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