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AHAJIMTUYECKUI PACYET BUBPOYCKOPEHUI 1P ABUXKEHUN METPO, TPAMBAA
N ABTOTPAHCIIOPTA BBJIN3U 3JAHUHU U COOPYKEHHUH

I0. B. /lasymkuH
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B yc/10BUAIX IOTHOM rOPO/ICKOM 3aCTPOMKU KPYTHbIX arJloMepaluii AHHaMU4YecKoe Bo3iecTBUe OT Ha3eMHOTI'0 U [0/13eMHOT0
TPaHCNOPTA fABJIAETCI KPUTUIECKUM PaKTOPOM, BbISBIBAIOLIMM JepOpPMaLMK U PacKpbITHE TPEIUH B GyHJaMeHTaX U HeCyluX
KOHCTPYKUHMAX 3JaHUM, 0COGEHHO O06DBEeKTOB KyJbTYpHOro HacleAud. llenb wHcciefoBaHUA - OLeHKa KOMILIEKCHOTO
JIMHaMH4€eCKOr0 BO3/IeHCTBHS OT pas/IMYHbIX BU/I0B FOPO/CKOTO TPAHCIOPTA Ha 3/JaHHs U COOPYXEHHA KyJIbTYPHO-UCTOPHIECKON
3aCTPOMKM Ha OCHOBE YMC/IE€HHO-aHAJIWTHYEeCKOro pacdeTa M HATYPHBIX UcClef0BaHUM. BbINOJHEH aHANIW3 3arpy:KeHHOCTH
TPaAHCMIOPTHBIX Marucrpajiedl B WCTOPUYECKOM LieHTpe MOCKBBI, BbIOpaHbl TPHU 3KCIIEPUMEHTAJIbHBIX y4yacTKa. IIpoBejeHbl
HaTypHble 3aMepbl BUGPALUH B AT KOHTPOJIbHBIX TOUKAX: B TOHHeJIe MeTpo, Ha GyHAaMeHTe B II0JBajle U Ha KPOBJle 3[aHUM.
CraTucTuyeckas 06paboTKa JaHHBIX 03BOJIMJIA TOCTPOUTh rpa KK BUGPOCKOPOCTEH M BUOPOYCKOPEHHH B OKTaBHBIX 0OJI0CAX
yacToT. BeinosiHeHo yucieHHoe MozenupoBanue B [IK MIDAS GTS NX u aHa/UTHYeCKUH pacyeT 1Mo MoJeau Gajku dilyepa —
BepHysn Ha BAsKo-ynpyrom ocHoBaHuu B IIK Mathcad. BnepBble skcnepriMeHTanbHO 3adUKCUpoBaH 3¢PeKT nHTepdepeHIun
BOJIH OT pasHbIX BUJIOB TPAHCIOPTA, IPUBOAALIMHA He K CYMMHUPOBAHHUIO, a K B3aUMHOMY rallleHHI0 BUGpaluii B onpe/ie/ieHHbIe
BpeMeHHble NPOMEXYTKH. [IoCcTpoeHbl M3010JI1 YCKOPEHHMH W NepeMelleHUH OT TpaHCIOpTa, onpefesieHbl MaKCUMasbHble
3HadeHHs. [loryyeHbl aHaIUTHYeCKHe BbIpaXKeHUs JJ1 pacyeTa BUOPOYCKOPEHUH IPU 0JHOBPEMEHHOM NPOX0XK/JeHUH HarPy3KH.
BrisiBsieHHbI 3QdeKT uHTepdepeHIMH HMeeT Ba)KHOe 3HayeHHe /Il NPOrHO3MPOBAaHHMA JOJIFOBPEMEHHOM COXpaHHOCTH
[MAMATHUKOB apXUTeKTypbl. CpaBHUTE/NbHbI aHAIM3 pe3y/bTaTOB HATYpHbIX M3MepeHUH U YHC/IeHHO-aHAJIUTHYeCKOro
MO/Ie/IMPOBaHMs TOATBEPAWJ a/leKBaTHOCTb INpeJJIoKeHHbIX Mojesell. Habiogaerca Koppendauus Mexay IHKOBBIMH
3HA4YeHHAMU BUOPALUH U pacKpbITHEM CyLIeCTBYIOIMX TPELMH B HECYIIMX KOHCTPYKLUAX 06C/IelyeMoro 3AaHus. PacxoxeHue
pesy/IbTaTOB 3KCIEPYMEHTa W 4YHMC/IEHHO-aHaJIMTUYECKOro MOJe/JUpOBaHHsA He mnpeBblmaeT 20%, 4TO MNOATBEpXJaeT
JIOCTOBEPHOCTb IIpeJJIOKEHHOro Nojxoja. Pa3paboTaHHass KOHeYHO-dJleMeHTHas W aHaJIMTUYecKas MOJeIH MO3BOJAIT
NPOrHO3UPOBaTh YPOBHU BUOpaLMii NPU Pas/IMYHbIX CLieHapUAX TPaHCIOPTHOW HarpysKH /A pa3spaboTKu 3¢peKTHBHBIX Mep
BHUOPO3AIUThI 06BEKTOB KY/IbTYPHOI'0 Hac/le U,

Kniouesvle cno8a: subpoyckopeHus, mpaHcnopmuas eubpayusi, MemponoaumeH, 06seKmbul Ky/JbMypHO20 HAc/aedus,
YU C/IeHHO-AHAAUMUYEcKoe MOOJeAUPO8aHUe.
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In the conditions of dense urban development in large agglomerations, the dynamic impact from surface and underground
transport is a critical factor causing deformations and crack opening in foundations and load-bearing structures of buildings,
especially cultural heritage sites. Aim is to assess the complex dynamic impact of various types of urban transport on buildings
and structures of cultural and historical value based on numerical-analytical calculations and field studies. An analysis of traffic
congestion on transport routes in the historical center of Moscow was carried out, and three experimental sites were selected.
Field measurements of vibrations were conducted at five control points: in the subway tunnel, on the foundation in the
basement, and on the rooftops of buildings. Statistical data processing allowed for the construction of graphs for vibration
velocities and accelerations in octave frequency bands. Numerical modeling was performed using the MIDAS GTS NX software
and an analytical calculation using the Euler - Bernoulli beam on a viscoelastic foundation model in the Mathcad software.
For the first time, the effect of wave interference from different types of transport was experimentally recorded, leading not
to a summation, but to mutual damping of vibrations at certain time intervals. Isofields of accelerations and displacements
from transport were constructed, and maximum values were determined. Analytical expressions for calculating vibration
accelerations under simultaneous load passage were obtained. The identified interference effect is of significant importance
for predicting the long-term preservation of architectural monuments. A comparative analysis of the results of field
measurements and numerical-analytical modeling confirmed the adequacy of the proposed models. A correlation is observed
between peak vibration values and the opening of existing cracks in the load-bearing structures of the examined building.
The discrepancy between the experimental results and numerical-analytical modeling does not exceed 20%, which confirms
the reliability of the proposed approach. The developed finite element and analytical models make it possible to predict
vibration levels under various traffic scenarios to develop effective vibration protection measures for cultural heritage sites.

Keywords: vibration acceleration, transport vibration, subway, cultural heritage sites, numerical-analytical modeling.
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Hcmarunosoit 3. @., Koasbuykom O. A, Kymuuko-

Bapkanom /. [, BosHecenckuM E. A, T'epceBaHOBBIM
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AHanuz paboT OTeyeCTBEHHBIX M 3apy6exHbIX
y4eHbIX MOKa3aJ, YTO paHee OLleHKa KOMILJIEKCHOIO
JIMHaAaMUYeCKOro BO3/leMCTBUSA OT Tpex BU/0B Ha3eM-
HOT'0 ¥ MO/I3€MHOT0 FOPOJICKOr'0 TPaHCIOPTa Ha PpyH-
JlAMeHTbl U CTPOMUTeJIbHble KOHCTPYKLMH 3JaHUH
Y COOPY>KeHUH He MpoBoguiIack [6-8].

llenb wuccief0BaHUA - OLEHKAa KOMIIJIEKCHOIO
JMHaMUYeCKOro BO3/JleMCTBUSA OT HAa3eMHOI0 U MOJA-
3eMHOI'0 FOPO/ICKOT0 TPAHCIOPTA Ha 3/IaHUs U COOpY-
YKEHHUS KyJbTYPHO-UCTOPUYECKON 3aCTpPOUKHU. B pam-
KaxX peajiM3aldd MOCTAaBJEHHOM Lieau cHOpMyaUpo-
BaHO psj 3aza4 [9-11].

J1s1 BbIGOpA HAaTypHOM IJIOLIQJKU U NpPOBeJeHUs
3KCIepHMeHTa OblJI MPOBeJeH aHa/U3 3arpy>KeHHOCTH
TPaHCNOPTHBIX MAarucTpasiedl Ha3eMHOTO U NOA3EMHOT0
TpaHcnopTa B MOCKBe, BbIGpaHbI B UCTOPUYECKON YaCTH —
B CaMOM LIEHTPE, I'/ie pacioJIoXKeHbl IaMATHUKHU UCTOPU-
4YeCKOro U Ky/IbTypHOTO Hac/leAusl, TpY HanboJlee 3arpy-
>KEeHHbIE YYaCTKH JJIsl 3aMepa BUGPALUU OT METPO, TpaM-
Basl U aBTOTPAHCIIOPTA — 3TO Mo y/uLe KpacHonpyaHas,
BTopoli sKcHepuMeHTaJbHBIA Y4YacTOK pacloJioKeH
no ysuue IlaBesieikoil U TpeTHUH 3KCepUMeHTa/bHbIN
y4acToK 1o yJ1. baymaHckas [2].
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AsTobYG

Paspa6ortaHa mnporpaMMa U IUIaH [POBeAEHUs
HATYPHBIX UCCIe/J0BAaHUI paclpoCTpaHeHHs1 BOJIH OT Mpo-
XO/IEHUSI TPAHCIIOPTA, ONPeZieJIEHO MATh TOYEK YCTAaHOBKH
060py10BaHKS: B METPO, HA KPOBJIE MHOT03TaXKHbIX 3/JaHUI
¥ Ha ¢yHAaMmeHTe B mozBasne (puc. 1). [lo ynune Kpac-
HONIpyJHasi MO JAaHHOMY Y4YacTKy HpPOXOJAT BOCEMb
MapIIpyTOB OGIIECTBEHHOTO TpaHCIOpTa. 3aMepbl BUOpa-
UM B METPO OCYLIECTBJISUIUCh KPYTJIble CyTKU. MHTeH-
CUBHOCTb JIBIDKEHUs Ha neperoxe ¢ 8-10 yTpa no3sojuia
OIpeJIe/IUTh BpEMeHHble MUKW B TOHHeJIE, TAKKe BH3Y-
QJIbHO Ha MOBEPXHOCTH OIPEeJessIoCh OJHOBpPEMEeH-Hoe
MPOXOXK/IEHWe TpaMBasi U aBTOTpPAHCIOpTa. B pe3ysibTaTe
TIOJTyYHJIOCH JIBA TMKOBBIX TIepeceYeH s 10 BpeMeHH — 3TO
B 8 4 55 muH. 35 cek. 1 9.38.40 B KOTOPOM BBIYHCJIHIN
CyMMapHble BUGPALUH.

[losydusii ypoBHU BUOGPALUU C KOPPEKTHPOBKOH
BUOGPOYCKOPEHUH B OKTAaBHBIX IMOJIOCAX YACTOT OT CyM-
MapHOTO MPOXOXKJAEHHsT BCEX BUOB TPAHCIIOPTA U OT KaXK-
JIoro B OTAeJbHOCTH. [0 MOJy4yeHHBIM pe3yJbTaTaM
WCCIeIOBAHUM TOCTPOEHbl YPOBHU BHUGPOYCKOPEHUH
(nba) a1 OTAENbHBIX MCTOYHUKOB BUOpPALlMU - aBTO-
TPAHCIOPTa, TPaMBasi, METPO M KOMILJIEKCHOTO HX BO3-
JEeNCTBUS.
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Puc. 1. [lnan npogedeHust skchepuMeHmMAaabHbIX UCCAe008AHULl OM KoMneKca 8o3delicmauli Ha3eMHO20
u nodsemMHo20 mpaHcnopma no yauye KpacHonpyouas:

1 - mpaxcnopmHoe cpedcmeo (asmobyc, mpamsaii, mempo); 2 — uccaedyemoe 30aHue; 3 — napamempsl S3Hep2emu4ecko20 nOMoKa;
usmepumesibHble cucmembl: A — duHamuku epyHma; B - kosebaHutl pyHdamenma u cmen; C - kos1e6aHutl nepekpvrmutl.
@(f) - nepedamouHas gyHKYus, Xapakmepusyroujas mpaHc@hopmayuro cusi08020 nomoka npu nepexode e2o om epyHma

K gpyndamenmy; Z1(t) - seepmukaibHblie K0/1e6aHUS nepekpblmusi nepeozo yposHs (uaarocmpayus agmopa)
Fig. 1. Experimental research plan for the impact of surface and underground transport on Krasnoprudnaya Street:
1 - vehicle (bus, tram, metro); 2 - building under study; 3 — energy flow parameters; measuring systems:

A - soil dynamics; B - foundation and wall vibrations; C - floor vibrations. @(f) - transfer function characterizing
the transformation of the force flow as it passes from the ground to the foundation;

Z1(t) - vertical vibrations of the first-level floor (author's illustration)
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Puc. 2. Peayabmambui ucnetmanutl 8 aude c800HbIX 2pagukos no ocu X subpayuoHHbix 8o3deticmautl
no 0KmaeHvlM yacmomam & nodease 30anus (urarocmpayus asmopa)
Fig. 2. Test results in the form of summary graphs on the X-axis of vibration effects at octave frequencies in the basement
of the building (illustration by the author)

[lo pe3ysbTaTaM CTAaTUCTHUYECKOW 06pPabOTKU
JlaHHBIX IOCTPOEHbI TpapUKU MaKCUMaJIbHBIX U MUHU-
MaJIbHBIX 3HAaYEHUH BUOPOCKOPOCTEH UM BUOPOYCKO-
penuii (puc. 2). Ha saHHOM 3Tane 6GbL1 HOJIyYeH CaMblil
NapaJloKCcaJbHbI K3 pe3yJbTaTOB — II0 NIpeJBapHU-
TeJIbHOMY aHaJIN3y, ObLJIX NPeANOJI0XKEHHUS, YTO B NU-
KOBble Yachl, KOTJa TPaHCIOPT HJET CIJIOMIHBIM
[IOTOKOM, BUOpaLMy O6yAyT NPOCTO CKJIAJbIBAThCS, HO
0Ka3aJoch, 4YTO TMpU OINpeJesleHHbIX YCJIO0BUAX
NPOUCXOJUT UHTepdepeHLUss BOJH - KX B3aUMHOe
rameHue. B 3jaHuy, rae Bequcb 3aMephbl, a 3TO Ma-
MSATHHUK KYJbTYPHOI'O HacjleAusl, UMEITCs TPeLIuHbI
u gedopManMu B HeCcylIMX KOHCTpyKuusx [12-15].
Ha dacaze ycraHoByieHBI MOCTOsIHHble Masiku. Hab6-
JII0JlaeTcsl JAasbHellllee pacKpbITHE CKBO3HBIX Tpe-
wuH. Ha ciespyiomem sTame uccjieJoBaHUH ¢ IpUMeHe-
HUeM nporpaMMmHoro komiuiekca MIDAS GTS NX no-
CTpOeHa IIJIOCKasi KOHEeYHO-3JIeMeHTHass Mojesb
pacyeta wu3omnoJsed  yckopeHud. IlpescraBiieHbl
M30110JI51 YCKOPEHUH U NTepeMELeHUN OT TPAHCIIOPTa €
MaK-CUMaJIbHbIM 3HaYeHueM 2M/c2 npu yactorte 8 I'L.
BusHo, yBesiMyeHMe M0 U30T10JIed TPU GOoJIbILei
YacTOTe NPOXO0K/JeHUsl TPAHCIOPTa.

B aHa/IUTHYECKOM pacyeTe TOHHEJb MOJEeNUPYyeTCs
6aJIKOM Ha BSI3KO-YIPYroM OCHOBAaHWH, NapaMeTpaMu
KOTOPOTO SIBJIAIOTCS K03)dULHeHThI HOCTEIHU IPyHTAa U
k03¢ PUIHEeHTHI BA3KOTO AeMNnpHUpPOBaHUS,

XapaKTepU3yLero paccesHue 3HEPTHMU B TPYHT
MpU pacnpoCcTpaHEHUH NPOAOJbHBIX BOJH [3, 16,
17]. [lna pacyeTa HCHNOJIb30BaHAa MOJiesb GasKU
Jitnepa - BepHyJiy, B KauecTBe rpyHTa MOJ, OCHOBaA-
HHUEM IPHUHSAT [1eCOK MeJIKOH KPYIMHOCTH C XapakKTe-
puctukamu: miaotHocTb 1800 kr/M; koaddunueHT
[lyaccona 0.32; moaynb nepopmanuu 23 Mlla; ko-
apouuuent nocreau 20 MIla/M; BsA3koe JeMI-
¢upoBanue 0,24mlla*c/m. /[uddepeHnuanbHoe
ypaBHeHUe 6ajiku Jisepa - BepHysin Ha Bs3KO-
YIPYroM OCHOBAaHUU NPU BO3JEeUCTBUU NOJBUKHBIX
CUJI IpeJiCTaBUM B BUJE:
4 2
Ela—Z+Ku+ma—L;+Ca—u

=N PSS+l —V
o a7 FCa = LES VD, ()

Jj=1
rZe u - nporu6 6ajky, X — KOOpAUHaTa HallpaBJIeHUS
ABUKEHUS MOJABIKHOW Harpy3ky, t — Bpems, El -
)ecTKocTb 6anku, E - moayab HOHra, I - MomeHT
MHepLUuM 6aJKU, m — MaccoBas efuHULA 6anky, K -
k03¢ dUIMeHT nocTeau ocHoBaHUsA, C - K0appunu-
€HT BSI3KOT0 JleMIn$UPOBaHHUSI OCHOBaHHs, Pj - j-a
cocpefioTOYEHHasl CWJa, @, - Kpyrosas 4acToTa
KoJleGaHUs Harpy3KH, s(x+/,-¥t) — feJbTa-QyHKI U
[Jupak, V - cKOpoOCTb [ABWXXeHUS moe3zna, lj -
paccTossHUe OT j-W COCpPeJlOTOYEHHOH CUJIbl 0
KpalHel JIeBOM CHJIBI, N- YUCJIO KoJliec. B kadecTBe
Oanku JiJepa AJsT METpPO NPHUHATA TOHHEJbHas
06/1eJ1Ka, /s TpaMBasi — peJibCo-LINaabHasi peleT-
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Ka, JAJs aBToOyca JOpOXKHOe MOKpbITHe. Bsskoe CcyMMalusi BUGPALMOHHBIX 10JIel, HO U UX UHTepde-
JeMnupoBaHUe rpyHTA onpefesieTcs o ¢opmy.ie [3]: peHIus. 3adpUKCHPOBaHbI BpeMeHHbIe TPOMEXKYTKH, B
- KOTOpble MPOXCXOAUT B3aWMHOe rallleHue BOJIH, YTO
C=pa= Em, (2) SIBJIIETCSl MAapaJOKCAJbHBIM, HO KpailHe Ba)XHBIM
bakTopoM A1 TOYHOTO NMPOTHO3UPOBAHHUS JAWHAMHU-
rae p(kr /m3) - moTHocTh rpyHTa, E (I1a) - Moayib YeCKOTro BO3/IeCTBUSA Ha MAMATHUKUA apXUTEKTYPHI.
YyOPYTrocTH U V — K03apduuneHT [layccoHa rpyHTa. .

BrinosiHAs psAj Mpeo6GpasoBaHUi, corjacHo [3], a e — Cyapros
WMEHHO, TPUMEeHUB peobpa3oBaHue Pypbe K 06enM 2'5"”7} — Metpo |
yactaM ypaBHeHMs (1) 1O JBYyM HepeMeHHBIM, 0 Tpamaii
[OJIYYUM BhIPaXKEHUA CKOPOCTH U YCKOPEHUSA OaIKU B S L5107 Asrobyc I
4acTOTHOM 06/1acTH, Jajee HCIOJb3ysd CBOMCTBO z be10”

JesnbTa QYHKLUUH, BBINOJHUM UHTETPUpPOBAaHUE 3TUX E se10*
BbIp@KeHUH 1o nepemeHHo . Jlna BbIYMCIEHUA § 0 m\/
HHTETPAJIOB 110 epeMeHHOH Y IpUMEHHUM TEeopHIo > - 5107 ‘
BbIYETOB, IOJIYYUM: - 1x1077 !
iﬁexp{—i(;{+i‘—V1)rA) _1"?107:
menm‘ npux+1,-Vt<0 m 1o -6 -45 -3 -15 0 L5 345 6 15 9
u(x,t)= B ' : Bpewms, ¢
) ;’Jf exp(~i(x+1,=¥1)v,) Puc. 3. CymmapHoe subpoyckopeHue 8 mM/c?
ﬂ.."Z-;am’ npux+l; =120 Fig. 3. Total vibration acceleration in m/s?
i Byexp(-ilx+1,~¥1)v,) PaspaboTaHHasi KOHeYHO-3J1eMeHTHas Mojiesib B [1K
B Y r—— ————— wpux+l,-Vi<0 MIDAS GTS NX u aHanuTHyeckass Mojesb GajlKM Ha
i(xr)=y T 48l —2ml v +iC) . (3)  BASKO-YNPYroM OCHOBAaHHH II03BOJIAIOT C JIOCTaTOYHOU
X pvexp(=i(x+1, -ty TOYHOCTBIO ONUCHIBATh BOJTHOBBIE TPOLIECCHI B CUCTEME
V.,.éy “ Elvi—amVv, +iCV npux -+, -¥1z0 «TPaHCMOPT — IPYHT — COOpY:KeHHe». AHaTUTHYECKHe
. BblpakeHHUs1, mnoJiydeHHble B [IK Mathcad, paror
> Py expl—ifx+1, Vi), BO3MO)KHOCTb ~ OIEpaTUBHO  OLEHUBAaTb  YPOBHHU
: VL amr icy <o BUGPOYCKOPEHUH B IUMPOKOM AHMaNa3oHe YacToT 6e3
ii(xt)= R MpOBeJieHUsA TPYZLOEMKHUX BBIYUCJIUTEJIbHBIX
- ;R‘F oxp((x+1, V1)) ) 3KCIIEPUMEHTOB.
v m%a AEIv) =2mV?v, +iCV ;=10 CpaBHUTe/IbHBIA aHA/JW3 pe3y/JbTaTOB BUOpO-
rae, vk - KopHU ypaBHeHI/IH:EIV4 -mV +iCv+ K =0. yCKOpeHHus, N0JIy4€HHBIX 3KCIEPUMEHTAJIBHO U B pe-

B NpHMeHeHHs] MOJyYEHHBIX BbIP@KEHHil C mo- 3Y/IbTaTe HHCIEHHOIO MOJENMPOBAHMS, NMOKA3bl-
mompio IIK Mathcad, monyunmnn pesynpraTsl pacyera  BAaeT JIONYCTHMble pacxox/eHus oT 4 10 20 %, 4to
BUOGPOYCKOPEHUH MPHU NPOXOXKAEHUH Kaxaoro tpanc-  [MOATBEPKIAET af€KBATHOCTDL NPEJIOKEHHBIX Ma-
[10pPTa [0 OT/EIbHOCTH U OJHOBPEMEHHO. TeMaTU4eCKUX MoJieJield 1 MeTO/I0B pacyeTa U IMo3-

BbIBOABI BOJIIET PEKOMEHJ0BaTh UX [JJi1 WHXEHEepHOH
B pesy/ibTaTe HaTYpPHBIX SKCNIEPUMEHTOB Ha Tpex yyacT- ~ [TPAKTHKH P OLEHKE BJIMAHNA TPAHCIIOPTA HA Cy-

Kax B HICTOPUYECKOM IIeHTpe MOCKBBI BIIEpPBbIE yCTaHOBIeHo, HECTBYIOLIYIO 3aCTPOUKY.

YTO IPU KOMIUIEKCHOM BO3ZEHUCTBUM HA3€MHOTO U

HO/3eMHOr0 TPAHCIOPTa HAGJIONAETCS He TOJIbKO
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