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Abstract. Analysis of global practice of vibroseismic protection of buildings and structures shows that systems with
elastomeric blocks are the most promising in terms of cost and efficiency. In case of seismic movements, these systems
protect buildings and structures not only in vertical and horizontal planes, but also against torsion. It is considered that
torsion in combination with adverse factors such as vertical component of seismic impact, in particular, are the main cause
of catastrophic destruction during the earthquakes. In the article, the authors analyze main issues of protecting buildings
and structures against vibroseismic effects with the help of system of elastomeric blocks, which are characterized by high
vertical stiffness, low shear stiffness, high energy dissipation and ability to center vertical load; besides, they feature high
reliability with no risk of sudden failure. Results of static and dynamic tests of parametric series of elastomeric blocks used
for protection of residential buildings against vibrations are presented. Design of pile with anti-vibration rubber supports is
described. Calculation of elastomeric blocks under static compression is presented. Components of the stress-strain state
of the thin-layer elements were investigated, and rate of the thin rubber layer compression under the action of vertically
applied force was calculated. In numerical calculation, weak compressibility of rubber was simulated by moment force of
the finite element for weakly compressible materials, which assumes triple approximation of displacement fields, defor-
mation components, and volume change function. The numerical solution was obtained by the finite element method for
different radius-thickness ratios in case of geometrically nonlinear elastic and viscoelastic deformation. Geometric nonlin-
earity was described with the help of the nonlinear deformation tensor. In order to model viscoelastic properties of the
rubber, the Boltzmann-Volterra hereditary theory was used with the Yu.N. Rabotnov relaxation core. Nonlinear boundary
problems were solved by the modified Newton-Kantorovich method. Influence of geometric nonlinearity and viscoelastic
properties of rubber on the rate of the rubber layer compression was investigated.

Keywords: vibroseismic protection of buildings and structures, vibroinsulator, static and dynamic researches, calcu-
lation of vibroinsulators
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1 Preface

Analysis of global practice of vibroseismic protection of buildings and structures
shows that systems with elastomeric blocks are the most promising in terms efficiency.
In case of seismic movements, these systems protect buildings and structures not only
in vertical and horizontal planes, but also against torsion.

Protection of heavy mining machines (screens, vibratory feeders, cone inertial
crushers, vibroconveyors, crushers, etc.) against vibration action with the help of rub-
ber vibroseismic insulators is described in all details in [1].

System of vibration and seismic action insulation (vibroseismic protection system)
is designed to reduce seismic response of the buildings and protect them against earth-
quakes. The system can also be used to protect construction sites from industrial vibra-
tions and shock waves, such as waves caused by explosions in the quarries and vibra-
tions and noise caused by subway, motor and rail transports [2-5, 12]. Use of vibro-
seismic protection in Ukraine is regulated by European and Ukrainian regulatory doc-
uments [6].

For the purpose of practical applica- 1 2
tion of vibroseismic protection systems " .
in the buildings, Institute of Geotech-
nical Mechanics named by N. Poljakov
of National Academy of Sciences of
Ukraine and the state enterprise “Re-
search Institute of Building Structures”
carried out experimental studies and sub-
stantiated parameters of rubber blocks
for seismic protection (rubber seismic

3 4

blocks — RSB), patented their designs,
developed design documentation and
made experimental samples of three di-
ameters (340 mm, 400 mm and 500 mm)

1 — rubber layer; 2 — lead core; 3 — bed plate; 4 —
metal plate with a fillet
Figure 1 — General view of rubber-metal highly-
damping anti-vibration and anti-seismic support
with the lead core

and with the following heights of the
rubber layer: 50mm, 2x120 mm,
2x70 mm and 2x50 mm. The RSB experimental samples (Fig. 1) were manufactured
by the Ukrainian enterprises.

In order to determine stiffness and damping characteristics of elastomeric blocks
for industrial conditions, the state enterprise “Research Institute of Building Struc-
tures” conducted laboratory tests of three types of the designed blocks under static and
dynamic loads in accordance with requirements of Eurocode 8, European and interna-
tional standards.

Objective of the work — based on the results of static and dynamic tests of rubber
seismic modules, develop method for calculating them.

2 Designing of System for Seismic Insulation according to the
SCN V.1.1-12:2014 standard

Section SCN V.1.1-12:2014 of the Ukrainian standard contains general provisions
for designing systems for seismic insulation of buildings and structures of different
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functioning. In this article, passive system of the building and structure seismic insula-
tion with no additional sources of energy for oscillation damping is considered.

Seismic insulation system is used in buildings of different functioning when new
buildings are constructed or existing ones are reconstructed. The seismic insulation
system should be located under the great bulk of the construction, as a rule, between
foundation and upper part of the building (superstructure).

Seismic insulation systems should feature: high vertical stiffness; low shear stiff-
ness in order to improve effectiveness of horizontal seismic insulation; ability to pro-
duce essential horizontal displacements during the earthquakes; great energy dissipa-
tion; limited horizontal displacements at non-seismic loads; high reliability with no
chance for failure; high level of engineering equipment protection with no risk to dam-
age bearing elements.

Seismic protection means improvement of building and structure seismic resistance
thanks to special structural elements, which can withstand the calculated seismic loads
without complete destruction and with minimal loss of life.

Seismic protection allows to: keep the building and structure integrity during earth-
quakes and man-made impacts; cut down the estimated costs of construction; reduce
material consumption for the buildings and structures; decrease labour intensity of the
construction; expand area of standard series application due to development of areas
with high risk of seismicity and increased number of stories in buildings constructed
with the same structures.

3 Methods
3.1 Results of experimental studies

Method of the experimental study is described in [1]; and results of the study of
rubber element compression and shear are described in [5].

In order to determine effect of lead core on the RSB stiffness and damping charac-
teristics (rubber elements with diameter of 500 mm were tested) two supports without
lead cores and two — with lead cores were tested in cyclic mode for compression and
shearing. The cores were made in the form of solid cylinders with height of 100 mm
and diameter of 70 mm.

Figure 2 shows the “horizontal load —
displacement” dependencies for the RSB P, kN
with lead core (curve 1) and without the
core (curve 2) under vertical load of 300 ,AA
1000 kN on the support. Analysis of the 74
graphs shows that, at shear, lead core sig- 5
nificantly affects the RSB stiffness and
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dissipative characteristics. 14/: v
Tests for support compression were 100 ra > ',.-"
conducted with three types of supports — _ d o '_4—"'
diameter 400 mm, height: 2x70 mm and OZ:‘{ gt
2x120 mm; and diameter 500 mm, height 0 1 2 3 4 A, cm
2x50 mm. Figure 2 — The “loading-unloading” dependen-

cies for the RSB with diameter 500 mm
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In accordance with requirements of the ISO (International Organization for Stand-
ardization) standard and European standard, and in order to determine state of the RSB
design at maximum vertical loads 4 times higher than the design load, one RSB sample
was tested under cyclic vertical loads by special program: three half-cycles “loading-
unloading” each time adding 300 kN (exposure at each stage was for 5 minutes) up to
3000 kN; two half-cycles “loading-unloading” each time adding 500 kN (exposure at
each stage was for 2 minutes) up to 5000 kN; and 1 half-cycle “loading-unloading”
gradually adding 1000 kN (exposure at each stage was for 5 minutes) up to 9000 kN.

With the compression multi-cyclic loads from 3000 kN to 9000 kN, after the RSB
complete unloading for 10 minutes, rubber elements totally took their original shape.
No cracks were found in any of the 12 tested rubber elements made of natural rubber.

3.2 Technical solutions and installation of the RSBs

The seismic blocks are manufactured on the rubber elements of the target dimen-
sion. With the help of results of calcula-
tion of seismically insulated building in
terms of seismic loads, geometric param-
eters of the rubber elements and their
compression and shear stiffness were de-
termined. The seismic blocks were in-
stalled between the lower base plate (for
example, on its ribbed stiffeners) and the
upper monolithic reinforced concrete
distributing plate of the building (Fig. 3).
It is also possible to install the RBS on
the basement floor or on the pile head.
The lower support plate can be bolted by
the anchors to the ribs of the foundation

1 — RSB; 2 — lower reinforcement of the gril-
lage; 3 — polyethylene film

slab or to the pile head, and the upper
support plate can be fastened to the up-
per distributing concrete plate of the

Figure 3 — Layout of RSB on a pile of the anti-
vibration system in sections 1 and 2 of the apart-
ment house in the Kikvidze street, city of Kyiv

building or to the monolithic walls of the
basement floor.

3.3 Calculation of RSB
Calculation of the rubber element was considered in [8-11]. For small deformations
(£<0.1), and with the help of the Ritz method, the authors of this work obtained an

analytical dependency between compression A of cylindrical rubber layer with free
(unfastened) top and bottom and the applied load:

Poh{ R hJE}

—|1-—F=th——
3zR°G

A A (1)
where Py is compressive load on the rubber layer with free top and bottom, N; % is
height of the rubber layer, m; R is radius of the rubber layer, m; and G is the rubber
shear modulus, Pa.
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Atuniaxial compression and small deformations (&< 0.1), dependency between the

rubber layer compression and applied load is determined by the formula:
__Rp
37R’G’ @

Calculations of seismic supports should take into account the fact that top and/or
bottom of the rubber layer can be vulcanized into the metal plates; in this case, in for-
mulas (2) and (3), load Py should be substituted by the corrected value of real load P,
which takes into account increased stiffness due to the fastened top and/or bottom:

R=P/p, 3)
where f=1+0.413p° — according to Payne; 8 =0.92+0.5p> — according to Laven-
delis.

The authors propose to calculate 3 by the following formula:

LS=1+0.83p", 4)
where p= R/h, B is coefficient of the stiffness increase due to the fastened top and/or
bottom.

Method of finite element (FEM) is the universal numerical method for calculating
rubber vibro- and seismic insulators as it allows to take into account asymmetry of
loads and fastening, as well as to obtain an overall picture of the stress-strain state. At
the same time, traditional FEM does not allow to consider such property of rubber as
weak compressibility of the material; therefore, the authors use a specially developed
FEM scheme — a finite element moment scheme (FEMS) for weakly compressible ma-
terials. This scheme assumes triple approximation of displacement vector components,
deformation tensor components and volume change function, and stabilization of some
of the summands according to certain rules. For a prismatic finite element of a triangu-
lar shape, these approximations take the following form:

Imn

_ (par),, (pgr) _ _ (000) (100), . (100) (010), . (010) (110),  (110)
uk’_za)k’ A R O A O A N O 2

pgr
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to, YT e, Y
___(000) (010), (010) (oo1). (001) , _(000) (100), (100) , _(000) (100), (100) ,
&y=¢, *te, W te, WL Ep=ey tey Wl Ey=65  ten W
_(000) _ (000) . __(000) (100).  (100) , o _ (000) 11 (000) 22 (000) 33
En=€, ;E3=@53 ;Ex=€y tey y o 0=e] g te, g te; g,

where u,, are components of displacement vector in the direction of the £’ axis of the
basic coordinate system; g; are components of deformation tensor; 0 is volume change
function; /, m, n are maximum degrees of approximating polynomials relatively to the
axes of the local coordinate system x), x, x3; g7 are components of metric tensor; a),ff’ )

are coefficients of displacement decomposition; e\7") are coefficients of deformation

y

decomposition; y##4”) is a set of power coordinate functions of the form:

p q r
vy _ (1) (3,)" (%)
voTT | P
p! q! !
In order to improve accuracy of the calculations, the improved FEMS schemes [9]
are used.
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Let’s find compression A for the two-layer seismic support with diameter
d =400 mm, height of the rubber layer #=240 mm and modulus of elasticity
G = 0.63 MPa; the compression is caused by load P = 50 kN.

Solution for the nonlinear problem of solid cylinder compression with taking into
account specific stiffness on the top and/or bottom was found numerically by the
Runge-Kutta method with the fourth-order accuracy. To this end, it was necessary to
solve the Cauchy problem with certain boundary conditions. As a result of calculations,
a value of seismic insulator compression A = 0.0127 m was obtained, which well coin-
cided with results of experimental studies.

The problem was also implemented numerically on the basis of the finite element
moment scheme. In Figure 4, distribution of stress tensor components in the seismic
support 1s shown:

-1.491E+05
-2.002E+05 +4.553E+04
-2.514E+05 -2 437E+04
-3.025E+05 -9.427E+04
-3.537E+05 -1.642E+05
-4.049E+05 -2.341E+05
"1-4.560E+05 € -3.040E+05
_5.072E+05 & -3.739E+05
|| -4.438E+05

a) Oxx b) Gyy
Figure 4 — Distribution of normal stresses in the seismic support

Results of calculation of the vibration insulator compression at f = 2.38 (by formula
(4)) are shown in Table 1.

Table 1 — Results of calculation of seismic support compression.

Method for calculating compression
Index experimental stud- | formulas numerical imple-
ies (1) 2) mentation

0.0127 0.0084|0.0128 0.01128

Compression (maximum deflection of the
rubber element) (m):

It is evidently that the most accurate result was obtained by formula (2), however,
this formula does not provide an overall picture of the stress-strain state distribution in
seismic support unlike the numerical implementation and the Ritz method.

4 Conclusions

1. A method has been developed for calculating rubber seismic blocks for vibro-
seismic protection of machines, buildings and structures.

2. The designed and tested RSB were used in 2014-2018 for seismo- and vibration
protection (caused by underground trains and motor transport) of residential buildings
in Kyiv: 10-section 10-storey residential building in the Kikvidze street and three 27-
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storey residential buildings in the Ob-
olonskyi Avenue (Fig.5), plus three
houses in Lviv.

3. Seismic insulation based on the
RSB provides intrinsic oscillation fre-
quency of the building in horizontal
plane at the level of 1 Hz and less being
in harmony with requirements of the
SCN standard and Eurocode 8 on design-
ing systems for seismic insulation of
buildings. It should be noted that the de-
signed RSB can be also used to protect
buildings and structures against effects
of ground (rail and motor transport) and
underground (trains) transport, and for
insulation of vibration of various heavy
machines to ensure safety functioning of
buildings and structures.
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AHoTauis. AHani3 CBITOBOI NpaKTUKKM BIbpocencmMo3axucTy Byaisenb i Cnopys nokasye, Wo CUCTEMU 3 BUKOPUCTaH-
HAM enacToMepHux 6nokiB € HalbinbLL NePCNEKTUBHUMMW 3 TOUKM 30pYy BapTOCTi Ta €GheKTUBHOCTI. 3a3HayeHi cucTemm
[03BONATL 3aXMCTUTW OyaiBni i cnopyau Npu CENCMIYHMX BMAMBAX HE TifbKW Yy BEPTUKANbHIN i rOPU3OHTAmNbHIN
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NOLWWMHaX, a 1 Bif KPYTiHHA. BBaxaeTbCs, L0 came KPYTIHHA B NOEOHAHHI 3 HECNPUATIUBUMU (hakTopaMu, 30Kpema 3
BEPTUKaNbHOK CKMNaf0BO MNOLUTOBXIB, € OCHOBHOK NPUYMHOID KaTacTpOMiuHUX pyitHyBaHb Npu 3eMneTpycax. Po3rnaga-
I0TbCSA OCHOBHI NpoBremu cucTemm Bibpocencmosaxucty Byaisenb i Cnopysd 3a 4ONOMOrO enactoMepHux bnokis, siki
XapakTepu3ytoTbCa BUCOKOK BEPTUKANBbHOK XOPCTKICTIO, HU3bKOK XXOPCTKICTIO HA 3CYB, BUCOKOK AMUCUNALlEd eHepril |
3AAaTHICTIO O LIEHTPYBaHHS BEPTUKANBHOTO HABAHTAXEHHS; MAKOTb BUCOKY HAZIMHICTb i BIACYTHICTb PU3NKY panToBoi Bid-
MOBU. BrknaaeHo pes3ynbTatit CTaTUYHNX | AMHaMIYHUX BUNPobyBaHb NapaMeTPUYHOTO psay enactomepHux 6nokis Ans
3aXuCTy XWUTNoBMX ByauHKIB Big BibpaLin. Po3rnsgaeTses KOHCTPYKLUis nani 3 Bibpoi3onioumnmm rymoBimm onopamu. Po-
3rNaaeTbCs po3paxyHOK eNnacToMepHUX BII0KIB Npu CTaTUYHOMY CTUCKY. [LOCimKyI0TECS KOMMOHEHTU HanpyXeHo-aedo-
PMOBAHOr0 CTaHy TOHKOLLAPOBMWX eneMeHTiB. MpoBeaeHO po3paxyHOK BEMNYMHM CTUCKY TOHKOTO FyMOBOTO LUapy Nif Aieto
BepTUKanbLHO NpuknaaeHoi cunu. Mpu yncensHOMY po3paxyHKy cnabka CTUCNMBICTb fyMWU MOZentoBanacs 3a LonoMOrow
MOMEHTHOI CWNK KIHLEBOTO eNeMeHTa AN cnaboCcTUCnMBYX MaTepiani, sika nonsrae B NOTPINHMIA anpokcumallii nonie
nepemiLLeHb, KOMNOHEHT AedopmaLlinn Ta doyHKLi 3MiHK 06cary. YucenbHe pilleHHs OTPUMAHO METOAOM KiHLIEBKX ene-
MEHTIB ANS Pi3HNX CMiBBIAHOLLIEHb paiyCy | TOBLUMHM B Pa3i reOMETPUYHO HENIHIHOIO NPYXHOTO | B'A3KOMPYXHOro Aedo-
pMyBaHHS. [eOMeTpuyHa HeMiHINHICTb onucyBanacs 3a JONOMOrow TeH30pa HeMiHinHWX dedopmallii. [ns mogentoBaHHS
B'A3KONPYXHUX BMACTUBOCTEN ryMU BUKOPUCTOBYBanW CnaakoBy Teopito bonbuLmaHa-BonbTeppa 3 f4poM penakcali
t0.H. PaboTHoBa. HeniHiiHi Kkpaiiosi 3agaui BupilyBanucs moamdikosaHum metogom HetoToHa-Kantoposuya. [ocni-
[PKEHO BMMB reOMETPUYHOT HEMIHIMHOCTI | B'A3KOMPYXXHWUX BNACTUBOCTEN NYMU HA BEMUYMHY OCIAaHHS TYMOBOTO LUapy.

KntouoBi cnoBa: BiGpoceicmosaxuct Oyaisenb i cnopyg, Bibpoi3onaTop, CTaTuyHi Ta AMHaMIYHI SOCTIDKEHHS, po-
3paxyHok BibpoisonaTopis

AHHOTauMA. AHanm3 MMPOBOIN NPaKTUKM BUOPOCEMCMO3aLLNTLI 30AHUIA U COOPYKEHNIA MOKA3bIBAET, YTO CUCTEMbI C
NCMONb30BaHMEM 3M1aCTOMEPHBIX BrIoKOB ABNSAOTCS Haubonee NepCnekTUBHLIMIA C TOYKM 3PEHNS CTOMMOCTM U dhdpek-
TMBHOCTW. YKa3aHHble CUCTEMbI NO3BOMIAKOT 3ALMUTUTb 34aHMS 1 COOPYXEHUS NPY CEACMUYECKUX BO3LENCTBUSX HE TOMBKO
B BEPTUKANbHON W FOPU3OHTANBHOM MAOCKOCTSX, HO W OT KpyyeHus. CUnTaeTcs, 4TO UMEHHO KpYYeHUe B COYETaHUM C
HebnaronpuaTHLIMM (hakTopamu, B YaCTHOCTM C BEPTUKAmNbHOM COCTABNSIOLLEN TONYKOB, ABMAKOTCA OCHOBHON NPUYKUHON
KaTacTpoMUECKMX Pa3pyLUEHUIA NPU 3eMNETPSICEHNSIX. PaccmMaTprBaloTCs OCHOBHbIE NPOONEMbI CMCTEMbI BUOpOCeN-
CMO3aLLMTbI 30aHMIA 1 COOPYKEHWIN C MOMOLLbIO 3N1aCTOMEPHBIX 61OKOB, KOTOPbIE XapaKTEPK3YI0TCS BbICOKON BEPTHKAmb-
HOWN XECTKOCTbIO, HU3KOI XECTKOCTBIO Ha CABWT, BHICOKOM AMCCMNALIMEN SHEPTUM N CTIOCOBHOCTBIO K LIEHTPUPOBAHMIO BEp-
TUKaNbHOW Harpysku; 06naaaloT BbICOKON HAAEXHOCTLIO W OTCYTCTBMEM pPUCKa BHE3ANHOro 0TKasa. M3noxeHbl pesynb-
TaTbl CTATUYECKUX U AMHAMWYECKMX WUCTIbITAHWIA NapaMeTpUYecKoro psaa anactoMepHbIX BI0KOB ANs 3alMTbl KUMbIX
3AaHui oT BUOpaumin. PaccMaTpuBaeTCs KOHCTPYKLMS CBau C BUOPOM3ONMPYIOLLMMI PE3MHOBLIMY onopami. Paccmatpu-
BAETCS PacyET aacToMepHbIx 6rI0KOB Npu CTaTUYECKOM CxaTuu. ViccneayoTcst KOMMOHEHTbI HAaNPSHKEHHO-AEPOPMUPO-
BaHHOIO COCTOSIHUS TOHKOCTOMHbIX 9NeMEHTOB. [poBeAEH PaCHET BEMNYMHBI CXaTUs TOHKOTO PE3UHOBOTO Crlost NOA Aer-
CTBMEM BEPTUKAINbHO MPUAOKEHHOM cinbl. [pn yncneHHOM pacuéTe cnabas CKMMaeMOoCTb Pe3nHbl MOLEeNMpoBanach ¢
MOMOLLbKO MOMEHTHOW CUIbl KOHEYHOTO 3f1eMeHTa Anst cnabockrMaeMbix MaTepuarnoB, KOTOpast 3aKto4aeTcs B TPONHOM
annpoKcuMaLuy Nonemn nepeMeLLeHN, KOMMNOHEHT aedhopmaumii 1 yHKUMM 3MeHeHus obbEma. YncneHHoe peLleHmne
NONy4yeHO METOOOM KOHEYHbIX 3MIEMEHTOB A1 Pa3fMyHbIX COOTHOLLEHUI pagnyca U TONLWWHbI B CRyvae reoMeTpUieckm
HEMNUHENHOrO YNpyroro 1 BA3KOYNpyroro AedopM1poBaHus. eoMeTpUYeckas HEMMHEMHOCTb OMKCHIBaNach C MOMOLLbK
TEH30pa HEeNUHENHbIX Aedhopmauuit. Ong MogenupoBaHus BA3KOYNPYrinx CBOWCTB Pe3nHbl MCMONb30BaNu HacneCTBEH-
Hyto Teopuio bonbLmaHa-Bonbteppa ¢ sapom penakcauumn KO.H. PaboTHoBa. HennHemHble kpaeBble 3agaym peLlanmch
MOAUULMPOBaHHLIM METOLOM HbtoToHa-KaHToposnya. KccnenoBaHo BnsiHUE reOMETPUYECKON HENMHEHOCTM U BS3-
KOynpyrux CBOWUCTB PE3UHbI HA BEMUYMHY OCaJKW PE3UHOBOTO CrOS.

KntoyeBbie crnoBa: B1bpocericMo3allmTa 30aHui 1 COOpYXeHuit, BUOpoU3onsaTop, CTaTMdeckue u AMHaMuyeckue
uccnenoBaHus, pacyéT BMOPOU3ONITOPOB
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