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Abstract. When designing buildings and structures for operation in seismically hazardous areas, constructions of
increased bearing capacity are traditionally used. At present, in Ukraine and abroad, “active seismic protection systems”
have been used, which reduce seismic loads on constructions. Most of the systems belong to the means of kinematic
vibration isolation. Protection against vibration seismic loading is provided by devices located between the construction
(building) and the supporting construction. Vibration isolators of various designs, dampers, dynamic dampers, etc. are
used as such devices.

As vibration isolators, constructions using elastomeric materials, mainly rubber, are most widely used. The use of
elastomeric blocks in the systems of vibration and seismic protection of buildings and structures is characterized by high
vertical rigidity, low shear rigidity, high energy dissipation, they have high reliability and the absence of sudden failure.

Despite significant advances in the design of elastomeric parts, the simplicity of shapes and extensive experience in
their application, constructions with desired physical and mechanical characteristics have not yet been created. In this
regard, fairly simple and accurate calculation methods that can be used at the design stage are of great importance.

The calculation of thin-layer rubber-metal vibration isolators under static compression is considered. The calculation
was performed using the Ritz method for an axisymmetric problem with the assumption that axial displacements do not
depend on the radius of an individual element, but are only a function of the axial coordinate. Experimental verification of
the results obtained was carried out using rubber-metal vibration isolators with a diameter of 200 mm and a rubber layer
height of 5 mm, 10 mm and 20 mm, which were stacked with a rubber mass of 100 mm thick.

Comparison of the calculated and experimental data shows that up to the value of the element radius to height ratio
equal to ten, the stiffness values practically coincide. For thinner elements, the introduction of an appropriate coefficient
is required.

Keywords: rubber-metal vibration isolator, thin-layer element, physically nonlinear medium, compressibility, elastic
potential.

1. Introduction

Seismic protection is an increase in the stability of buildings and structures using
special structural elements to counteract to external dynamic impact without com-
plete destruction and with minimal human casualties.

Seismic vibration isolation systems are designed to reduce the response of build-
ing objects and protect them from earthquakes; they can also be used to protect build-
ings and structures from industrial vibrations, from the dynamic impact of the sub-
way, railway and road transport, as well as from shock waves of an explosive nature.

Seismic isolation is most widely used in Japan, the USA, New Zealand, China,
and Italy. Vibration isolation systems based on rubber and rubber-metal vibration iso-
lators have become widely used in the reconstruction and construction of new build-
ings [1-4]. Most of the publications in these countries are devoted to methods of pro-
tecting buildings and structures using special devices [5, 6]. In recent years, the com-
petition between such devices according to the "price-quality" index, at least for resi-
dential buildings, leans in favor of the use of rubber elements. Therefore, in the
known literature [6—8], the majority of scientific works are devoted to the calculation
of the dynamics of building structures with such elements under various natural and
man-made influences. The calculations of rubber elements are not given enough at-
tention, and the available publications in most cases are recommendatory [3, 5, 7, 9]
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or have cumbersome calculations without sufficient experimental confirmation [10,
11].

At the same time, this problem is quite actual, because the effectiveness and dura-
bility of protective systems significantly depend on the choice of parameters of pro-
tective elements, taking into account the special properties of rubber.

Elastomeric vibration isolators with high bearing capacity (VIHBC) are becoming
more and more widely used in construction. They are packages of alternating layers
of rubber and metal (fig. 1). Due to restricted displacements in the deformed thin
rubber layers of VIHBC, there are zones with a high level of all-round compressive
stresses. As a result, rubber at VIHBC exhibits physically non-linear properties.
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Figure 1 — Scheme of a cylindrical vibration isolator of high bearing capacity

At the moment, in practice, there are no sufficiently simple calculation methods
for the deformation of VIHBC, which allow quantitatively and qualitatively to ade-
quately describe the nonlinear effects observed in experimental studies.

The purpose of this work is to build a calculation algorithm for solving static
problems of determining nonlinear mechanical characteristics of thin-layer rubber-
metal elements.

2. Theoretical part

We consider one layer of rubber, which is a solid cylinder of radius R and height
2h. Let's introduce a cylindrical coordinate system in the center of gravity of the layer
(r, ¢, z). With axial compression of VIHBC by force P, applied to the ends of the vi-
bration isolator, radial u, and axial u. displacements of its layer are restricted by metal
plates vulcanized to the ends of the layer. Considering the axisymmetric problem
(up=0), we assume that the metal layers of the VIHBC are absolutely rigid and do
not deform during its loading.

Using the algorithm presented in [1], let us assume that the axial displacements do
not depend on the radius and are only a function of the coordinate z:

u, = f(z). (1)

Let's write the Cauchy relation for the axisymmetric problem:
ou, ou, u ou. Ou
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where ¢, &, &,— relative linear deformations in the axial, radial and circumferential
directions; &, — shear deformation; u, — radial displacement, m.
The first invariant of the tensor of small strains has the form:

e=¢, +e, +¢, 3)

or, taking into account (1) and (2)

o, +2 4 f(2)=e

or r

This differential equation can be rewritten as

L2 u)=e- f(2)

ror

Integrating it taking into account the boundary condition u, = 0 at » = 0, we get
1 :
”rzz[e—f(z)]r- 4)

Substituting the obtained relation in (2), we come to the expressions for defor-
mations:

b= 1k =5, =ole-rE} e, == rG, ©

The intensity of deformation is calculated using the formula:

euZg\/(é‘r—8(p)z+(8¢—82)2+(82—8r)2+§82 (6)

2zr’

which, taking into account (5), leads to the following:

eu:%\/(e—3f')2+%r2f"2. (7)

The potential energy of the rubber element is expressed as the integral:

11 = ZET }Wrdrdz, (8)
0 —h
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where W is the elastic potential, J/m?.
Following [2], we will adopt the model of an isotropic physically nonlinear medi-
um, whose elastic potential has the form:

PV:54%+—l—k+eyk—d}+%Gé{lH@{e+—iih+ey“—JHy 9)

k k-1 ) U—

where K is the volume expansion modulus of the VIHBC material at small defor-
mations, MPa; G — shear modulus of rubber at small deformations, MPa; w, 1, k —
constants characterizing the properties of a physically nonlinear material along with
K and G [3].

Since for a given load e = const, it is convenient to introduce the following nota-
tions:

Akzé{e+;%TR1+akﬂ_ﬂ} (10a)
Aﬂ:%G{y+%{%+;{TB1+@“”_Q}} (10b)

Then the potential can be rewritten as follows:
W=A+Ae,. (11)

The total energy of the system in this case is equal to:

U=I-PA, (12)

h h
where P is a compressive load, N; PA — its potential, J; A= jﬁgz dz = I f'(z)dz —a
e —h

sag of the rubber element, m.
Considering relations (7), (10)—(12), we obtain for the total energy for this prob-
lem the expression

h

U= [o(f,f"2)dz, (13)

—h

where Qj(f',f"az)=7TR2{Ak+éA{€2—3(2e+ 5P J]f’+9f’2+§R2f"2}

TR’ A,

The condition for the minimum total energy of the system determined by the inte-
gral (13) has the form:
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ob_dod_, (14
of dzof"

>

whence we get a differential equation to determine f(z)

R?
—f"=6f"+2e+ =0. 15
i R4, (1)
Solving this equation, we get:
246 246
=z 0z 1 3P
z)=Ce ® +C,e B +—|2e+ : 16
fe)=¢6 2 6[ ERZAJ (16)
26 246
R = R = 1 3P
z)=C,—=e * -C,—=e ® +—|2e+——|z+C;, 17
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where Ci, (,, C; are the integration constants.

We have the following conditions for determining the integration constants:
1) symmetry condition—at z=0 wu, =0;
2) boundary conditions —at z=+h u, =0.

Then the corresponding conditions for the function f(z) are:

at z=0 f=0; (18a)
at z=xh f'=e. (18b)

From here we find

C,=0. (19)

+g[2e+ 3P Jz; (20)
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The sag of the rubber element is equal

Azjtf'(z)dzzﬁ{le— P }th(zﬁh]+ﬁ(2e+ 3P ) (22)

V6|3 4xR*A, R 3 R’ 4,

To calculate the sag according to this formula, you need to know e, that is, the
relative change in the volume of the vibration isolator. However, calculating the vol-
ume of the rubber layer after deformation is a difficult task, since it is necessary to
specify the shape of the deformed side surface, which cannot be specified in a single
way. The choice of the most accurate shape of the side surface of the vibration isola-
tor after deformation is the subject of further research.

Nevertheless, formula (22) can be used to determine the rubber layer sag in engi-
neering calculations. To do this, it is enough to ignore the compressibility of the rub-

ber, that is, to accept e~ 0. Then A4,~ %G and the stiffness of the vibration isolator

will be equal to

a

a6

J6  a

R . . . ) ..
where o = E is the size ratio of the vibration isolator.

c:f:&mG (23)

3. Experimental part

The purpose of experimental research is to determine the change in stiffness char-
acteristics of rubber-metal elements depending on the ratio of their diameter to
height.

Cylindrical rubber-metal vibration isolators, in which the rubber massif is a cylin-
der with a diameter of D and a height of %,, to the ends of which metal cylindrical
plates are vulcanized over the entire surface, have been subjected to laboratory stud-
ies. The diameter of the metal plates slightly exceeds the diameter of the rubber mas-
sif. Such vibration isolators can be tested both individually and in stacks, stacking
them one on top of the other. In order for the stacks to be stable under compression,
recesses with a diameter equal to the outer diameter of the upper plates are provided
in the lower metal plates, which preserves the alignment of all vibration isolators in
the stack.
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In total, three standard sizes of vibration isolators were tested (fig. 2). All vibra-
tion isolators had a diameter D =200 mm and differed only in the thickness of the
rubber layer £, =5; 10; 20 mm. Before the tests, the vibration isolators were assem-
bled in stacks. The number of vibration isolators with /4, =5 mm was 20 pcs.; with
h, =10 mm — 10 pcs. and with 4, =20 mm — 5 pcs. So, the total thickness of the rub-
ber massif for all standard sizes was 100 mm. All rubber-metal elements were made
of medium-filled rubber type 2959. The research was carried out on a mechanical
press and a hydraulic one of the PR-250 type. Before the tests, all stacks were sub-
jected to training — three times deformation followed by unloading. The holding time
before taking strength and sag readings was 5 min on a mechanical press and 3 min
on a hydraulic press.

Figure 2 — Different sizes of vibration isolators that were subjected to laboratory tests

Fig. 3 shows the obtained dependences of "compression force — sag" for three
types of vibration isolators, where 1 is the thickness of the rubber layer of the vibra-
tion 1solator of 5 mm; 2—10 mm thick; 3-20 mm. As can be seen from the obtained
graphs, the dependence "force — sag" for all types of vibration isolators is clearly non-
linear, and the degree of nonlinearity increases with a decrease in the thickness of the
rubber layer of the vibration isolator.
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Figure 3 — Experimental dependences "compression force — sag

Fig. 4 shows the graphs of changes in the compressive stiffness of vibration isola-
tors depending on the ratio of the radius of the rubber layer to its thickness, obtained
by calculation (solid line) and as a result of experimental studies (dashed line).
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Figure 4 — Dependence of vertical stiffness on the size ratio of the rubber layer
of the vibration isolator

A comparison of the obtained results shows that the calculation of the vertical
stiffness for rubber 2959 according to formula (23) almost perfectly coincides with
the experimental data at the value of R/A<10. For thinner layers of rubber, it is neces-
sary to take into account the compressibility or introduce a stiffness amplification
factor.

4. Conclusions

1. Using the Ritz method, an expression was obtained for the sag of the rubber el-
ement taking into account the change in the volume of the rubber layer, which can be
used specifying the shape of the deformed side surface.

2. To calculate the vertical stiffness of the shock absorber, an engineering formula
is obtained, which gives a good result that coincides with the experiment, when the
ratio of the radius of the element to its thickness does not exceed ten, and should be
refined for thinner elements using a stiffness amplification factor or taking into ac-
count compressibility.
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OBIPYHTYBAHHA MAPAMETPIB TA EKCNEPUMEHTANBHI BOCIIIMKEHHA BIBPOI3ONATOPIB
BUCOKOI HECYYOI 30ATHOCTI
Jlucuys M.1., Hosikosa A.B., 3abonomHa O.1O., Aeanbuyos .M.

AnorTauis. Mpu npoekTyBaHHi byaiBenb Ta cnopya Ans ekcnnyatalii B cencMivHo Hebe3neyHnx panoHax 3a3snyait
3aCTOCOBYHOTHECA KOHCTPYKLT NigBMLLEHOI HeCcyyol 3gaTHoCTi. B gaHni yac B YkpaiHi Ta 3a KOpAOHOM OTpUManu 3acTo-
CYBaHHS! «CUCTEMW aKTUBHOMO CEACMO3axXMCTY», L0 3HUKYIOTb CEACMIYHI HABaHTaXeHHs Ha crnopyau. binbLuicTe cucTem
BigHOCUTbCS A0 3acobiB KiHeMaTUYHOI Bibpoisonsyii. 3axucT Big BibpoceiicMOHaBaHTaXeHOCTi 3abe3nevyeTbes NpUCT-
pOsIMM, PO3TaLLOBaHUMM MixX cnopyaoto (OyaiBneto) Ta ONOPHOK KOHCTPYKLiEK. Y SKOCTi Takux NpUCTPOIB 3aCTOCOBY-
l0TbCS BiBPOI30NATOPM Pi3HUX KOHCTPYKLiN, AeMndepu, AMHAMIYHI raCHUK i T.N.

Y sKkocTi Bibpoi3onATOpiB HANGINBLIOTO NOLWMPEHHS HABYNK KOHCTPYKL 3 BUKOPUCTaHHSM €nacTOMEepHUX MaTepia-
niB, nepeBaxHoO rymu. 3acTocyBaHHs B cuctemax Bibpocencmosaxucty Byaisenb i cnopyn enactomepHnx 6rokis xapak-
TEPU3YETLCS BUCOKOKD BEPTUKASIBHOK XOPCTKICTHO, HM3bKOK XXOPCTKICTIO Ha 3CYB, BUCOKOK AMCUNALlietd eHeprii, BOHM
MalTb BUCOKY HaZiHICTb i BIACYTHICTb panToBOi BiAMOBM.

He3Baxatouu Ha 3HaYHi JOCArHEHHS B rasy3i KOHCTPYIOBaHHS enlacToOMepHUX JeTarner, NnpocToTy (PopM Ta BEMUKMIA
AOCBIf iX 3aCTOCYBaHHs JOCi HE CTBOPEHO KOHCTPYKLIi i3 3agaHnMu Gi3nKo-MeXaHiYHUMM XapaKTepUCTUKamu. Y 3B'3ky
3 UMM Benuke 3Ha4eHHs MarTb JOCUTb MPOCTi Ta TOYHI METOAM PO3paxyHKy, Ski MOXyTb ByTW BUKOPWUCTaHI Ha cTagii
NPOEKTYBAHHS.

Posrnsapaetbcs po3paxyHoK TOHKOLLAPOBUX TyMOMETAnEBHX Bibpoi3onsTopie Npu CTaTUMHOMY CTUCKY. Po3paxyHok
BMKOHAHWI1 3 BUKOPUCTAHHAM MeTogy PuTla Ans 0cecUMETPUYHOT 3aAadi 3 NPUMYLLEHHSM, WO OCbOBI NEPEMILLEHHS He
3anexartb Bifl pafiycy OKpeMoro enemMeHTa, a € nuile (yHKLeo 0CbOBOI KoOpAMHaTW. EkcnepumeHTanbHa nepesipka
OTPUMaHUX pesynbTaTiB BUKOHAHA 3 BUKOPUCTaHHAM ryMoMeTaneBux Bibpoisonstopis giametpom 200 MM Ta BUCOTOH
rymoBoro wapy 5 mm, 10 Mm Ta 20 MM, SIKi CKnaganues y CTomnku 3 TOBLLUMHOK rymoBoro Macvsy 100 M.

[MOpPIBHAHHS PO3paxyHKOBUX Ta EKCepUMEHTAmNbHUX JaHuX Mokasye, WO A0 3HaYeHHs CMiBBIQHOLIEHHS pagiyca
eneMeHTa 10 BUCOTH, LU0 [OPIBHIOE JECATMW, BENMYMHI XXOPCTKOCTI MPaKTUYHO 3BiratoTbesl. [1Ns TOHWMX eNeMeHTiB noT-
pibHe BBEeAEHHS BiANOBIAHOM KoedilieHTa.

KnioyoBi cnoBa: rymomertanesuit BibpoiaonsaTop, TOHKOLIAPOBUI €NeMEHT, i3YHO HeniHilHe cepeaoBuLLe, CTu-
CNUWBICTb, NPY)XHWI NOTEHLian.
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