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Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
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most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacbl ¥nmmebiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibiIMOap Cepusicbl” fbinbIMU XypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapnaldbl. byn uHdekcmeny
b6apbicbiHOa Clarivate Analytics kommnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke Kabbinday moceneciH
Kapacmebipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHaObl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramOacmabiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMdap 6olbiHWa KOHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu u mexHU4eCKUxX
Hayk» bbln npuHsam 0Onsa uHdekcuposaHusi 8 Emerging Sources Citation Index, obHoeneHHoul sepcuu Web
of Science. CodepxaHue 8 amomMm uHOeKkcuposaHuU Haxodumcsi 8 cmaduu paccMompeHuUsi KomnaHueul
Clarivate Analytics Ons OanbHeliweao npuHsamus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadecmeo u enybuHy KoHmeHma Ons uccriedosameriel, asmopos, u3damernel U y4dpexoeHud.
BknoyeHue Useecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpupyem Halwy NpueepXeHHOCMb K Haubonee akmyasbHOMY U 8/1USIMESIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam Orisi Hawezao coobujecmea.
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VIBROSEISMIC PROTECTION OF BUILDINGS AND STRUCTURES
AGAINST NATURAL AND TECHNOGENEOUS DYNAMIC IMPACTS

Abstract. In this article, the authors analyze results of their long-term researches on protection of buildings and
structures against dynamic loads caused by the nature and/or human activities. They also give the grounds for
necessity to provide vibration insulation of buildings, and show how to choose and calculate proper parameters for
rubber vibroseismic insulators. Specifics of finite element method applied for static calculating the vibroseismic
insulators is also described. In order to take into account weak compressibility of rubber, a moment finite element
scheme was used, which assumes a triple approximation of the displacement vector components consisting of strain
tensor and volume change function. Stress-strain state of the shock absorbers was determined for different standard
sizes and diameters. The authors also describe two variants of calculation depending on the method of fixing the
insulator’s ends. In the first case, the ends are vulcanized to the metal plates. In the second variant, the ends are free
and can move in a horizontal plane. Influence of ratio of the shock absorber height and radius to the strain state of a
structure was also analyzed. In order to determine factual levels of the soil and pile vibration (in two horizontal and
one vertical directions), vibrodynamic studies were carried out. The obtained vibration signals were registered by the
one-component vibration transducers 731A (vibration sensors) produced by the Wilcoxon Research company (the
USA). Then, the vibration records were processed by the specialized program “Seismic Monitoring”. Based on the
results of these studies, numerical calculations were performed in order to determine whether the predicted levels of
the residential building vibrations are in compliance with the existing sanitary standards when exposed to real
technogeneous loads. Vibrodynamic tests on vibration acceleration levels of the vibration-insulated reinforced
concrete slabs and floors in residential building confirmed high effectiveness of the used vibroseismic insulation
system with the rubber elements: the registered vibration acceleration levels in the residential building on all floors
did not exceed acceptable levels set by the sanitary standards, and ensured comfortable living conditions under
different dynamic impacts. The results of this work make it possible to design buildings with anti-seismic protection
by using the designed rubber elements in accordance with the local conditions of the city of Almaty.

Key words: shock absorber, vibroseismic isolation, finite element method, sanitary standards.

Preface. The considered system of vibroseismic insulation consists of non-linear elements with high
dissipative properties; it includes structures, which limit drift of the upper part of the building, and is
resistant to wind loads.

The vibroseismic insulation significantly reduces not only dynamic loads, but also horizontal
interstorey drift (wraps), and, therefore, significantly diminishes damage of the building supporting
structures, cuts economic losses and provides comfortable living conditions for people. As a rule, all these
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advantages are provided at the design stage in accordance with national regulations. For example,
according to the Ukrainian norms [1], when designing buildings with vibroseismic insulation, in addition
to spectral calculation, it is also necessary to calculate dynamics by accelerograms obtained at the
construction site. Similar provisions are fixed in the building codes of the Republic of Kazakhstan, which
are also based on the European standards.

The authors of this work were among those who developed a lot of national regulatory documents
among which is the National Construction Standard /IbH B.1-12:2014 “Construction in Seismic Regions
of Ukraine”, which is harmonized with Eurocode 8 “Design of Structures for Earthquake Resistance (EN
1998—1: 2004 Eurocode 8). These documents include the section “Design of Seismoinsulation Systems”
enabling to design vibroseismic-resistant structures with a specified level of safety.

The purpose of this work was to calculate and validate parameters of the vibration insulation system
for buildings and structures under dynamic effects caused by the nature and human activities. For the
conditions of the city of Almaty, this technical solution of seismic insulation based on the rubber elements
is innovative.

Grounds for necessity in vibroseismic protection of buildings under natural and technogeneous
dynamic impacts. Let's consider vibroseismic insulation of a residential complex in the city of Lviv
(Ukraine) at the address: Pid Dubom street, 26, located in a zone with dynamic impact of freight and
passenger trains. This residential complex consists of three sections (6, 10 and 13 floors), each section is
built on its own vibration-proof pile foundation. In order to resist to the dynamic impacts of the railway
trains, foundations of the buildings were made in the form of monolithic reinforced concrete grillages on a
pile foundation (cross section of the piles is 350%350 mm); thickness of the pile foundation grillages in the
six-storey section is 600 mm and 800 mm in the rest sections.

Results of the full-scale dynamic studies at the construction site at a distance of 15-22 m from the
railway showed the following: in case of no anti-vibration protection system, predicted excess of
permissible vibration acceleration levels of the building floors was from 6 dB to 12 dB (2-4 times higher
than the sanitary standards) in the octaves of 8 Hz, 16 Hz, 31.5 Hz, 63 Hz. In order to ensure comfortable
living of people, normalization of vibration acceleration levels is given in the norms described in [1].

For reducing vibration levels of the buildings, an anti-vibration protection system was installed: a
rubber vibroseismic insulator with diameter of 340 mm and thickness of 50 mm was installed on the head
of each pile before concreting the slab of the grillage. In order to protect the structures of the grillage and
cellars of the buildings against horizontal and vertical vibrations of soil, the designed system for vibration
insulation consisting of polystyrene plates with thickness of 100 mm is installed between the external
surfaces of the foundation slab, walls of the underground storeys and backfill soil.

These innovative anti-vibration systems are very effective for buildings: the calculated frequency of
the building intrinsic vertical vibrations is 3.8-4.7 Hz, which is 3-12 times less than the frequency of the
soil forced oscillations (15-80 Hz) when exposed to effects of the railway trains; levels of the floor
vibration do not exceed permissible sanitary norms for the residential buildings [1] under seismic
overloads (determined at 6 points); the calculated safety factor against overturning of the buildings is from
5.4 to 16.5, and at wind loads, the safety factor is from 101.6 to 196.6.

Experimental studies and calculation of elements for anti-vibration protection of buildings and
structures. The solid cylindrical rubber elements made of natural caoutchouc were used as components of
the system for anti-vibration and anti-seismic protection of buildings and structures. In view of practical
use, calculations were performed, design and method of the elements installation were patented, design
documentation was developed, and four types of samples — with diameter of 340 mm, 400 mm, 420 mm
and 500 mm and height of 50 mm — were manufactured and tested. The following tests were carried out:
static testing of their compressive and shear stiffness at various loads; and dynamic testing of stiffness and
dissipative characteristics. The test procedure is presented in details in [2].

Both analytical and numerical methods are used for calculating the vibroseismic insulators. Among
the numerical methods, method of finite element stands out due to its universality and adequate accuracy.

Let’s consider specific aspects of applying this method for static calculation of the vibroseismic
insulators. In order to take into account the rubber weak compressibility and to eliminate some other
disadvantages of the traditional finite element method, a moment finite element scheme was proposed for
weakly compressible materials [3]. Its effectiveness for calculating rubber shock absorbers is shown in [4].
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Let’s consider a spatial hexagonal finite element with a linear approximation of displacements.
According to the moment scheme for weakly compressible material, stiffness matrix for each separate

element will be represented in the global Cartesian coordinate system Ozzyzy in the form of [5]:
[k =] k& T+ [KE ], (K,m'=1,...,3)

where we have shearing component .
(ks =L T Lo e A o
and spherical component of the stiffness matrix
(k) =Lall 1 T [ T o

where matrices of elastic constants, which take into account metric of finite element and describe shearing
and bulk properties of the material, are determined, respectively, as:

[Hgklj - I.[Izugikgjl {\V}T {\y}\/gdxldedJ%,
-1-1-1 (4)

111
[HS] = J‘J-J.}“{\V}T {W}\/gdxldxzdxza
—1-1-1 (5)
where {P} = {1, x;, x5, X1 X5, X3, X1 X3, X3X3, X1 X3X3} is vector of power functions, g’ and g are
components and determinant of metric tensor of the finite element coordinate system Ox;x,X3,
(i,j =1, ...,3), and y, 4 are the Lamé constants.
Let’s determine matrix [A] in the relations (2) and (3) by using various representations of the
displacement vector components in the global coordinate system. On the one hand, according to the
moment scheme, we have the expansion of displacements in a series of power functions:

T
Uy Z{W}{@k'} > (6)
where {w,} = {wl(ﬁoo)’wl(joo)’wio’lo)’wf(llm)’w,(ﬁm)’w}({1,01)’w’(311)’w’({1’11)} is vector of displacement

expansion coefficients.
On the other hand, displacements of any point of the body are determined through the shape functions
and values of nodal displacements:

T
up ={N, Hut} 7)
here {ui,} = {us,),ugcz,),uf,),/ug,),uf,),ugﬁ),ug),ug),} is vector of nodal displacements,

{N.} = (N;, N,, N3, N4, Ng, Ng, N, Ng) is vector of shape functions. The shape functions for the hexagonal
finite element are described in the local coordinate system by the relations:

1
NL(xl, Xy, x3)=§(1+xle)(1+x2xf)(1+x3x3L), ®
where xl-L is the i-th coordinate of the Z-th node in the coordinate system of the finite element; i = 1, 2, 3;
L=1,...8.
By comparing expressions (6) and (7) with allowance for (8), we can express matrix of transition [A4]
from power functions {} to the shape functions {N, }, so that the following relation can be realized:

T
(o, =141 {u}}. )
Matrix Fi’;’ should be formed in such a way that, when constructing the stiffness matrix (2),

components of the strain tensor can be represented as an expansion in a power series in the following
form:

___(000) (010), (010) (001), (001) (o11),, (011)
En=e te VY e, Vo te Yo,
___(000) (100). (100) (001), (001) (101, (101)
€n =6 tep Yo te, YT te, Yo,
(000) (100). (100) (010), (010) (110), (110)

€3 =63 ey Yo te; Y te Y,
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(000) (001),  (001)
€y = te, Vo,
(000) (100) (100)
€3 = tey Yo, (10)
where e P9 are the coefficients of deformation decomposition determined by w(uvn)

ij
Matrix Fe , Which is part of the (3), is formed in a similar way. According to the moment scheme, the
volume change function is determined by the relation:

{e}:{é}T {\V}’ (a1

where expansion coefficients of the vector {£} are determined

(0+B+7)
glon) _ 0 ;& |

(8x1 )Ol (6x2 )B (0x3 )Y

X=X, =x3=0 ( 1 2)
through the strain expansion coefficients

;‘;(aﬁv) aBV g +e (apy) g _l_e(aﬂy)g )

13)
In the end, we can represent vector {&} through the vector of displacement expansion coefficients w,:
(g} ={F"Ho,}. (14)

Based on the described approach, a study of the stress-strain state of a number of sizes of shock
absorbers of different diameters was performed.

Dimensions of the shock absorbers were: height £ =0.05 m, radius R=0.17 m; 0.20 m; 0.21 m;
0.25 m; mechanical characteristics of rubber: elastic modulus £ = 5.38 MPa, Poisson’s ratio v=0.49.
Subsidence for all shock absorbers was accepted as A =0.005 m. Here, two calculation options are
presented depending on the method of fixing the absorber’s ends. In the first case, the ends are vulcanized
to the metal plates. In the second variant, the ends are free and can move in a horizontal plane.

The maximum buckling of the shock absorber’s lateral surface is shown in figure 1. While analyzing
this characteristic, one can see manifestation of the rubber weak compressibility. With a greater //R ratio,
axial strain is compensated by radial deformation, the maximum value of which is greater in the case of
the fixed ends than with free ends. In case of the free ends, shape of the deformed lateral surface is close
to cylinder, and with the fixed ends it takes a barrel-like shape. This is true for any /4/R ratios; though, in
the second case, the less is this ratio the more pronounced is the barrel-like shape.

0,0125
rd
~
T d
rd "
/
0,0100 —
—
rd
rd
rd
0,0075
0,0050
0,15 0,18 0,21 0,24 0,27
R, m
— fixed ends, ------- — free ends

Figure 1 — Buckling of the shock absorber’s lateral surface

Technical solution and installation of the VSB. The designed vibroseismic insulating blocks are
made in the form of solid or hollow rubber or rubber-metal elements, usually, base of the rubber is natural
caoutchouc. In Ukraine, the VSB with diameter from 340 mm to 500 mm and height of 40-50 mm are
used. In this research, their geometric parameters, as well as compressive and shear stiffness, were
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determined by the results of the calculation of the vibroseismically-insulated building. Rubber with
maximum damping characteristics was chosen; when analyzing the rubber compounding, special
ingredients were used (protective groups, antiagers, modifiers, etc.), which increase the VSB resistance to
aging.

There are two ways for insulating buildings from vibration: to install the VSB at the level of the pile
grillage (figure 2); or to install them in the basement of the building. In both cases, the upper part of the
building, being under dynamic loads of natural and technogeneous character, is separated from the soil by
the vibration insulators.

4 v Bottom reinforcement

[ ,‘3 3" 4 grillage
{ / LW | A/
[/ A\ //' / /mﬂic film
i \__, <+ LTIt E
N o ef o &
1 //
TSSERONnaN . R&)Q ko o _ ................... X _
15 7 Bottom of the pif
2 o 1 .

Leveling cement-sand layer /

Reinforced concrete pile / [

Figure 2 — Installation of the VSB at the level of pile grillage

One of the variants of the VSB installation on the pile is shown in figure 2: 1 — rubber VSB mounted
on top of the pile head; 2 — a layer of expanded polystyrene; 3 — steel pipe; 4 — O-type rubber inserts
placed between the reinforcing bars and the pipe: they improve damping characteristics of the
vibroinsulation system and facilitate the grillage plate to drift relative to the pile.

This system for vibroseismic insulation of buildings and structures [6] has a number of important
advantages: no resonance vibrations of the buildings are occurred during earthquakes or dynamic impacts
of technogeneous character with spread or narrow-band acceleration spectrum; dynamic loads on the
building are double less and even more; upper part of the building is protected from uneven subsidence of
the foundation; natural frequency of the building’s vibrations is 5-7 Hz at vertical oscillations and less
than 1.0 Hz at horizontal ones; high damping ability of the protection system makes it possible to filter
harmful vibrations in the wide frequency range; installation of vibroinsulators at the grillage level does not
require additional fire protection and creates favorable conditions for making process of the rubber aging
essentially longer.

Future trends of constructing buildings and structures with anti-vibration protection system.
The main reasons for growing use of seismic insulation in the high-rise buildings is the necessity to reduce
seismic loads (up to twice, i.e., by one point by the Ukrainian and EU seismic scales), to minimize relative
horizontal interstorey drifting (wraps of the storey slabs) and, as consequences, to reduce consumption of
materials, extent of structural damages and economic losses and to provide comfortable conditions for
people during the earthquakes or under the effects of surface and underground transport (railway, subway,
vehicles, vibrointensive equipment, etc.).

These factors present significant interest for investors and customers. According to the calculated
data of departments for seismic resistance and economic researches in the State enterprise “State research
institute of building constructions”, it is possible to save from 35 thousand to 50 thousand US dollars per
multi-storey (9-27 floors) residential house equipped with the seismic insulation due to the less
consumption of concrete and reinforcement steel.

According to the State enterprise “State research institute of building constructions” and other literary
sources, vibro- and seismic insulation allows to:

— prevent destruction of buildings and structures during earthquakes and under industrial impacts;

— cut the estimated costs of construction by 3-6 %;

— reduce material consumption for buildings and structures up to 10 %;
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—reduce labour-intensiveness of construction by 4-6 %,

— expand the scope of typical series through developing regions with high seismic risk and increase
height of the buildings with using the same structures.

In Ukraine, sixteen buildings were built and commissioned, including in Kiev: a ten-storey complex
in Kikvidze street consisting of ten buildings with the system of vibroseismic protection against the
impacts of trains of shallow-bedded underground railway, and complex of three twenty-storey buildings
with the system of vibroseismic protection against the impacts of underground trains and surface transport
in the Obolonskiy avenue (figure 7); in Lviv: a complex of three buildings with vibroseismic protection
against railway transport in the Pid Dubom street. Construction of two 27-storey buildings with protection
against the earthquakes has launched in Odessa, in the Genoese street (Odessa is located in the prone-to-
earthquake zone due to the proximity to the Vrancea zone in Romania).

The test results indicate that the system of the building’s vibroseismic protection against vertical
vibrations in the whole and horizontal vibrations (at the level of the pile grillage) provides comfortable
living conditions under dynamic impacts of subway trains, wind loads and microseismic vibrations. The
results of this research can be used for designing high-rise buildings in the city of Nur-Sultan to protect
them against excessive wind effects, and in designs of high-rise buildings in the city of Almaty with
location near tectonic faults. For calculating seismically insulated systems with considering regional
specificity, the calculation method [7,8] can be used. It is also recommended to arrange stations of
engineering-seismometric service in the high-rise buildings [9,10].

The designed seismic insulation can also be used for reconstruction and reinforcement of buildings
and historical and architectural monuments located in seismic hazard zones. In this case, the following
advantages are obvious:

Use of the seismic insulation in the basement of the building preserves appearance of the building
without destroying its architectural features;

Volume of works on reinforcing the upper isolated part of the building is significantly reduced: just
the minimum design measures are to be performed in the aboveground part of the building, according to
the requirements of the standard DBN B.1.1-12:2014;

When exposed to a calculated earthquake, reliability of the seismically insulated building is much
higher than of buildings with traditional reinforcement; this is due to the fact that seismically insulated
building stands significant deformation without structural damages during the seismic impact, while in
building with traditional reinforcement, it is impossible to avoid crack formation and structural damages.

The designed vibration and seismic insulation is also recommended for repairing and restoration of
historical monuments, hospitals, banks and other critical structures erected ages ago [11].

A. @. Byanar!, A. C. Ko6en?, B. . Ipipaa’, B. A. Jlanun®, C. H. I'pedeniok?,
H. W. Jlucunal, H. I'. Mapnenkos®, I'. H. Araasnos’, E. B. Kaarankos?

'VkpauHna YJITTHIK FBUIBIM aKaJIeMHUSACHIHBIH [ €0TEXHUKAIIBIK MEXaHUKA MHCTUTYTHI, JlHenp, YKpanHa;
2JlHenp MEMIIEKETTIK arpapiblK-3>KOHOMUKAIIBIK yHUBEPCHTETI, JIHenp, YkpaunHa,
3«Ka3ak KypBUIBIC XKOHE CIYJIET FRUIBIMU-3EPTTEY JKoHe sxK00anay nHCTHTy Ty AK, AnMatsl, Kazakcran;
43a10p0KbE YITTHIK YHUBEPCHTETI, 3aII0POKbE, YKPAUHa;
3« KypBUIBIC KYPBUIBIMAAPEI MEMIIEKETTIK FBUIBIMU-3€PTTey HHCTUTYTED PMKK, Kues, Ykpanna

FUMAPATTAP MEH K¥PBLIBICTAPJIbI IPLIII CEUCMUKAJIBIK TABUF U )KOHE
TEXHOTEHAIK CUITATTAFBI JIUHAMUMKAJIBIK 9OCEPJIEH KOPFAY

AHHOTanmsi. Makanaaa FuMaparTap MeH KypbUIbICTap/bl TAOUFH )KOHE TEXHOTCHAIK CUIIATTarbl INHAMHUKAIIBIK
JKYKTEMENEpJIeH KOpray >KOHIHJErl KOIDKBUIABIK 3epTTEeYJIEpIiH HOTIXKeIepl KapacTelpbuiansl. Fumaparrapabi
JUpiT OKIIaysay KaKETTUIIrHIH HeTi3ZeMeci, mapamMeTpiepli Tanaay )KaHe pe3eHKe Pl OKIIayJIaFbIITapblH ecem-
Tey YCHIHBUTFaH. J{ipiii ceiCMUKAITBIK N30JIATOPIAPIBI CTATUKAIBIK €CETTEY YIIiH aKbIPIIBI 3JIEMEHT SJIiCiH KOJIJaHy
epeKIIeNiKTepl KeNTipireH. Pe3suHaHBIH 9JCi3 KBICBUIYBIH €CKEepy VINIH IITaMM TEH30pHl MEH KOJIEMHIH e3repy
(GYHKUMSCHIH KYpPaWTBIH OpPBIH ayBICTBIPY BEKTOPBIHBIH Kypampaac OeNiKTepiH YII ece >KaKbHAATylaH TYPaThIH
aKBIPJIbI DJIEMEHTTIH MOMEHT CXEMAacChl KOJAaHBUIABL. TYypITi IuaMeTperi aMopTu3aTopiapIblH OipKaTap CTaHAapTThI
eINIeMIepiHiH KepHeyi-aedopMarmsianFal Kyii ansiktanael. llerrepin OekiTy omiciHe OailaHBICTHI €Ki ecenTey
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ozici ycbIHbUTFaH. BipiHii xarFmaiina, yirapsl MeTalul IUIMTANIApFa ByJIKaHU3aLusianFal. ExiHmineH, ymrapsl 60c
KOHE KOJIZICHEH JKa3bIKThIKTA KO3FaJybl MyMKiH. AMOPTH3aTOPbIH OUIKTIrI MEH OHBIH PaJIMyChIHBIH apaKaThIHACHI
KYPBUIBIMHBIH JIedopMalMsjianFal KyiiHe ocepi TayigaHazpl. TOmbIpaK IMEH KagalapblH HAKTHI JIPiT JACHrCHiH
aHBIKTay YIIIH (€Ki KeJieHeH »oHe Oip Tik OarbiTTa) BUOPOAMHAMUKAIBIK 3epTTeysiep kypriziimi. [ipin curnan-
napeiH Tipkeyai «Wilcoxon Research» (AKII) kommnanusicbiHan 731A Mapkanbl Oip KOMIOHEHTT] JipUIIETKILITED
(mipin nmarumkrepi) >xyprizmi. ipin skazbamapbl MamaHmaHABIpbuUIFaH «CeliCMOHOMOHUTOPUHI» OarnapiamMachiH
naiinanany apkbutel eeini. OCel 3epTTeyepIiH HOTHKeIepl OOMBIHIIA HAKTHI TEXHOTEH/IIK )KYKTEMeNep dCepiHeH
TYPFBIH Yi-kKainapaarsl 00KaMIIbl TPl JEHTeHiHIH KOJIIAHBICTAFbl CAHUTAPIIBIK HOpMaJIapFa COUKECTITiH aHBIKTay
YIIiH CaHIBIK ecenTey Kypri3inmi. JipiMen oKiraynanFad TeMipOeTOH TUIMTackl MEH TYPFBIH YH eJeHIepiHiH Aipii-
YACTKIIl ChIHAMAJIapbl PE3eHKE JJIEMEHTTEPIH KOJJaHa OTHIPHII, Mipill-CeHCMUKAIBIK OKIIAyNay JKYHECiHIH THiM-
TUTITiH Aoenae i: Typii KadaTTapaarsl TYPFBIH YH-Kaimapaarsl TIpKENTeH Tipia YACYiHiH IeHreii KaXeTTi JeHre-
JIeH acraiinpl, Oy JTUHAMHKAJIBIK 9Cep/iH OOJIybl KarmailblHaa XKalibl eMip cypydl KamTamachi3 ereii. JKymbic
HOTHXKENepi AJIMaThl KaJdaChIHBIH JKEPTUTIKTI jKaFJaibliHa OaiIaHBICThI PE3CHKE JJIEMEHTTEPIH KOJJaHa OTHIPHIIL,
CelfiCMUKaJbIK OKLIAyJIaHFaH FUMapaTTap/ibl )ko0aayFa MyMKIHIIK Oepeti.
Tyiiin ce3mep: aMmopTH3aTOP, AP OKIIIAYJIay, aKbIPJIbI JIEMEHT d/1iCi, CAHUTAPIIBIK HOpMasiap
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BUBPOCEMCMO3AIIUTA 3IAHAA U COOPYKEHHUM OT JMHAMHUYECKOI'O
BO3JIEVCTBUS ITPUPOTHOIO U TEXHOT'EHHOI'O XAPAKTEPA

AHHOTauus. B cTatbe paccMOTpeHbI pe3ysIbTaThl MHOTOJIETHUX UCCIIEN0BAHUM 1O 3allUTE 30aHUI U COOpYyXKe-
HUHA OT JMHAMUYECKHX HArpy30K HNPHUPOJHOTO M TEXHOTEHHOro Xapakrepa. IIpencraBieHo oOocHOBaHHME HE0OXO-
JMMOCTH BHOPOCEHCMOM3OIISIINY 3/1aHWH, BBIOOp MapaMETpPOB M PacuéT PE3NHOBBIX BHOPOCEHCMOM3OISATOPOB.
ITpencraBneHsl 0COOEHHOCTH MPUMEHEHHS METOa KOHEUHBIX 3JIEMEHTOB AJIsI CTATHYECKOTo pacyéra BUOpoceicMo-
n30isITopoB. st yuéra caboil CKMMaeMOCTH PE3MHBI HCIIOIb30BAJIACh MOMEHTHAsI CX€Ma KOHEYHOTO 3JIEMEHTa,
KOTOpasi 3aKJIF0YAeTCsl B TPOMHOM anmMpOKCHMAIlMM KOMIIOHEHTOB BEKTOPA MEPEMEIIEHUH, COCTaBIISIOINX TEH30pa
nedopmanuii M GyHKIMK n3MeHeHHs 00béMa. OnpeeneHo HanpsHKeHHO-1e(OPMUPOBAHHOE COCTOSIHUE Psijia THIIO-
pa3MepoB aMOPTHU3aTOPOB pa3lIMuHBIX JuamMeTpoB. [IpeacraBieHo 1Ba BapraHTa pacuéra B 3aBUCHMOCTH OT CIOC00a
3aKperuIeHus TOpIOB. B mepBoM ciiydae TOpIbI MPUBYJIKAaHU3UPOBAHBI K METAJUIMYECKUM IUTacThHaM. Bo Bropom
TOPIIBI CBOOOZHBI M MOTYT IepeMEIIaThCsl B TOPU3OHTAIBHOM INIOCKOCTH. [IpoaHaIn3upoBaHo BIMSHHE COOTHOILE-
HUSI MEXJTy BBICOTOH aMOpTH3aTopa U ero paanycoM Ha 1eopMHpPOBAHHOE COCTOSIHUE KOHCTpYKLMH. [ljis orpene-
neHusi (paKTUYECKHX YpPOBHEH BMOpaluii MOYBBI M CBal (1O ABYM TOPH3OHTAIBHBIM M OJHOMY BEPTHKAJIHLHOMY
HaTpaBJICHUSAM) OBUTH TPOBEICHBl BHOPOMMHAMUYECKHE HWCCIIEAOBAHMs. Permcrpanuss BHOPOCHTHAJIOB OCYIIE-
CTBISIIACH OJTHOKOMIIOHEHTHBIMU BHOpOMpeoOpa3oBaTensaMul (HaTanku BuOparmn) Mapku 731A dupmer « Wilcoxon
researchy (CIIIA). OOpabGorka 3ammceil KojeOaHHMA IMTPOBOMMIACH C KCIIOJB30BAHHEM CIECHHAAIN3UPOBAHHON
nporpammbl «CelicMoMOHUTOPHHTY». Ilo pe3ynmbraTaM 3THMX HCCIENOBaHUI BBINOIHEHBI YHCICHHBIE PAcu€Thl IS
OIIpEJENICHUs] COOTBETCTBUS IPOTHO3UPYEMBIX YPOBHEH BUOPALUIA B )KMIIBIX TOMEICHUAX CYILECTBYIOIIMM CaHUTap-
HBIM HOpPMaM IIpH BO3JCHUCTBHM PEaJbHBIX TEXHOTEHHBIX HAarpy3ok. BuOponuHamuyeckue HCHBITaHHS YPOBHEH
BUOPOYCKOpPEHHH BUOPOM30IMPOBAHHON JKEJIC300CTOHHON IUIUTBHI M TMEPEKPBITUH JKUJIOTO JIOMa IOJITBEPIMIN
3 PEKTUBHOCTH CHCTEMBI BHOPOCEHCMOM3OJSIIMKM C MIPUMEHEHHEM PE3UHOBBIX JJIEMEHTOB: 3apErUCTPHPOBAHHBIC
YPOBHU BHOPOYCKOPEHHH B JKWJIBIX IIOMELICHHMSX Ha Pa3HBIX 3TaXKax HE IPEBHILAIOT JOMYCTUMBIX YpPOBHEH MO
CaHMUTAapHBIM HOpPMaM, 4YTO oOecrieunBaeT KOM(OPTHBIE YCIOBHS IPOKMUBAHUS NPH HAJIWYMK JAWHAMHYECKHX
Bo3/eiicTBUi. Pe3ynpTaTel paboThl MO3BOJSIOT NMPOEKTHPOBATh CEHCMOM30JIMPOBAHHBIE 3[aHUS C NPUMEHEHHEM
PE3MHOBBIX 3JIEMEHTOB IPUMEHHUTEIFHO K MECTHBIM YCIIOBHSIM TOpoja AJIMaThl.

KiroueBble c10Ba: aMopTH3aTOpP, BHOPOCEHCMON3OIISNINS, METOL KOHEUHBIX 3JIEMEHTOB, CAHUTAPHBIE HOPMBI.
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