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Abstract. The paper presents a methodology
and an example of determining the floor response
spectrum of building structures of nuclear power
plants under earthquake loads.

As the critical energy infrastructure facilities
are considered, the issues of regulation and
scientific support for seismic safety are quite
complex. For this class of structures, a
comprehensive approach to the study of the system
(soil-foundation- structure) is required. The type of
foundation and its connection with the base play an
important role.

Existing regulations do not always take into
account the specific features of the foundation, and
the seismic resistance of the overground structure
depends on the behavior of the foundation. For
analyses of critical infrastructure objects, it is
critical to take into account the soil properties and
evaluate the seismicity of the territory. The paper
presents peculiar features for dynamic analysis of
energy infrastructure facilities and the main stages
for analysis of floor response spectra. The paper
demonstrates examples of design models for
buildings and structures of critical infrastructure,
namely, structural solutions for generating a model
of a reactor. A mathematical model for dynamic
analysis is presented. It takes into account both
material damping and soil-foundation interaction
[5]. The analyses apply the direct method of
integrating the equations of motion, including the
mathematical equations from which the min value
of the damping coefficient is determined [6]. As a
method for modeling the interaction between the
base and the structure, the method of equivalent
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CALCULATION FEATURES OF ENERGY
STRUCTURES FOR DYNAMIC
INFLUENCES

The current regulatory standards, specifically
DBN B.1.1.-12:2014 [1], permit the use of a
variety of techniques for dynamic analysis of
structures. They can be conditionally categorized
into three groups: various methods based on
spectral analysis; an approximate method for
taking into account the physical nonlinearity of
structures (Pushover analysis); and analysis by
direct integration of the equations of motion
(Time History Analysis). Additionally, current
regulatory documents assume that the seismic
acceleration of foundations (and the entire
structure) and the base coincide. Experimental
evidence, however, indicates that the
acceleration of soils and foundations can vary by
a number of times.

This can be explained by the fact that not all
of the seismic energy is transferred from the
soil to the foundation.

Due to the peculiarities of the connections
between the foundation and the base, some part
of the disturbance is transmitted. This can
occur for several reasons:

* due to the damping effect (natural or
engineered artificial nature) of the
connections between the foundation and
the base (including through seismic
isolation);

e due to the "slippage" of a horizontal
seismic wave under the foundation
(overcoming friction forces and the
specifics of one-sided connections
between the foundation and the base);

* due to the variation in stiffness and mass
values in the building models (high-rise
and stylobate parts) [13].

In  an earthquake analysis, various
techniques for computer modelling are used to
take into account the different stiffnesses of the
high-rise and stylobate parts of the building.
To determine the floor response spectra of
building structures of nuclear power plants, we
consider the analysis by direct integration of
the equations of motion.

The analysis of floor acceleration response
spectra (FRS) [8]consists of the following
main steps:
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» modelling the interaction between the
foundation and the structure using the
method of equivalent dynamic parameters
[11];

 obtaining nodal accelerograms (NA) as a
result of computing the forced vibrations
of the building due to the action of the
accelerograms;

» obtaining the response spectra of n-
number of nodes as a result of computing
the forced vibrations of linear non-
conservative oscillators under the action
of nodal accelerograms;

» obtaining the envelope of the floor
response spectrum from the obtained
nodal response spectra.

The influence of the foundation on seismic
vibrations of a building has several aspects:

» the foundation transmits the earthquake
load to the structure; the structure, due to
its massiveness and stiffness, has a reverse
effect on the movement of soil, so the law
of seismic vibrations under the foundation
slab differs from the "free field"
vibrations;

* the soil base has its own mass and stiffness
that reduce the free vibration frequencies
of the dynamic system “structure -
foundation™;

e during an earthquake, seismic waves
reflect off the foundation and dissipate on
the base, thereby absorbing a certain
amount of energy.

The influence of the foundation on the
dynamic response of the building depends on
the ratio of stiffnesses. This influence is
negligible for flexible structures, and it is often
assumed that the foundation is undeformed.

Even in relatively stiff soils, the influence
of the foundation is significant on massive,
rigid structures, such as the majority of NPP
buildings.

According to the world practice of taking
into account the interaction of the structure
with the foundation, there are 3 primary
aspects of influence that can be taken into
account when determining the response
spectra of a structure:

o considering the stiffness of the soil-
foundation system, which is implemented
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taking into account the influence of the
base according to the recommendations of
clause 6.4.13 of the DBN [1];

« filtering the soil vibrations, taking into
account kinematic effects in accordance
with recommendations [10], [11];

» removing the energy from the soil-
structure system by radiation of elastic
waves reflected from the structure and
hysteresis losses in accordance with
ASCE recommendations [10], [11].

MODELLING DESIGN MODELS OF
CRITICAL BUILDINGS AND
STRUCTURES

ISSN 2522-4182

For high-risk structures (responsibility class
CC3) and for residential and public buildings
with a height from 735 m to 100 m
(responsibility class CC3), it is important to
know what technical condition the load-
bearing structures and structural elements of
the building will be in under a specified
dynamic or earthquake load [9]. Since building
structures can be quite complex and the
number of installed equipment is quite
significant, it might be challenging to simulate
the design model of a building or structure.

In accordance with the technical
documentation, 3D design models are
generated to perform finite element analysis
using software systems.

Fig.1. Design model of the reactor (section)

Puc.1l. Kommr’rotepHa po3paxyHKoBa MOJIENb peakTopa (po3pis)
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DESIGN SOLUTIONS FOR THE
REACTOR

The foundation part of the reactor is a rigid
reinforced concrete box structure with
dimensions of 66.00x66.00m in plan and a
height of 17.4m from the -6,600 (bottom of the
foundation (lower foundation slab)) to the
+10,800 (top of the foundation (upper
foundation slab)).

The bottom slab of the foundation is
designed as a reinforced concrete monolithic
slab with thickness 2400 mm and dimensions
68.18 x 68.18 m in plan.

The walls of the foundation are made of
precast concrete in the form of wall cells with
fixed formwork made of flat reinforced
concrete slabs. The thickness of the external
walls of the foundation is 900 mm. The
internal walls have thickness 600 and 900 mm.

The floor slabs of the foundation are made
of precast monolithic slabs with ribs installed
with the edges upwards or flat slabs with
subsequent monolithic reinforcement frames
installed on top of the slabs. The slab thickness
is 600 mm; in some sections — 740 mm.

The upper foundation slab from elevation
10.800 to elevation 13.200 is the support part
for the containment and the reactor building. A
2.400 mm thick RC monolithic slab covers the
foundation part.

The construction of the reactor
compartment is placed around the protective
shell on a common baseplate. The structural
layout of the construction of the reactor
compartment, which is cut off from the
protective sealed shell by an anti-seismic joint,
is a multi-storey box structure with horizontal
seismic and shock wave loads transferred
through the floor slab discs to the wall
structures. Together with the floor slab discs,
the internal walls are also subjected to
horizontal forces.

BOUNDARY CONDITIONS AND

METHODOLOGY FOR ANALYSIS OF
THE FLOOR RESPONSE SPECTRA

The analysis was performed by direct
integration of the equations of motion (direct
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dynamic method). The term "direct dynamic
method" means that no equation is
transformed before integration.

The dynamic analysis is based on solving a
system of differential equations:

M@ +[Clk@) +[KIx®) =a®) (@)
where

[M], [C] Ta [K] — the mass, damping

and stiffness matrices of the

system;

X(t), X(t),x(t) - the vectors of
nodal accelerations,
velocities and
displacements at a certain
time;

g(t) — the load c orresponding to

time t.

The earthquake load (time history analysis)
is applied as seismograms (time dependence of
displacement).

The Newmark method [13] is used to solve
the differential equations of motion for the
corresponding nodes of the structure:
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In time history analysis, the Rayleigh
dissipation matrix is used to consider the
damping by setting the coefficients for mass
proportionality  and for stiffness g (Figure 2);

§ min=\/af3
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these coefficients are calculated for the first
two frequencies with a significant contribution
to mass collection.

= zwiwn(‘fiwn B fnmi)
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2
w3 — W
. Z(fnwn - fiwi)
. B = 2 a2
. LU“ (Ui

W

Fig.2. Dependence of damping on frequency when using the Rayleigh damping proportionality matrix
Puc.2. 3anexHicTh feM(yBaHHsI BiJl 4aCTOTH IPU BUKOPHUCTaHHI MaTpPHUIl MpomnopiiiHocTi Penes

The damping coefficients due to the
radiation of elastic waves reflected from the
structure are calculated for horizontal, vertical
displacements and rotation relative to the
horizontal and vertical axes:

& = 0.5b, (mK,)™"/%; ©)

§; = 0.5b,(mK,)™V/%; (10)
&, = 0.5b,(mK,)~/?; (11)
&y = 0.5by,(mKy,)~V/%; (12)

The above-mentioned formulas determine
the min damping coefficient through the direct
method of integrating the equations of motion.
The max values are standardized in global
practice because the resulting damping might
have considerable values (0.2+0.4). For
example, in Germany, ¢,<0,35; ¢&,<0,15;
§»=0,15 are accepted.

The damping coefficients as a percentage of
the critical one are taken in accordance with
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Table 3.3 [4]:

»  for structures with a stress level greater
than or equal to the yield strength, 10% for
reinforced concrete structures and 7% for steel
structures are assumed; the decrements of
vibrations will be 0.63 for reinforced concrete
structures and 0.44 for steel structures;

» for structures with a stress level less
than the yield strength, 7% for reinforced
concrete structures and 5% for steel structures
are assumed; the decrements of vibrations will
be 0.44 for reinforced concrete structures and
0.31 for steel structures.

The method of equivalent dynamic
parameters is adopted as a method for
modelling the interaction between the
foundation and the structure. This method
splits the problem of interaction between the
foundation and the structure and response
spectrum  determination into the four
independently solved problems listed below:

1) Determination of the design seismic
impact on the foundation based on its
shape, soil base structure, and the
directions of seismic wave incidence.

2) To determine coefficients for mass
proportionality  and for stiffness 5; to
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perform modal analysis of a structure.

3) Solving the problem of forced vibrations
of a building under initial impact and
foundation characteristics[18].

4) Research on forced vibrations of linear
non-conservative oscillators with
obtaining floor response spectra.

At the first stage, the earthquake loads (time
history analysis) are determined, namely, a
seismogram is applied at each node of the
foundation slab in three directions. By
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adjusting the base line wusing a cubic
polynomial method, the first accelerograms
(Figure 3) are converted into seismograms in
three directions for the level motions SL-1 and
SL-2 [5]. These accelerograms either
correspond to the seismic monitoring data (for
buildings of nuclear power units) or to the
accepted synthesized accelerograms according
to the DBN [1,17] (when there is no
monitoring data).

An example of such a seismogram in one
direction is shown in Figure 4.

i
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Fig.3. The initial accelerogram of the high-frequency spectrum of one direction (horizontal impact) with

intensity SL-2 PGA = 0.10g

Puc.3. IlouaTkoBa akceneporpaMa BUCOKOYaCTOTHOTO CIIEKTPY OJHOTO HAPSIMKY (TOPHU30HTATBHHN yaap)

3 inTeHcuBHicTio SL-2 PGA = 0,10g.
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Fig. 4.
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Seismogram for one direction of the level motions SL-2 PGA=0.10g

Puc. 4. CelicMorpamMma jisi OIHOTO HanpsMKy pyxy piBas SL-2 PGA= 0.10g

The seismogram can be obtained using the
"Accelerogram Editor" program in SCAD or
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using the ReSpectrum module in the LIRA-
FEM [7] software. The ReSpectrum module is
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mentioned to generate the response spectra of
a single-mass oscillator from dynamic loads
specified by accelerograms, seismograms,
velocigrams and three-component
accelerograms, as well as to mutually
transform these effects.

At the second stage, a modal analysis of the
structure [16] is performed to determine the
first mode shapes for vibration of the building
and further determine the coefficients of mass
proportionality a and stiffness .

The modal analysis is performed for the
model without taking into account the soil
behaviour (for the analysis of the building's
natural frequencies), the number of active
masses is at least 85% of all masses, which
meets the requirements [1].

The calculations at the third stage are
performed for all calculated nodes of the
building (characteristic points of equipment
installation) and all design seismograms.

Determination of equivalent dynamic
characteristics of the base - a set of springs and
dampers attached to the foundation slab,
characterizing the stiffness and energy
dissipation in the base. In general, there are
twelve of them: six springs that define stiffness
during translational and angular displacements
of the foundation along three axes and six
corresponding dampers. The parametric values
of the stiffness of the springs and dampers are
found by solving the problem of stamp
oscillations on an elastic homogeneous or
layered base, semi-infinite or underlain by
rock.

The attached mass of the base is not taken
into account, since for massive and rigid
structures (NPP), the influence of this mass on
the result is within the range of scatter due to
the inaccuracy of the initial data.

The mass matrix is generated on the basis of
the design combinations of loads with account
of all loads according to [1,2,3,4]. After the
mass matrix is generated, the earthquake loads
are applied as the seismograms of stage 1.

As a result of the third stage, a set of nodal
accelerograms should be obtained for each
design point of the building.

The analysis of the floor response spectra is
performed at the fourth stage. The forced
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vibrations of linear  non-conservative
oscillators are studied. The equation that
describes the relative displacements of the
mass in the coordinate system associated with
the oscillator base is as follows:

X+ 2L % + o' X = —%,(t) (13)

where

x — the relative displacement of the mass;

{ — the damping coefficient;

o — the natural circular frequency of the
oscillator without damping;

%,(t) — acceleration of the oscillator base
(nodal accelerogram).

The solution to equation (13) — the mass
displacement function is expressed by the
Duhamel integral that 1is calculated at
successive time points t according to the
formula (14).

t
X = —ij X(r)e = sinwp(t-7)dr | (14)
a)D 0
where

@, — the natural circular frequency of the

oscillator with account of the
damping, which is equal to:

wp = o\1-¢° (15)

The floor response spectra (FS) are
calculated for the natural frequencies of the
oscillator from the set given below (Table 1).

The set meets the requirements indicated in
clause 6.4.12 of DBN [1]. The values of the
frequencies specified to account for resonance
are added to the building's computed natural
frequencies.

Table 1. The set of natural frequencies of the
oscillator
Ta6u.1. CykynHICTh BIaCHHX YaCTOT OCLMIISITOPA

Frequency f, Hz Increase 4 f, Hz

1 2 3 4

0,2 - 3,0 0,10
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Table 1. (continued)
[IponoxeHns taodu. 1.

1 2 3 4
3,0 - 3,6 0,15
3,6 - 5,0 0,20
50 - 8,0 0,25
8,0 - | 150 0,50
15,0 - | 180 1,00
18,0 - 1220 2,00
22,0 - | 340 3,00

At the fourth stage, the floor response
spectra (FS) are calculated for two orthogonal
variants of the horizontal seismogram
direction and for n number of characteristic
points at each elevation, resulting in a set of
nodal accelerograms. For each FS, all
oscillator frequencies specified above are
considered (Table 1). At the same time, for
each calculated frequency of the oscillator, the
solution to equation (13) over the entire range
of the accelerogram is the function of mass
acceleration. Then, the max absolute value of
the acceleration is selected. This value is the
ordinate of the nodal response spectrum; the
ordinate corresponds to the calculated
frequency of the oscillator. As a result, the
solution for all calculated frequencies of the
oscillator is the nodal response spectrum of
this nodal accelerogram at the given
calculation point of the building.

The resulting floor response spectrum is
determined by generating an envelope; i.e., at
each calculated frequency, the max
acceleration of all selected nodal response
spectra is determined. The calculations at the
second and third stages can be performed in the
LIRA-FEM software [14], which implements
the above method.

Uncertainties associated with the scatter of
values of mechanical parameters of materials
[12] and dynamic parameters of the building
lead to errors in the analysis results. To
compensate for the errors, the theoretical floor
response spectra (FS) are processed. In the
course of processing, the FSs are smoothed and
their peaks are widened. The FS are processed
according to the rules used in the design of
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nuclear power plants in the United States and
indicated in [4], [8].

The peaks are expanded as follows: the
peak is transformed into a 0.3fi wide area, with
the centre of the area as the peak point. The
peak accelerations are reduced by 15% [15].

The peak expansion is performed for
damping values of 0.5%, 2%, 3%, 5%, 7%.

In combination with the expansion of the
response spectrum peak, a 15% reduction in
the narrow frequency peak amplitude is
acceptable if the damping of the subsystem is
less than 10% [11].

This 15% reduction applies only to narrow
frequency peaks in the unexpanded response
spectrum with the ratio of the frequency
difference to the centre frequency, B, of less
than 0.30:

B — AfO.S

<0,30 (16)

c

where:
Af,q - total frequency range with spectral

amplitudes exceeding 80% of the peak spectral
amplitude;
f. - centre frequency for frequencies that

exceed 80% of the peak amplitude.

The characteristics of the design floor
response spectra (FS) are determined as a
result of processing the theoretical floor
response spectra (FS).

CONCLUSION

Due to the methodology applied for
analysis and the functional capabilities of the
LIRA-FEM program, nodal accelerograms
were obtained for all nodes of the reactor
model. Figures 5 and 6 show the values of max
accelerations of the nodal accelerograms of the
model fragments.

In the ReSpectrum module of the LIRA-
FEM  program, the obtained nodal
accelerograms are processed according to the
methodology described in the fourth stage of
analysis. Figure 7 shows the floor response
spectra along the X-axis at different damping
values in the range from 0 to 34 Hz
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Bz 0.000

nodal accelerograms along the Z-axis
Puc.5. Koutypui rpadiku  (Mozaiku) Ui
MaKCUMaJbHUX  BY3JIOBUX  MPHUCKOPEHb
BY3JIOBUX AKCEJIEPOTpaM B3IOBXK oci”Z Puc.6. KOHTyle l"pa(blKI/I MaKCHMAaJIbHUX By3J'.IOBI/¥X
IMPUCKOPEHDb aKCeICporpaM y BHYTPIITHIX
CTiHKax peakTopa o oci Z

accelerograms in the interior walls of the
reactor along the Z-axis

8,0
7,0
7y, 60 X0,5%
L
Q - 0
S50 X 2%
=5 —X3%
= 4,0
2, —X 4%
o
§ 30 —X5%
2,
=0 X 7%
—X 10%
1,0
—X15%
0,0
0 5 10 15 20 25 30
Yacrota, I'1
Fig. 7. Floor response spectra at different values of damping along the X-axis
Puc. 7. [loBepxoBi CIEKTPHU-BIATYKY MPH PI3HUX 3HAYCHHAX AeMI(PyBaHHS IO oci X
In the future, when the seismic resistance of experience, it is possible to use the obtained
equipment is evaluated by the test method, the floor response spectra depending on their

analysis method or the method of operational location in the reactor.
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BYIIBJII TA CIIOPYIHU OB'EKTIB
KPUTUYHOI IHOPACTPYKTYPU:
YUCEJIBHE MOJAEJIIOBAHHS TA
AHAJII3 CIIEKTPIB PEAKIIII
IHEPEKPUTTH

Mapia BAPABALILIL
lean TPYCOB,
Jlroboe IIEPBYIIIOBA

Y crarti HaBEeEHO METOJUKY Ta TPUKIA]
BU3HAUYEHHS  CIEKTpa  BIATYKY  MEPEKPHUTTS
OyIiBETEHUX KOHCTPYKITiHt ATOMHHX
€JIEKTPOCTAHIII} NPU CEHCMIYHUX HABAaHTAXKCHHSIX.

OCKINTbKH PO3TISIIAIOTECA 00'€KTH KPUTHUYHOT
EHEePTeTHIHOL iHDpacTpyKTypH, MTATAHHS
pPETyJIOBaHHS Ta HAyKOBOrO  3a0e3MedYecHHS
ceiicMO0e3MeKHu € JOCUTh CKIIaIHUMHU. J[1s OO
KJIacy CHOpYA HEOOXiTHWHM KOMILTICKCHHMH ITiIXif
IO JOCHTI/DKEHHS CHCTEMH '"TpyHT-(QYHIaMeHT-

43



ISSN 2522-4182

koHcTpyKuis". Tun ¢pyHmamenTy ta Horo 3B'I30K i3
OCHOBOIO BiirpatoTh BaXJIUBY POJIb.

IcHyrOoUi HOpMATHBHI MOKYMEHTH HE 3aBXKIH
BpPaxOBYIOTh cnerudivHi 0CO0OJIUBOCTI
¢yHOaMeHTy, TpuU LObOMY CEHCMOMILHICTD
HaJ3eMHOI KOHCTPYKIIIi 3aJIeKUTh Bifl IOBEIHKA
¢dbynnamenty. [ns aHamizy 00'€KTiB KPHUTHYHOL
iHppaCTpYKTypH HaJ3BUYalHO Ba)KIIMBO
BpPaxoBYBaTH BJIACTHBOCTI I'PYHTY Ta OLIHIOBATH
CEeHCMIYHICTL TepuTOopii. Y CTaTTi MpeacTaBlieHI
0co0NMMBOCTI  JTUHAMIYHOTO aHANi3y O00'€KTiB
E€HepreTUYHOI iH(QPaCTPYK-TypH Ta OCHOBHI €Tanmu
aHaI3y CIEKTPIB BIATYKY IEPEKPHUTTIB.

VY craTTi HaBelleHI MPUKIAAN PO3PaXyH-KOBHX
Moneneil  OymiBens 1 cmopyd  KpUTHYHOL
iHpacTpPyKTypH, 30KpeMa KOHCTPYKTHBHI
pimeHHS I  CTBOPEHHS MOJENI peakKTopa.
[IpencraBneno  MareMaTW4yHy  MOAENb OIS
OUHAMIYHOTO  aHadi3y, sKa BpaxoBye SK
MarepianbHe meMIIpyBaHHS, TaK 1 B3aEMOIIIO
"rpyHT-OyHaament" [5]. VY aHamizax BHUKOpH-
CTOBYE€TBCA MPSIMUKA METOJ IHTETPYBAaHHS PiBHSIHD
PYXY, BKIIOUAIOUM MaTeMaTH4HI PIBHSHHA, 3 SIKUX
BU3HAYAETHCS MiHIMalbHE 3HAUYEHHS KoedillieHTa
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nemrndysaHHs [6]. Sk MeTOx MOJCIIOBAaHHS
B3aeMOii MiXK OCHOBOIO Ta KOHCTPYKIIIEIO
MIPUAHATO METOJ CKBIBAJICHTHUX JIHHAMIYHUX
XapaKTEPUCTHK, 3TITHO 3 SKUM 3alpONOHOBAHO
YOTUPH HE3aJCKHI eTanmyd i BU3HAYCHHS
PO3PaxyHKOBOTO ceificMiuHOTO BIUIHBY;
BU3HAUCHHS KOe(DilliEHTIB MPOMOPLIHHOCTI MacH o
Ta YKOPCTKOCTI [B; pO3B'I3aHHA 3a/1a4i BUMYILIECHUX
KOJIUBaHb, OTPUMaHUX BiI JHHIAHAX
HEKOHCEPBAaTUBHUX OCIWIATOPIB, 3 TMOAAIBIIAM
OTPUMaHHSAM CIIEKTPIB BiITyKy NEPEKPUTTIB.

Kiro4oBi cjioBa: criekTp peaxiiii mepeKkpuTTiB,
JUHAMIYHI HaBaHTAKCHHS, 3eMIIeTpYyC,
ceiicMorpamu,  aeMrnyBaHHSI,  MaKCHMaJbHE
pPO3paxyHKOBE  3EMIJICTPYCHE  HABAHTAKCHHS,
OyIiBIli Ta CHOPYAM aTOMHUX EJIECKTPOCTAHIIIMH,
METO/[ CKIHYeHHUX CIICMCHTIB
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