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The paper presents an approach for effective solution of the stress-strain state and wear prediction problem for
the case of contact between fuel rod and grid surfaces of a nuclear reactor. Boundary-initial value elastic-plastic
problem statement, due to the quasi-static character of the forced oscillations, which was approved by eigen
frequencies analysis, was reduced to boundary one. The influence of inhomogeneous temperature field and varying
pressure in the outer surface of fuel rod’s shell are considered. For this, a sequence of special procedures for
searching the most effective ways of numerical simulation with limited computational resources was considered.
The method of weighted residuals and the finite difference method were used to solve the problem of nonlinear
forced oscillations under periodic loading of the fuel rod, described as beam under bending. The analytical solution
for the fuel rod’s shell displacements in thermo-elasticity problem is obtained, approximated for spatial case and
added to the general three-dimensional Finite Element model. The same procedure was adopted for the maximum
amplitude values of the displacements which were obtained in the geometrically nonlinear beam problem solution.
After that the general elastic-plastic contact problem of the interaction between the fuel rod and the grid surfaces
was solved, taking into account preliminary obtained stress distributions achieved by temperature and amplitude
displacements influence. The theory of plasticity of an isotropic material with isotropic hardening was used as a
model. The limits of linear solutions for beam deflections as well as deflection dependencies upon time are
demonstrated and analyzed. The numerically obtained distributions of strains and stresses are presented. By use of
the obtained maximum stress values an attempt for the wear estimation in contact zone was done and the fuel rod’s
operating time without critical wear during the contact with the grid surface was determined. The obtained results
may be considered as corresponding to practical operating data.

INTRODUCTION coupling mechanisms, friction and wear must be
understood. The importance of friction and wear control
cannot be overstated for economic reasons and long-
term reliability.

The theoretical foundations of the description of
friction and wear processes are provided in [1, 2]. Since
the purpose of the paper is to evaluate the interaction
between the surfaces of fuel rods and grid support
surfaces, we will highlight these main components of
considered papers and books. The main approaches to
the description of contacting surfaces and directly the
processes of contact interaction are presented in [1]. The
main models of friction are described. The main
constitutive equations which are used for the description
of wear of different natures — abrasive, adhesive,
fatigue, impact and others — are presented.

A description of models and methods of
computational hydrodynamics, which are necessary for
friction calculations, contains in [2]. The main
approaches to the description of the contact between
solids are considered. Abrasive wear models for various
structural materials are described, methods of taking
into account the influence of temperatures and liquids
are provided. Considerable attention is paid to corrosion
wear, transitions between it and other types of surface
degradation.

Investigations in the direction of evaluating the
complex nonlinear behavior of structural elements
during the interaction of dynamic, contact, and

The problems of the long-term strength of
engineering components are of great importance. In the
case of nuclear reactor vessel internals (RVI) the
solution of such problems in a design stage is extremely
necessary due to the security demands.

One of the dangerous processes which take place in
reactor is wear of the fuel rods at time of their contact
with support surfaces [1]. With the long-term contact of
surfaces in a large number of cases, their wear occurs,
which means a change in the shape of one or both
surfaces. Such processes are studied by a special branch
of mechanics — tribology [1, 2]. Tribology is the science
of describing interacting surfaces. The nature and
consequences of the interactions, that occur at the
interface, control surface friction. During these
interactions, forces are transferred, mechanical energy is
transformed, and the physical and chemical nature,
including the topography of the interacting materials’
surfaces, are changed. Understanding the nature of these
interactions and solving the technological problems
associated with interfacial phenomena are essential for
tribology. Friction is the resistance to motion that is
experienced when one solid body moves over another
[1]. Wear is surface damage or removal of material from
one or both of two solid surfaces in moving contact [1].
Special materials, coatings and surface treatments are
used to control friction and wear. To achieve optimal
performance and reliability, the role of surface stiffness,
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tribological processes, including the RVI analysis,
continues to be relevant. The results of modeling the
flow field and vibrational response of fuel rods in the
reactor core are presented in [3]. The influence of
assembly bending on the flow field in the active zone of
the reactor is discussed. In order to provide an
evaluation of the flow field varying on fuel vibration
and wear characteristics, the flow field calculations
were linked to the flow induced vibration analysis code.
The WEstinghouse Computer ANalysis (WECAN)
structural analysis code was used to determine the rod
natural frequencies and mode shapes for various
reference conditions, which are used as input to the
vibration analysis code. This combined approach makes
it possible to determine average wear rates. A combined
analysis of the flow field and fuel rod vibration response
was compared with assembly wear data. The results of
the control test on the mid-range amplitude and wear
volume are presented and discussed, which was
considered as an initial step towards the development of
a predictive model for the reactor core.

It is emphasized in [4] that the wear of fuel rods is
caused by a complex combination of factors. Fuel rod
excitation and motion relative to its supports can be
caused by the coolant flow and mechanical forces. The
response amplitude for a given set of flows and
mechanical forces depends on the fuel rod and its
support system. The mass of the fuel, stiffness and
location of supports along its length dictate the mode
shapes and natural frequencies. The contact geometry
between the support system and the fuel rod is also an
important factor. The types of flow conditions that can
exist in the reactor core and how they will lead to
excitation of the fuel rod, and how the relative motion
of the rod to its supports can lead to wear, are
considered. Test methods are discussed, ranging from
microscopic and single-cell tests to high-temperature
and full-scale fuel assembly tests at high temperatures
and flows.

In is also notes in [5] that during the examination of
the main cause of fuel failure in a pressurized water
reactor (PWR) in 2004, it was found that the fuel
assemblies located on the core partition have various
signs of fuel rod wear.

In this complex analysis, an adequate description of
the dynamics of fuel rods is important. Dynamic models
of the fuel assembly were developed in [6] for seismic
analysis of the active zone of the reactor. The fuel
assembly is modeled by one vertical beam, taking into
account the inertia of the cross-section of fuel rods, tips,
and a number of springs. Comparison the natural
frequencies of the fuel assembly, determined by the test,
is carried out by adjusting the inertia moment and
rotational stiffness of the grid to find their effective
values. Most often, these models are linear and suitable
for determining small amplitudes. It is noted that in
practice, large deflections are approximated by choosing
a fuel stiffness value that corresponds to the average
deflection range. This approach naturally leads to a
certain loss of accuracy. The paper [6] presents a
nonlinear model for the approximation of hysteresis and
free vibration response for large amplitudes of the fuel
assembly motion. It is noted to correctly predict fuel

assembly deflection shapes as a function of axial
position for various lateral loads for several fuel
assembly designs, provide a better fit to the grid shock
load task, and better fit all initial conditions (initial
deflection, initial force, initial energy and impact
velocity).

This paper contains an attempt to present the first
version of the approach and calculation method for
determining the stress-strain state and wear prediction
of the fuel rod and grid surface contact.

PROBLEM STATEMENT

General mathematical problem statement of the
considered task presents by the system of differential
equations for the solid which material deforms at
elastic-plastic mode. Let us consider the mathematical
formulation for the solid Q, which has boundary
surface I". Let us apply the Cartesian coordinate
system X(x;),i=1,2,3. We assume that in a part of the

volume surface 77 the values of displacements are
given: u,|. =0,. Part of the surface I, is loaded by

traction #(x;,t), and static volume forces are considered
absent. We assume that the elastic and plastic properties
of the material are isotropic. The inhomogeneous
temperature field T(xj) is acted through the solid’s
volume.

We apply the Lagrangian approach and consider the
case of small strains at general statement. We accept the

following notations: u=u(x,t) is the displacement
vector; € =g(x;,t) is the strain tensor; ¢ =o(x;,t) is the
stress tensor, t is the time variable. We use the
hypothesis of strains additivity

g = siej +siTj +p; +G (1)
where total strain component ¢; consists of elastic &,
!
j?
The last one will not be considered in this paper because
of necessity the main assumptions verifying. The
approach for their further consideration can be found at

[7,8]:

temperature g;, plastic p; and creep C; components.

Gii =pl;; oh, =7,(X); X €T,;

& =%(u” +ujyi), XeQ; ui|rl =0,; xel';

T .
c; =Cyy (Sij —&; — Py —G ),

f(o,)= gsijsij - o(fdp, )]2; @

Negn L3
P, =d>(_[dpi), dp, =5 ?isij. i,j=123.
Here n(n,) denotes the unit vector normal to the
volume’s surface; o is the density of material.

To determine the plastic strains, we apply the theory
of isotropic hardening plasticity [9]. The Huber-Mises
plasticity condition is used. Here s; are deviatoric

components of the stress tensor, Idﬁi is the Odquist

parameter, and p, is the von Mises equivalent strain.
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The character of traction =i(x,t) in considered
problem of interaction between fuel rod and grid
surfaces cannot be determined directly. It is determined
by the contact pressure which is varied due to the
oscillations of the fuel rod, caused by pulsations of
temperature or gas in gas cooled reactors. The character
of this pressure varying is complex and can be
determined directly by the solution of complete Fluid
Mechanics problem.

In this paper only first attempt to obtain the
numerical values of a pressure is presented. Let us
suppose, that the fuel rod due to the simplified character
of an external pressure makes bending forced
oscillations in one plane, but its finite deflections are
considered.

Jex, ) B
1 D
A

1 1] 1]

s

—

Fig. 1. Computational scheme for modelling the fuel
rod’s forced oscillations

Further let us describe the oscillations of the fuel
rod’s domain between two supports in plate by use of a
beam theory, which can be done in considered case due
to the known ratio between length and cross-sectional
dimensions of a rod (Fig. 1). A hinged supported beam
is used as a mechanical model at the first stage, the
material of which is considered to be isotropic, the cross
section is not deformed in its plane. A periodic load
f(x,t) acts on the beam, which simulates the flow
influence. Oscillations are generally described by the
following nonlinear equation with given boundary and
initial conditions [10]:

azu(xt) 25’4U(X,t)+
ot? ox*
o%u(x,t) ¢ o*u(x,t) ? B
3 ![ v jdx_f(x,t). €)

Here u(x,t) is a beam’s deflection. It is the function of
two variables: X (rod’s length variable) and time t;
a’=El/pS is a coefficient that depends on the
parameters of the rod; C =E/2lp is the coefficient for
the geometrically nonlinear part of the equation; E is
the Young modulus; | is the 2" order moment of area;
S is the cross-sectional area; | is the beam’s length.

In general case the function f(x,t) consists of two
terms:

f(x,t) = f, + f, cos(27w), 4)
where f, corresponds to constant, static part of loading
as well as second term describes it’s varying part by the
amplitude value f, and frequency @. In first
approximation we use harmonic law.

Boundary conditions for the case of hinged beam
are given in the form

2 2
u(0,,[)_6u(0t)_ (. t)_au(l t) 5)
X
The homogeneous initial conditions are used:
u(x,0) =u,(x); u(x,0)=0. (6)

The aim of this equation solution is obtaining the
function u(x,t). Further it will be used in general 3D

problem statement as displacement distribution under
the contact between the fuel rod and grid support
surfaces.

USING GALERKIN METHOD FOR
MODELLING FORCED OSCILLATIONS

The method of weighted residuals in Galerkin form
[11] will be used here in order to solve the equation (3)
with additional conditions (5) and (6).

First of all, let us limit by the quasi-static problem
solution without considering the inertia forces. This
limitation is possible due to the preliminary obtained
values of the beam’s eigen frequencies. The values of
considered beam eigen frequencies have the following
form:

22
"

=12.3..). @

The first one p, =72.46 Hz , which is much greater
the known values of forced oscillations frequencies of
fuel rods with values 1...2 Hz [7]. So, we can suppose,
that fuel rod’s motion can be considered as quasi-static.
The following equation is solved:

64u(x t)
el
Cc’;’zu(x t)j(azu(x t)] | @®)

Let us briefly present the main steps of well-known
Galerkin approach which are necessary in order to solve
the above stated beam force oscillations problem. At
first step it is necessary to determine the initial
deflection by solving the equation (8) at t=0, when
only action of f;, presents. The deflection u(x) is

found by use of the approximation with selected sine
basic functions:
2i-1
(@9,

u(x) ~G(x) :iai sin 9)

The equation of weighted residuals takes the
following form:

|
jsinM [d—4—f jdx=0, k=1.M. (10)
5 | d

It coincides with the system of algebraic equations
of dimension M. After it’s solving the expansion
coefficients are obtained, which leads to determining the
function (9).

In the next step we put the obtained solution in the
form (9) into the (8):

o 64u(x t)
ox*

= f( t)—
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(11)

2.A | 2.A
e u(f,t)j(a u()z(,t) N

ox~ ol ox
after which we solve it using the same method of
weighted residuals. The procedure with using finite
differences method is repeated until the convergence of
the results over time is established. The proposed
algorithm is realized using MATLAB.

Let us consider a beam with length | =0.2355 m,
which is a model of a section of fuel rod between two
contacting grid surfaces, with a radius r =0.00455 m
(cross section S =6.5-10°m?) (see Fig. 1). Given that
the cladding material is zirconium, the following values
of physical and mechanical constants were used: density
o =6550 kg/m®, Young modulus E =76.2-10° MPa,
Poisson's ratio 0.33. In the first approximation, we use
the following parameters of the external loading:
f,=120N/m?, f,=30N/m’, =2 Hz.

The obtained results are shown in Figs. 2, 3. The
curve 2 in Fig. 2 shows the dependence of the maximum
deviation on the acting force for the linear case, and the
curve 1 shows the nonlinear case. So, we can see
substantial difference between them starting from the
values are equal to 60...70 N/ m?.

ul0™, m

fo. NIm?

0 50 100 150

Fig. 2. Beam deflection versus load
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Fig. 3. Beam deflection versus time

Next, consider the geometrically nonlinear
oscillations of the beam. The results are shown on Fig. 3
for the middle point of the beam, when the maximum
values of the deflection take place.

Analysis of Fig.3 shows, that the beam’s
deflections were fast passed to the forced oscillations
mode and their steady state maximum value can be
determined. This value will be used in the following 3D
modeling of stress-strain state in contact zone between
fuel rod and grid surfaces as initial distribution which
caused additional stresses.

FINITE ELEMENT ANALYSIS (FEA)
OF FUEL ROD STRESS-STRAIN STATE

The complex 3D problem presented by system (2)
is solved by Finite Element Method (FEM) [11]. Let us
consider the fragment of the fuel rod between two grids
and the part of one of them with a hole, where the
contact of surfaces takes place (Fig. 4). The fuel rod
consists of nuclear fuel material, which is considered as
an inner cylinder, and an outer fuel rod’s cladding. The
material of the cladding and grid plates is zirconium
doped with 1% niobium, its yield strength in analyzed
temperature range is following: o, =310 MPa.

The geometric parameters of the fuel rod fragment
have the following characteristics: the diameter of the
fuel cladding is 9.1 mm, its length between the grids is
0.2355 m, the thickness of the grid plate is 17.5 mm, the
diameter of the its hole is equal to 9.6 mm.

To solve the problem, we build a finite element
model of a fuel rod fragment with its contact with grid
element. Due to the fact that the problem is symmetric
with respect to the grids, the part of the fragment shown
in Fig. 4 is considered. The symmetry conditions at the
fuel rod’s edges are introduced. The hinged fastening of
the fuel rod in the place of contact with the grid surface
is achieved.

Let's consider the problem in a quasi-static
statement and set the deflection of the fuel rod’s
fragment at the maximum possible amplitude of
oscillations. We take into account the presence of
contact interaction between the hole in the grid plate
and the outer surface of the fuel rod shell.

For the purposes of convergence validation,
numerical studies were done for the different finite
element models with number of elements from 135323
to 499899, one of them is presented on Fig. 4. Note that
a condensed mesh is applied in the contact region and
nearby regions.

Fig. 4. Finite element model for fragments of fuel rod
and grid
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Let us pay attention to the solution of thermoelastic
part of the problem. The typical stationary temperature
radial distribution across the rod’s shell thickness with
difference 20 °C from inner to outer surface was
considered. From the FEA experience it is well known
[11], that the adequate value of thermal stresses through
cylinder thickness can be obtained by use of a FE net
with a sufficient number of elements. Due to the small
thickness of a cladding this issue leads to extremely
large dimension of a problem. Besides, the direct
simulation at edges will lead to non-existent stresses
with high values.

That is why another method for considering thermal
stresses in total calculation scheme was adopted. Its use
is possible in this case due to the existing of analytical
solution for thermoelastic problem of long thick tube
[9]. As it is known, in this case temperature distribution
follows the logarithmic law:

r r
Tinner In( )_Touter In(R )
T (r) — outer B inner (12)
In inner
(T )

outer

The function of shell displacements upon radius,
which was obtained by use of analytical solution, was
approximated for 3D case and specified for calculation
scheme (Fig. 5).

So, the final calculational scheme, which used in
FEA, includes two displacement distributions, which
were preliminary determined by use of nonlinear
oscillations modelling as well as obtained by use of
analytical determined displacements from thermoelastic
problem. These displacement distributions were used
for the analysis of additional stresses. Due to the fact,
that preliminary elastic modelling showed the stress
values which considerably exceeded the yield strength
of the material, the elastic-plastic formulation of the
problem with contact consideration was used. The
obtained results in the form of von Mises strain &m
(Fig. 6) and stress oum, Pa distributions (Fig. 7) are
presented below.

Obtained stress distributions allow us to start the
wear analysis in the contact area.
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Fig. 5. Radial thermal displacements
versus shell radius
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Fig. 6. Distribution of von Mises equivalent strain over
the surface of the model
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Fig. 7. Distribution of von Mises equivalent stress, Pa
over the surface of the model (a) and at place
of contact (b)

WEAR MODELLING IN CONTACT AREA

It is known [1], that adhesive and abrasive wear
mechanisms operate during direct physical contact of
two surfaces moving relative to each other. If the
contact stresses are relatively high, a fatigue mechanism
may take place.

From Hertz's analysis of elastic ratios, the
maximum compressive stresses occur at the surface.
The time to fatigue failure depends on the stress
amplitude and fatigue properties of the materials [1].

According to the AFBMA approach [1], the
operating time of the structural element during wear t,

can be estimated in the first approximation as
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cY .
tW:(V—V) -10° / (rpm - 60), (13)

where C is the maximum radial load; W — realized
load; p is a constant determined experimentally. For

the case of point (hereinafter surface) contact, its value
is equal to 3; rpm — the number of revolutions per

minute.

Let us apply this approach to determine the
operating time of the fuel rod without critical wear
when it is in contact with the grid surface. Let's define
the load values included in the ratio (13). As the
maximum C , we will take the one that corresponds to
the value of the fracture stress (the ultimate strength
limit) o, =660 MPa, for the case under consideration.

To determine the value of the force, it is necessary to
know the area on which the corresponding stress acts.
Let's take as an example the value of the contact area
S, of the fuel rod with the grid surface, in which the

strains reach 0.9%.

Next, it is possible to determine the resultant force
acting on this area. It is approximately equal to the
product of the equivalent stress by the size of the area.
We choose the maximum value of the realized stress,
which is 314 MPa, then W =S_-330 MPa. To calculate

the value of the maximum radial load C, we will choose
the value of the ultimate strength of the fuel shell
material at a given temperature, C =S_-660 MPa. As

can be seen from the analysis of Eq. (13) during
calculations, the area values S, in the numerator and

denominator are mutually reduced.
Next, assuming a fuel oscillation frequency of
w=1Hz, we get a value of rpm=60. Finally, we get

the operating time of the structural element during wear
t, =2572 h. In the case of w=2Hz, this value is

decreased twice and we have t, =1286 h.

This means that under the conditions of the
specified loads, the operating time of the fuel rod is
0.125...0.25 years. This corresponds to operational data,
according to which this time does not exceed six
months. Therefore, the calculations provide a lower
estimate of the wear time, which can be considered
satisfactory from the point of view of the possibility of
incomplete consideration of various operational factors.

CONCLUSIONS

An approach and sequence of procedures for
effective solution of the stress-strain state problem for
the case of contact between fuel rod and grid surfaces of
a nuclear reactor are presented in a paper. The results of
numerical simulation are used in the procedure of
simplified estimation the wear in this area.

The problem was solved as a boundary-initial value
elastic-plastic problem. The influence of
inhomogeneous temperature field and varying pressure
in outer surface of fuel rod’s shell are considered. For
this, a sequence of special procedures for searching the
most effective ways of numerical simulation was
proposed.

The eigen oscillations frequencies of the considered
fuel rod were determined. The essential difference
between frequencies of the first eigen mode and forced
oscillations allows us to state the problem as quasi-
static. The method of weighted residuals and the finite
difference method were used to solve with MATLAB
the problem of forced oscillations under periodic
loading. The influence of the geometrically nonlinear
part of the equation on the obtained solution was
studied.

The analytical solution for the fuel rod shell
displacements in thermo-elasticity problem was
approximated and added to the general 3D FEA. The
same procedure was adopted for the maximum
amplitude values of the displacements were obtained in
geometrically nonlinear beam problem statement. After
that the 3D elastic-plastic contact problem of the
interaction between the fuel rod and the grid surfaces
was solved, taking into account preliminary obtained
stress distributions achieved by temperature and
amplitude displacements. The theory of plasticity of an
isotropic material with isotropic hardening was used as
a model.

The obtained distributions of strain-stress state
components were analyzed. By use of the obtained
maximum stress values an attempt for the wear
estimation in the contact zone was done and the fuel
rod’s operating time without critical wear during the
contact with the grid was determined. The obtained
results may be considered as corresponding to the
practical operating data.

The presented paper contains only  first
approximation of the problem in consideration. The
motion of the fuel rod in real practice can be regarded as
3D, so in this case the contact area can be distributed
with more complex shape. The wear analysis can be
considered in more complex way, for example by
analyzing the surface varying.
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MOJEJJIOBAHHA HAIIPYKEHO-JE®OPMOBAHOI'O CTAHY TA 3HOIIIYBAHHA
Y MICII KOHTAKTY TBEJY 3 TPYBHOIO JOIIKOIO

JImumpo Bpecnascokuit, Ilasno Hanamapuyk, F'anuna Toncmonyyvka | Xonom Anvmenoax

[MpeacraBneno miaxia 10 eGpeKTUBHOTO pO3B’s3aHHS 3a]a4ui NPOrHO3yBaHHS HAIPYXKEHO-Ae(hOPMOBAHOTO CTaHy
Ta 3HOIIYBaHHS ISl BHIIAJKYy KOHTakKTy IOBEpXOHb TBEJy Ta TpyOHOI IOLIKH siAEpHOro peakTopa. [louaTkoBo-
KpaloBYy IPY>KHO-IIACTHYHY MOCTAaHOBKY 3a/1a4i BHACTIJOK KBa3iCTaTHYHOTO XapaKTepy BUMYILEHHX KOJIMBAHb,
SIKM{ TATBEP/PKEHO aHai30M BIACHUX YacTOT, HNPUBEICHO A0 I'PaHWYHOI. PO3IJsiHYyTO BIUIMB HEOAHOPIIHOTO
TEMITEpaTypHOT'O TTOJIsl Ta 3MIHHOT'O THCKY Ha 30BHILIHIN IMOBEPXHI 00070HKH TBey. i1 bOro OYJI0 PO3IIISTHYTO
MIOCITIJOBHICTh CHENiaIbHUX MPOLEAyp ISl MOIIYKY HalOUIbII eeKTHBHUX CIIOCOOIB YHCETLHOTO MOJICIIOBAHHS 3
00OMEXXEHUMH OOYHCITIOBAIBHAMU pecypcaMd. MeToIoM 3BaXCHHX BIIXWIIB 1 METOJOM CKiHUYEHHHX Pi3HHID
PO3B's13aHO 3aa4y NPO HeNiHiHI BUMYILICHI KOJIMBaHHS NPH IEepPiOJMYHOMY HAaBaHTa)XKEHHI TBENTY, IO OMUCYETHCS
SK Oanmka TpH 3TUHI. AHAMITHYHUN PO3B’S30K Ui IMEPEMIIIeHbh OOOJIOHKH TBETy B 3ajJadi TEePMOMPY>KHOCTI
aIPOKCHIMOBAHO JJIsi TPOCTOPOBOTO BHIIAAKY Ta IOAaHO n0 3arambHoi TpuBuMipHOi mozmeni MCE. Taka x
mporeaypa Oyna mpHifHATA I MaKCHUMaJIbHUX 3HAYeHb aMIUNTYAH MEPEeMIlleHb, OTPIMAaHUX Yy PO3B’sS3yBaHHI
3aJ]a4l TeOMETPUYHO HelNiHiiHOTO 3ruHy Oasnku. [licis npboro po3s’si3aHo 3araibHy MPY)KHO-IUIACTUYHY KOHTaKTHY
3ajjady B3a€MOJIii MOBEPXOHb TBENY Ta TPYOHOI JOIIKM 3 ypaxyBaHHSM MOIEPEIHbO OTPUMAHUX PO3MOIIIIB
HarpyxeHb, OOYMOBJICHHUX JOJaHMMH TEMIEPaTypHUMH Ta aMIUNTYJHUMH MepeMilleHHs M. Sk Mojenb
BHUKOPHCTaHO TEOPII0 IUIACTUYHOCTI 130TPOITHOTO MaTepiaixy 3 i30TpONMHHM 3MilHEHHAM. [IpopeMoHCTpoBaHO Ta
MIPOaHaII30BaHO MEXIi JIIHIHHUX PO3B’S3KIB JUIsl MPOTHHIB OAJKH, a TAKOX 3aJIeKHOCTI NPOTHHY Bij yacy. HaBeneno
YHUCEJNIFHO OTpPUMaHi po3nofinu aedopmaiiii i HampyXeHb. 3a OTPUMaHMMH MaKCHMaJbHUMH 3HAUYCHHSIMH
Harnpy»xeHb Oyia 3po0iieHa crpoba OLiHIOBaHHS 3HOIIYBAaHHS B 30HI KOHTAKTy Ta BU3HA4E€HO 4ac poOOTH TBEIy Oe3
KPUTHUYHOTO 3HOCY TiJl Yac KOHTaKTy 3 IOBEpXHEI0 TpyOHOI momku. OTpUMaHi pe3ynbTaTH MOXKIMBO BBaXKATH
TaKMMH, 110 BiJIOBIAAI0Th MPAKTHYHUM E€KCIUTyaTaliifHIM TaHUM.
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