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The modal analysis of parabolic shells of revolution exposed to temperature field is carried out.
The analysis is performed according to the method, which is based on the relations of the three-
dimensional theory of thermoelasticity, a finite-element formulation of the problem in increments and
uses the finite element moment scheme. A universal finite element is used to model a thin elastic shell.
The finite element is based on an isoparametric solid finite element with polylinear shape functions for
coordinate and displacement interpolation. Evaluation of the effect of the temperature field on the
parameters of the natural vibrations of the shell is performed according to the developed method in two
stages. The new stress-strain state of the structure, caused by the applied temperature field, is
determined using a geometrically non-linear approach. Further, the frequencies and modes of the
natural vibrations of the shell whose shape is perturbed by the action of the temperature field are
calculated. The effect of uniform and non-uniform heating on the natural vibrations of parabolic shells
of revolution with various heights is investigated. The vibrations of the parabolic shells modelling
rocket fairings are studied. The phenomenon of aerodynamic heating of a parabolic shell (head fairing)
may occur at the initial stage of entry of the carrier rocket into the atmosphere. This can lead to
significant heating of the fairing surface. At the same time the shell is non-uniformly heated through the
height. The considered parabolic shells are essentially deep and rather rigid. Therefore, the effect of
heating on the characteristics of natural vibrations is insignificant. It has been found that shallow shells
have lower frequencies and significantly different modes of natural vibration. Presented studies have
shown the effectiveness of the application of the developed approach to the modal analysis of the shells.

Keywords: vibrations, temperature filed, parabolic shell, universal solid finite element.

Introduction

Elements of shell structures can be exposed to significant external thermal
fields under real operating conditions. The presence of heating can significantly
affect the dynamic characteristics of the structure. This in turn can lead to an
emergency. Taking into account the action of the temperature field makes it
possible to increase the reliability of determining the stress-strain state and
vibrations of shell systems during their operation. This question has been
insufficiently studied due to the increased complexity of such problems [1-5].
Therefore, it seems important to assess the effect of heating on the natural
vibrations of thin elastic shells.

The present study is a continuation of our previous paper [6]. Modal analysis
of thin parabolic shells of constant thickness, which are under the action of a
temperature field, is considered. The application area of parabolic shells is

© Bazhenov V.A., Krivenko O.P., Vorona Yu.V.
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rather wide in various branches of engineering and in construction [7-9]. The
most widely used constructions such as parabolic domes can be found in
structural systems such as aerospace and underwater vehicles [7, 8, 10, 11].
Despite this, a relatively small number of works are devoted to their study
[6,7, 10-15].

Modal analysis is performed according to the method [1]. The technique is
based on the relations of the three-dimensional theory of thermoelasticity, the
finite element formulation of the problem in increments, and the use of the
moment finite element scheme [16, 17]. Evaluation of the effect of the
temperature field on the parameters of the shell natural vibrations is carried out
in accordance with the developed technique in two stages. The new stress-strain
state of the structure due to the applied temperature load (temperature field) is
determined by a geometrically nonlinear method [16, 17]. Next, the frequencies
and modes of natural vibrations of the shell which shape is disturbed by the
action of the temperature field are calculated.

1. Statement of the problem

Shell structures may be under the action of different temperature loads
(fields) during the operation. Such various thermomechanical conditions may
occur in building, airframe, space, and other structures because of a change in
the environmental conditions, a difference between the heating rates of massive
ribs and thin casing of the aircraft, etc. The phenomenon of acrodynamic heating
of a parabolic shell (head fairing) can occur, for example, at the initial stage of
entry of the rocket fairing into the atmosphere [8]. At this stage of the flight, the
air is dense enough and there is a strong heating of the fairing surface. A possible
temperature distribution over the surface of the head fairing is shown in Fig. 1 (the
figure is taken as an example from [8]). At the same time, room temperature
20° C is maintained inside the enclosure compartment.

The effect of uniform and non-uniform heating on the natural vibrations of
parabolic shells of revolution with various heights is investigated. The
vibrations of the parabolic shells modelling rocket fairings are studied. We
consider paraboloids of constant thickness 4, height H and radius of the
support contour R . The shape of the middle surface of the shell in the Cartesian

coordinate system x’ is given by the equation (Fig. 2):
2'\2 32
xV =H{l——(x )" +(x7) }
R2

The shell is clamped at the edges and the material is isotropic (£, v, and
a are the elastic modulus, Poisson’s ratio, and linear expansion coefficient of
the nonheated shell). According to [7], the input data are: E =7.2-10%MPa,
v=0.3, 0=0.25-10"%deg™'; R=2 m, h=5 mm. Three cases of the height

are examined (H =1, 2,and 4 m.). In [6], a study of the convergence and
accuracy of solutions for these shells in the absence of heating have been made.
Results were compared with the data from [7] and with the data obtained using
the SCAD program for finite element structural analysis [18]. The finite element
shell model was a half of the panel with uniform mesh along radius and
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circumference. The solutions converged on 40x50 FE mesh. Analysis has shown
that the adopted design scheme excludes multiple eigenfrequencies from
consideration. However, this does not interfere with the analysis of the natural
vibrations of the structure, considering only single eigenfrequencies and the
corresponding forms of vibrations. In general, the problem of determining the
eigenfrequencies and vibration modes of the shell, which are one of the main
dynamic characteristics of any elastic system, occupies an important place in the
study of the behavior of any structure.
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Fig. 1. An example of a temperature distribution Fig. 2. Parabolic shell of revolution
in a fairing [8]

Three variants of the distribution of the temperature field in the shell are
considered: (i) uniform heating throughout the shell volume, (ii) uniform
heating throughout the thickness and non-uniform throughout the height, (iii)
non-uniform heating throughout the thickness and the height.

2. Analysis of natural vibrations of parabolic shells that are in a

temperature field

2.1. Uniform heating all over volume of the shell. The effect of heating on
the vibration of paraboloids of various heights (H =1, 2, and 4 m) is examined

for four cases of uniform temperature increment by 7°C= 0, 50, 150, 165.

For paraboloids with a height of / =1 and 2 m, an increase in frequencies o,
is observed with an increase in the temperature increment 7. We have the
opposite effect for deeper shells (4 m), where frequencies ®; decrease with
increasing temperature. In all cases, uniform heating of the shells practically does
not affect the values of natural frequencies. Moreover, the frequency spectrum in
all cases is quite dense. Noticeable vibrations occur in the middle part of the shell
closer to the clamped edge with forming waves in the circumferential direction
(Fig. 3). There is no wave formation at the pole of the shell.

For the shell with a height H =1m (Fig.4), heating at 7=50°C is
accompanied by a small increase in frequency (only 3%) (Table 1) and has little
effect on the nature of the lower vibration modes. Heating at 7 =150°C and

above leads to an increase in frequencies (up to 5%) and causes the same
changes in the respective modes.
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Fig. 3. Natural modes of shells with different heights (7 =0°C)
Table 1
o
N o;,Hz (H=1m)
QD) (03 Wy (05

230.82 231.45 232.74 233.96
237.41 238.18 239.20 240.81
242.71 243.55 244.49 246.08
242.18 243.03 243.96 245.57

4.92 5.00 4.82 4.96

T=50°C T=150°C T=165°C

Fig. 4. The first three modes of vibrations for the shell ( # = 1 m) uniformly heated

The insignificant effect of heating on frequency values can be explained as
follows. Heating gives the shell a new shape (Fig. 5) and only slightly increases
the paraboloid’s height by 0.39, 1.14 and 1.24 c¢m, respectively. For clarity
forms are presented on a significantly distorted scale.
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Fig. 5. The shape of the parabolic shell of various heights after uniform heating

For the shell with a height H =2 m, heating by 7'=50°C or more leads to a
slight increase in the vibration frequencies (up to 3%, Table 2) and the same
restructuring of the modes (Fig. 6). As above, this can be explained by the
change in the parabolic shape of the shell to a drop-like shape with a relatively
smaller increase in height (than in the first variant) by 0.195, 0.575, 0.63%.

Table 2
: o;, Hz (H=2m)
* 7°C
T Q)] QD) ®3 Wy (QF
0° 162.57 162.69 164.48 164.83 168.47
50° 164.19 164.26 166.11 166.42 170.17
150° 167.19 167.61 168.77 170.07 172.47
165° 167.61 168.07 169.14 170.57 172.81
Aloﬁfﬂ , % 3.10 3.31 2.83 3.48 2.58

Fig. 6. The first three modes of vibrations for the shell ( H =2 m) uniformly heated
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For the shell with a height H =4 m, heating at 7' =165°C has practically no
effect on frequencies that decrease by less than 1% (Table 3) and does not affect
the modes (Fig. 7). The corresponding modes are of the same type for an
unheated and heated shell (for all considered temperature values). The relative
increment of the shell height due to heating is less than 0.5%, and the shape
differs insignificantly from the initial one.

Table 3
T T°C o;, Hz (H=4m)

T Q)] QD) ®3 Wy (QF
0° 77.832 | 78303 | 79.887 | 81.062 | 84.836
50° 77482 | 78.002 | 79.491 | 80.849 | 84414
150° 77.167 | 77816 | 79.073 | 80.795 | 83.914
165° 77250 | 77.930 | 79.094 | 80.959 | 83.865
NS, % -0.75 -0.48 -0.99 -0.13 -1.14

Fig. 7. The first three vibration modes for uniformly heated shell ( H = 4 m)

2.2. Heating of the shell uniformly throughout the thickness and non-
uniformly throughout the height. We study heating of the shell which is
uniform throughout the thickness and stepwise throughout the height. Let us

consider four sections of a paraboloid with stepwise heating by 7;°C along the

axis x!. It is assumed that the reference shell temperature is 20°C. In

accordance with [8], such temperature increments: 7;=110, 7,=135°C,
T3=150°C, and T,=165°C are corresponded the following sections of the
shell with the height ziOH , zioH , z%H , and ziOH . The first section is near
clamped edges.

The effect of the stepwise distribution of temperature on the natural
frequencies of the shells is examined for parabolic shells of revolution with the
height 2 and 4 m (Table 4). As expected, the effect of heating on the values o;
is insignificant. This can be explained by the fact that the non-uniform
temperature distribution has slight effect on the new shell shape after heating
(Fig. 8 (a), Fig. 9 (a)). New shell shapes are similar to ones of uniformly heated
shells (Fig. 5).
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Table 4
)
A% T o, Hz
o) ®, 03 (ON 05
H=2m 167.46 167.67 169.25 169.85 173.11
A(TY /00) 3.01 3.06 2.90 3.05 2.75
A(TY /1 65°) -0.09 -0.24 0.06 -0.42 0.17
H=4m 77.795 78.307 | 79.737 81.078 84.566
AT? /0°) -0.05 0.005 0.008 0.02 -0.32
AT [165%) 0.70 0.48 0.81 0.15 0.84

i
W e
AL
(i
A
i

(2) (b)

Fig. 8. Shell shapes ( H = 2, m) after stepwise heating throughout the height:
(a) uniform heating throughout the thickness, (b) linear heating throughout the thickness

The uniform heating of the paraboloid with a height H =2 m increases the
value of the lower five natural frequencies only by 3% compared with an

unheated shell (7=0°C). Compared with a uniformly heated shell at

T =165°C, this effect is practically absent and amounts to only 1%.
Taking into account the non-uniform heating for a paraboloid with a height
H =4 m practically does not affect the value of the lower five natural

frequencies and is less than 1% compared with an unheated (7’=0°C) and
uniformly heated (7 = 165°C) shell.

I

T

I

I

1
I
I Y A

=t

LI
(2) (b)

Fig. 9. Shell shapes ( H = 4, m) after stepwise heating throughout the height:
(a) uniform heating throughout the thickness, (b) linear heating throughout the thickness



10 ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2019. Ne 103

2.3. Non-uniform heating of the shell. We examine shells which are non-
uniformly heated both throughout the height and the thickness ( H =2 and 4 m).
We accept that the law of stepwise temperature change throughout the height is
the same as in the previous study. The temperature distribution over the shell
thickness is assumed to be linear by the method [16, 17]. When the upper fiber

is heated (7;°C), the lower fiber remains cold (7 =0°C).

Table 5
T
A ,% V (Dl N Hz

0 195 3 Wy 05
H=2m 164.98 164.99 166.94 166.98 170.98
A(Tl_o/OO) 1.48 1.41 1.50 1.30 1.49
A(Tl-°/165°) -1.57 -1.83 -1.30 -2.10 -1.06
H=4m 77.729 78.201 79.735 80.967 84.632
A(Tl-°/0°) -0.13 -0.13 -0.19 -0.12 -0.24

A(Tl-°/165°) 0.62 0.35 0.81 0.01 0.91

As above, the effect of non-uniform heating on frequency values o; is

insignificant (Table 5). Non-unifirm heating increases the frequency of the shell
for the case H =2 m by 1.57% and for the case H =4 m less than 1%. This can
also be explained by the fact that the non-uniform temperature distribution has
little effect on the new shell shape after heating (Fig. 8 (b), Fig. 9 (b)).

Note that non-uniform heating of paraboloids (paragraphs 2.2 and 2.3) has
no result (does not affect) on the type of the lowest modes compared with ones
for uniform heating (paragraph 2.1). The parabolic shells considered above
belong to the class of deep shells and are rather stiffness. Therefore, temperature
effect on the vibration characteristics of deep shells is negligible. But researches
have shown the effectiveness of applying the developed approach to the study of
modal characteristics of shells.

3. The effect of the height reduction of the heated parabolic shell on

natural vibrations.

Consider an axisymmetric shallow parabolic panel. The height of shell is 10
times less than of those studied above: H =0.2 m. The rise of this thin panel is
much smaller than the radius of the support boundary. Therefore, this shell can
be attributed to the class of shallow ones, since it is generally accepted that for
shallow shells H < R /5 [19]. The effect of heating on 7 =50°C on the modal
characteristics of the shallow parabolic panel is analyzed. Two cases are

considered: uniform and non-uniform heating throughout the thickness. Heating
throughout the height is taken uniform.
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The shell shape after heating
(Fig. 10)  differs  from  the 2N,
corresponding  shape of the AP
paraboloid with greater height s
(Fig. 5). For clarity, the deformed
shape is presented on an enlarged Fig. 10. The shape of a heated parabolic shell
scale. (H=02m
The modal characteristics of the
panel before and after heating are presented in Fig. 11 and in Table 6.
Ne T =0°C T T =50°C T T=50°C
(X)i +
T
1
2
3
4
Fig. 11. Vibration modes of a shallow parabolic shell ( H = 0.2 m)
Table 6
Case of  heating o,Hz | ©,,Hz | o3,Hz | 04,Hz | o5, Hz
T=0°C 83.403 | 83.976 | 84.333 | 85.173 | 86.360
T
+ T=50°C 81.795 | 82.146 | 83.227 | 84.959 | 87.069
T
AL % -1.9 2.2 -1.3 -0.3 0.8
7T
T=50°C 83.118 | 83.322 | 83.518 | 84.036 | 86.010
AL, % -0.3 -0.9 -1.0 -1.3 -0.4
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The frequency spectrum remains fairly dense. The effect of heating on the
frequencies is negligible. The difference in their values does not exceed 2.2%
(Table 6).

The types of the vibration modes differ substantially from ones for deeper
paraboloids (Fig. 11). In this case, both uniform and non-uniform heating of the
shell has a significant effect on the first modes of natural vibrations.

Conclusions

We have carried out the modal analysis of parabolic shells of revolution
exposed to temperature field. The analysis is performed according to the method
basing on the relations of the three-dimensional theory of thermoelasticity, a
finite-element formulation of the problem in increments and uses the finite
element moment scheme. A universal finite element is used to model a thin
elastic shell.

The effect of uniform and non-uniform heating on the natural vibrations of
parabolic shells of revolution with various heights (deep shells) is investigated.
The vibrations of the parabolic shells modelling rocket fairings are studied. The
phenomenon of aerodynamic heating of a parabolic shell (head fairing) can
occur, for example, at the initial stage of entry of the rocket fairing into the
atmosphere. This can cause non-uniform heating along the height of the fairing
surface.

Analysis of the calculation results allowed us to make the following
conclusions.

Heating of the deep shells has negligible effect on the frequencies of natural
vibrations, the spectrum of which is quite dense. The natural vibration
frequencies decrease with successive increasing up the height of the paraboloid.
At the same time, effect of heating on the first modes of the shell vibrations is
observed. Noticeable vibrations occur in the middle part of the shell closer to the
clamped edge with forming waves in the circumferential direction. There is no
wave formation at the pole of the shell. The effect of heating on the vibration
modes decreases with increasing up the height of the shell, and effect from
heating completely disappears for shells with #7 =4 m.

A decrease in the height of the paraboloid to # =0.2 m (a shallow panel)
leads to a significant decrease in frequencies and a qualitatively different
character of the modes of natural vibrations.

We have shown the effectiveness of applying the developed approach to
studying the modal characteristics of shells in a temperature field.
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Baocenos B.A., Kpusenro O.I1., Bopona IO.B.
BIIJIUB HAT'PIBY HA BJIACHI KOJIMBAHHSI TOHKHUX TAPABOJITYHUX
OBOJIOHOK

IlpoBeseHO MopanbHHUA aHai3 napaboJiyHUX OOOJOHOK OOCEpTaHHS, IO 3HAXOISATHCS B
TEMIIEPaTyPHOMY T0JIi. AHalli3 MPOBOAUTHCS METOIOM, SIKHH IPYHTYETHCSA Ha CIIBBiIHOIICHHIX
TPHUBUMIPHOI TEOPil TEPMOIPYKHOCTI, CKIHUCHHO-CIIEMEHTHOI IIOCTAaHOBKHU 3aJadi y HPHPOCTax Ta
BHKOPHUCTOBYE MOMEHTHY CXEMY CKIHYGHHHX eJleMEHTIB. JIsi MOIETIOBaHHS TOHKOI MPYXKHOL
000JIOHKH BHKOPHCTOBYETHCS YHIBEPCAJIbHUI CKiHUeHHHMH elieMeHT. CKiHYCHHHH eJeMeHT
no0yOBaHMI Ha OCHOBI IPOCTOPOBOrO  i30HApPaMETPUYHOrO CKIHYCHHOrO eleMeHTa 3
HOMUTHIHHUMH (YHKIIsIME HOPMHU I KOOPAMHAT i nepemimeHb. OLiHKa BIUTHBY TEMIIEPATyPHOIO
I0JIs1 Ha MapaMETpPHu BJIACHUX KOJIMBAHb OGOHOHK]A NPOBOAMUTHLCA Yy ABA €TaIlU. Ha IEpomMy eTani 3a
JIONIOMOrOI0 TE€OMETPHYHO HENIHIHHOIO METONY BH3HAYAEThCS HOBHI HampyKeHO-nedOopMoBaHHI
cTaH KOHCTPYKIii. Jlani 064HCIIOI0TECS 9acTOTH 1 (JOPMH BJIACHUX KOJHMBaHb OOOJIOHKH, (opma
sKUX 30ypeHa 1i€l0 TeMmepaTypHoro mois. IlpoBeneHOo [geTasbHE JOCHIUKCHHS —BIUIHBY
PIBHOMIPHOrO i HEpIBHOMIPHOrO HarpiBy Ha BJIAcCHi KOJMBAHHS MapaboiiyHHX OOOIOHOK pi3HOL
BUCOTH. BHBUYEHO KOJIMBaHHS mMapaboNidyHUX OOOJIOHOK, IO MOJCIIOIOTh OOTIYHMK PAKETH.
JlociikeHHsT MoKa3ainu e(peKTHBHICTH 3aCTOCYBAaHHS PO3POOJICHOrO MiAXOAY OO MOJAIBHOIO
aHaJii3y 000JIOHOK.

KarouoBi ciioBa: BiOpaiii, TemmneparypHe moJje, mnapaboiiuHa 0OOJOHKA, YHiBepcalbHUM
HPOCTOPOBHi CKIHUCHHUH €IIEMEHT.

Bazhenov V.A., Krivenko O.P., Vorona Yu.V.
EFFECT OF HEATING ON THE NATURAL VIBRATIONS OF THIN PARABOLIC
SHELLS

The modal analysis of parabolic shells of revolution exposed to temperature field is carried out.
The analysis is performed according to the method, which is based on the relations of the three-
dimensional theory of thermoelasticity, a finite-element formulation of the problem in increments
and uses the finite element moment scheme. A universal finite element is used to model a thin
elastic shell. The finite element is based on an isoparametric solid finite element with polylinear
shape functions for coordinate and displacement interpolation. Evaluation of the effect of the
temperature field on the parameters of the natural vibrations of the shell is performed according to
the developed method in two stages. The new stress-strain state of the structure, caused by the
applied temperature field, is determined using a geometrically non-linear approach. Further, the
frequencies and modes of the natural vibrations of the shell whose shape is perturbed by the action
of the temperature field are calculated. The effect of uniform and non-uniform heating on the natural
vibrations of parabolic shells of revolution with various heights is investigated. The vibrations of the
parabolic shells modelling rocket fairings are studied. The phenomenon of aerodynamic heating of a
parabolic shell (head fairing) may occur at the initial stage of entry of the carrier rocket into the
atmosphere. This can lead to significant heating of the fairing surface. At the same time the shell is
non-uniformly heated through the height. The considered parabolic shells are essentially deep and
rather rigid. Therefore, the effect of heating on the characteristics of natural vibrations is
insignificant. It has been found that shallow shells have lower frequencies and significantly different
modes of natural vibration. Presented studies have shown the effectiveness of the application of the
developed approach to the modal analysis of the shells.

Keywords: vibrations, temperature filed, parabolic shell, universal solid finite element.
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Baocenos B.A., Kpusenro O.I1., Bopona IO.B.
BJIMSIHUE HATPEBA HA COBCTBEHHBIE KOJIEBAHUSI TOHKUX
MAPABOJIMYECKHUX OBOJIOYEK

BeinosHeH MopanbHbI aHanM3 napaboiIMyecKuX O0O0JIOUEK BpAILEHUs, HAXONALMXCH B
TEeMIEPaTypHOM I1ojie. AHAIN3 POBOAUTCS METOAOM, OCHOBAHHOM HAa COOTHOLICHUSX TPEXMEPHOMH
TECOPHUU TEPMOYIIPYTOCTH, KOHCHHO—SHCMCHTHOﬁ ITOCTAaHOBKH 3aa4u B IPUPAILICHUAX U UCIIOJIB3YET
MOMEHTHYI0 CXEMY KOHEUYHBIX 3JIEMEHTOB. [l MOAENIMPOBAaHUsS TOHKOW YHpYyroi o00104KH
UCHOJIb3YETCS YHHMBEpPCAJbHBII KOHEUHbIH 31eMeHT. KOHEUHbIH 3JIEMEHT HOCTPOEH Ha OCHOBE
IPOCTPAHCTBEHHOI'0 H30MAPAMETPUIECKOI0 KOHEYHOr0 dJIEMEHTa C HOJIMIMHEHHBIMBL (yHKIMSIMH
¢hopmbl 111 KOOpAMHAT U IepeMerieHnid. OLeHKa BIHSHUS TEMIEPaTYpHOro MOJs Ha IapaMeTpbl
COOCTBEHHBIX KOJeOaHHi 00OJOYKM MPOBOAMTCS B 1Ba dTama. Ha mepBoM 3Tame ¢ IOMOLIBIO
IEOMETPUYCCKH HEIMHEHHOro MeTofa ONpEAe/sieTCss HOBOE HANPSHKEHHO-Ie(hOpPMUPOBAHHOE
COCTOSIHUE KOHCTPYKUMH. Jlajee BBIYMCIIIOTCS 4YacTOThl M (OpPMBI COOCTBEHHBIX KoJeOaHMi
000104KH, GopMa KOTOPHIX BO3MYILEHA JEHCTBHEM TeMIlepaTypHOro mossi. IIpoBeneHo neranbHOe
MCCIIEIOBAaHHUE BJIMSIHUSL PAaBHOMEPHOI'O M HEPABHOMEPHOIO HarpeBa Ha COOCTBEHHBbIE KoyeOaHMs
1apaboIMYecKuX 000JI0UEK Pa3IMYHON BBICOTBI. M3ydeHbl KOIeOaHus MapadoIMYecKuX 000I04UeK,
MOJEIUPYIOIMX oOTekaresnb pakerbl. ViccmenoBanus mnokasamn 3¢GEKTHBHOCTb IPHUMEHEHHS
pa3paboTaHHOT O MOAX0/a K MOJAJIEHOr 0 aHAIN3a 000JI0UYeK.

KiloueBble cyioBa: BuOpauuu, TeMIepaTypHoe Ioie, Iapabonuueckas o000JI04YKa,
YHUBEPCAJIbHbIA IIPOCTPAHCTBEHHBII KOHEUHBIH JIEMEHT.
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Posenadaemucs 6naue nazpiey Ha napamempu 1ACHUX KOJIUBAHb NApabONiMHUX 060IOHOK
obepmanusi.
Tabun. 6. L. 10. Bi6miorp. 20 Ha3s.

UDC 539.3
Bazhenov V.A., Krivenko O.P., Vorona Yu.V. Effect of heating on the natural vibrations of thin
parabolic shells / Strength of Materials and Theory of Structures: Scientific-and-technical collected
articles. — K.: KNUCA, 2019. — Issue 103. — P. 3-16.

The effect of heating on the parameters of natural vibrations of parabolic shells of revolution is
considered.
Table 6. Fig. 10. Ref. 20.

VK 539.3
Baoicenos B.A., Kpusenko O.I1., Bopona IO.B. Bausinme HarpeBa Ha cOOCTBeHHbIEe KoJIeGaHUs
TOHKHX NMapafomyeckux 00oJouek / Omip marepiajiB i Teopis cnopya: Hayk.-Tex. 30ipH. — K.:
KHVYBA, 2019. — Bumn. 103. — C. 3-16. — Auri.

Paccmampusaemcs — enusinue  Hazpeea  Ha  napamempuvi  COOCMEEHHbIX — KOAeOanuil
napadoIuyeckux 06onI04ex 6PaueHus.
Taban. 6. . 10. bubanorp. 20 Ha3B.



16 ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2019. Ne 103

ABTOp (BY€HA CTyNeHb, BUeHe 3BAHHS, NI0CANA): OOKMOP MEXHIMHUX HAYK, NPOdecop, akademix
Hayionanvnoi axaodemii nedaeociunux mnayk Yxpainu, oupexmop HJI 0Oyodigeavnoi mexamixu
FA)KEHOB Bixmop Andpitioguy

Anpeca podoua: 03680 Vkpaina, m. Kuis, I[losimpoguomcokuti npocnekm 31, Kuiscokuil
HayionanbHull yHisepcumem 6y0i6HUYMSEA i apXimeKmypu.

Pobounii Ten.: +38(044) 245-48-29.

MoOinbHMIA Ten.: +38(067)111-22-33

Imeiin: bazhenov.va@knuba.edu.ua

ORCID ID: https//orcid/org/0000-0002-5802-9848

ABTOp (BU€HA CTYNeHb, BU€HE 3BAHHS, MOCA/IA): KAHOUOAM MEXHIYHUX HAYK, CMapuull HayKoGuUll
cniepobimnux, npogionuil naykosuil cnispodimuux H/I 6yoieenvnoi mexanixu KHYBA KPUBEHKO
Onvea Ilempiena

Anpeca podoua: 03680 Vkpaina, m. Kuis, I[losimpoguomcokuti npocnekm 31, Kuiscokuil
HayionanbHull yHisepcumem 6y0i6HUYMSEA i apXimeKmypu.

Pobounii Ten.: +38(044) 245-48-29.

MoOinbHMIA Te.: +38(066) 048-32-77

Imeiin: kryvenko.op@knuba.edu.ua

ORCID ID: https//orcid/org/0000-0002-1623-9679

ABTOp (BY€HA CTYNEHb, BU€HE 3BaHHS, MOCAA): KAHOUOAM MEXHIYHUX HAYK, 00YeHm, npogecop
Kkagheopu byodisenvroi mexanixu BOPOHA FOpiii Bonooumuposuy

Anpeca podoua: 03680 Vkpaina, m. Kuis, I[losimpognomcokuii npocnekm 31, Kuiecokuii
HayioHanbHUll yHisepcumem 6yO0i6HUYMEA [ ApXimeKmypu.

Pobounii Ten.: +38(044) 245-48-29.

MoOibHMIA Te.: +38(050)750-13-61

Imeiin: vorona.iuv@knuba.edu.ua

ORCID ID: https//orcid/org/0000-0001-8130-7204



ISSN 2410-2547 17
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2019. Ne 103

UDC 539.3

EVALUTION ON STRESS DISTRIBUTION, DEFORMATION RATE IN
EMBANKMENT AND SOFT SOIL REINFORCED CONCRETE PILE
COMBINED GEOTEXTILE BELOW THE EMBANKMENTS IN
GEOLOGICAL CONDITIONS MEKONG DELTA
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The main content of the paper is evalution stress distribution, deformation rate in embankment
and soft soil reinforced concrete pile combined geotextile below the embankments in geological
conditions in Mekong delta by finite element method to Geotechnique-designer have to notice the
correlation of rational pile-distance and embankment-depth when design weak foundation.

Keywords: Geosynthetic reinforced pile, soft soil, pile embankment, foundation, FEM.

1. Introduction

With the rapid growth of the economy and the trend of industrialization and
mordenization of the country, the demand of developing buildings, factories
and other infrastructures in Vietnam increases, especially in the Mekong Delta
area. Because of the geological structure property of Mekong Delta is mainly
soft soil, the foundation depth can vary from 30 to 40m. To meet the demand of
infrastructure development, there some studies and researches done recently on
this geological structure.

The divergent subsidence due to causeway, path way to the bridge, storage
has caused difficulty for the transportation and facility in some areas in
Hochiminh city. For instance, according to Hochiminh city Transportation
Department, the sunsidence on Nguyen Huu Canh street varies from 0.5 to 1m.
There are some proposal solutions to solve this issue such as concrete piles,
sand piles, reinforced concrete, soil&cement mixture to reduce load, etc...
These solutions takes a lot of time and are not efficient. Recent years, there is a
solution for the foundation called “The embankment on the pile conbined with
geotextile”. Hopefully this solution will solve the issue.

The evaluation and analysis on stress distribution, ground deformation and
reinforced concrete and geotextile treatment on soft soil is extremely essential to
find the new solution to improve the quality of foundation in Mekong Delta area.

2. Theoretical basis

2.1. Theory of soil arching

According Terzaghi (1943) arching effects have been described. Arching
effects base on his experiment on the trap-door effects as shown in Fig. 1.

© Nguyen Anh Tuan, Nguyen Tuan Phuong
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Stress Distribution Equation:
(6,+dc,)'S-0.S+21,.dz-dG =0. (1)
With o, is vertical effective Stress (Z direction), T,, is shear stress on xz

plane, S is width of trap-door, G is weight of soil on trap-door, y is the soil unit
weight.
The equivalent equation:

W '
z ?’ 5 do*S =y"Sdz-21_dz. (2)
i txf, Vv X According  to  Mohr-
dz' —_ 1) ‘K‘ Y Il‘l <=0y Coulomb, the Shear Stress at
failure can be expressed as:

T, =C"+0,tane’. (3)

With C’ and ¢’ are the

% trap - door effective cohesion and friction
7 7

) | angle of the soil. The effective

Fig. 1. Description of soil Arching analysis horiziontal stress as afunction of

ith T hi’ h . . .
with Terzaght’s method verticle effective  stress is

6, =06,K , Terzaghi determined

that K=1 based on his experimental results.

The equation is written as:

do.S =y'Sdz—2(C’ +6_K tan¢’)dz. @)
Dividing both side of Equation (4) with ¢, and s:
(dGZJ:le_ 2C dz—zK tan(pdz. 5)
G, G, S*GZ s

The solution for the differential equation is as follows

* ’ 'z 'z
.. =S£Y*—2C/S){l—e 2K tan 2 }er*e 2K tang’s
2°K" tan@’

According to the result found by Terzaghi, K=1. Solve equation (6) gives
an exponentially increasing vertical effective stress within the embankment fill
between the two rigid foundations. Comparison between effective vertical
stress distribution with the linearly increasing geostatic vertical stress is shown
in Fig 2. Due to arching, the vertical stress acting on the ground surface below
the embankment is much lower than the geostatic vertical stress.

Arching is difined by Mc. Nulty (1965) as “The ability of a material to
transfer from one location to another in response to a relative displacement
between the location. A system of shear stresses is the mechanism by which
the loads are transfer”.

(6)
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The Nordic Guiline method helps analyze arching in soil is suggested by
Carlsson (1987), this method shows the angle of arching is 30 degrees refer to
Fig. 5.

Vertical Stress, kPa
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E Geostatic
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Fig. 2. Typical vertical stress distribution of embankment fill between trap-door of Terzaghi

Weight of the soil is calculated in 2D as below:

(b-a)’
~4tanise " @
with a is the width of the pile, b is the distance between the centre of 2 piles, v is
unit weight of the embankment.
Svant et al. (2000) suggested the soil weight formula in 3D

Y )2y 1 33
W—za{b H 6tanB[(a+Htanﬁ) a ]} (8)
With a is the width of the pile, b is the distance between the centre of 2 piles, y
is the soil unit weight, H is the height of soil layer.
Development by Jones et al. (1990) based on the past study by Marston and
Anderson (1913) about the peak of the spherical dome between piles.

Sand . - Sand . " :

by
N\ ) . _.~:5/
N ‘Trapdoor 7

o e

X 1 b' ,:2:' =

] .

Fig. 3. The shear stress path when trap-door min Fig. 4. The shear stress path when trap - door
displacement of Terzaghi max displacement of Terzaghi
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Fig. 5. Soil wedge model (a) 2D; (b) 3D defined by Carlsson
REERIENENENENRNERRE
May reach the surface ar not,
Spharical ng on H One biaxial
W doms xa two.
A |s-8) unizxial
reinforcament
..... layars
A | i

-l—h L

a s-8 i

4

1 g 1

Fig. 6. Hemispheric in BS 8006

Analyze the spherical dome based on the ratio between pressure on the pile

and vertical stress on the soft soil layer, P, /Gv

2
P =3, [%} - ©)

With: C, is soil arching coefficient (C,=1.95(H/a) - 0.18 for end-bearing pile,
C. =1.5(H/a) - 0.07 for friction and other pile), a is the size of the pile caps, H
is the height of the embankment.

2.2. Load Transfer

McNulty (1965) and Kempton (1998) The ratio of the vertical stress on top
of the cap:

)

YH +qo°
Where: p, is average vertical pressure above geosynthetic, g, is uniform

(10)

p:

surcharge on the embankment, 7 is tension on geotextile, p = 0: Represents the
Complete soil arching / p = 1: Represents no soil arching, y is the soil unit
weight.
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Fig. 7. Load transfer (cited in Li, 2002)

Han (2003) The ratio of the vertical stress on top of the cap:
GC
=< 11
= (an
With ©, is vertical stress on pile, G is vertical stress between piles.
Schimidt (2004) The ratio of the vertical stress on top of the cap:

G A/
Oy y'H 4.

I' is the soil unit weight, / is height of embankment, 4, is Cross sectional area

(12)

of pile.

2.3. Factor that determines arching

Ratio that determines arching

CSR is the column stress ratio

SRR is the stress reduction ratio

N is the ratio of the vertical stress on top of the cap and £ The piled
embankment efficacy.

(¢} O

CSR=—¢4=—+*<_| 13
o (YH+q) ()
o o
SRR=—"2=—*% (14)
o (YH+q)
GC
GS
G, xa
E=—<- 16
- (16)
With: v is the soil unit weight, H is height of soil layer, g is surcharge load,
— AC
T w4

A, is pile cross sectional area, 4, is area of the soil associated with the column.
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According to BS8006:1995 and some researchers, SRR is calculated as
Table 1.
Table 1
The stress reduction ratio
No. The stress reduction ratio No. Equa
1 | BS 8006 ,
1995 SRR = 2*5 :(;VH;'ZQ)(S _a) * SZ _az i
(8 —a’y*yH yH (17)
With H < 1.4(S-a) | a18)
8% P
SRR=L2L1* Sz —az L (19)
(S+a)' *H yH
With H > 1.4(S-a)
i £ Ca
7H H
2 Terzaghi 22 ~AHaK tang (20)
SRR=——2) 1y s
4*¥ H*a*K *tang
3 | Randolph 1 @n
1988 =
1K (-k,) 2
P (1—EJ —(1—EJ[1+EK ) & 1,
K, +1 ) ) 5 L s
4 | Guido - 22
SRR — (s—a) (22)
3V2.H
5 | Low1994 (23)
K -1)(1-8)§
=( P )( ) +(1_§)(K.‘Fl) l_i_—s
2H*(K,-2) 2H 2H(K,-2)
6 Carlsson s-a (24)
SRR= ——
4.H.tan15"
7 | Kivilo 1 (25)
1998 CSR=——F7—
a,+ % (1-a,) (26)
col
SRR = Emil
Ecznias- + Esm‘l (1 - as)
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In which: H is height of the embankment, ¢ is external load, s is distance
between pile center, a is Area replacement ratio, C, is arching coefficient
(C.=1.95(H/a) - 0.18 for end-bearing pile, C, = 1.5(H/a) - 0.07 for friction and
other pile), p"is angle of friction of the embankment fill, K is coefficient of later
earth pressure (K = 1)

_ l+sing

" 1-sing
is Rankine coefficient of passive earth pressure, £, is Modulus of elasticity of
the column, E,,; is Modulus of elasticity of the unstabilized soil surrounding the
column.

3. The embankment on the pile conbined with geotextile

; z
/Trafflc load ‘/[‘—‘
Embankment E

Fig. 9. Geosynthetic reinforced pile supported embankment [4],[5]

Arching in embankment.
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Fig. 10. Arching in embankment [4], [5]
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3.1. Geosynthetic reinforcement

3.1.1. BS 8006 (1995)

One of the formulas to calculate the tension force in the geosynthetic based
on the BS 8006 is as follows.

Wr(s—a) 1
=24 iy L 2
T, " 1+68 , 27

where 7,, is the tensile force per meter geosynthetics, W7 is distributed vertical

load acting on the geosynthetic between the piles, € is the strain in the
geosynthetics (%), a is the pile cap size and s is the center-to-center spacing.
3.1.2. Zaeske (2001) and Kempfer (2002)

SWTARIA

ag+day

Fig 11. Multi aching model [2]

The equation is developed:

o
—cszu+(62+dcz)dA0—4csq,dAssin[ (;'” J+de:0. (28)

Where:
d4, = (r5(P)2, (29)
ddy=(r+dr)*(3,+dd,)*=2d8, 1> 8, +2dr-r-8,°+r*-8,%,  (30)
1 1
dd, = (r+2dr) By +2ddy) dz=dz 73, (D)
dV=(r+%dr)2-(8¢+%d5q,)2'dz=dz'r2-d5¢2. (32)
The equation is developed the tension force in the geosynthetic:
&z_0, Cox
o += (33)
2. j\/1+(z dx+2- j 1+(z -dx—1,
H= (34)

2~({(1+(z )dx+2j(1+(z )~dx
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Where
_ Oy X Ol X BW
Zp(X)=Ayy e+ Ay e -—-, 0<x<i,
Ay (35)
Oy - x Oy X
Zl:V(x)ZOLW'(Al,W'e Py e )
The tensile force per meter geosynthetic:
S(x) = e(x)/J = H-J1+z"%(x). (36)
3.2. Result of model
p
p=20 54 104 kNm? ‘L \L \I"LV
Measured values: 0 'S 4 * N
|
QO p=20 st‘m2 II | ‘l
s 60 \
O p=54KkN/m b 4 A
2 £ | |_p+yih-2) |
A p=104 kN/mi 80 [~ II 'I |
|
9 0| a
P | i
\I' L ‘l v l p i}‘.(] KN/m? E‘t |“.M 40 _!‘ | || -
N — i r / ap ;';o / A
| ! rx’
7 o Fd (Y /
I II l.l'rf 200 / Arch height
| (o ?6 t=s542
/ —n P P /A ] /
/ 104 ' [ 10} [
[/ % L ‘L l! “q|o|n ll
| [ — R A LG AR o, [KN/m?|
d L /// j 25 50 75 100 0 25 50 75 100
5/2=35¢cm h= 35 cm h=70cm
(PR Sk LN

Fig. 12. The result of model Zaeske (2001) [2]

According to the experiment by Zaeske (2001), it is proven that the ratio of the
arching in soil with the real dimension is 1/3. This includes 4 piles in soft soil. On
the top of each pile is covered by geotextile with the earth pressure cells.

The experiment result is recorded as below:

Case 1: distance between 2 piles s =70cm, sand layer’s thickness of 35cm,
applied loads of 20kN/m?, 5420kN/m? 10420kN/m”. Vertical stress is measured
at distance of Scm, 15¢m, 25¢cm between and above the top of 2 piles.

Table 2
Case 1
p (kPa) o (kN/m’) h (cm)
20 15-16-19 5-15-25
54 33-42-45 5-15-25
104 65-75-87 5-15-25

Case 2: distance between 2 piles s = 70cm. sand layer’s thickness of 70cm,
applied loads of 20 kPa, 54 kPa, 104 kPa. Vertical stress is measured at distance
of Sem, 20cm, 30cm, 45¢cm, 55cm between and above the top of 2 piles.
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Table 3
Case 2
p (kPa) ¢ (kN/m?) h (cm)
20 15-20-29-25-22 5-20-30-45-55
54 20-33-46-54-57 5-20-30-45-55
104 35-57-73-95-107 5-20-30-45-55

4. Design of ingenieurgesellschaft geotecgnik walz (igw) used for Hung

Loi metro in Can Tho City, Vietnam

The model uses cylindrical piles with diameter D = 300mm, spacing
between  piles S=4000mm, reinforced concrete = dimension  of
1500x1500x300mm, above is geotextile with the height of 500mm for big sand

particles. Concrete layer 10x20 B.15 thickness of 250mm, rock layer 0x40mm
thickness of 350mm.

The model is ilustrated in Fig.13.

L. PN

PN
Sl ) /L] i Lo WL AL w
= S 8

o

i z

7 14ai.
§
f
El ¢

l_ Damp nylon sheet 0.3mm Di
 TED 1 750 - T80 TE)
1500 1500
e =
g RC - PILE 2300 g RC - PILE @300

Fig. 13. Design of (IGW) used for Hung Loi Metro in Can Tho City

Deformation of the structure after completion of project in Fig. 14.

" N——
LGA Bautechnik GuibH At

Member of I.GA —a group of companies

aretvan

Y

Fig. 14. Differential settlement of Hung Loi Metro project
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5. The development of the new model

Redesign the model using
reinforced concrete piles with
B.20, cross section area of
300x300mm, spacing between
piles varies from 1.0m, 1.5m,
2.0m, 2.5m, using Mac 40
geotextile to put on the top of
each pile. Sand layer is 1m high,
reinforced concrete thickness of
150mm. Using Plaxis 3D Tunnel
and Mohr-Coulomb to model with
the following parameters.

Fig. 15. The development of the new model to repair

Hung Loi Metro in Can Tho city

Table 4
Properties of soil layers
Layer 1 Layer 2 Layer 3 Sand .
layer Unit
Properties Index Sand
Soft soil stiff clay sand embank
ment
- : T
Horizontal coefficient k. 0214%10-6 | 1.2%10-4 2%¥10-2 3*%10-2 cm/s
ratio
*10-
Vertical coefficient ratio ky 0.12%10-6 | 0.6%10-4 1¥10-2 7 el
Modulus of elasticity of
the unstabilized soil Eoed 1252 14900 28860 30000 kN/m?
surrounding
Poisson ratio v 0.35 0.33 0.3 0.3 -
Cohesion oy 8 71 1 1 kN/m?
Angle of friction of soil @’ 18°16° 26°58° 300 300 degree
Table 5
Properties of reinforced concrete pile
Properties Index Unit
Modulus of elasticit
\ y E 2.9%107 KN/m?
reinforced concrete
Area of section A 0.3*0.3 m2
Poision ratio % 0.15 -
Base thickness h 0.15 m
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5.1. The analysis of model used Plaxis 3d Tunnel software

5.1.1. Pile subsidence

To create the spherical dome, there should not be any subsidence on the
piples, the limit subsidence is S<= 10mm

5.1.2. The effect of geotextile

Geotextile with high expansion, there should not be any damange on
geotextile under load.

5.1.3. Sand layer

Sand particles are big with ¢’ = 1kN/m2, ¢’ = 30 degrees, the height of sand
layer should be corresponding to the distance between piles.

5.1.4. Reinforced concrete layer

There needs to be reinforced concrete layer for the load distribution to avoid
stress concentration on critical points.

5.2. The analysis result of the model

ktm2)
J 0
000
50
000
76,000
100,000
125000
15000
17500
2000
250
25000
2700
a0
326,000
360,000
375,000
400

Fig. 18. The tensile force per meter geosynthetic

5.2.1. Stress Distribution
Below are the graphs of the relationship between stress distribution and the
pile spacing.
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With the pile spacing S = Im and S = 1.5m, the vertical stress value at the
top of the pile is maximum, in the higher up than the top of the pile, the vertical
stress tends to decrease and distributed equally near the armoured concrete slab.

150

T y - T
s 1T T T

Pile Spacing S=1.0m

vEEE A

—®— H=0.083 H=0.417
H=0.0417 —*— H=0.783

150 7 — ———
IRE=SEE=SNEE=0
50 &\-:‘\E‘F,_*
0 Vet

0 2 4 6
Pile Spacing $=1.5m

—8—H=0.083m —+— H=0.167m
—— H=0.783m H=0.967m

Fig. 19. The vertical stress on top of the top pile

with §=1.0m

When the pile spacing is
farther S = 2,0m and S =2,5m, the
maximum vertical stress value at
the top of the pile is 1.5 times
higher than the pile spacing S =
2.0m and S = 2.5m, in the higher
up than the pile head, the vertical
stress tends to decrease but not
distributed equally near the
armoured concrete slab.

5.2.2. The vertical stress on
top of the top pile ratio

The vertical stress on top of the
top pile ratio n = 6./c;

- Spacing between piles and
hight embankment S=1m, H= 1m

When § = Im, H = 1Im. The
stress concentration factor at the
top of the pile is n = 6.8, in the
higher up than the pile head, the
vertical stress tends to decrease
and distributed equally near the
armoured concrete slab. The stress
concentration factor n=1.12.

- Spacing between piles and
spacing between pile S=1.5m,
H=1m.

When S = 1.5m, H = 1m. The
stress concentration factor at the

Fig. 20. The vertical stress on top of the top pile
with §=1.5m

0 2 4 6 8
Pile Spacing S= 2.0m
| —#— H=0.083m H=0.417m
—— H=0.583m H=0.917

Fig. 21. The vertical stress on top of the top pile
with §=2.0m

2 4 6 8
Pile Spacing S= 2.5m
—— H=0.0833m —®— H=0.417m
—— H=

Fig. 22. The vertical stress on top of the top pile
with §=2.5m

top of the pile is decreased n = 4.93, in the higher up than the pile head, the
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Fig. 23. Relation between the vertical stress
on top of the top pile ratio and hight
embankment with spacing between piles is
1m (a), 1.5m (b), 2.0m (c¢)

vertical stress tends to decrease and
distributed  equally near the
armoured concrete slab. The stress
concentration factor n=1.12.

- Spacing between piles and
spacing between pile S=2m, H = Im.

When § = 2m, H = 1m. The
stress concentration factor at the top
of the pile is decreased n = 3.44, in
the higher up than the pile head, the
vertical stress tends to decrease and
not distributed equally near the
armoured concrete slab. The stress
concentration factor #=1.68.

6. Conclusion and

recommendation

6.1. Conclusion

- The coefficient of stress
concentration 7 or the inverse n* will
depend on the distance between
piles. The further the distance is, the
more n decreases and the more n*
increases.

- The height hy,, 2 S will make

the spherical dome become clearer.

When Ay, >S/2  then hg=S/2.
When /g, <S/2  then arching
height hg= hy,, -

- When the height cao

hgap <S/2 the deformation is not

uniform, and the other way around.
When choosing the sand layer, we

should ~choose  /y,, >S/2  and

depend on the distance between the
piles.

6.2. Recommendation

- Structure of the project is not
reasonable. We should choose
Structure of the project bearing
capacity distribution.

- When applying the new model, notice that the distance between piles and
the height should be carefully considered to improve and increase the efficiency

of the arching..
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Nguyen Anh Tuan, Nguyen Tuan Phuong

EVALUTION ON STRESS DISTRIBUTION, DEFORMATION RATE IN EMBANKMENT
AND SOFT SOIL REINFORCED CONCRETE PILE COMBINED GEOTEXTILE BELOW
THE EMBANKMENTS IN GEOLOGICAL CONDITIONS MEKONG DELTA

With the rapid growth of the economy and the trend of industrialization and mordenization of
the country, the demand of developing buildings, factories and other infrastructures in Vietnam
increases, especially in the Mekong Delta area. Because of the geological structure property of
Mekong Delta is mainly soft soil, the foundation depth can vary from 30 to 40m. To meet the
demand of infrastructure development, there some studies and researches done recently on this
geological structure.

The evaluation and analysis on stress distribution, ground deformation and reinforced concrete
and geotextile treatment on soft soil is extremely essential to find the new solution to improve the
quality of foundation in Mekong Delta area. The main content of the paper is evalution stress
distribution, deformation rate in embankment and soft soil reinforced concrete pile combined
geotextile below the embankments in geological conditions in Mekong delta by finite element
method to Geotechnique-designer have to notice the correlation of rational pile-distance and
embankment-depth when design weak foundation.

Keywords: Geosynthetic reinforced pile, soft soil, pile embankment, foundation, FEM.
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Hezyen Anv Tyan, Heyen Tyan @vione

OLIEHKA PACHPEJIEJEHHMSI HAMNPSIKEHUM, CKOPOCTHU JIE®OPMALIMM HA
HACBIIIN U TEOTEKCTHJIE KOMBUHHUPOBAHHOI'O BETOHA H3 MII'KOI'O
I'PYHTA B I'EOJIOT'MYECKHUX YCJIOBUSAX AEJbTbI PEKU MEKOHI'

C OBICTPBIM POCTOM SKOHOMHUKH ¥ TEHICHIMEH K HHAYCTPHAIM3ALMYI U MOACPHU3ALMH CTPAHbI,
CIpPOC HAa CTPOMTEILCTBO 3A4aHMH, (GaOpuk M Ipyrux BUIOB HHGPAcTPyKTyp BO BbeTHame
yBEJIMYMBACTCs, OCOOCHHO B 00JacTH JeibThl MekoHra. M3-3a 0COOEHHOCTEH TI'€0JI0rHYecKoi
CTPYKTYpbl B JIeJIbT€ pekd MEKOHra mpeo0JialaloT MsrKWe TPyHTBL. [yOMHA 3aJI0kKEeHUS
(yHIaMEHTOB COOpY)XEHHH MOKeT BapbupoBarhecst oT 30 10 40 merpoB. Uro0bl YAOBIETBOPHUTH
HOTPEOHOCTh B Pa3BUTHU MH(PACTPYKTYphl, HEAABHO ObLIM IPOBEICHBI HEKOTOPBIC HCCIICIOBAHHS
3TOH Ie€0IOrMYECKON CTPYKTYPBI.

BbUTH BBINOJHEHB OLEHKA M aHAIM3 PACIPEACNICHHs HANpPSHKCHUH, aedopMalMy IpyHTa,
KeNe300eTOHHBIX KOHCTPYKIIMIl i T€0TKaHH B MATKOM IpyHTe. Takas OLeHKa Upe3BbIYaliHO BaXKHA
JUISL TIOMCKa HOBBIX IOJXOJOB, HANpPaBJICHHBIX Ha YIIy4IICHHE XapaKTEPUCTHK (yHIAaMEHTOB
COOpY)KEHHI B paiioHe JesbThl peki MekoHr. OCHOBHBIM METOJOM HCCIIEIOBAHUS SBISIETCS METOJ
KOHEYHBIX 3JIEMEHTOB.

KiroueBble cj10Ba: apMHPOBAHHbBII I'€OCHHTETHUECKUI MaTepHall, MSATKUH T'PYHT, HACBITHOM
IPYHT, PYHIAMEHT, METOZ KOHEUHBIX JIEMEHTOB.
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YK 539.3

YETBEPTA MI’KHAPO/JHA KOH®EPEHIIA “RECENT ADVANCES
IN NONLINEAR MECHANICS” RANM2019
(“OCTAHHI JOCSATHEHHSI B HEJITHIMHIA MEXAHIIII”)

B.A. Baxenos,

O.C. IloropeJioBa,

. 1
T.I'. IlocTHiKOBa

Kuiscokuil nayionanbnuil ynisepcumem 6y0isHuymea i apximexmypi,
IHosimpogromcokuii npocn., 31, m. Kuis, 03680

DOI: 10.32347/2410-2547.2019.103.33-42

ABTtopu craTTi Opanu ydacts B poGoTi 4-0i MiXKHAPOAHOI KOH(EpEeHLii 3 HeliHIiHOI MeXaHiKH,
opranizoBaniii Lodz University of Technology (Ilonpma) B TpaBui 2019 poxy;BHCTYmMmM 3
nonoBimao. Kondepenuis Oyna ayxe npeacraBHUIbKA, 6arato BilOMUX Ta BUAATHUX BYCHHX 3 23
KpaiH CBiTY B3sIM ydacth y il poGori. Byno 3acinyxano 7 mieHapuux ta 102 cekuiiiHi J0moBii.
Konpepenuiss Oyna mnpekpacHo opraHi3oBaHai migrorosieHa. B craTri aBTOpH  AiIATHCS
BpaXXCHHSIMHU Bif 1i po6OTH.

KurouoBi ciioBa: MikHaponHa HaykoBa KoH(epeHLis, HeliHiliHa MexaHika, BUAATHI Bimomi
BYCHI, JOIOBI/Ib, HENIHINWHI SBUIIA, XAOTHYHA JHHAMIKA.

1. Beryn

B tpaBni 2019 poxy B Ilombmm, B Jlomsi BinOymacs 4-a MiKHApOmHA
koHpepentis “Recent Advances in Nonlinear Mechanics” RANM2019 (“Ocranni
JIOCSTHEHHS! B HeNliHilHIA MexaHini”). Bona Oyna opranizoBana Lodz University of
Technology (JIom3unckkium Texniuanm yriBepcurerom Jlomseka [omitexHika).

OCHOBHOIO MeTOI0 KoH(epeHLii OyB OOMIH AyMKaMH, HpEICTaBICHHUMH
pPI3HUMH HAyKOBUMH LEHTPaMH, IO 3aliMarOThCsl NUTAHHIMU HEJTIHIHHOI
MexaHikn. Ha koHdepeHnii Oyrno mnpoBegeHO IpeaMETHE OOTrOBOPEHHS
HAMBaXITUBIIIMX 1 aKTyalbHUX HPOOJIEM, IO CTOCYIOTHCS HENIHIHHUX CHUCTEM,
BKJIIOYAIOYH iIEHTU(IKAII0 PI3HUX MOJEJel CydacHUX 1H)KEHEPHUX MPUCTPOIB
i mpormo3umii om0 pimeHb y mid ramysi. KoHdepeHiis B3araigi € 4ymoBOO
MOXIIMBICTIO BCTAaHOBHTH a00 TIIOCHJIMTH HAayKOBE CHIBPOOITHHLITBO MIX
KpamuMu GaxiBIsIMH B I[iH TaTy3i HAyKH.

Heminilina MexaHika BIJIHOCHO MoOJoJa Hayka. BoHa modanga OypHO
po3BHUBATHCS TUTBKU HarpukiHii 20-ro cropiuds. OQHUM 3 HAHOLIBII HiKaBUX i
JMOCTI/DKYBAHUX PO3MALIIB HEMIHINHOI MWHAMIKA € XaOTUYHI KOJHMBaHHS.
OnyOmikoBaHa BeNWKa KiNBKICTh cTaredl, MoHorpadiii i1 MiAPYYHHUKIB 3
JMUHAMIYHOI MOBENIHKMA HENIHIMHUX MuHaMiuHuxX cucteM [1-3]. IcHye Oarato
JKYpHAJIIB 3 1[i€] TEMAaTHUKH Ta MPOBOJATHCS MIXKHAPOHI KOH(pEepeHIIil.

BaxnnBo, 1m0 JeTepMiHOBaHMH XaoC HE € BHHATKOBUM PEKUMOM
IUHAMIYHOI TOBEMIHKM HEJiHIHHOI cucteMu. HaBmaku, Taki peXuMH
CIIOCTEPITaloThCsA y 0araThOX TUHAMIYHMX CHCTEMax y MaTeMaTull, (i3wmili,
MexaHiry, Oiojorii, meguiuHi. B ocrandiii yac momiOHI MOCTIIKEHHS BCE

! Email address: posttan@ukr.net
© Basenos B.A., IToropenosa O.C., IToctikosa T.I".
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yacTime 3'SABISIOTECS B eKOHOMIili Ta comionorii. Tomy mocmimkeHHs
HEJHIHHOT IMHAMIKU € OHUM 3 MariCTpaJibHUX IUISIXIB Y PO3BUTKY Cy4acHUX
MPUPOAHUYMX HAyK. 3p03yMino, 1o KoHdepeHiis B Jloa3l BiAMOBIIAE IIBOMY
Cy4acHOMY HalpsiMy PO3BHTKY.

MixxnapoaHa koH(pepeHuis «OcTaHHI TOCATHEHHS B HEJIIHIMHIA MeXaHili» -
e perysipHa KOH(EpeHIis, II0 OpraHi3oBaHa IPOBITHUMU CBITOBUMHU
TEXHIYHHMH yHIBEpCHTETaMH. 3aB/SKH IIbOMY BOHA BXKE 3aBOIOBaJIa PEITyTallio
1 BU3HaHA BaXXJIMBOIO HAYKOBOIO MOJIIEIO0.

Cepis xougepeniii RANM 6Oyna posmouara B 2005 pori B AOepmiHi, y
BenukoOputanii (AOepIMHCHKHI YHIBEpCHTET) Ta Maja Ha MeETi CTBOPEHHs
waTopMu Al B3aeMHOro 30araueHHs Ta OOMIHY [OCHIDKEHHSIMH Yy
HaAMpI3HOMAHITHIMHMX OOJIACTSAX MEXaHIKM 3 aKIEHTOM Ha HeJiHiHHI sSBHIIA.
Jpyra RANM 2009 npoiinuia y Kyana-Jlymnyp, y Manaiisii, i pers RANM
2014 - B XapOini, y Kwurai (XapOiHCHKMI TEXHOJOTIYHUI I1HCTUTYT,
Kuraiicbkuii yHiBepcuter HoTTiHrema.).

Kongepenuii RANM Oynu CTpykTypoBaHi Ha OCHOBHI CHUMIIO3iyMiB 3
JTUHAMIKU Ta MEXaHIKH TBEpIUX Til i piauH. Llporo pa3y OyB BBeieHHI HOBHIA
cumrto3iym «HeminiiiHa ¢i3zukay», y 3B°3Ky 3 POIPECOM Y TEMATHIIi, OB'sI3aHii
3 MexaHikow. BiH BkiIrouae CcHHXpOHi3amilo, Xaoc 1 Oidypxarii,
HeWpoOIoNOoriuyHy JUHAMIKY, MYJIbTUCTaOLIbHICTE. Oprasizamis YeTBepTol
koH(epenuii RANM 0Oyna niarpumana Young Academy of the Polish Academy
of Sciences (Monoznoro Akaznemieto Ilonbebkoi Akazemii Hayk). Y pamkax miei
criBIpani “two rising stars” OyJM 3anpolieHi BUCTYIIUTH Ha KOH(pEpeHIii.

Kondepenmis mposommnacs B Jlomsi, MICTI TOTY)XHOI IPOMHUCIIOBOI
cnaquayd. Ha mouatky 1800-x pokiB Jlomsp craB “Promised Land”
(BararooGirgrouoro  3eMiicr0), MmO MpHUBaOIIOBajia JIOACH 3 YCIX KYTOYKIiB
€Bpon. MicTo Takox Oyio BiZioMe CBOIM MYJIBTHKYJIBTYPHHUM XapaKTEpPOM.
CroropHi, Maibke uepe3 600 pokiB 3 MOMEHTY OTPUMAaHHS MiCBKHX TIpaB, Jlon3b
MOCTIHHO ~ PO3BHBAETHCS, 30CEPEMKYIOUHCh HA CY4aCHHX TEXHOJOTisX,
IHHOBaWiWHIA 1HAYCTPil Ta WIABUINEHHI pIBHA JKUTTS CBOIX MEIIKAHINB.
Exckypcii, sxki Oyiam opraHi3oBaHi KOH(EPEHI€0, JOMOMOININA OTPUMATH
BIMYYTTS MiCTa Ta HOTO OTOYCHHS.

Kondepenmis mpamoana 4 mui 3 8.30 mo 18.30 roawH 3 HEBEIMKHMU
repepBaMH.

BimoMumu BYeHUMH Oyi0 3po0sieHO 7 IUICHApHUX JieKIii Ta 102 cekmikHi
JIOTIOBI .

Marepianu xoHdepeHuii omyoiikoani B “Book of Abstracts™ [4].

2. Opranizanis kongepenuii

Kongepenuiss Oyna opranizoBaHa I

Nogmcoin Texuimma | [oumhineatons contrere
YHIBEPCHTETOM (JTomzbka Mechanics
[NoniTexHika), OXHUM 3 HAWOUIBIIHX

Ta HaKpammx TIOJTBCHKUX

YHIBEPCHUTETIB TEXHIYHOTO MPODLIIO0.

Ha YpOUUCTOMY BiJIKPUTTI

KoH(epeHwii  BUcTynmamu  Pextop
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VYuiBepcutery, Mep wmicra Jloazi, ['omoBu xon¢epenuii Prof. Przemyslaw
Perlikowski (ITonpma) ta Prof. Marian Wiercigroch (UK) —
BHUJATHUI BUCHHMIA 31 CBITOBUM iM‘siM. BiH OyB 3aCHOBHHUKOM
uiei koHdepenuii y 2005 poui, Ha ¢oTo Ha TpUOYHI came
BiH. [licnst ypouncTux BuctymiB BifOymacs Music Interlude
(My3uuyHu#t antpakT). Ha ¢oTo BimoMuii moibchkuii criBak
BUKOHYE apii 3 orep BUAATHOTO MOJBCHKOIO KOMIIO3UTOpA
Stanistaw Moniuszko (CranicnaBa Monromka). 200-pigus 3i
JHS HWOro HApOIKCHHS BiaMivaeTbes y Ilombimi B mboMy
porti.

Kongepenuiss BimOyBamacs y OymiBii AKageMiqHOrO
CIIOPTHBHOTO Ta OCBITHBOTO IeHTpY "Zatoka Sportu". ¥V mii
cydacHiif OaraTonoBepxoBiif OynmiBii TpPOXOmWIH  yci
3acimaHHs, a Takok Lunch Break. Ilentp mae cygacuuii 50-
TH METpPOBUii OaceiH 3 TpuOyHaMH.

Ha ¢oro mig wac Lunch Break xpaiinili cnpaBa (HEBHUCOKHIA CHBHH) —
BumatHHii BueHmit 3 Itamii Prof. Giuseppe Rega. Moro Plenary Lecture
“Modelling and Nonlinear Dynamics of Thermomechanical Composite Plates”
4yepe3 CBiil pyHAaMeHTaIbHUN XapakTep BUKIMKANa BEJUKY 3alliKaBJECHICTh
MIPUCYTHIX.

3 HaykoBwii 3MicT KoHpepeHmii

Kongepenuiss Oyna BenbMHU mnpencraBHHIBbKOI. Ilepm 3a Bce, Bpakae
IIMPOKE OXOIUICHHS KpaiH, IO HaJiClIadk Ha KOH(EPEHINI0 CBOIX JIOMOBiTayiB
Ta YyY4aCHHKIB. 3arajoMm Ied CucoK MicTUTh 23 kpainu: Iprmannis, VYropiiuHa,
BenukoOpurtanis, bpasunis, [Tonbma, Ykpaina, Smonis, Itamis, Kura#, [Hmis,
CIIA, Tpuninan i Tobaro, ITopryramis, ®panuis, Himeuuuna, Yexis, Pocis,
[TiBnenna Adpuka, lIsetinapis, bonrapis, B'etnam, [3paine, Hoa 3enanmist.

[Tnenapwi nexuii Oyau BukoHaHi BuaaTHUMU BueHuMu: Michael D Gilchrist
(Mpnannis),:Giuseppe Rega ( Uranist), Lukasz Jankowski (ITonbmia), Wojciech
Sumelka (ITonpma), Awadhesh Prasad (Immist), Serhiy Yanchuk (HimeuunHa),
Hiroshi Yabuno (Smowis).

CeKIIiliHi JOMOBIi BAKOHYBAJIKCS Ha 3-X CHMITO31yMax:

Cumno3siym KiabkicTs nomosigei
Symposium on Dynamics and Vibration 60
Symposium on Nonlinear and Complex Physics 14
Symposium on Solid Mechanics and Materials 28
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KongepeHuiss Mana nesky imKeHepHY Opi€HTalil0. Y JOHOBIISX YacTo
00OTOBOPIOBAINCS BAXKJIMBI TNUTAHHS HEJTIHIHHOI MeXaHIKM Ha TpHKIanax
KOHKPETHUX 1HXEeHepHHX 00‘ekTiB. Maibke y BCiX AOMOBIAAX OYB IPUCYTHIiH
pozmin “Objectives and Motivation”. Po3risiganocs 6arato eKcriepuMeHTaIbHUX
JIOCIHI/PKeHb. 3 i€l TOYKM 30py HaMm croxoOanach IikaBa 1 1o0pe 3pobiieHa
nonoBigp “Experimental Study of a Vibro-Impact Capsule System with Two-
Sided Constraints ” by Bingyong Guo, Yang Liu, Rauf Birler (College of
Engineering, Mathematics and Physical Sciences, University of Exeter, UK).

B nomoBifgi 00roBOproBanock €KCHEPUMEHTANIBHE JIOCTIDKEHHST JTUHAMIKA
chucTeMH BiOpOyJapHOi Karcyiu 3 JBOCTOPOHHIMH OOMEXHHMKAMH IpH
BapiallisiX Kepylouux IapaMerpiB, BKIIOYAIOYM aMIUNITYQy Ta 4YacToTy
30BHIIIHBOrO 30y/KeHHA. MexaHi3M TepecyBaHHs Karcyian 0e3 Oymb-sSKux
30BHIIIHIX PYXOMHX YacTUH Mae 0e3/id IHKEHEPHUX 3aCTOCYBaHb, TAKHX 5K
KariCyJibHa €HJJOCKOIIiS 1 iHCIIEKIIis TPyOONnpOBO/iB, OCKUIBKM BOHA MOXe OyTH
IHKarcyJIbOBaHa (TOMillleHa B KalCyily) 1 pyXaTHCs HE3aJeKHO B CKIAIHOMY
cepenoBuIli. Y poOOTI JOCHI/KEHI TUHAMIKA 1 MPOCYBaHHS Karcyl B Pi3HUX
cepenoBHIIax (Harp., y CHHTETHYHOMY TOHKOMY KHIIIKiBHUKKY).

QS

*'53@5“ Capsule Endoscopy for Small-Bowel Dlagnos

Presentation Outline
* Background and motivation
* Mesoscale prototype and experimental set-up
* Mathematical modelling
* Numerical and experimental results
= Dynamic characteristics
= Parameter optimisation
* Conclusions

Bin Ykpaiau Oynu npucytHi 4 ydachHuka. Kpim
aBTOpiB wi€i crarti OyB mpuCyTHIH npodecop
XapKiBCBKOTO HanionansHoro TexniuHoro
VYHiBepcutety (XapkiBcbkuit [Monitexniunmit
incruryr) Mixmin  FOpili  BomogumupoBnu 3
nmornoBimmio “Resonance behavior of the systems with
Limited power supply having nonlinear absorbers ”

ByB Takox crapmmii.Hayk.criBpoO., K ¢.-M.H.,
Maiictpenko [Opiit JleonimoBuu. Bin mpamoe B
IacTuTyTi MareMaTHKH Ta B LEHTpI MEOUYHUX Ta
oiotexHiunux gocuimpkedb HAHY. Bin 6yB Chair Ha
JIBOX 3acilaHHsAX 1 OpaB ydacTh sIK CHiBaBTOp y 4-X
JIOTTOB1ISAX. CniBaBTopaMH y IMX JOHOBIIAX OyiIu
Taku BiZIOMi BHAATHI BueHi sk Prof. Jurgen Kurths

[
(HlMeqtha) Ta Prof. Tomasz Kapitaniak (Tloxbmia). Besoro criBaBTOpiB 7 (Y
OJIHIl JI01oBii) Ta 6 (y ABOX iHIIKMX). B 1BOX MOMOBIASX criiBaBTOpOM OYB K .-
M.H. Poman IropoBuu JleBuenko, cmiBpoOiTHHK KHiBCHKOro HallioOHaJIbHOTO
yHiBepcutety iM. Tapaca IlleBuenko. Bpaxkae mmpokuii criekTp CriBaBTOpiB 3
pi3HUX KpaiH Ta HaykoBUX ycraHoB! Bpakae mmpora HaykoBuX 3B s3KiB! I
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Mixnia 10.B. i Maiictpenko I0.JI. Oynu unenamu Scientific Committee
(HaykoBoro Komirery) koH(pepeHIii.

KuiBchkuii HallioHaNbHUI yHIBepcuTeT OyJIBHHUITBA 1 apXiTeKTypu OyB
npencraBiaeHuii pomoBimmo “Observing the Intermittent Transition to Chaos in
Vibroimpact System with Wavelet Transform Applying” by V.A. Bazhenov,
0.S. Pogorelova, T.G. Postnikova [4-8].

Time series and wavelet| ™
(-] Fouth International Conference on -
2
R A rl Recent Advances in Nonlinear Mechanics tha rac!:tetrlstlcs fon
A 0 (Confarance o ecesonof o0 BETCENEY R ttency
q professor Tomas: Kapitaniak =6.13 rad-s!
Observing the Intermittent Transition to Chaos

in Vibro-impact System with Wavelet
Transform

> V.A. Bazhenov
> Olga S. Pogorelova
» T.G. Postnikova

Inside the red oval

Kyiv National University of and
Ukraine
8
Conclusions
Intermittency and crisic events are as common as period- Thank You for yo“r
doubling. The well-known chaologist should be able to recognize attention and patience!

these events when they occur.
Robert C. Hilborn

© The continuous wavelet transform CWT is very useful for observing the
B otk g s e

these phenomena with great confidence and reliability. It obviously
B Eetton: ot 15 s sheen distinguishing and analyzing the
laminar and turbulent phases. The plots of wavelet coefficients surfaces and their
projections give very obvious presentation of these regimes, especially the colour
plots online. The wavelet theory and existing Software are very useful for these
phenomena studying.

Transitional regimes are similar to one another, they have: the small largest
Lyapunov exponent, the set of separate points or almost closed curve on Poincaré
map. and the board continuous Fourier spectrum. The characteristics obtained by
continuous wavelet transform applying also are alike very much. The CWT plots
confirm that these regimes don't belong to the kind of quasi-periodic or chaotic one,
They are exactly transitional regimes. The CWT plots demonstrate the presence of
different frequencies in time series and their distribution in time very clearly. Thus
continuous wavelet transform is very useful in order to understand well what s this o
that transitional mode.

20

B nonoigi oOroBoproBasicst Cy4acHi IpoOjeMa HeiHIHHOI JUHAMIKH, a
caMme CIICHapiil mepexoay 0 Xaocy 4epe3 MepPeMiKHICTD Ta SBHUIIE PAHUIHOTO
kpusucy. Lle# cuenapiit OyB Briepiie momiueHuil GppaHIy3cCbKUMH BYCHUMHU Y.
Pomeau Ta, P. Manneville B 1980 poui. IlepeMikHICTh BaXKO BHSBUTH
3BUYAHHUMHU 3aco0aMH, TakMMH sk crektpu Dyp‘e, mokasHuku JIdmyHORa,
niepepizu Ilyankape. Prof. R.Hilborn nucas [2]: “Intermittency and crisis events
are as common as period-doubling. The well-armed chaologist should be able
to recognize these events when they occur®. Came cy4acHHil MaTeMaTHIHUI
amapar OesnepepBHoro BeiiBner meperBopeHHs (Continuous Wavelet
Transform) mo3BoJIs€ BIeBHEHO 1IeHTU(IKYBATH I1i BUINA.

Mix iHIIUM BiMITHMO, IO AiBYMHKA Ha ciaiini cdororpadoaHa B mMysei
HapoaHol XyAoxHuIl Ykpainu Katepunu binokyp. BoHa Oyia sKiHKOIO BaKKoi,
aje AMBHOI Aoni. Mana 3omoti pyku. BummBanka Ha AiBUMHIN 3po0JieHa HEIO
BIACHOpY4. My3sell 3HaxomuThes y cem bormaniBka Ha 120 kM Tpacu Kuis —
XapkiB.

Ha »anp, Binm Ykpaimm Oyno Majo IomoBifed Ta AOMOBijaviB. AJke
[Nonpia 6iu3bKa 0 HAC cycifHs KpaiHa, MU MaeMo cxoxi MoBH. [loibmia Oyma
xa3sAikow 1 mpencraBwiaa 43 momoimi. Y koHdepeHIii B3summ ydacTe 104
MOJILCHKUX HAYKOBINB i3 6 MicT: Jlon3i, Bapmasu, [To3Hani, JIroGimina, [lenuna,
Kpaxkoga.
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3BHYaiiHO, 1 poOOYOI0 MOBOIO 1 MOBOKO CIIJIKYBaHHS Oylla aHIIIKCHKA.
Xo04eThCs MiIKPECIUTH, IO YCi YIaCHUKH BIJILHO BOJIOMIIOTH I1i€t0 MOBOI0. He €
CeKpeToM, IO HayKoBa JTepaTypa TaKOX IYONIKyeTbCs HEpeBaXkKHO
aHIITIHChKOI0. BifoMo, 1mo 6arato BUeHHMX 3 pI3HUX KpaiH CBITY NHpalloloTh B
HPOBIJHUX TON-yHiBepcuterax €Bponmu Ta AMepuku. BoHum 3MymeHi
CHUIKYBAaTHCSl aHIIIIHCbKOIO. TakuM YHHOM, IO00 AOCSTTH YCHIiXiB B Haylli,
a0CONIIOTHO HEOOXIIHO BOJOMITH aHrIiiicekoro! MiX 1HIIMM BiAMITHMO, IO B
XapkiBcbkoMy HamionaneHomy TexHiuHOMY yHiBepcuteTi (XapKiBChbKHA
[NomiTexHIYHMHA I1HCTUTYT) 3 BHKJIaJauaMH Ta HAYKOBISIMH HPOBOMASTHCS
000B*5I3KOBI 3aHATTS 3 AHIVIHCHKOI HA MPOTA3i BCHOT0 HABYAIIBHOTO POKY.

Moga crinKyBaHHs HAaCEJICHHs, 3BUYAHO, BUKIIFOYHO MOJIbCHKA.

4. 3naiiomcTBO 3 mam‘aTtkamu Jloasi

Jlom3p - me wmicro B ueHTpanbHiii yactuHi [lonblmi, KOMMIIHIA UEHTP
TEKCTWIIbHOI 1HAycTpii. Benndyesna manydakrypa Oyna moOynoBana B Jlomsi i
mpairoBana 3 mo4aTtky 19-ro cropivyus. 3apa3 B NPUMILIEHHSX i€l BEIMYE3HOL
MaHy(}akTypu TypuCTH4YHE MicTeuko. Mysei, 30kpema, My3ell MaHy(hakTypH,
PECTOpaHYUKH, MTAPKHU, TOTEI.

[Nonpina B3arasi CIaBUTHCS BEIMYE3HOIO KiJIBKICTIO MaM'ATOK, YHIKaJbHHUX,
nikaBux Micip. Came 70 TaKMX MiCllb MOXKHA BiIHECTH TOJIbCHKI eTHOrpadivHi
napku — My3ei mijg BiakputuM HeOoM. OprkoMiTeT KOH(EpeHIil MpoBiB LiKaBy
EKCKYpCito 10 (oNbKIOpHO-eTHOrpadiuHoro kommiekcy Lowicz and Maurzyce,
CTapoBHHHOTrO cena B [lonbii, e 306eperiucs qepeB THui KOCTeN Ta MaM‘STKH
CTapOXKUTHBOTO ITOOYTY.

OprkomiTer KoH(pepeHIlii opraHi3yBaB TaKoK €KCKypcito 10 MyseiB Jlomsi.
Icropis Jlom3i mpencraiena B Muzeum Miasta 16dzi. Tyr wmoxna
MO3HAHOMHUTHCH 3 XUTTSM Micta 3 KiHig XIX cromitrs mo pyroi ceitoBoi
BoiiHM. OKpeMO pO3IOBIJa€ThCs MPO IKUTTS Bimomoro miaHicra Arthur
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Rubinstein (Aprypa Py6Ginmreiina), € BucraBka Horo Qotorpadiii 31 3HAaHUMHA
JIOBMH, HOro pi3HOMAaHITHUX MNpu3iB (Hampuknaxa, 3omotuit Ockap), #oro
ocobuctux pededl. Apryp PyOiHmreliH He xuB 1 He mpauoBaB B Jlon3i, BiH
TiNbKU HapoiuBcss B Jloa3i Ta mpoBiB TyT paHHe AuTHHCTBO. Aje Jlomss
IHIIAEThCA CBOIM 3HAMEHUTUM 3eMJIIKOM. Ha neHTpanbHill TypUCTHYHIN
Bynuui Jloasi € 6poH3oBuit postb, i ApTyp PyOiHmTeiiH Oins HbOTO.

Tonorna By B Jlonsi Piotrkowska street naiimoBma B Ionbmi i omHa 3
HaloBIIMX B €Bpom — NUIAX BiJ MOYAaTKy A0 KIiHISA CTaHOBUTH 4,9 KM.
Yacruna 11 mimoxigna. Lle Typuctudna Byauns, TyT 6arato OpOH30BUX MauX i
HE Jy)K€ MaJHX CKYJBNTYp, 0araTo Mara3MHYMKiB, PECTOPaHYMKIB Ta Kade. €
JIBI 3HAMEHUTI CKYIBITYpU — posulb PyOiHIITEeliHA Ta MaM'ITHUK JXTapHHKY.
Moro odiniina Ha3sa «Lampiarz" (aBTop Marcel Szytenchelm). Bins Gyauuky
37 mo mpucTaBieHii 0 JIXTapHOrO CTOBMA IPOOMHI MiJHIMAETHCS JIIOJMHA B
KapTy3i 3 JJAMITOYKOIO Y PYIIi.

Ocobo Tpeba BiAMITUTH CBSTKYBaHHS 60-pi4HOTO IOBLJICIO BHIATHOTO
BueHoro Prof. Tomasz Kapitaniak.

Jlom3s € akafieMiYHUM MiCTOM 3 BEIUKHM CTYJICHTCHKHM HACENCHHSM, i
VHIBEPCUTETH TYT HAIOJIETIUBO MPAIOIOTh, 100 3aIyIUTH CTYICHTIB 3 YChOTO
cBiTy. Prof. Tomasz Kapitaniak, Head of Division of Dynamics at the Lodz
University of Technology, € ronoBaum Marsitom B 1ii Micii. Tomasz — BueHuii,
BCECBITHBO BIJJOMHH 3aBJSIKM CBOIM JOCII/DKEHHSM B XaOTHYHIN quHamili. Bin
HapomuBcs i 3poctaB B Jloazi. 3 mowatky cBoel sickpaBoi Kap'epu OyB
noB'sizannii 3 Lodz University of Technology. Bin moOyayBaB Tyt omHy 3
HAMCHIBHIIINX TPYI, IO JOCIIIKYIOTh HeliHiiiHy quHamiky. Moro tanantu €
HIMPOKUMH, 1 CIIUCOK JOCATHEHb € 3aHAATO JOBTHM, 1100 TYT HOTO MPUBOJIUTH,
ajie He MO)KHa He 3rajiati npo ioro odpanHns B Polish Academy of Sciences Ta
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HOro BHCTAaBKH JKHMBOITUCY. BiH TakoK OCOONMBO CIABUTHCS CBOIM TOYYTTSIM
TYMOpY Ta JIOJSHICTIO.

Woro Bmanysauns mix ac Conference Dinner Gyio gyke ypodHCTHM i B
TOW JXKe Yac TeIUTUM 1 JIpyKHIM. Bymo 0araro KBiTiB, MOJapyHKIB Ta Iyxe
SICKPaBHX MPOMOB.

4. BucHoBKM

1. Bpaxenns Bix ydacti y poOoTi MikHapoaHoi KoH(pepeHIii 3aiBUi pa3
MiIKPECITIOE BIOMY ICTHMHY TpPO HEOOXiTHICTh MIMPOKOTO CIUJIKYBAaHHS 3
BYCHUMH PI3HUX IIKLT Ta KpaiH. Lle 1ae MOXIIMBICT BiJICITIIKOBYBAaTH CydYacHi
TEHJICHIII] PO3BUTKY HAYKH, OILIHIOBATH PIBE€Hb CBOEI HAYKOBOI MisJIBHOCTI Ta
3HAXOJUTH CBOIO HIIlly Cepell NOCIiKEeHb, 110 OYPHO PO3BUBAIOTHCS.

2. B npomy 3B'SI3Ky JOBOJMTHCS HIKOAYBATH IPO IIyXKE Maly KiJIbKICTh
JIOTIOBiZIeH Ta yJacHUWKIB KoH(epeHuii Big Ykpainu. MaOyTb, 1ie CBIAYHUTH TO-
Tepiie, Mpo Mayy KibKiCTh HAYKOBHX Ipallb JIOCTATHHO BHCOKOTO PIiBHS 1 TIO-
Jpyre, Ipo MaTepianbHi CKJIaJHOII, IO OB s3aHi 3 y4acTi0 B KOH(EpEHIIii.

3. Yuactp y po0oTi KoH(EpeHIIii SCKpaBO BUCBITIIIOE MOTPIOHICTh BIILHOTO
BOJIOAIHHS aHIJIIHCHKOI MOBOIO, HEOOXIJAHOIrO, 00 JOCATTH YCHIXy Yy HayBii
NIBSJILHOCTI.

4. Huzpka JONOBiZEH MPOAEMOHCTPYBaia, IO y Cy4YacHId Haylli Ba)IIUBY
POJIb Tpae MUKAMCIUILTIHAPHUEA Tiaxia. Bin mae 3abe3meunTtH BIanuid migodip
3aCTOCYBaHb PE3YJBTATIB JOCII/KEHb B PI3HUX O0JIACTSAX HAYKU Ta NPAKTHKU
3aBISIKM TOMY, IO YHCENbHI JOCHI/DKCHHS, YHCEJIbHE MO/IEIIOBAHHS
JIO3BOJISIFOTH PO3B‘si3aTH 0E3JIi 3a/1a4, sIKi He MOIJIM 3HAWTH CBOTO PO3B‘SI3aHHS
aHaiTHYHUME MeTogaMu. CIIOCTepeKeHHs SIBUIL HENiHIHHOI IMHAMIKH Yy
0araThOX IMHAMIYHHMX CHCTEMax y MaTeMaTulli, (i3uii, MexaHiri, Oiosorii,
MEIMIIUHI, & TAKO)K B €KOHOMIIII Ta COIIOJIOTIi, OMOMOXXE 3HAWTH I[iKaBy Ta
MEPCIIEKTUBHY Taly3b BUKOPHCTAHHS MOXIHMBHX YHCEIbHUX JIOCHIKEHb,
HAIIPHKJIAJ, B KJIIMATOJIOTI] Ta €KOJIOTi.

5. Taxi 3acTocyBaHHS MOXYTh JOTIOMOITH 3HAaWTH 3alliKaBJICHUX JIOJEH B
IHIIMX Tajy3sdX, 3HAWTH MDKIMCHMIUTIHAPHI 3B‘S3KM B JIDYTHX HayKOBHX
yCTaHOBAaX Ta KpaiHax, IO € BKpail HEOOXiHUM B TeTepillHiil yac.

CaMme MiKHapojiHa HayKOBa KOH(EpEHIsl € TAKMM 3aXO/IOM, IO J03BOJISIE
MO3HAHOMHUTHCS 3 BUYSHHMH PI3HUX KpaiH Ta IXHIMH poOoTamH, Tmoka3atu cebe
Ta BCTAaHOBUTU OCOOMCTI Ta HAyKOBI 3B‘S3KM 3 BUEHHMH 3 IHIIMX HAYKOBUX
KL Ta KpaiH.
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BazhenovV.A., Pogorelova O.S., PostnikovaT.G.
FOURTH INTERNATIONAL CONFERENCE ON RECENT ADVANCES IN NONLINEAR
MECHANICS RANM 2019

The authors took part in the work of the Fourth International Conference on Recent Advances in
Nonlinear Mechanics that was holding in Poland, in Lodz in May 2019. They contributed the
presentation titled “Observing the Intermittent Transition to Chaos in Vibroimpact System with
Wavelet Transform Applying” by V.A. Bazhenov, O.S. Pogorelova, T.G. Postnikova. They told
about watching the intermittency route to chaos and the boundary crisis in vibro-impact system with
a small change in the control parameter. The presentation was illustrated by bright slides. The
surfaces of wavelet coefficients and their projections show the system chaotic motion and
intermittency very visibly and clearly.

The conference was very representative, and many well-known prominent scientists from 23
countries attended the conference. 7 plenary lectures and 102 sectional reports were heard. Well-
known distinguished scientists Professors Marian Wiercigroch (UK) and Przemyslaw Perlikowski
(Poland) were the chairs of conference. The conference had some, we can say, engineering
orientation. The reports often discussed important issues of nonlinear mechanics on examples of
specific engineering objects. Almost all reports presented the section "Objectives and Motivation".
Many experimental results were discussed.

Unfortunately, there were only 4 participants from Ukraine, only 2 contributions were made by
Ukrainian scientists themselves. But there were 4 contributions with a large number of famous co-
authors from different countries and 2 co-authors from Ukraine among them. Poland as the hostess
presented 43 reports and 104 participants. Of course, English was the work language and the
language of communication.

The conference was perfectly organized. The organizers held two wonderful excursions. There
was excellent music interlude as Opening Ceremony. There was a great congratulation to the famous
scientist Professor Tomasz Kapitaniak on his anniversary at the Conference Dinner.

In the article, the authors share their impressions about the work of the conference.

Keywords: international scientific conference, nonlinear mechanics, prominent well-known
scientists, report, nonlinear phenomena, chaotic dynamics.
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Abstract. The article provides research of the stress-strain state of a reinforced concrete floor
slab under fire conditions according to refined method. The finite element model of the slab is
created. At the first stage of the research, one solved the unsteady heat conduction problem.
According to the solution of the problem, it is possible to obtain the temperature fields all over the
section of the considered structural element at certain intervals of time. The second stage of the
study is strength analysis. Due to the strength evaluation, it is possible to investigate the work of the
floor slab at different time points of fire exposure. Several mathematical models are considered.
These models correspond to different points in time of fire impact. In each design model of the floor
slab, the strength and deformation characteristics of concrete and reinforcement were deepen in
accordance with the section temperature. It made three types of fire resistance analysis of the
structure: linear analysis, physically-nonlinear analysis, and physically-nonlinear analysis with
taking into account the effect of creep. The results of comparison of the kinetic performance of the
mathematical models in various problem statements are showed. The technique, which allows to
take into account the influence of creep in the numerical simulation of fire effect is proposed.

Keywords: finite elements methods, structures, thermal stress state, numerical experiments,
thermal conductivity, comparisons.

1. Introduction. The fire resistance analysis of structures is one of the most
important design stages. The building rules expound several variants of fire
resistance analysis of structures: simplified, qualified methods of calculation and
the calculation with reference to the tabular data.

The calculation with reference to the tabular data is the easiest way when
you can determine the thickness of the concrete protective layer, according to
the fire resistance class of the structure and geometry of the section.

In the simplified analysis method, it is estimated that concrete at temperatures
above 500°C can’t be taken into account in the operation of the structure.
Therefore, it is necessary to determine the temperature distribution all over the
cross-section of every element. According to the temperature fields distribution
we have to perform a strength calculation of the reduced cross section. But, the
abovementioned analysis types have some limitations. For example, the
calculation with reference to the tabular data must only be used for a certain level
of loads, eccentricity values and flexibility of elements. A simplified method
doesn’t give us the opportunity to take into account changes in the strength
characteristics of materials caused by increasing temperature. At the same time,
the proposed analysis method is universal for any mathematical model and makes

© Barabash M.S., Romashkina M.A., Bashynska O.U.
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it possible to take into account the changes of the properties of concrete and
reinforcement during a fire action. While realizing the fire resistance analysis of
buildings and structures, for every engineer the most important thing is a choice of
building rules and regulatory documents. The choice of these documents depends
on the country in which the construction is planned to be built. In any of such
documents [1, 2, 3, 4], it is stated that in order to perform a qualified calculation
method of the structure for fire resistance, it is necessary first of all to know how
the temperature will be distributed all over the cross section of each structural
element which is exposed to fire impact. To accomplish the task it is necessary to
carry out the heat transfer engineering analysis by the finite element method [1, 2,
3], or by the finite difference method. Based on the temperature distribution data,
it is necessary to take into account the change in material properties and to
perform a strength analysis. The regulatory documents also state that with this
approach it is necessary to take into account creep deformations.

According to the qualified methods of calculation, it is necessary to do a
thermal design. On the basis of the thermal design it is necessary to change the
mechanical properties of materials.

In order to perform a thermal design, it is necessary to solve the problem of
thermal conductivity. The equation for the boundary value problem of
nonstationary heat conduction is given in the formula (1):

2T 9T o’T oT
K. +K, —=+K,_ ——=+w=pc—, 1
XX axz »y ayz zz azz P ot (1)
where T=T(x,y,z,t)— is thermal field in the area of Q ; K. K, K., -

thermal conductivity along the axes X,y,z; w=w(x,,z,¢) — heat source
power inside the body; p — density; ¢ specific heat.

It is possible to solve this equation by the finite element method or by the
finite difference method. When using the first method, the structure must be
modeled by special finite elements with one degree of freedom - temperature,
which is a scalar value.

After determining the temperature fields all over the structure, in the
considered mathematical model it is necessary to lower the stiffness
characteristics of the materials and to make strength calculation. With this
approach, to determine the total deformations of the structure it is necessary to
take into account the creep deformation. At the same time, the question of creep
deformations determining in such a formulation of the question remains open.

Therefore, it can be argued that the study of determining methods for creep
deformations, as well as taking them into account when calculating fire
resistance and creating methods for numerical modeling of the effect of fire and
occurrence of plastic deformations, is a relevant research topic.

A lot of scientists have been studying the effect of creep on the stress-strain
state of structures [5, 6, 7, 8]. On the territory of the post-Soviet space, Maslov
and his student Harutyunyan [9] were the first researchers of the field.
Aleksandrovsky S.V. [10], RabotnovYu.N., Mileyko S.T. were engaged in
studying the effect of temperature with regard to creep. Among the foreign



ISSN 2410-2547 45
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2019. Ne 103

scientists the most famous are the works of the Czech scientist Zd. Bazant [11,
12, 13, 14]. In his work, he derived a formula to determine the creep function,
which depends on the ambient temperature rise. A lot of modern scientific
works are devoted to the problem of influence of concrete rheological properties
on stress strain state of a structure [15, 16, 17, 18].

In [19] the problem of numerical modeling of the temperature state situation
of reinforced concrete floor slabs is expounded. But the proposed method of
calculating the floor slab does not take into account the interaction between the
characteristic areas of concrete, because the floor slab is modulated by plates
finite elements.In [20] there is a comparison of the methods for fire resistance
analysis proposed in regulatory documents. But there is no comparison of
calculations of real structures according to various regulatory documents.
Therefore, it can be concluded that the process of modeling of floor slabs, taking
into account the effects of high temperatures, is not sufficiently explored.

The question of the influence of concrete rheological properties on structure
deformation is not sufficiently studied. Of course, there are some articles, in which
the effect of temperature on concrete properties is considered. Such as [21, 22] or the
previous works of the authors of the current article [23, 24], but in the literature there
is no research oncalculation of real structures with taking into account the effect of
high temperatures and development of short-term thermal creep.

Since the main method to determine the stress-strain state of structures is the
finite element method, so many works are devoted specifically to improving this
method [25, 26, 27, 28]. One of the most famous scientist in the field of finite
elements is Zienkiewicz O.C. [25, 26]. But there are practically no works that
consider the effect of the rheological properties of concrete into stress strain
situation of the structure taking into account the fire effect calculated by finite
elements method.

The goal of the research is the studying the strength and deformation
characteristics of reinforced concrete floor slabs under fire exposure.

To achieve this goal it has solved the following tasks:

- the problem of heat conductivity by the method of finite elements. By solving
the problem, it revealed the temperature change all over the cross section of the
structural element in time;

- linear and nonlinear strength problems, which consider changes of the strength
and deformation properties of materials according to the temperature increasing.

2. Methods. In this article, the authors propose the fire resistance analysis
methodology for reinforced concrete floor slabs, taking into account the influence
of temperature creep. According to the proposed methodology, afloor slab should
be divided into characteristic areas all over the whole structure. At the first step, it
is necessary to perform the calculation of thermal conductivity and determine the
temperature distribution all over the entire plate. After the thermal calculation, it is
necessary to reduce the rigidity of the corresponding layers of the plate. The next
step is the calculation of the creep coefficient depending on the temperature
change of each layer of the plate. After that it is necessary to make a strength
calculation considering the physical non-linearity of the structure.
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To implement the proposed methodology, the finite elements of thermal
conductivity were implemented on SPLIRA SAPR. The theory of the definition
of some thermal finite elements is below.

If we introduce the boundary conditions to solve the quasi-harmonic
equation (1), then this equation will be of the form of:

o’T o’T o’T
Kxxaxizlx'i‘Kyyayizly+Kzzazizlz+q+h(7;—Tb)=0, (2)
where [,/ y,lz are directional cosines to the external normal boundary, g — heat

flow, h(T, —T,)— convection heat losses ( /1 — convection coefficient).

To solve the equation (2), the examined body is divided into finite elements, in
which the degrees of freedom are temperatures at the nodes. At the same time, the
temperature inside each element is approximated by linear polynomials.

Let’s regard an example of some approximating polynomials of finite
elements of thermal conductivity:

- three-nodal plane finite element:

T(x,y)=0q+0x+03y; 3.1
- four-nodal isoparametric plane finite element:
T(x,y)=0q+0px+03y+0yxy; 3.2)
- solid tetrahedral finite element:
T(x,y)=0q +arx+0o3y+0yz. (3.3)

Since the linear polynomials are used to approximate the temperature
function of a discrete model, the finite elements of thermal conductivity are also
called simplex elements [26].

Substituting the values of nodal temperatures and coordinates of nodes into
the corresponding polynomials we can obtain expressions for the coefficients
04,05, 05,04 . If we return these coefficients into the equations 3.1 - 3.3, we can
get the expression:

[T(x,».2)]=[N(x,»,2)] {T},. 4
where [N(x, y,z)]e —is a function form matrix.

Let’s consider the matrix of thermal conductivity coefficients

K 0 0

XX
K=l 0 K, 0| (5)
0

0 K

and the column matrix of temperature gradients, which is analogous to the stress
matrix in the strength problem

aT
ox
gradT = g—T =DT . (6)
y
aT
oz



ISSN 2410-2547 47
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2019. Ne 103

Then the contribution of each individual finite element to the solution of the
problem of non-stationary heat conduction can be written as a matrix differential
equation:

{0l =[cl, 27}, +[KL T} ~{o) o -fett.
where K], — element conduction matrix (equivalent to stiffness matrix),
(K], = [[BY [D][Blav + [A[N] [N]as, (8)
[C], — specific heat matrix (equivalent to damping matrix),
], = [ pe[N]" [N]ar, ©)

{Q}Z ,{Q}f ,{Q}: - node heat transfer vector.

The study is based on the existing methods of the theory of elasticity,
plasticity, short-term and long-term creep, generally accepted methods of static
linear analysis and physically nonlinear analysis of reinforced concrete
structures. The basis of the study was also the main hypotheses and rules
adopted in structural mechanics and the mechanics of a deformable solid body.

The analysis of mathematical models was made on the basis of the software
package “LIRA-SAPR”, on which the problem of heat conductivity and strength
was solved.The heat transfer problem was modeled using finite elements of
thermal conductivity. Heat transfer between the floor slab and air space was
modeled by special finite elements of convection. The strength problem was
implemented by using physically linear and nonlinear finite elements
(depending on the formulation of the problem).

3. Results and discussion.To verify the results of theoretical studies, the test
problem is solved. The dimensions of the test plate were: length - 16.5 m, width
- 8 m, height of the plate (above the columns) - 600 mm, height of the plate in
the span - 300 mm. Armature in the span (lower) - @16 and 20, reinforcement
above the supports (upper) - @32.

Concrete is modeled by the solid isoparametric finite elements. The armature
is modeled by finite elements of bar with number 210. The whole mathematical
model includes 20390 finite elements.

Fig. 1. The plate finite element model

The boundary conditions of symmetry are set on the boundary nodes. At the
points of connection of the column to the floor slab, an analogue of the work of
the columns was finite element with number 56, with stiffness corresponding to



48 ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2019. Ne 103

the work of the columns in the span. In height, the plate is divided into 6 and 12
layers, in the span and on the supports, respectively.

To release heat transfer analysis and to determine the temperature fields, the
cross section analysis of the floor slab is accomplished. Since the change of
temperature all over the height of the cross section occurs uniformly, this makes
it possible to consider the temperature distribution just along the part of the
cross section of the same height.

To accomplish the heat transfer analysis the following heat-conducting
properties of concrete were adopted: specific weight - 2300 N/m®, thermal
conductivity - 1.2 J/(m's-°C), specific heat - 710 J/(kg-°C). The convection
coefficient according to paragraph 3.2.1 of [3] was assumed to be 25 W/(m®s).
The temperature load was set according to the standard temperature of the fire.
The ambient temperature at the initial moment of time is assumed to be 20 °C.
The results of the thermal analysis are shown in Figure 2.

60 minutes 120 minutes 180 minutes 240 minutes
Tmax = 613°C Tmax =784°C Tmax = 900°C Tmax = 989°C

Fig. 2. The temperature field distribution all over the cross section of the floor slab in the span
(h =300mm) at different timepoints

Obtained the distribution of temperature fields it set the reduced stiffness
and strength characteristics to the corresponding layers of the floor slab. At
Figure 3 it is shown an example how to determine the reduction factor for
concrete compressive strength depending of the layer temperature. The
reduction factors are taken from [3]. An example is shown for a section with
temperature fields at 120 minutes of fire exposure.

At Figure 4 it shown an example of comparison of changes in the
characteristics of the material depending of the temperature.
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Fig. 3. Decrease of the concrete properties

Parameters for stress-strain diagram

P b | Values | Draw |
Eem(-) 27000 MPa
Ectm( +) 27000 MPa
fem( -) 145 MPa
fctm( +) 1.05 MPa
Epscu(-) -0.0035
Epsc(-) -0.002
Epsctu( +) 0.0002

(a)

Parameters for stress-strain diagram

Parameters | Malues [ oraw | sig
Ecm( -) 756 MPa
Ectm( +) 756 MPa
fem(-) 217 MPa
fetm( +) 0.005 MPa
Epscu( -) -0.023
Epsc(-) -0.016
Epsctu( +) 0.00016

(b)

Fig. 4. Comparison of concrete deformation parameters at temperature: (a) - 20°C; (b) - 800°C

When calculating the structures for fire resistance, it is necessary to take into
account creep deformations. Therefore, in this study, it accomplished a
comparison of the stress strain state of the structure with a physically non-linear
calculation taking into account the influence of creep (which depends on
temperature) and without creep.
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To determine the total deformations of the structure, the creep function was
calculated using the formula:

O(T,1,0) = ﬁ or(O)-Ht)n-(f" D @0)-Ar . (10)
t=t’

Where ¢ — temperature function; H(¢") — parameter that displays the change
in the physical characteristics of concrete depending on the concrete age at the
load application moment; #"— load application moment; ¢— moment of
determination of structural deformations.The formula is based on the works of
the Czech scientist Bazant Z.P. and described in detail in the works [23, 24].

After thermal analysis and definition of decrease concrete properties, it is
possible to make astrength calculation of the floor slab at different timepoints: at
60, 120, 180 and 240 minutes of fire action. At Figure 5, it shown the deformed
scheme of the slab in the 240th minute of fire exposure.

Fig. 5. Deformed floor slab model

With a static linear calculation, the maximum displacement of the structure
along axis Z was 19.4 mm. Comparison of vertical displacements of the
structure with a physically non-linear calculation is given in Table 1.

Table 1
Maximum displacement along axis Z
. Time (minutes)
Anal k
nalysis task type 60 120 [ 180 | 240
Physically non-linearity 16 22 28 28.9
Physically non-linearity and creep 24.1 71.4 86.6 98.8

It is possible to see from the table that the values obtained by taking into
account the physically non-linear operation of the structure and the lowered
characteristics of the concrete, depending on the temperature increase,are
completely different from the linear static calculation. In addition, the
calculation with regard to creep gives us even greater increase in the vertical
displacements of the structure.

Various reference documents describe different methods for determining creep
deformations. Figure 6 shows a comparison of the deflections of a structure using
different methods for determining creep deformations: the methods described in
the Company's cod [2], Eurocode [3] and the author's method.
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Fig. 6. Comparison of the model vertical displacement calculated with different creep models

According to the calculations performed with reference to the regulatory
documents, this design model must withstand a fire load during 240 minutes.
But according to the calculation performed with the author's methodology, it is
clear that the stability of the structure is not ensured. And at the 160th minute of
fire impact, the deflections exceed the maximum permissible values. The degree
of fire resistance of the structure is R240, but according to the calculation
performed with the author’s methodology, it can be seen that the degree of fire
resistance of the structure is not ensured.

At Figure 7, it shown a comparison of thequantity of destroyed finite
elements of the floor slab over time. According to [3], the floor slab with
thickness of 300 mm must withstand the fire impact during 240 minutes, upon
condition that all design requirements are observed. But, at Figure 7 it shown
that the structure lost its integrity.

1400
1200
1000
800
600
400
200
0

Quantity of destroied finite elements

60 min 120 min 180 min 240 min

m physical nonlinearity % physical nonlinearity and creep

Fig. 7. Destroyed elements of the floor slab at various intervals
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In compliance to Figure 7, in consequence of fire action the lower part of the
concrete is completely destroyed already at the 180th minute of the fire expose
and it lost its integrity. Therefore, it can be argued that in such situation, the
lower reinforcement will heat up to the temperature above its hypothetical limit
value (600 °C) and also lose its rigidity. While the upper half of the floor slab is
still able to carry the load and may avoid destruction.

Such consequences occurred in the building of the shopping center called
«Auchan» of the entertainment center Sky-Mall (Kiev, Ukraine) in the fall of
2017 as a result of fire action. The pictures of the real object, which corresponds
to the mathematical model of the evaluated floor slab, are presented at Figure 8.

Fig. 8. Consequences of fire expose in «Auchany store at «Sky Mall» shopping and entertainment
center
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The pictures are taken as a part of the implementation of scientific and
technical works of the state enterprise called Scientific Institute of Building
Constructions. The theme of the scientific and technical works is “Performing
an examination of the supporting structures of the Auchan hypermarket building
at the address: Kiev, Vatutina Ave., 2 and make a reportabout their technical
condition with recommendations for ensuring their subsequent reliable
operation”, (contract number is 5615 dated January 16, 2018).

4. Conclusions. Thus, the article presents the methodology of analysis of
reinforced concrete structures under the effects of high temperatures. The
methodology permits to take into account the influence of temperature distribution
all over the cross section on thedecrease of the strength and strain material
properties of any structural unit.It represents the analysis of the material physical
nonlinearity weigh and the creep weigh with the stress strain state of the structure.

The proposedmethodology most accurately represents the work of the
structure under fire expose, and makes it possible to make the adequate fire
resistance analysis of a structure and ensure their durability and reliability.It
solved the test problem with performed analyze of the work of a reinforced
concrete floor slab, taking into account the fire impact.

Taking into account the influence of creep it makes possible to determine the
total deformations of the structure, and to perform the qualified method which
let us to calculate any buildings or structures.

REFERENCES

1. Eurocode 2. Proyektuvannya zalizobetonnikh konstruktsiy. Chastina 1-2. Zagalni polozhennya.
Rozrakhunok konstruktsiy na vognestiykist: DSTU-N EN 1992-1-2:2012 [Design of reinforced
concrete structures. Part 1-2. General. Fireresistancecalculationofstructures] (EN 1992-1-2:2004,
IDT).

2. STO 36554501-006-2006 Pravila po obespecheniyu ognestoykosti I ognesokhrannosti
zhelezobetonnykh konstruktsiy [Rules to ensure fire resistance and fire protection of reinforced
concrete structures], Moskva: 2006.

3. EN 1992-1-2 (20014): Eurocode 2: Design of concrete structures — Part 1-2: General rules —
Structural fire design [Authority: the European Union Per regulation 305/2011, directive
98/34/EC, Directive 2044/18/EC].

4. Guide for Modeling and Calculating Shrinkage and Creep in Hardened Concrete: ACI 209.2R-
08. - U.S.A., American Concrete Institute, 2008. 48 p. (Guide for modeling and calculating).

5. Barabash M.S. Kompyuternoye modelirovaniye protsessov zhiznennogo tsikla obyektov
stroitelstva: Monografiya [Computer simulation of the life cycle processes of construction
objects: Monograph]. K.: Izd-vo «Stal», 2014. 301 p.

6. Gorodetskiy A.S., Barabash M.S. Uchet nelineynoy raboty zhelezobetona v PK LIRA-SAPR.
Metod «Inzhenernaya nelineynost» [Accounting of non-linear work of reinforced concrete in SP
LIRA-SAPR. Method "Engineering nonlinearity"]. / International Journal for Computational
Civil and Structural Engineering. 2016. Ne. 12 (2). Pp. 92-98.

7. Savin O.B., Sobol V.M. Zmishanyi variatsiinyi funktsional v zadachakh povzuchosti ta
poshkodzhuvanosti sterzhniv pry zghyni [Mixed variational functional in the problems of creep
and damage of rods at bending]// Strength of Materials and Theory of Structures, 2018. Ne100.
Pp. 115-123.

8. lakovenko I, Kolchunov V.. (2017). The development of fracture mechanics hypotheses
applicable to the calculation of reinforced concrete structures for the second group of limit
states. Journal of Applied Engineering Science, vol. 15(2017)3, article 455, pp. 366-375.

9. Arutyunyan N.Kh. Nekotoryye voprosy teorii polzuchesti [Some questions of the theory of
creep]. M.: Gostekhteorizdat, 1952. 323 p.

10. Aleksandrovskiy S.V. Raschet betonnykh I zhelezobetonnykh konstruktsiy na temperaturnyye I
vlazhnostnyye vozdeystviya (s uchetom polzuchesti) [Calculation of concrete and reinforced



54 ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2019. Ne 103

concrete structures with temperature and humidity effects (including creep)]. M.: Stroyizdat,
1966. 443 p.

11. Bazant, Z.P., Jirasek M. Basic properties of concrete creep, shrinkage, and drying // Solid
Mechanics and its Applications. 2018. Ne. 225. Pp. 29-62.

12. Bazant Z.P., Jirasek M. Numerical analysis of creep problems // Solid Mechanics and its
Applications, Ne. 225. 2018. Pp. 141-175.

13. Bazant Z.P., Cusatis G., Cedolin L. Temperature effect on Concrete Creep Modeled by
Microprestress-Solidification Theory // Journal of engineering mechanics. 2004. Pp. 691-699.

14. Rahimi-Aghdam, S., Rasoolinejad, M., BaZant, Z.P. Moisture Diffusion in Unsaturated Self-
Desiccating Concrete with Humidity-Dependent Permeability and Nonlinear Sorption Isotherm
// Journal of Engineering Mechanics. Ne. 145 (5). 2019.

15. Rasoolinejad, M., Rahimi-Aghdam, S., &Bazant, Z.P. Correction to: Statistical filtering of
useful concrete creep data from imperfect laboratory tests. Materials and Structures/Materiaux
et Constructions . 2018. Ne. 51 (6).

16. Hubler M., Wendner R., Bazant Z. Statistical justification of model B4 for drying and
autogenous shrinkage of concrete and comparisons to other models // Mater Structures. 2015.
Ne. 48(4). Pp. 797-814.

17. Wendner R., Hubler M., Bazant Z. Optimization method, choice of form and uncertainty
quantification of model B4 using laboratory and multi-decade bridge databases // Mater
Structures. 2015. Ne. 48(4). Pp. 771-796.

18. Wendner R., Hubler M., Bazant Z. Statistical justification of model B4 for multi-decade
concrete creep using laboratory and bridge databases and comparisons to other models.
MaterStructures. 2015. Ne. 48(4) . Pp. 815-833

19. Krukovskiy P.G., Kovalev A.l, Chernenko K.A. Modelirovaniye teplovogo sostoyaniya I
ognestoykosti mnogopustotnogo zhelezobetonnogo perekrytiya [Simulation of thermal state and
fire resistance of hollow-core reinforced concrete floor ] // Zbirniknaukovikh prats LDU BZhD.
2012. Ne. 21. Pp. 85-94.

20. Fomin S.L. Raschet ognestoykosti zhelezobetonnykh plit perekrytiya po utochnennym I
uproshchennym metodam [Fire resistance calculation of reinforced concrete slabs according to
refined and simplified methods ] // Zbirniknaukovikh prats UkrDUZT. 2016. Ne. 161. Pp. 145-157.

21. Pyskunov S.0., Shkryl O.0O. Vyznachennia trishchynostiikosti zakhysnoi obolonky yadernoho
reaktoru pry termosylovomu navantazhenni [Determination of the crack resistance of the
protective shell of a nuclear reactor with a thermosetting load]// Strength of Materials and
Theory of Structures, 2018. Nel01. Pp. 60-66.

22. Pyskunov S.0., Shkryl O.0. Vyznachennia trishchynostiikosti zakhysnoi obolonky yadernoho
reaktoru pry termosylovomu navantazhenni [Influence of temperature regimes on the stress-strain
state of structures] // Strength of Materials and Theory of Structures, 2018. Ne101. C. 103-110.

23. Bashinskaya O.Yu., Pikul A.V., Barabash M.S. Resheniye zadachi termopolzuchesti betona
metodom konechnykh elementov [Solution of the problem of concrete thermocreepiness by the
finite element method] // sb. nauchn. trudov «Stroitelstvo. Materialovedeniye.
Mashinostroyeniye», 2017. Ne. 99. Pp. 22-29.

24. BashinskayaO.Yu., Barabash M.S., Pikul A.V. Chislennoye modelirovaniye tsiklicheskogo
temperaturnogo rezhima ekspluatatsii v PK «Lira-SAPR» [Numerical simulation of cyclic
temperature model operation on the SP "Lira-SAPR"] // Visnik Odeskoi derzhavnoi akademii
budivnitstva ta arkhitekturi, 2017. Ne. 67. Pp. 13-19.

25. Diez P., Rodenas J.J., Zienkiewicz O.C. Equilibrated Patch Recovery error estimates: simple
and accurate upper bounds of the error // International Journal for Numerical Methods in
Engineering. 2007. Ne. 69 (10). Pp. 2075-2098.

26. Samuelsson A., Zienkiewicz O.C. History of the stiffness method // International Journal for
Numerical Methods in Engineering. 2006. Ne. 67. Pp. 149-157.

27. Ibrahimbegovic A., Melnyk S. Embedded discontinuity finite element method for modeling of
localized failure in heterogeneous materials with structured mesh: an alternative to extended
finite element method // Computational Mechanics. 2007. Ne. 40 (1). Pp. 149—155.

28. Bazhenov V.A., Gulyar A.l, Maiboroda E.E., Piskunov S.O. Semianalytic Finite-Element
Method in Continuum Creep Fracture Mechanics Problems for Complex-Shaped Spatial Bodies
and Related Systems. Part 1. Resolving Relationships of the Semianalytic Finite-Element
Method and Algorithms for Solving the Continuum Creep Fracture Problems // Strength of
Materials. 2002. Ne. 34 (5). Pp. 425-433.

Cmamms nadiviwna 27.09.2019



ISSN 2410-2547 55
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2019. Ne 103

Bapabaw M.C., Pomawrxina M.A., bawuncoxa O.1O.
TEPMOHANPYXEHHUI CTAH 3AJII30BETOHHOI IVIMTU NEPEKPUTTSA

IlpoBeseHO  JOCIIDKEHHS  HANpy:KEeHO-1e(OPMOBAHOr0  CTaHy  3aJli300€TOHHOI  IUIUTH
HEPEKPUTTS. B yMOBaxX MOXKEXi 32 YTOYHEHUM MeTOROM. CTBOPEHOCKIHUCHHO-CIEMEHTHY MOJEIb
INIMTA  HepekputTss. Ha mnepumioMy erami JOCHIDKEHHS BHPIMICHO HECTALiOHApHY 3ajady
TEIUIONpOBigHOCTI. BifnmoBigHO 10 pilieHHs 3amadi, OTPUMAHO TEMIIEPATYPHI IO IO BCHOMY
Hepepizy Po3rIIHYTOr0 KOHCTPYKTHBHOIO €JIEMEHTA uepe3 IEBHI MPOMDKKM wacy. [pyruii eram
JIOCJIKCHHSI —PO3paXyHOK Ha MILHICTb. 3aBISIKH OL[HII MIilHOCTI MOXXHA JAOCIIAUTH POOOTY IUIMTH
HEPEKPUTTS B Pi3HI MOMEHTH 4acCy BOIHEBOI'O BIUTHBY. PO3IIISIHYTO KiJbka MaTeMaTHYHHUX MOJEICHt.
L{i Mozemi BiAMOBIAaOTh PI3HUM MOMEHTaM BOIHEBOTO BIUIMBY. Y KOXKHiH pO3paxyHKOBiii Mozerni
IUIMTH TIePeKPUTTs Oy0 3MIHEHOMIIHICHI 1 AedopMmariiiHi XapakTepucTHKA OCTOHY Ta apMaTypu
BIITIOBIZHO 1O TEMIIEpaTypHu mepepidy. BukoHaHO Tpu THUIHM aHami3y BOTHECTIHKOCTI KOHCTpPYKILi:
THIAHAN aHami3, Gi3nYHO-HeNIHIHHN aHami3 1 Gpi3nYHO-HeNIHIHHNA aHami3 3 ypaXyBaHHAM e(eKTy
nos3y4octi. IlokazaHo pe3yibTaTH MOPIBHSHHSA KIHEMATHYHHX XapaKTEPHCTHK MaTEMaTHYHHX
Mojesieil B pi3HUX NMOCTAHOBKaX 3a/ad. 3alpollOHOBAHO METOIMKY, 5IKa I03BOJISIE BPaXyBaTH BILIUB
HOB3YYOCT] IIPH YHCEIBHOMY MOJCIIIOBAaHHI €)eKTy BOTHEBOI'O BILIUBY.

KirouoBi cioBa: MeTon CKiHYCHHHX EIEMEHTIB, KOHCTPYKLsS, TEPMOHANPYKEHHH CTaH,
YUCENbHUN eKCIIEPUMEHT, TEILIONPOBIAHICTh, TIOPIBHSIHHS.

Bapabaw M.C., Pomawxuna M.A., Bawunckas O.FO.
TEPMOHAIIPSI’)KEHHOE COCTOSIHUE )KEJE30BETOHHOM IJIUTBI
MNEPEKPBITUS

IIpoBeneHo HCCIEAOBAaHHE HANPSHKEHHO-1S(OPMUPOBAHHOTO COCTOSHHUS IKEJIE300ETOHHOI
IUIMTBI IEPEKPBITUS B YCIOBUAX M0OXKApa M0 YTOUHEHHOMY MeToay. COo3/1aHO KOHEUHO-3JIEMEHTHYIO
MOJIeJIb TUIMTHI NepekpbITUs. Ha mepBoM 3Tame MccienoBaHHUs PElIEHA HECTAlMOHApHYs 3ajada
TerIonpoBoAHOCTH. COrjacHO PELICHHIO 3a/aud, MOJIyYeHbl TEMIEpaTypHbIE IO IO BCEMY
CEUCHHUIO PAacCMAaTPUBAEMOI0 KOHCTPYKTHBHOI'O 3JIEMEHTA 4Yepe3 OMNPEACNICHHbIC IPOMEKYTKH
BpeMeHH. Bropoii stam uccinenoBaHus — pacdér Ha NPOYHOCTh. biaromaps OLEHKE NPOYHOCTH
MOXXHO HCCJIENOBAaTh PabOTy IUIMTHI IEPEKPHITHS B Pa3IMYHBIC MOMEHTHl BPEMEHH OTHEBOIO
BO3/IeicTBUS. PacCMOTPEHbI HECKOJIBKO MATEMATHUECKUX MOJIENIEH, B COOTBETCTBUU C PA3IMUHBIMU
MOMCHTAMH OTHEBOTrO BoO3ZeicTBHA. B Kaxqoil pacyerHOW MOIENIM IJIMTHI HMEPEKPBHITHS ObUIM
M3MEHCHBI IPOYHOCTHBIC U 1e()OPMALIMOHHBIC XapPAaKTEPHCTUKH OETOHA 1 apMaTyphl B COOTBETCTBUH
C TEeMIepaTypoil ceueHusl. BBINOIHEHO TP THUIIA aHAIM3a OTHECTOMKOCTH KOHCTPYKLMU: JINHEHHBIHI,
(bU3MYCCKH HEJNMHEHWHBIH M (DU3MYECKM HEIMHCHHBIM aHamu3 ¢ yd4eroM 3d@deKTa Moja3y4ecTy.
IToka3aHbl pe3ysbTaThl CPABHEHUsI KMHEMATHUECKUX XapaKTEPUCTHK MAaTEMaTHYECKUX MOJeENeH B
pa3IMYHBIX IOCTAHOBKAX 3anady. IlpeyiokeHa MeToiMKa, KOTOpas IMO3BOJIET YYECTb BIIMSIHUE
HOJI3Y4YECTH MPU YUCICHHOM MOJEIHPOBAHUH 3()PEeKTa OTHEBOTrO BO3ACH CTBHSL.

KaroudeBble cJoBa: METOJ KOHEYHBIXJIEMEHTOB, KOHCTPYKLMS, TEPMOHANPSHKEHHOE
COCTOSIHUE, YUCIIEHHbIH 3KCIIEPUMEHT, TEIIONPOBOJAHOCTb, CPABHEHUE.

Y]K 624.044.3

Bapabaw M.C., Pomawxina M.A., Bawunceka O.FO. TepMoHanpy:keHuii cTaH 3aJ1i300eTOHHOI
IIUTH nepekpuTTs // Onip MaTepiais i Teopis ciopy: Hayk.-texH. 30ipHuk. — K.: KHYBA, 2019.
—Bum. 103 . - C. 43-56.

IIpeocmasneno po3paxynox 3anizo0emonHoi nAumu nepekpumms Ha 602HesUll 6Naue i3
YPaxyeannsam enaugy mepmonoasyvecmi 6emony. Pospaxynok euxonano 6 0sa emanu. Ha nepuiomy
emani UpiuLYemMbCs 3a0a4a HeCMayioHapHoi menionposionocmi 0isk GUIHAYEHHS. MeMNePamypHoeo
noas no nepepisy naumu. Ha opyeomy emani 8UKOHAHO PO3PAXYHOK HA MIyHICMb 3 YPAXYE8AHHAM
JHCOPCMKICHUX | OehOPMAYIIHUX XAPAKMEPUCIUK OEMOHY Ma apMamypu, a MaKodic i3 ypaxy8aHHsIm
6NIUBY NOB3YUOCHIL.

Tabu. 1. L. 8. Bi6miorp. 28 Ha3s.
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UDC 624.044.3

Barabash M., Romashkina M., Bashynska O. Thermal stress state of reinforced concrete floor slab //
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles — Kyiv:
KNUBA, 2019. — Issue 103 . — P. 43-56.

The fire influence analysis of reinforced concrete slabs with taking into account the impact of
concrete thermal creep is presented. The calculation is made in two stages. At the first stage, it is
solved the thermal conductivity analysis to determine the temperature fields all over the plate cross-
sections. At the second stage, it is solved the structural analysis, taking into account the strength
and strain properties of concrete and reinforcement, as well as the effect of creep.

Tables 1. Fig. 8. Ref. 28.

V]IK 624.044.3

Bapabaw M.C., Pomawrxuna M.A., bBawunckas O.F0. TepMoHanpsi;keHHOe COCTOSIHUE
JKeJIe300eTOHHOM TUIMTHI nepeKpbITUsi / CONPOTHBICHHE MATEPHAIIOB U TEOPUS COOPYIKCHHIL:
Hay4d.-TexH. coopauk. — K.: KHYCA, 2019. - Bein. 103 . - C. 43-56.

IIpedcmasnen pacuem oicene306emoHHOU NAUMbL NEPEKPbiMUs HA O2Hesoe 6030elicmeue ¢
yuémom enusanus mepmononzyvecmu 6emona. Pacuem npouseeden ¢ dsa smana. Ha nepsom smane
pewaemcs 3a0a4a HeCMayuoHApHOU Menionpo8oOHOCMU OJisl ONPeOeieHUs. MeMNepamypHuiX noaeu
ceuenus naumvl. Ha emopom smane npoucxooum npouHOCMHOU pacyem ¢ y4emoM NOHUICCHUs.
JHCECMKOCMHBIX U 0ePOPMAYUOHHBIX XAPAKMEPUCIIUK OEMOHA U apMamypbl, U YYemom GIUsSHUS
nonzyyecmu.

Tab6n. 1. V. 8. bubnuorp. 28 Ha3s.
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BU3HAYEHHS TPINIMHOCTIMKOCTI POTOPA ITAPOBOI
TYPBIHU IIPU JIi O5’EMHUX CHJT
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IpoBeneHa OLiHKa HanpyXeHO-1eOPMOBAHOIO CTaHy POTOpa MApOBOi TYPOIHM 3 MOYATKOBOIO
HAIMIBENINTHYHOI TPILIMHOW NpH Ail 00 €MHHX CHJ, BUKJIMKAHHX BiILEHTPOBHM HaBAHTAXKCHHSM.
OtpuMaHuil po3noain KoedillieHTIB IHTEHCUBHOCTI HANPYXKEHb B3I0BXK (POHTY TpimuHu. [IpoBeneHo
HOPIBHSIHHSI 3 Pe3yJIbTaTaMH OLIHKH TPILMHOCTIHKOCTI pPOTOpA 32 CHPOLICHUMH IiAXOAAMH.

KimouoBi ciaoBa: meron ckiHueHHux enemeHTiB (MCE), enintuuna tpimmna, koedimieHT
IHTEHCHUBHOCTI HalpyXeHb, POTOP MapoBoi TypOiHH, 00’ €MHI CHIIH.

Beryn. BusHayeHHs1 TpIIMHOCTIMKOCTI jeTaneil KOHCTPYKLIN 3 TpiluHamMu
nmotpedye OOYHMCICHHSA MapaMeTpiB MEXaHIKA PYyHHYBaHHS. 3HAYHA YacTHHA
TaKuX 00’ €KTIB BUKOPUCTOBYETHCS B MAIIMHOOYyBaHHI Ta €HEPreTHIli, 10 SIKHX,
30KpeMa, BITHOCATHCS €JIeMEHTH Ta Jietali TypOiH. B maniii poOoTi mpoBeneHo
BU3HAYEHHS TPIIIMHOCTIHKOCTI JIMCKa POTOpa MapoBOi TYpOIHM 3 MOYATKOBOKO
HaMIBEJINTHYHOIO TPIIMHOK. POTOp 3HaX0AMTHCS B yMOBax Jii 00’€MHUX CHJI,
IO BWKJIHMKaHI BiJ[IEHTPOBUM HAaBaHTAXEHHsAM. B  ymoBax JiHIHHOrO
ne(OpMyBaHHS POTOPA OIHKY TPINIMHOCTIMKOCTI IOIIIFHO BHUKOHYBAaTH Ha
OCHOBI KoedimieHTiB inTeHcuBHOCTI HanpyxeHb (KIH). Po3B’s13aHHs Takux 3amaq
BUKOHYETBCS TEPEBAKHO YHCETBHUMU METO/IaMHU, Cepell SKMX HaHOLIbIoro
TIOIIMPEHHS 3/100yB METOJ| CKIHYEHHHX eJIeMeHTIB. [IJIs1 po3paxyHKy KpYroBHX
T e(eKTUBHOTO 3aCTOCYBaHHS 3700YB HANIBaHAJITHYHHN METOJ| CKiHUCHHHX
enementiB (HMCE) [1, 3, 4]. ns BuzHauenHi KIH mmpoko BHKOPUCTOBYETHCS
npsiMuit Meron. Meroauka Bu3HaueHHs KIH mpsiMum MeTomoM B IpPOCTOPOBHX
tinax i3 3acrocyBanHsM HMCE noctaTHRO TOBHO BifoOpaxkeHa B poboTax
[1,3,4]. Omxe nuraHHsS BU3HAYEHHS TPIIIMHOCTIMKOCTI JAMCKa pOTOpa MapoBOl
TypOIiHHU € aKTyaJIbHUM Ha CHOTOJIHIIIIHIN JICHb.

Po3paxyHok nucka potopa TypOiHm. /[uck poropa mapoBoi TypOiHHM €
MAacCHBHUM BICECHMETPHUYHHM TIJIOM i3 I[EHTPAJbHUM HACKPI3HUM OTBOPOM Ta
00010M JUTs1 3aKpilUIeHHsT OaHnaxy 3 Jonatkamu (puc. 1). Cuim, 110 BIUIMBAIOTh
Ha JUCK, OOyYMOBJICHI Horo oOepTaHHAM i3 YacToTor #1,=3000 00/XB 1
CKJIaIAlOThCS. 3 PIBHOMIPHO PO3MOAUICHOrO IO IUIONIIUHI OaHTaXHOTro 0001a

© IMuckynos C.O., Hlxpuis O.0., Makcum'tok H0.B.
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MIOBEPXHEBOTO HABaHTa)KEHHs1 iHTeHCHBHICTIO 68 MIla, mio Mopentoe BB
JIONIATOK, 1 MACOBHX CHJI, IIIO PO3MOJLICHI IT0 00’ MY ITUCKa.

7"

138

138

60

Puc. 1. Porop nmapoBoi TypOinu

MacoBa cuna dP, ska Jie Ha eneMeHTapHHH 00’eMm Matepiamy dV, mo
00epTaeThcsl HABKOJIO OCI 31 IIBUIKICTIO 7, 1 PO3TAlllOBaHWI Ha BiJCTaHi

R=z* Binoci o0epTaHHs, OOUHCITIOETHCS 3a POPMYJIOH0:
dP=pw? RdV,
ne p=7850 kr/M’ — IiNBHICTH MaTepiany aucKa, w= 7n,/30 — kyrosa

HIBHIKICTh 00epTaHHs JucKy. DIi3UKO MeXaHiYHI XapaKTePUCTUKU Martepiary
E=1.86MIla, v=03.

Ha nepmromy erami Oyiao BH3HAU€HO PO3MOILT MAapaMeTPiB HAMPYKEHO-
nepopmosanoro crany (HIAC) mucka poropa 6e3 Tpimuau. JJuckpeTHa MoIeb
JIMCKa, MpH SIKi# gocsirHyTo ymoBu 30ixHocTi HIIC npu moctynoBoMy 3rylieHHi
cirku CE B momepeuHoMy mepepi3i, HaBeieHa Ha puc. 2. HampyxkeHo-
ne(OPMOBaHUM CTaH CYIIJIBHOTO POTOpa € BiCECHMETPUYHUM, a MaKCUMAaJIbHI
HaNpYy)XEHHS BUHUKAIOTH B 00JIaCTi BHYTPIIIHEOI'O OTBOPY, sIKa € HAHOIKUIOI0
JI0 TIOYATKY MPUHHSITOI CUCTEMH KOOpAUHAT (pHC. 3).

Ha HactymHOMY erami HMpOBOAMIIOCH JOCIIJDKEHHS TPIIMHOCTIHKOCTI JHCKa
pOTOpa 3 TPILIMHOLO, SIKa MOXKE 3’ IBUTUCS B MiCIli HAWOLIBIIOrO PIBHS HATIPYXKEHBb
(puc. 1). Kondirypauis TpimiHu Mae BHUINISA elincy i3 po3Mipamu b=1 cMm,
a=2 cM. JluckpeTHa MoZieNb TUCKa pOTopa 3 TPIIIMHOO MOKa3aHa Ha puc. 4.

HasiBHICT TpIiIMHM TIPU3BOJWMTH IO TIOPYIIEHHS BiCECUMETPHYHOCTI
HAIPY)KCHHOT'O CTaHy. 3BaKaI0YM HAa HEOOXIJHICTh MOJCITIOBAHHS TPaHHIHHX
yMOB Ha Oeperax TpilIMHM Uil TOOYHIOBH JTHMCKPETHOI MOJENI BHKOPCHUTaHI
KpPYroBi HE3aMKHEHI CKiHUCHHI €JeMEHTH. Po3paxyHKOBa MOZEIb — CEKTOp
poTopa, BiJciYeHHd JBOMA IUIOLIMHAMH, PO3TAIIOBAaHUM Ha Bijctani ¢ (puc. 1).

B muronmni nmpu ¢ =0 po3ramoBaHa TpimuHa. [paHMYHI YMOBU Ha OOWABOX
IUTOLIMHAX BIJIOBIJAIOTh IUIONIMHAM CHMETpil 3a BHUKIIOUSHHSM 00MacTi
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MOBEPXHI TPILIMHHU, sSKa BUIbHA BiJl 3aKpilUicHb. Buxomsiuun 3 HE0OXiTHOCTI
edekTrBHOI 1 gocroBipHOi anpokcumanii HJIC B okomi BepIIMHM TPIIMHU i
3araJlbHOr0 3MEHIIEHHS] O0YHCITIOBAIbHUX BUTpPAT, Oy MPOBENIEH] JOCHIKEHHS
31 3MEHIICHHS PO3MIpy [OUCKPETHOI MOJENI B3JOBXK OKPYXHOI KOOPIHMHATH

(23' =¢), 10, B CBOIO 4Yepry, JO3BOJISIE 3MEHIIUTH KUIbKICTh TIOJiHOMIB IIpH
BUKOpHCTaHHI He3amkHeHoro Kimblesoro CE [1,3]. SIk BumHO 3 OTpHMaHHX
PO3IIOALIEHh KOJOBUX HANPY)KEHb Y3/I0BX KOJOBOI KOOpIMHATH B TOUI[ IX
HAMOUIBIINX 3HA4YeHb, 30yPEHHS HAIPY)KEHb, TOBs3aHi 13 HASBHICTIO TPILMHU
IIBHIKO 3TacaloTh, a BEIUYMHU KOJIOBUX HamlpyKeHb, OTPHMaHi MpH
(p=450 (wTpuxoBa JiHis) i (p=900 (cyminpHa JTiHIS), MPAKTUYHO 30iTaroThCS
(puc. 5). BiamoBigHO MOMABINI OCHTIPKCHHS MPOBOIWINCH 13 BUKOPHUCTAHHSIM

JIUCKPETHOI MOZEI TIPH 2= Q= 45" (1/8 wactuHa potopa).

2"
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L \\
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b Skt ot + I = I & & 0 ot e o e 22' [ /
Puc. 2. IToniepeunuii nepepis aucKpeTHOl Mojaesi Puc. 3.Po3noin iHTeHCHBHOCTI HANPY)KEHb B
JIMCKa pOTOpa MapoBoi TypOiHU HOMEepPEeYHOMY Tepepisi Aucka poropa 6e3
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Puc. 4. Ilonepeunuii nepepis AUCKpeTHOT Puc. 5. Po3moiis KOJIOBUX HANPYXKEHb Y3I0BXK
MoJieIli TUCKa POTOpPa 3 TPILIHHOK KOJIOBOI KOOPJMHATH

OTpuMaHMii PO3MOALT B3JIOBXK (QPOHTY TpiluHM Tnokazye, mo KIH
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HaOYBaIOTh =90 (puc. 6).

obuucnennst KIH mis TpinuH pi3HOI eninTHYHOCTI it ToYKH GppoHTa 8 =90 |,

orpumani Ha ocHoBi HMCE, noka3ani Ha puc. 7 .
alb

MaKCUMaJIbHUX 3HA4YCHb IIpU Pe3 YIbTaTH
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Puc. 6. Posnoxinenus KIH B3xoBx GpponTy
TPILIMHA

Puc. 7. 3nauenns KIH npu pi3Hiil exintaaHoCT

B imxkxenepHiii mpaktumi oninky KIH BukoHyoTh 3a (opMmysow mis
IUTACTHHU 3 O1YHUM HazpizoMm [2]:

K =1120" [zl ,

(D
ne o — HomiHanBHE HAPYKEHHS.

B sikocTi HOMiHaJNILHUX HampykeHb B (1) BHKOPHUCTOBYBAIHCH BEIMYMHHU
KOJIOBUX HampyXeHb, IO OylM BH3HAYeHI B JAWCKY poTopa 0e3 TpIlIUHU.
Pe3ynbraTty, mO3HaueHi IITPUXOBOIO JIIHIEID OTPMMaHi 32 BEIWYUHAMHU
nanpyxens B CE mepen ¢poHTOM MaiiOyTHBOI TpilmpHU (TOYKa A Ha BCTaBIi
puc. 8), a MO3HAYCHI CYIUILHOIO JIHIEIO - 332 BenumynHaMu Hanpyxkenb B CE 3a
¢poHTOM MaiiOyTHROI TpimmHHM (Touka B Ha BcraBui puc. 8). PospaxyHok
MIPOBEACHUHN JUIsl TPILIMH Pi3HOI ETIMTUYHOCTI, 0 MOoTpeOyBaio MoOyJ0BH BiJl-
TOBIJIHUX JIMCKPETHUX MOJENEH B IMOIepedHoMy Iepepisi poropa. [lopiBHSHHS
LUX pe3yJbTATIB IOKa3ye, M0

8(%) : . :
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Puc. 8. IToxu6ka KIH, o0umcieHnx 3a HabIMKEHOK HpOCTOpOBiﬁ MOCTAHOBII HA

dopmyioro (1)
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ocHoBi HMCE, nmamu 3mory orpumyBatu po3noxain KIH B3moBx ¢ponTy
HamiBeNMNTHYHOI TpimuHA. OTpUMaHi pe3yJabTaTh HPOCTOPOBOTO PO3PAXYHKY
JIO3BOJIMJIA BCTAHOBUTH MEXY MOKIIMBOCTI 3aCTOCYBaHHS BHKOPHCTOBYBaHUX Ha
MIPAKTHUIl HAOIMDKEHUX MIAXOIIB 0 JOCTOBipHOTrO BuzHaueHHs1 KIH.
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Piskunov S.0., Shkril’ A.A., Maksimyuk Yu.V.
DETERMINATION OF CRACK RESISTANCE OF A STEAM TURBINE ROTOR UNDER
THE VOLUME FORCES ACTION

The problem of the crack resistance of a steam turbine rotor disk with an initial semi-elliptical crack
is investigated in this paper. The forces affecting the disk are due to its rotation and consist of a load
uniformly distributed of the surface rim, modeling the impact of the blades, and mass forces distributed
over the volume of the disk. It is assumed that the process of deformation of the rotor disk is linear. The
stress intensity factor (CIF) are used to evaluate the fracture resistance. The steam turbine rotor disc is a
massive axisymmetric body, which is why a semi-analytic finite element method is used to model the
stress-strain state, which has been proven in a number of work for objects of this type. In the first stage,
the distribution of stress-strain state of the rotor disc without crack is determined. The obtained results
showed that maximum stresses occur in the region of the inner hole of the rotor disk. The following was
to determine the fracture resistance of the rotor disc with a crack that may appear under the highest
stress level. The configuration of the crack front is elliptical. The obtained results shows that the CIF
attains the maximum value at the point furthest from the inner hole. The influence of ellipticity on the
maximum values of CIF was investigated. The maximum CIN values for the rotor disc were
determined using the approximate method used in the design of such objects. It involves the results of
the known formula used to determine the CIF in the plate with a lateral crack. Comparison of results
shows the nesecity of calculate such objects in the spatial formulation. There are significant limitations
to the use of the two-dimensional approach to determine CIF in such objects.

Keywords: finite element method (FEM), stress intensity factor, steam turbine rotor, elliptical
crack, volume forces.

ITuckynos C.O., kpeinw A.A., Makcumiox FO.B.
OMNPEJEJEHUE TPEHMHOCTOMKOCTH POTOPA ITAPOBOM TYPEUHBI TP
JEACTBUM OB BEMHBIX CHJT

IIpoBeneHa oleHKa HANPSHKEHHO-Ie(HOPMHUPOBAHHOTO COCTOSHHUS POTOpa IMapoBOH TYpOUHBI C
HaYaJbHOW MOJYJUIMITHYECKOW TPEIIMHONH TIpH JEHCTBUH OOBEMHBIX CHJI, BBI3BAHHBIX
LEHTPOO®KHBIMH ~ Harpy3kamu. [lomydeno pacnpeneneHne Kod(p)HIHEHTOB HHTECHCHBHOCTH
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HAOPsDKGHUH BIOJMB (pOHTa TpeluMHBL. IIpoBeneHO CpaBHEHHE C pe3yJIbTATAMH OLCHKU
TPEIIMHOCTOMKOCTH POTOpA 10 YIPOLIEHHBIM ITOAXO0aM.

KiroueBble ciioBa: Meron KoOHEYHbIX djeMeHTOB (MKD), kodduiueHT HHTEHCHBHOCTH
HANPSDKCHUH, POTOP MapoBOW TYpOMHBI, JUTMIITHYECKAs! TPEIMHA, 00ObEMHBIE CHJIbI

YK 539.375

Iucxynos C.O., Hlkpums O.0., Maxcum’iok FO.B. BusznayeHHsi TpilmHocTiiikocTi poTopa
napoBoi Typ6inu npu aii 06’emuux cui / Omip MaTepiaiiB i Teopis cropyn: Hayk.-TeX. 30ipH. —
K.: KHYBA, 2019. — Bumn. 103. - C. 57-62.
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CnpoweHUMU NIOX00amu.
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The stress-strain state of a steam turbine rotor with an initial semi-elliptical crack under the
action of volumetric forces caused by centrifugal loading was evaluated. The distribution of stress
intensity factors along the crack front was obtained. The comparison with the results of the
simplified approaches to crack resistance evaluation was made.
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UNDERGROUND STRUCTURES ON THE BASIS OF SOIL
MODELS WITH ADJUSTED INPUT PARAMETERS
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The article evaluates the possibility of using Hardening Soil Model and Coulomb-Mohr soil
models with corrected input parameters by investigating the stress-strain state (SSS) of underground
structures.

Keywords: underground structure, finite element method (FEM), Coulomb-Mohr model,
Hardening Soil model, stress-strain station (SSS).

Introduction. The modeling of underground structures has to take into
account a number of features fully: the difficult and nonlinear nature of the load,
which remains until the occurrence of areas with different histories of use in the
soil, as well as the nonlinear proper generation and deformation. Correct
numerical modeling of such nonlinear deformation of underground structures is
possible only for the use of modern soil models.

The selection and use of such models nowadays is a problem because of
their low prevalence and excellent tradition of soil mechanics in the countries of
the former Soviet Union, a large number of input parameters, the definition of
which is not verified by regulatory documents, and the availability of quality
reference literature, as most are written in foreign languages.

At present, various mathematical models of soil can be used in numerical
modeling: Coulomb-Mohr Model, Hardening Soil Model and its derivatives
(Hardening Soil Small-strain), Soft Soil and its derivatives, Cam-Clay, etc. They
are characterized by varying degrees of complexity and range of use.

In the practice of design, the simple Coulomb-Mohr elastic-plastic soil
model, which is based on the Hooke’s law and Coulomb strength conditions, is
very often used for geotechnical calculations. This model requires the
determination of all four calculated soil parameters: total modulus E, Poisson
coefficient v, clutch c, and internal friction angle ¢. The advantages of simple
models are the small number of input parameters and the simplicity of the
equations. However, the simulation results, when used, may be fairly
approximate and inconsistent with the actual data.

© Solodei LL, Petrenko E.Yu., Zatyliuk Gh.A.
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The Hardening Soil elastic-plastic model is an advanced nonlinear soil
model that is versatile and suitable for modeling a wide range of soil soils. This
model describes soil behavior more accurately. It separates the shear and bulk
components of the deformations, since the dependences of the deformations on
the stresses during the triaxial compression method test (in fact, the deviatoric
load is modeled in the instrument) and the compression clutch (the isotropic
load is modeled in the instrument). The "strain-strain deviator" curve in the
model is described by a hyperbolic function. Unloading-reloading deformations
occur on a separate trajectory. Three modules of deformation are used for
realization of the above in the model: the modulus of deformation on the secular
at 50% strength Esy, - the modulus of deformation at unloading and reloading
Eu, the odometric module E,eq. The problems that may arise when these and
other input parameters of the Hardening Soil Model are determined and the
solutions are described in [1].

Another advantage of the Hardening Soil Model is that it describes the
dependence of the deformation modules on the stress level:

E zEref( ccosq)—qsm(p} . 0

ccos@+p™ sin@

The purpose of this article is to evaluate the possibility of using the
Hardening Soil Model with insufficient input parameters using empirical
formulas, and the possibility of more accurate modeling using the Coulomb-
Mohr Model using the techniques proposed in the article.

In several sources attempts have been made to link the deformation modules
of the Hardening Soil Model [2], and the Plaxis software complex uses the
following dependencies, which are in the range of the indicated sources:

E, =3E5, 2)

Eoea =Eso- (3)

Another deformation parameter - the exponent m will be equal to 0.5, for the
reasons given in [1], as the minimum of those that are appropriate to use in the
Hardening Soil Model.

It is proposed, using these values and dependences for deformation
parameters, to investigate the SSS of underground structures and to compare
with the results obtained using the Hardening Soil model with the input
parameters, which were determined in the laboratory and reported in [3]. From
the same source we will use strength parameters. Their definition is clearly
regulated and no difficult to use.

Experiment 1. The SSS of the soil mass under the effect of a 10 m wide
stamp (plate) was investigated in the Plaxis. The considerable width was chosen
considering the fact that the Eoed parameter, which is responsible for the
volumetric component of deformations, will be subject of adjustment, since
such zones appear below the plates, it will be possible to give a more accurate
estimate of the possibility of using the calculated odometric module. The soil
characteristics for the Hardening Soil Model are from publication [3].

The dimensions of the soil model in the first case were taken from the
considerations given in [4] — the lower boundary at a depth of 12 m, and the side
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faces at a distance of 12 m from the edge of the plate. In the second case the
dimensions are taken twice as large — 24 m respectively.

The results of the research showed that the accuracy of the simulation using
the calculation modules depends on the initial relationship between the
deformation characteristics of the soil. The greatest differences are predicted to
arise when the true ratios differ substantially from those adopted empirically by
formulas (2-3). So the difference between the deformation values for the loam
(E50 =40 MPa, Eoed = 30 MPa, Eur = 160 MPa, m = 0.7) is about 15%, and for
the loam (E50 = 170 MPa, Eoed = 85 MPa, Eur = 850 MPa, m = 1) 35%. It
should be noted that even such a difference can be considered satisfactory due to
characteristics of the soil. Thus, the comparison of sediment values got in the
software complex and calculated by the layer summation method showed a
significant difference - the results of settlements using Hardening Soil Model
are 1.5-2 times bigger than those calculated by the layer summation method.
This can be explained by the fact that the original deformation modules (with
reference index) were determined at a reference pressure pref = 100 kPa, which
actually measures up to some depth yref. According to formula (1), the values of
the modulus of deformation at a smaller depth are smaller, and in the layer-by-
layer method, the output module belongs to the "bottom surface" and increases
with depth. It should be mentioned that the formulas in the Hardening Soil
Model well describe the soil hardening itself, so it is recommended to choose
the lowest reference pressure for this engineering-geological element (GEE) [1].

In addition, soil hardening (actually "scattering" of stresses with depth) in
the layer-by-layer method is based on the theory of linearly deformed medium.
The change of pressure with depth here does not depend on the characteristics of
the soil, but only on the size of the platform that exerts pressure on the base:

2-p n g-m-(1+n” +28%)
= =% (arctg( )+ ), (4)
M arcgc-x/1+c2+n2 M> +C%)-(1+8H) 1467 +1?

where 1 — the ratio of the sides of the site, { — the relative depth to the width of
the site, p — the average pressure under the sole of the foundation.

In Hardening Soil, soil hardening is described by its characteristics,
including density and depth.

The usage of the Coulomb-Mohr Model gives approximate values of
precipitation to the calculated by layer-by-layer summation. However, only if
the recommendations for the selection of boundaries of the calculation area are
fulfilled. As the depth of the model increases, the SSS values at the base and
plate increase in proportion to the depth. This problem and one of the possible
ways to solve it are described in [5].

The described method has demonstrated its effectiveness once again.
However, because of the features and differences discussed above, the
Hardening Soil Model and the theory of linear deformed medium on which the
methodology is based there is no need to speak about the convergence of results.

The Article [3] describes another approach to modeling soil hardening with
depth. The model is broken down into layers, the modulus of deformation for
each is calculated using formula (1). In this formulation, a fairly good
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convergence of the deformation values with those obtained using the Hardening

Soil Model is achieved. However, the stresses in the soil array and plate are not

so well matched, but closer than usual using the Coulomb-Mohr Model.

| | Experiment 2. The SSS of the
underground tunnel was investigated

| |
|
' v Y to investigate the effect of the thickness of

(Fig. 1). The depth of the tunnel was varied

4 _the soil mass above the tunnel rim on the
| SSS. The lower boundary of the model also
| wvaried for the same reasons. The lateral face
| was simulated at a sufficient distance to

3 I minimize its impact on the SSS.
|
|
|

The direct dependence between the load
on the soil mass above the underground
structure and the depth of its deposition is

% preserved and does not depend on the soil

i' W | models used. Such a change in constant

RS e ol st Joads does not correspond to the true state

Fig. 1. The scheme of numerical of affairs at great depths. This problem is
experiment 2 considered in article [6].

As the thickness of the array under the
tunnel increases, the value of raising the
lower part of the tunnel frame increases.
When using the Coulomb-Mohr Model, no
direct correlation is observed without
adjusting the parameters.

When using the Hardening Soil Model,
the absolute values of the bottom of the
tunnel are lower, because the model uses a
deformation module during unloading-
reloading, and the process of the excavation
of soil from the tunnel space is accompanied
by some unloading of the soil mass below it.

Fig. 2. The nature of the plot of the 11y 4 djtjon, the dependence of this module
moments in the tunnel frame . .
on the level of stresses in the soil array
reduces the influence of the values of the thickness of the array under the
underground structure on the value of deformations.

The use of the Hardening Soil Model with the corrected parameters again
confirms the conclusions drawn in the previous experiment and depends on the
initial relationships between the deformation characteristics of the soil while
maintaining the benefits of the model.

The possibility of using Coulomb-Mohr to involve techniques of increasing
the modulus of deformation with depth allows to reduce the effect of the
thickness of the array under the tunnel on the values of deformations, which still
remain inflated compared to the values obtained using the model Hardening
Soil.
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In addition, the values of the moments in the frame, when calculating using
the Coulomb-Mohr Model, are almost doubled compared to Hardening Soil.
The nature of the charts remains unchanged. It somewhat reduces the value of
modeling efforts to strengthen the soil with depth.

Experiment 3. The value of the modulus of deformation during unloading-
reloading clearly illustrates an example of the calculation of a pit.

During the excavation of the soil, the bottom of the pit is washed out, due to
the removal of its own stresses from the soil massif. However, in the absence of
the unloading-reloading module, excavation modeling using the Coulomb-Mohr
Model results are in an
overestimation  of  the —
deformation values. 23,857

The validity of this 21714
model and the above 19,571
assertion that due to the lack ki
of dependence of the
modulus of deformation on
the stress level in the soil
array, the value of
deformation depends
essentially on the thickness

— 15.286

13,143

1 11.000

8.857

6.714

of the soil layer under the 0.286

plt -1.857
According to formula _ T

(3), an increased value of the (b)

modulus of deformation in Fig. 3. Lifting the bottom of the pit after modeling

the Coulomb-Mohr Model the excavation process, mm:

was speciﬁed for the entire (a) when using the Coulomb-Mohr Model

massif and separately for the (b) when using the Hardening Soil Model

part of the excavated soil below the pit.

In both approaches, the results of the excavation of the bottom of the pit
correspond to the obtained values when using Hardening Soil Model. Some
differences are observed in the values of efforts in the retaining wall, the nature
of the diagrams is consistent.

The use of the Hardening Soil Model with the adjusted parameters gave the
expected results, which are consistent with the conclusions reached after the
previous tasks have been solved.

Conclusions. The obtained results show that the possibility of using the
Hardening Soil Model with the corrected parameters got using empirical
formulas depends directly on the initial relations between the deformation
characteristics of the soil. Therefore, formulas (2-3) should be refined depending
on the type of rock, depth of occurrence, etc. after appropriate research. The
same applies to the parameter m. It is necessary to carry out research for
different breeds of different regions and to systematize the results obtained in
tabular form, as they tried to do it in the publication [7].

At the same time, even such rough modeling with the Hardening Soil Model
allows to use its advantages - nonlinear dependence between deformations and
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stresses, separation of the shear and bulk components of deformations, separate
trajectory of deformations at unloading-reloading, dependence of deformation
characteristics on the level of stresses in basis, etc.

However, not all software systems allow the use of Hardening Soil Model.
Therefore, it is urgent to clarify the results when using the Coulomb-Mohr
Model. The methods discussed in the article will help reduce the impact of this
model's disadvantages on SSS and can be used depending on the task separately
or in combination.

REFERENCES

1. Solodei 11 Ispolzovanie gruntovykh modelej pri chislennom modelirovanii podzemnykh
sooruzhenij (Using soil models in numerical simulation of underground structures) / LI
Solodei, Gh. A. Zatylyuk // Wschodnioeuropejskiec Czasopismo Naukowe (East European
Scientific Journal) — Warszawa, Polska — 2019. — #8 (48) — czg$¢ 2 — P. 48-55

2. Orekhov V.V. Ispol'zovanie modeli uprochnyayushhegosya grunta dlya opisaniya povedeniya
peska razlichnoj plotnosti pri nagruzhenii (Using hardening soil model to describe the behavior
of sand of different densities under loading) / V.V. Orekhov, M.V. Orekhov // Vestnik MGSU.
—2014.— Ne2. —P.91-97.

3. Holubev A.I. Vybor modeli hrunta i e€ parametrov v raschétakh heotekhnicheskikh obektov
(The choice of soil model and its parameters in the calculation of geotechnical objects) / A.L
Holubev A.V. Seletskii // Trudy mezhdunarodnoi konferentsii po heotekhnike
"Heotekhnicheskie problemy mehapolisov (GEOMOS 2010). — 2010. — tom 4. — P. 1727-1732

4. Perel'muter A.V. Raschetny'e modeli sooruzhenij i vozmozhnost' ikh analiza (Design models of
structures and the possibility of their analysis) / A.V. Perelmuter, V.I. Slivker. — Moscow:
SKAD SOFT, 2011. 736 p.

5. Solodei I. Implementation of the linear elastic structure half-space in the Plaxis in the study of
settlements / I. Solodei, Gh. Zatyliuk // Proceedings of Odessa Polytechnic University, — 2019.
—Issue 1 (57) — P. 22-28.

6. Solodei 11 Vyznachennia navantazhen vid masyvu hruntovykh sypuchykh porid pry
proektuvanni pidzemnykh sporud (Determination of loads from array of running soil when
designing underground structures) / L.I. Solodei, Gh.A. Zatyliuk // Strength of Materials and
Theory of Structures. — 2016. — Ne97. — P. 145-154.

7. Mirnyj A. Yu. Statisticheskij analiz parametrov modeli hardening soil dlya gruntov
moskovskogo regiona (Statistical analysis of hardening soil model mechanical parameters for
Moscow region soils) / A. Yu. Mirnyj, K. A. Budoshkina, V. V. Shishkina // Geotechnics. —
2017.—Ne 4. —P. 58-64.

Cmamms naoigwna 18.09.2019 p.

Conooeit 1., Illempenro E.FO., 3amuniox I'.A.

JOCHIKEHHST HAINPY)XEHO-IE®OPMOBAHOI'O CTAHY MNIA3EMHUX
CIIOPYJ], HA OCHOBI I'PYHTOBHUX MOJEJEN 3 KOPETOBAHUMM BXIJTHUMH
IMAPAMETPAMMU

B cratTi naHa OLiHKa MOXXJIMBOCTI 3aCTOCYBaHHSI IPYHTOBHX MOJIEJICH 3 KOPErOBAHUMH BXiTHUMU
napaMerpamu, nusixom gociipkents HJC mif3eMHHEX copya.

Cporozui icHye BelnKa KUIBKICTB PI3HHX MaTeMaTHyHHX Mogdeneil rpynry: Kymona-Mopa,
Hardening Soil Model Ta 1i moxizni (Hardening Soil Small-strain), Soft Soil ta 1i moxigui, Cam-Clay
TOI110. BOHH XapaKkTepu3yOThCsl PI3HUM CTYIICHEM CKJIaIHOCTI Ta Jiarna30HOM BUKOPHCTAHHSI.

B reorexHivHil NpaKkTHLi U IPOBEACHHS PO3PAaXyHKIB IyXKe YacTO BHUKOPHCTOBYETHCS
HaMMpocTila ieaabHO MPYKHO-TUIACTHYHA IPyHTOBa MOelb Kynona-Mopa, sika Mae psiji HeJOJIKiB.
Hardening Soil Model — BrockoHaneHa HemiHiiiHA MOZENb IPYHTY, SKa € DOCHTh yHIBEpCaJIbHOIO i
HIIXOQUTH TSl MOACIIOBAHHS LIMPOKOrO JAiana3oHy IPyHTIB OCHOB. Jlo 0cobamBOCTEll MOzesi MOXKHA
BITHECTH BHKOPUCTAHHS HENHIHHOI 3a1eKHOCTI MK AedopManisiMi Ta HAIPY)KCHHSIMHU, PO3ALICHHS
3CYBHOI Ta 00’eMHOI CKIanoBHX Aedopmariii, okpema TpaekTopis Aedopmaiiii Ipu po3BaHTAKECHHI-
IIOBTOPHOMY HABaHTAXCHHI, 3aJIOKHICTh AedOpMalifiHUX XapakTepUCTHK Bif PIBHS HAIPYKEHb B
ocHOBI Tomo. OfHAaK, BeUKA KUIbKICTh BXITHUX [apaMeTpiB, BU3HAUCHH SIKUX HE PEriIaMEHTOBaHO
HOPMaTHBHUMH JOKYMCHTaMH, yCKJIAHIOE MOYKITUBICTD 1i BUKOPUCTAHHSL.
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AHami3yeThesl BIUIMB HA BEIMYHHA Ta XapaKTep PO3HOIULy HampyX eHO-AepOpMOBAHOroO CTaHy
HiI3eMHUX CIOPYA NpH BHKOpHcTaHHI Moxeni Hardening Soil 3 kopuroBaHuMH mapamerpamu,
OTPUMAaHHUMH 32 JIOTIOMOTOI0 eMITIpHYHKX (OpPMYIL.

TakokK aKTyaJlbHUM € THTAHHS MOXJIMBOCTI BUKOpHCTaHHs Monedi Kynona-Mopa 3 3aiydeHHst
Meroauk (pi3Hi BapiaHTH 30inbIICHHS MOAyns Aedopmarii 3 TIMOMHOK, BHKOPHCTaHHS MOZYJIS
nedopmanii E,, npu po3BaHTaXEHHI Ta HOBTOPHOMY HABAHTAXKEHHI), 5IKi O3BOJISITH 3MECHILUTH BILIUB
HEZOMIKIB L€l MOJEINi Ha HAaIPyKeHO-Ie(GpOPMOBAHUI CTaH MiA3EMHHX CIIOPY.

KuarouoBi cioBa: migsemna cropyaa, meron ckinuenHux enementis (MCE), moxens Kysiona-
Mopa, Hardening Soil Model, nanpyxeno-nedopmosanuii cran (HIC).

Solodei L1, Petrenko E.Yu., Zatyliuk Gh.A.

THE STRESS-STRAIN STATE INVESTIGATION OF UNDERGROUND STRUCTURES
ON THE BASIS OF SOIL MODELS WITH ADJUSTED INPUT PARAMETERS

The article evaluates the possibility of using Hardening Soil Model and Coulomb-Mohr soil
models with corrected input parameters by investigating the stress-strain state (SSS) of underground
structures.

Today there are many different mathematical models of soil: Coulomb-Mohr, Hardening Soil
Model and its derivatives (Hardening Soil Small-strain), Soft Soil and its derivatives, Cam-Clay, etc.
They are characterized by the varying degrees of complexity and the range of use.

In geotechnical practice, the simplest perfectly elastic-plastic soil model of Coulomb-Mobhr is used
very often for calculations, but having several disadvantages. Hardening Soil Model is an advanced
nonlinear soil model which is versatile and suitable for modeling a wide range of soil bases. The
features of the model include the use of a nonlinear relationship between strains and stresses, the
separation of shear and bulk components of deformation, a separate trajectory of deformation during
unloading-reloading, the dependence of deformation characteristics on the level of stresses at the base,
etc. However, the large number of input parameters, which are not verified by some regulations, makes
it difficult to use.

The influence on the magnitude and nature of the distribution of the stress-strain state of
underground structures using the Hardening Soil model with the corrected parameters obtained using
empirical formulas is analyzed.

Also the question is relevant regarding the usage of the Coulomb-Mohr method with the extension
of the methods (different options for deformation of the module with depth, using E,, deformation
module during loading and reloading), it may be possible to reduce the number of inaccessible issues in
order to inflict on the deformed condition of underground structures.

Keywords: underground structure, finite element method (FEM), Coulomb-Mohr model,
Hardening Soil model, stress-strain station (SSS).

Conooei U.U., [lempenko I.F0., 3amviuiox I".A.

HUCCIEJOBAHUE HAIPSI>)KEHHO-JE®OPMHUPOBAHHOI'O COCTOsIHUS
MOJA3EMHBIX COOPYXXEHU HA OCHOBE TPYHTOBBIX MOJEJEA C
KOPPEKTUPOBAHHBIMHU BXO/IHBIMH TAPAMETPAMHU

CeropHs cymiecTByeT OOJIBLIOE KOJMYECTBO PA3NMYHBIX MATEMAaTHYECKHX MOJENEiH IOuBBL:
Kynona-Mopa, Hardening Soil Model u ee npoussoxusie (Hardening Soil Small-strain), Soft Soil u ee
npousBoubie, Cam-Clay Tomy 1momo0Hoe. OHH XapakTepU3yIOTCsl Pa3HOM CTENEHBIO CIOXKHOCTH H
J(MANa30HOM HCIIOJIb30BAHHMSL.

B reorexHHYECKO MPaKTUKE IS IIPOBEACHNUS PACIETOB OYCHb YAaCTO MCIONIB3YeTCs IIPOCTEHIIas
HJICANIHO YIPYTO-IUIaCTHIECKast TpyHTOBasi Mozaenb Kynona-Mopa, KoTopasi IMEeT psii HEOCTaTKOB.
Hardening Soil Model — ycoBepiueHcTBOBaHHAsI HENMHEHHAss MOAENIb IOYBBI, KOTOPAsl SIBILSICTCS
J0CTaTOYHO yHl/lBepCaﬂbHOﬁ U TOAXOOUT MJIs1 MOACIUPOBAHUS LIMPOKOro JguariasoHa TI'PYHTOB
ocHoBaHHil. K 0COOEHHOCTSIM MOJENH MOXKHO OTHECTH HCIHOJb30BAHUE HEIHHEHHOH 3aBUCHMOCTH
Mexay aeopMalsMH M HANPSHKCHUSIMH, Pa3/ICliCHHe CABUIOBOM M OOBEMHOW COCTaBIISFOIIMX
nedopManuii, OTAeIbHAs TpaekTopust JedopManuii NpU  pasrpy3Ke-IIOBTOPHOM —HArpyKEHUH,
3aBHCHMOCTH e()OPMALIMOHHBIX XapPAKTEPHCTHK OT YPOBHsI HAIPSDKEHHIT B OCHOBaHUHM H T.X. OnHaKo,
0OJBIIOE KONMYECTBO BXOAHBIX I1APAMETPOB, ONPEICICHHE KOTOPBIX HE PEeriaMeHTHPOBAHO
HOPMaTUBHBIMU JOKYMEHTAMH, 3aTPYAHACT BO3MOXHOCTb €€ UCITI0JIb30BaHU.

AHanu3upyercst BIMSIHUE HAa  BEJIMYMHY W XapakTep paclpelelieHUst  HaNpsHKEeHHO-
n1e(hOPMIPOBAHHOIO COCTOSTHUSI TIOJ3EMHBIX COOPY)KCHHI MPH Mcroip30Bannu Moaenu Hardening Soil
C KOPPEKTHPOBAHHBIMH [IAPAMETPAMH, ITOJIYYCHHBIMH C IIOMOLIBIO IMITUPUYECKUX (HOPMYIL.

Take aKTyaJbHBIM SIBJISCTCS BOIPOC BO3MOXKHOCTH HCHONb30BaHMsi Moxenu Kymona-Mopa ¢
HCIIOIB30BaHUEM METONHK (pa3iMYHbIe BapHAHTHI yBEIMYCHUS MOAYIS AeopMalHi ¢ TIyOHHOI,
HCIOJb30BaHne MOyt feopmaruu E, mpy pasrpyske u MOBTOPHOM Harpyske), KOTOPBIC TO3BOJISIT
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YMEHBILIHUTh BJIMSHHE HEJOCTATKOB 3TOM MOJEIH Ha HANPSKEHHO-IC(POPMHUPOBAHHOE COCTOSHHE
HO/I36MHBIX COOPY)KEHUI.

KiroueBble cjI0Ba: IOJ3EMHOE COOPY)KEHHME, METOA KOHeuHbIX 3neMeHtoB (MKD), moxpens
Kynona-Mopa, Hardening Soil Model, nanpspkerHo-nedopmuposantoe cocrosinue (HZC).
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THE EFFICIENCY OF USING A SEMI-ANALYTICAL FINITE
ELEMENTS METHOD IN GEOMETRICALLY NONLINEAR
PROBLEMS OF ELASTIC-PLASTIC DEFORMATION
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The reliability and efficiency of the semi-analytic finite element method in the problems of
geometrically nonlinear elastic-plastic deformation of axisymmetric structures under the influence of
dynamic loads are considered. The possibilities of the technique are demonstrated on the examples
of numerical simulation of the building structures’ stress-strain state with large linear deformations
and technological operation analysis of impulse metal processing.

Keywords: dynamics, geometric nonlinearity, plastic deformations, a solid of revolution,
axisymmetric structures, semi-analytic finite element method (SAFEM).

Introduction. Among the variety of objects considered by analytical and
numerical methods of particular interest are solid of revolution of complex
shape and cross-sectional structure formed by the movement of some solid
surface along a closed or disclosed broken line without breaks. The selected
geometric class is used as a natural structure, nodes and components in the
construction and various fields of mechanical engineering. Examples of
facilities include water towers, chimneys, tanks for various purposes, nuclear
reactor casings, various components and parts of power and transport
engineering. The sufficiently high prevalence of these forms on the one hand,
and the possibility of greatly simplifying the computational relationships based
on their geometric features on the other, is attracting the increasing attention of
researchers.

It is known that today the finite element method (FEM) is the most powerful
tool for analyzing the problems of structural mechanics and deformation of a
solid bodies. Over the last few years, the dimension of FEM models has
increased dramatically, driven by increased requirements for the accuracy and
reliability of results, prompting the use of more and more detailed calculation
schemes. In addition, the difficulties of studying the behavior of structures in the
presence of dynamic loads are increased in comparison with static analysis
many times. To overcome these problems in many cases they introduce
additional hypotheses, which, as a rule, narrow the class of objects and
processes under study, but can significantly improve efficiency and significantly
reduce the duration of the calculation. Semi-analytic finite element method
(SAFEM) is such an approach that is widely used for solving problems which

© Solodei LI, Vabishchevich M.O., Stryhun R.L.
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objects are prismatic and solids of revolutionary of complex shape and cross-
sectional structure. High efficiency of SAFEM for a certain range of objects has
been demonstrated in the field of static and dynamic [2] analysis, continuous
fracture mechanics under creep conditions [1], processes of nonlinear
deformation of reinforced concrete structures [3]. The analysis of the results on
this issue obtained by domestic and foreign scientists shows that most analytical
and numerical methods of scientific research are usually oriented to
geometrically nonlinear problems at static load [5, 12, 13]. Aspects of solving
problems of dynamic deformation of axisymmetric solids with significantly
expressed nonlinear mechanical characteristics, taking into account geometric
nonlinearity and conditions of contact interaction are considered in the works of
the authors [4, 10, 11]. The purpose of this work is to analyze the calculation
results reliability of the specified classes of problems on the basis of the
constructed approach and study of complex technological processes.

1. Analysis of the reliability of calculation results based on test examples
An important task of designing the shell of the electromagnetic drive is the
correct determination of the thickness of the cylindrical screen wall, the value of
which depends on its strength. At the same time, the thickness of the wall
determines the magnitude of the magnetic gap, in proportion to the square of
which the power of the magnetic drive falls. In this regard the importance of the
task of reducing the thickness of the shell wall becomes clear. As shown by
experimental studies, the use of a two-layer shell allows to increase the strength
of the structure compared to all-metal one. Thus, in the first case, the magnitude
of the breaking load is 10MPa, and in the second - 8MPa. In Fig.1 shown the
calculation scheme and the results of numerical calculation in the form of
displacements, depending on the intensity of the internal pressure in the linear
calculation and taking into account the material fluidity.

The problem of deposition of a cylindrical workpiece in the cold state
between two rigid plates is considered. The workpiece is a cylinder height 1.9m,
diameter 2.38m. The material is elastic-plastically reinforced.

P, MPa
11

-
o

Experiment
—o— radial displacement p.1
—— lenghtwice displacement p.2
FEM
—a— physical-nonlinear approach
linear calculation
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Fig. 1. The calculation scheme and the results of the numerical calculation of the electromagnetic
drive shell
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Fig. 2. The design scheme of the cylindrical workpiece and the graph of the distribution of axial and
tangential stresses

A full adhesion is provided at the interface between the tool and the
workpiece. The process of deposition of the cylindrical workpiece was
performed to a degree of precipitation of 10%. The calculation scheme of the
object and the results of the calculation in the form of graphs of the distribution
of axial and tangential stresses in the equatorial plane are shown in Fig. 2. The
tangent stresses coincide quite well, the discrepancy is observed only at points
lying on the axis of symmetry. The plot of normal stresses on the surface of
contact with the tool also conforms well with the results given in [9].

2. The investigation of the deformation process of monolithic reinforced

concrete chimney under the influence

of wind load

An example of calculating a reinforced 1% ; Qi
concrete chimney (Fig. 1) with height i
H =120m , loaded with its own weight and : Q2
wind pressure was considered, which was
considered as normal static pressure applied =
to the outer surface of the object. Q4
The design scheme is a conical shell of
variable thickness (Fig. 3(a)), which takes Q5
into account a vertical roll of magnitude Q6
0.01 from the height of the structure. The
normative value of the average wind load i
was calculated by the known formula Q8
w,, =wpkc, where k is the altitude Q9
coefficient, ¢ is the aerodynamic coefficient Q10

for the cylindrical surface and 0.23 kPa was
adopted. The distribution of wind pressure Fig. 3. General view of the pipe (a)

is shown in Fig. 3(b). and the diagram of the distribution of
The results of the calculation of the wind pressure (b)

(b)
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stress-strain state of the structure are shown in the form of graphs in Fig. 4(a)
and 4(b).

The obtained data show an increase of the expected results by 20% for the
meridional stresses, and for the radial displacements - almost twice taking into
account the geometric nonlinearity in comparison with the linear calculation.
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a0 /} 120 \
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/ 60 —=
40 —f
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(@) (b)

Fig. 4. Graphs of radial displacements {J (a) and meridional stresses O3 (b). The dashed line

corresponds to the consideration of the problem in a linear formulation, solid - in a geometrically
nonlinear

3. Applied tasks of numerical modeling of technological operations of

impulse metal processing

The possibilities of the developed methodology are demonstrated by the
examples of numerical study of technological operation of impulse metal
processing. The problems are solved in an axisymmetric formulation taking into
account the physical and geometric nonlinearity, contact interaction and the
boundary state of the material. In modeling of separate operations, the
phenomenological theory of Kolmogorov destruction is used to estimate the
boundary condition, which is a model of accumulation of metal damage during
its plastic deformation [8]. The condition of destruction is determined achieve

el
. ( def . .
by the level of damage function H = j ——'—=1. Here d¢} - the intensity of
0 &)
plastic deformation growth, &/ - the intensity of accumulated plastic

deformation, & (y) - the marginal intensity of plastic deformation at the time
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of fracture, which is determined by the experimental deformation diagrams for
each specific material.

It’s considered the problem of forming a flange at the end of a tubular
workpiece at its opening by an internal pressure impulse. The design scheme of
the flange forming process is a cross-section of the pipe in the plane of
formation, the external pressure P(f), as a function of time ¢ is also presented in
Fig. 5. The physical and mechanical properties of the materials are as follows:

modulus of elasticity E =6.8x10*MPa, Poisson's ratio v =0.3, material
density p =2.64x10° kg/m3, limit of yield o, =182 MPa, confidence interval
(CI) for the power law of state o =k x¢&" , taking into account plastic flow with
isotropic hardening, is: k=374+433 MPa, n=0.118+0.177, marginal
intensity of the deformation at the time of destruction £/=0.69.

80

60 /\
ol L1
20 /

0 10 20 30 40 50 60 70 80 tps

Fig. 5. Calculation scheme of flange formation at the end of the tubular workpiece

The results of the calculation (Fig. 6) showed that the model of ideally
plastic material does not give sufficiently reliable results, so for the considered
processes and materials, it is necessary to use more complex state laws that take
into account the strengthening. It is seen that the experimental curves [6] lie in
the region bounded by the two calculated curves obtained for given limit values
of the parameters of the strengthening k. At k =433MPa and n = 0.177 there is a
qualitative and quantitative convergence of calculation results and experimental
data.

Two technological circuits of separation operations are considered: cutting
and end-of-pipe method at compression field impulse by force. Cutting
technology (Fig. 7(a)) involves the formation of annular waste in the area of free
deformation between the two cutting edges. The process of milling (Fig. 7(b)) is
technologically different from cutting with the absence of the second cutting
edge and the presence of a longer free end part. The model of isotropic

hardening is adopted according to the power law o =k x&" at the values of the
hardening parameters k = 433MPa and n =0.177.
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In Fig. 8 the graphs of changes in the intensity of the external pressure and
the configuration of the workpiece in the deformation process are presented. As
we can see, for both schemes of separation operations, the process of separation
of the workpiece is completed by the time of reaching the maximum load
applied. At the same time in the problem of end face, the movement of the free
end part at a sufficient distance from the cutting edge (about half the length of
end face) occurs almost parallel to the initial position of the face.

The same effect is observed in the initial stage of the flange forming process,
which does not fully correspond to the experimental data. This discrepancy is
due to the presence in the actual processes of boundary effects of force field
pressure, which are not taken into account in the calculations.
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Fig. 7. Models of cutting (a) and end face (b) of cavity parts
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Fig. 8. Schedule of change of intensity of external pressure

It is significant that the distribution of plastic deformations in the thickness
of the workpiece is significantly uneven. As a result, the development of
fracture zones is quite complex. For example, in the process of cutting (Fig. 9)
the initial zone of destruction reaches half the thickness of the workpiece for the
time 19 - 20.7 ps. Then, at the time of 20.9 us a small zone of destruction
appears on the opposite edge of the cutting surface of the workpiece, after which
the development of the initial zone continues, and by the time of 22.1 pus the
process of cutting ends. At the same time, near the cutting edge, the greatest
contribution to the intensity of the accumulated plastic deformations is made by
shear deformations, the value of which is twice as much as the relative
elongations, while near the opposite surface of the shear deformation by 2 - 3
orders of magnitude below the relative elongations.

Thus, from the side of the cutting edge there is a shear failure, and on the
opposite surface - due to stretching.
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i 1
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2 I
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Fig. 9. Crimping
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In the problem of end face crimping (Fig. 10), initially at t = 17.4 - 17.8 us
there is also a slight undercutting of the material by the cutting edge due to shear
deformations.

24,18 t=17.4-17.8ps t=18.1ps
6
1

S (93]
20 ps
16 ps
12 ps

/ﬂ

|
|
|
|
|
\
\ t=18.2-18.4us t=18.7us
|
|
\
\
|
|
|

)
1
0 |
% 27 38 | [30Z,mm

Fig. 10. Compression molding

e

Then the main zone of destruction is developed on the opposite side of the
workpiece due to stretching. By the time ¢ = 18.1 - 18.7 s, trimming process is
complete.

Conclusion. Within the framework of the proposed methodology a
demonstration of the possibilities of the approach is made on the basis of the semi-
analytic variant of the finite element method. Numerical studies have shown a
significant influence of geometrical nonlinearity on determining the displacements
of the top of a monolithic reinforced concrete pipe. Analyzing the results of
studies of technological operations of impulse metal processing, it can be argued
that in the separation operations the destruction of the workpiece when cutting is
mainly due to shear deformation, scilicet there is a fracture of the cut, while the
workpiece partitioning at the expense of tensile, that is tear fracture. On this basis,
the largest elongation criterion of Mariotte [7], which is commonly used in
calculations, give accurate results only for numerical modeling of face processes.
To solve cutting problems, the Kolmogorov criterion is required, but, as the nature
of plastic deformation shows, the dependence of the parameters on the type of
stress state must be taken into account.
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Solodei 1., Vabishchevich M.O., Stryhun R.L.
SEMIANALYTICAL FINITE ELEMENTS METHOD EFFICIENCY IN THE
GEOMETRICALLY NONLINEAR ELASTIC-PLASTIC PROBLEMS

Particular interest, among the variety of objects considered using analytical and numerical
methods, are bodies of revolution with complex shape and cross-sectional structure. The selected
geometric class is used as natural structure components in the construction and various fields of
mechanical engineering. The sufficiently high prevalence of these forms in the construction and
machine-building sectors on the one hand, and the possibility of a significant simplification math
equestions by taking into account their geometric features on the other, is attracting increasing
attention of researchers.

It is known that today the finite element method (FEM) is the most powerful tool for analyzing
the problems of building mechanics and deformable solid mechanics. Over the past few years, the
dimension of FEM models has grown dramatically, driven by increased demands for accuracy and
reliability of results. In addition, the difficulties of studying the behavior of structures in the
presence of dynamic loads are many times increased in comparison with static analysis. To
overcome these problems, in many cases, it introduce additional hypotheses, which, as a rule,
narrow the class of objects and processes under study, but can significantly improve efficiency and
significantly reduce the duration of the calculation. Semi-analytical finite element method (SAFEM)
is one of such approaches that is widely used for solving problems whose objects are prismatic and
rotational bodies. High efficiency of SAFEM for a certain range of objects was demonstrated in the
field of static analysis, continuous mechanics of fracture under creep conditions, processes of
nonlinear deformation of reinforced concrete structures. The analysis of the results obtained by
domestic and foreign scientists on this issue shows that most analytical and numerical methods of
scientific research are usually oriented to geometrically nonlinear problems at static load. The
veracity and effectiveness of the semi-analytical finite element method in the problems of
geometrically nonlinear elastoplastic deformation of axisymmetric structures under dynamic loads is
considered. The capabilities of methodology are demonstrated by examples of numerical modeling
of the stress-strain state of building structures with large linear strains and analysis of technological
processes of pulsed metal processing.

Keywords: dynamics, geometric nonlinearity, plastic deformations, bodies of revolution,
axisymmetric constructions, semi-analytical finite element method.

Conooeti U U., Babuwesuu M.O., Cmpueyn P.JI.
IOPEKTUBHOCTb HCIIOJb30BAHUA MNOJNYAHAIUTUYECKOI'O METOAA
KOHEYHbLIX JSJEMEHTOB B TI'EOMETPUUYECKH HEJMHENHBIX 3AJAUYAX
YIIPYT'OIIJIACTHYECKOI'O JE®@OPMHUPOBAHUS

PaccmoTpeHa 10CTOBEpHOCTE M 3((HEKTHBHOCT IOJIyaHATHTHYECKOrO METOAA KOHEYHBIX
9JIEMEHTOB B 33/1adyaX TEOMETPHUYECCKH HEIMHEHHOro YIPYromIacTHYecKoro aedopMHpOBaHUS
OCECUMMETPUYHBIX KOHCTPYKLMH IOJ JCHCTBUEM JMHAMHYECKHX Harpy3ok. Bo3moxHOCTH
MECTOJUKH JAEMOHCTPUPYIOTCA Ha npumepax YHCJICHHOI'O MOAECIIMPOBAHUA HaIps>KECHHO-
nehOPMHPOBAHHOTO ~ COCTOSIHHSL ~ CTPOMTENIBHBIX ~ KOHCTPYKLHMH @pH  OONBIIMX  JHHEHHBIX
nedopMalisIX U aHalM3a TEXHOJIOTHYECKUX TPOLIECCOB UMITYJIbCHON 00pabOTKH METAIIOB.

KiioueBble ci10Ba: JUHAMHKA, TEOMETPHUYECKAsl HEMMHEHHOCTh, MIACTHYECKHE AehopMariuy,
T€la Bpall€HUs, OCCCHUMMETPUYHBIC KOHCTPYKUHH, IMOJIYAHAIUTHICCKOIrO METOA KOHEYHBIX
3JIEMEHTOB.

YK 539.3

Conooeir 11, Babiwesuu M.O., Cmpueyn P.JI. EdeKTUBHICTh BHKOPHUCTAHHS HamiBaHATiTH4-
HOr0 METOAY CKiHYEeHHHUX eJleMeHTiB B TIeOMeTPHYHO HeJiHIHHUX 3a7avyax MPYKHO-
njaacTuuHoro nedopmyBanns // Omip MaTepiamiB i Teopis cmopyn: Hayk.-Tex. 30ipH. — K.
KHVYBA, 2019. — Bun. 103.— C. 71-81.

Posensinyma 0ocmogiphicms ma egekmugHicmb 3acmocy6ants HaniaHarimuiHo20 Memooy
CKIHYeHHUX — eleMenmie 6 3a0auax 2eoOMempudyHo  HeMHIUHILIHO20 — NPYICHONAACTUYHOZO0
dehopmysanHs gicecumempuiHUX KOHCMPYKYil nio 0i€l0 OUHAMIYHUX Hasanmadicers. Mociusocmi
Memoouku  OeMOHCMPYIOMbCS  HA  NPUKIAOAX — HYUCENbHO20 — MOOENOBAHHA — HANPYIHCEHO-
dehopmoeano2o cmamny Gy0igelbHUX KOHCMPYKYIL RPU 6EIUKUX JIHIUHUX deopmayisx ma ananizy
MEXHONO2IYHUX NPOYECi8 IMNYIbCHOI 00POOKU Memais.

In. 9. Bi6niorp. 13 Hass.



ISSN 2410-2547 81
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2019. Ne 103

UDC 539.3

Solodei 1., Vabishchevich M.O., Stryhun R.L. Semianalytical finite elements method efficiency
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The veracity and effectiveness of the semi-analytical finite element method in the problems of
geometrically nonlinear elastoplastic deformation of axisymmetric structures under dynamic loads
is considered. The capabilities of methodology are demonstrated by examples of numerical
modeling of the stress-strain state of building structures with large linear strains and analysis of
technological processes of pulsed metal processing.

Fig. 9. Ref. 13.
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SEARCHING FOR SHEAR FORCES FLOWS IN ARBITRARY CROSS-
SECTIONS OF THIN-WALLED BARS: NUMERICAL ALGORITHM
AND SOFTWARE IMPLEMENTATION
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Kyiv National University of Construction and Architecture
Povitroflotskyj av., 31, Kyiv, 03680
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The problem of shear stresses outside longitudinal edges of an arbitrary cross-section (including
open-closed multi-contour cross-sections) of a thin-walled bar subjected to the general load case has
been considered in the paper. The formulated problem has been reduced to the searching problem
for unknown shear forces flows that have the least value of the Castigliano’s functional. Besides,
constraints-equalities of shear forces flows equilibrium formulated for cross-section branch points,
as well as equilibrium equation formulated for the whole cross-section relating to longitudinal axes
of the thin-walled bar have been taken into account.

A detailed numerical algorithm intended to solve the formulated problem has been proposed by
the paper. Developed algorithm has been implemented in SCAD Office environment by the program
TONUS. Numerical examples for calculation of thin-walled bars with open and open-closed multi-
contour cross-sections have been considered in order to validate developed algorithm and verify
calculation accuracy for sectorial cross-section geometrical properties and shear stresses caused by
warping torque and shear forces.

Keywords: thin-walled bar, arbitrary cross-section, shear forces flow, closed contour, graph
theory, Castigliano’s functional, mathematical programming task, method of Lagrange multipliers,
algorithm, software implementation

Introduction. To provide desired stiffness and strength in torsion bridge
superstructures are often constructed with a cross-section consisting of multiple
cells which have thin walls relative to their overall dimensions. When the cross-
section contains multiple cells they all contribute resistance to applied torsion
and for elastic continuity each cell must twist the same amount. With these
considerations, equilibrium and compatibility conditions allow simultaneous
equations to be formed and solved to determine the shear flow for each cell [1].

R.K. Dowell and T.P. Johnson proposed a relaxation method that distributes
incremental shear flows back and forth between cells, reducing errors with each
distribution cycle, until the final shear flows for all cells approximate the correct
values [1]. In this paper, a closed-form approach has been introduced to
determine, exactly, both the torsional constant and all shear flows for multi-cell
cross-sections under torsion.

The problem of shear stresses determination for thin-walled bars has been
also studied by V. Slivker in [2, 3] for the general loading case. His semi-
sheared theory has been applied by Lalin V.V. et al. [4] for the stability
problems of thin-walled bars.

Further investigations in this area require the development of a detailed
algorithm intended to software implementation in a computer-aided design
system for thin-walled bar structures [5]. Such algorithm can be validated

© Yurchenko V.V.
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against benchmark examples as well as finite element results [6]. It is reasonable
to construct this algorithm using the mathematical apparatus of the graph theory
as it is convenient mathematical apparatus to describe the topological properties
of multi-cellular cross-section.

The graph algorithm used in this paper is given first by Tarjan [7]. Its
application in analysis of thin-walled multi-cellular section is described by
Alfano et al. [8], but the distribution of torsion stresses due to a change in
normal stresses has not been considered. The graph theory has been also applied
in [9, 10] to calculate the geometrical cross-sectional properties of thin-walled
bars with hybrid (open-closed) types of cross-sections.

Simple digital computer program has been created to evaluate the bending
shear flow of any multiply-connected cellular sections has been developed by
Chai H. Yoo et al. [11]. Proki¢ has developed a computer program for the
determination of the torsional and flexural properties of thin-walled beams with
arbitrary open-closed cross-section [12]. In his paper graph theory has been also
applied to establish the topological properties of multi-cellular cross-section.
Gurujee C.S. and Shah K.R. [13] presented a general purpose computer program
capable of analyzing any planar frame made up of bar members which can be
categorized as thin-walled structural members. G.K.Choudhary and K.M. Doshi
proposed an algorithm for shear stress evaluation in ship hull girders [14].

Though many papers are written on behavior of thin-walled bars development
of a general computer program for the design and verification of thin-walled bar
structural members remains an actual task. Despite the prevailing influence of
normal stresses on the stress-strain state of thin-walled bars design and verification
of thin-walled structural members should be performed taking into account not
only normal stresses, but also shear stresses. Therefore, in the paper a thin-walled
bar of an arbitrary cross-section which is undergone to the general load case is
considered as investigated object. The main research question is development of
mathematical support and knoware for numerical solution for shear stresses
problem with orientation on software implementation in a computer-aided design
system for thin-walled bar structures.

1. Problem formulation. Let us consider the problem of shear stresses on
longitudinal edges of an arbitrary section of a thin-walled bar that can consist of
several closed (connected and/or disconnected) contours and/or also open parts.
Let us introduce on the plane of thin-walled cross-section a Cartesian coordinate
system ».Oz. with the origin in the center of mass C of the section, the

direction of the coordinate system axes y.Oz. coincides with the direction of
principle axes of inertia. Let us also introduce on the plane of thin-walled cross-
section a Cartesian coordinate system y Oz, with the origin in the shear center
S of the section, the direction of the coordinate system axes y,Oz, coincides

with the direction of principle axes of inertia (Fig. 1).

Let us introduce in further consideration the system of angular position
coordinate with the origin in certain (generally randomly selected) sectional
point. Each considered sectional point can be associated with the angular
position ¢. The value ¢ should be calculated as the geometrical length of the
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curve constructed from the origin to the considered sectional point taken along
the sectional contour. We also assume that the increment of the angular position
¢ corresponds to the positive direction of section path tracing.

We assume that the
integral geometrical
properties of the section are
known: A4 is the cross-
sectional area, /, and I,

are the second moments of
area relative to the main
axes of inertia which
coincide with axes of
global Cartesian coordinate
system y.Oz.; I, is the

o]

Fig. 1. Cross-section of a thin-walled bar with representation sectorial moment of inertia;
of different angular positions as examples [t is the second moment of

area for pure torsion. We
also assume that the Young’s modulus £ and the shear modulus G are constants
for the whole cross-section of the thin-walled bar.

Generally, a thin-walled bar is subjected to the action of eight force factors.
Axial force N, bending moments M, and M, relative to the principle axes of
inertia and warping bimoment B are applied at the center of mass C (see
Fig. 1) of the section and cause normal stresses in the cross-section G;(x,G):

zi(9)+ yi(Q)+

Gi(x,g)=M+My_()c) M. (x) B(x)
y z 0}

A 1 1
where y,(c), z;(G), ®;(c) are coordinates and sectorial coordinate of the

o;(9), (1.1)

considered point in cross-section of a thin-walled bar.
Shear forces O, and Q,, total torque M, and warping torque M, are

applied at the shear center S (see Fig. 1) of the cross-section and cause shear
stresses in the cross-section, which can be written in terms of shear forces flows
T;(x,q) as presented below:

T; (x,6)
3,(9)

where & ;(6) is the thickness of considered ; ™ section element.

T,(x,0) = , (1.2)

An arbitrary section of a thin-walled bar can be described by the set of
sectional points P ={13p ={,.z,}lp= l,np} (v, and z, are the coordinates

of p"™ sectional point in the global Cartesian coordinate system -0z ) and by

the set of sectional segments S={§S ={ Y, pf"d}|s=m}, which connect
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some two adjacent sectional points (see Fig.2), where n, and ng are the

numbers of the sectional points and segments accordingly.

D (SyPs HOBEON Dy 5) P pa

P @'p% @ B o %Y, @ o @
B 5
b @ A

&
P2 sp@ ;@ :@I); @: Pus
He — oy

P21 @ P20

Fig. 2. Arbitrary cross-section of a thin-walled bar determined
on the set of sectional points P and set of sectional segments S

Specified segment thickness 8={SS|S=R} corresponds to each sectional
segment. The set of sectorial coordinates wz{wp| p=1,np} and the set of

normalized sectorial coordinates tﬁz{(ﬁ plp=Ln p} of the section correspond to the

set of the sectional points P, assuming that the values of the sectorial coordinates
and normalized sectorial coordinates in each cross-sectional point are known [17,

18].

The set of angular positions g= {QK —{gi“m,gﬁ”d} |k =1,n, —1} is actually
intended to implement a numerical integration taken along the thin-walled
section contour (for example, when calculating geometrical properties of the
cross-section, values of shear forces flows, etc.), where x is the number of
segment, n_—1 is the number of sectional segments. It should be noted that the

angular positions are attributes of the ends of the sectional segments.
The initial data about the thin-walled section should be mapped onto the set of

the angular positions ¢, « =1,n. —1, by means of corresponding sets of sectional

{start end} start end

segments S° ={ Ge  »Cy Ge  5Cy }, set of sectorial coordinates

o° = {(T)ﬁ = {mi’”’t,u)i”d} o 0t u)} for the ends of sectional segments

as well as the set of thicknesses 8° = {8& c 6} for the segments, K =1,n_—1.

2. Construction of connected graph G associated with a section of a
thin-walled bar. An arbitrary cross-section of a thin-walled bar can be
associated with a planar connected non-oriented graph G determined on the sets

of G = {V,R} , where V is the finite set of the graph vertices, R is the set of
the graph edges or the set of unordered pairs on V (see Fig.3) [15, 16].
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" Herewith, for each

graph edge

@, % @ 5 @ v (i r={u,v}eR we

assume that u #v.

v, _ I i L, The vertices of the
T (T hG .

= . ) grap. are associated

L . ] with characteristic

v (ry) ) v, sectional points only,
I which can be either:

i) l) branch points are

Fig 3. Graph G associated with cross-section of thin-walled bar sectional ) points

(vy...v7 — branch points, vy, vs —end points) connected with more

than two  sectional
segments, vP = {fav |v= R}, here n, is the number of these points;
2) end points are sectional points connected with only one sectional segment
v = {fag lg= E}, here n, is the number of these points.

The edges of the graph G’ are associated with sectional parts located between
characteristic sectional points (with unbranched sectional parts). An edge of the
graph G, as a rule, may contain several sectional segments, so the full

information about edge RE- of the graph can be described by the set of sectional

segments 5, r=1,n,, , from the array S° = {315 = {gi’”“,gi”d} | =1,n —1},
§cess, belonging  to considered  graph edge, 5, €R;:

RS ={55 5 eS*ASF R, [r =1

- - ,ngrj}, here n_, is the number of segments

for /™ graph edge. The set of all the graph edges defined on the set of segments
S¢ can be expressed as R® = {R‘j | j= E} .

We also assume that the arbitrary section of the thin-walled bar may contain
some quantity of closed contours. Each closed contour is associated with a cycle

of the graph G or with a vertices sequence vé‘ , v,k , v§ , ..., V. such that

no
vE vk Vi e 3k, where n, is the number of closed contours in the section
(the number of the graph G’ cycles).

Some closed contour of a section I';* (a basic cycle of the graph G) can be

definitely determined by the set of the graph edges RE- € R® belonging to the

considered contour I'}° = {R? |j =L, }, where n. is the number of the

rely
graph edges belonging to k™ closed contour. Besides, it is convenient to have
the mapping of the closed contour I'}* onto the set of sectional segments s, ,

5> €S°, belonging to the considered closed contour, Vm=1,ngrk:
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r; :{En‘i :5n €S5,IR; c R :5; c R ARG F,rf}, here ng, ~is the
number of the sectional segments belonging to & ™ closed contour.
The closed contours (basic cycles of the graph G) defined on the set of
graph edges R® and on the set of section segments S° can be described as
= =1n, ! an = =1,n, } accor ingly. It should be note
@ =T |k=1n{ and ®° ={T} |k=1n, dingly. It should be noted
that the identification of closed contours in the section ®'¢ and ®¢ can be

easily implemented using depth-first search algorithms on the graph.
Let us compose an incidence matrix I for the graph G with dimensions

n,xn,, iz{ gy li :E, j :E} The components of the matrix take the
following values: g, =1, if i ™ graph vertex is a start vertex for ;" edge;

g;=-1,if i ™ graph vertex is an end vertex for j ™ edge; g; =0, otherwise.
Let us also introduce a matrix |I| ={| gl-j| |i :E, j =E} composed of the
modulus of elements g, of the matrix L

Next, we can compose a matrix of basic graph cycles F with dimensions
n, Xn,, F= {fkj},k = m,j = I,_n,. The components of the matrix take the
following values: fi =1, if j ™ graph edge belongs to k™ basic graph cycle

(RE- cTI'}) and the edge direction coincides with the positive direction of path

tracing; f,; =—1, if ;™ graph edge belongs to k" basic graph cycle

(RE- c I';) and the edge direction does not coincide with the positive direction

of path tracing; f; =0, if j ™ oraph edge does not belong to & ™ basic graph
cycle (RENI}; =)

3. Resolving equations relating to distribution of shear forces flows
taken along closed contours for an arbitrary section of a thin-walled bar.

Each j ™ edge RE-, j= H of the graph G’ corresponds to a constant — edge
weight, Yk :5¢ € RS AS5¢ € 8%

1 Gictl ng»y‘ lg

bi= j8(<;) - FEN 50 Id@zrﬂé' @D

r= ][ RG
Let us also compose the weighting matrix of unbranched sectional parts
(edges of graph G) — a square matrix W with dimensions n, Xn, and diagonal

elements p;, j=1Ln, :
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p 0 ... 0
0 .. 0

Ww=| . p:2 . o (2.2)
0 0 0 p,

-

Besides, each ;™ graph edge RE- corresponds to the increment of the

N
sectorial coordinate A®; ={Amf’j |j= l,nr} , VK5 € RS ASE €SS

AwS ;= J.pdg Idoo z j do = igT do = ZA(Dg (2.3)
r= ][ eRg r=l1 Gy

Each closed contour of the section F,: , k=1,nk, corresponds to the
following constant — contour weight, f;; € ¥, Vj:RS c T}
. dg dg
n=950" 1 39°
e S RS <)

Let us also introduce the weighting matrix of sectional contours — a square
matrix K with dimensions n, xn, :

n, g]‘k

A (24)

Pu “Po v TPy TPy
~Pa Pn 0 TPy TPy,
K= : : . N: : : , (25)
P TP v Pu 7 TP,
_pn,(l _pn,(Z _pr/,(k ]3)7,‘)7,‘

here the diagonal elements of the matrix are the weights of & ™ closed contour,
Pu = DPr» k=1ng; other elements of the matrix p,g take zero value

Pop = Ppo. =0, when corresponded closed contours have no common edges:
| ﬂFE =, and the sum of the weights for all common edges:
Pop = Ppo. :zpravr : R% QFEX/\R% gr[gi'

Let us consider the problem of torsion for an arbitrary thin-walled section
subjected to total torque A, only. When the cross-section consists of certain

number of closed (connected and/or disconnected) contours, as well as open
parts, the torsion problem for the cross-section of the thin-walled bar is statically
indeterminate. That is why not only static equations but also strain compatibility
conditions must be introduced to consideration.

Let us formulate the strain compatibility conditions considering
Castigliano’s functional. The latter can be identified with an expression for
strain energy formulated in terms of stresses for an isotropic material [3]:



ISSN 2410-2547 89
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2019. Ne 103

_ %] (le@)’
=50 ; ;2(1 )5(@)d€+f 1(9))" 8(0)dg | |- (2.6)

Besides, normal stresses 6(¢) can be omitted, as total torque acts only:

= Ly [ (x(©))* (c)dg |- @7

J=le;

Let us rewrite Castigliano’s functional C (2.7) substituting shear stresses

7(g) by their representation in terms of contour flows 7T = {ﬂ }T ,k=1n,

7, (c)
8,()

In this case we obtain the following expression for Castigliano’s functional:
- I . -
T.
Sﬁdc Ty 43(1@ "'+Tk¢dg_TlT2J' dg_Tl3J' g

L) = (2.8)

B(e) 26 3(¢) Gp Q) G 8Q G 80
_ﬂjﬂ_ﬂj&_ﬂjﬁ_m_ﬂ [
G080 G 80 G 80 G, 80
T T dg
- 55 (2.9)
G rkjlvké(q)

Tk lTk J‘
G | 8( )
work of the counter flows of shear stresses on the common parts of the thin-

walled bar cross-section.
It is evident that the resulting torsional moment in the section caused by all

Negative summands in (2.9) take into account the mutual

2 2T J—
contour flows of shear stresses 7' = {T k} , k=1,n, equals to the sum of the

torsional moments caused by each of these flows [3]:

ny "
M, =Y T,9, (2.10)
k=1
here Q, is the double area embraced by k " closed contour I' of the section.

Let us present the formulated problem in the form of a mathematical
programming task, namely as a problem for unknown contour shear forces flows

-

T ={fk }T, k=1,n, that ensure the least value of the optimum criterion, i.e.
Castigliano’s functional C (2.9) subject to equilibrium condition (2.10).
Let us present the solution of the formulated problem as follow:

M

T.=a o (2.11)
0
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where Q, is the double area for all closed contours of the section ®°,

Q= EQk ; a; is the factor for the distribution of shear forces flows along
k=1

k™ closed contour. Then Castigliano’s functional (2.9) can be rewritten as

presented below:

_ MP | g dg d
R e %() i e

I,

- dg - de .. ¢ dg .. ¢ dg
=2a1a; | —=—..—2a1q; | —=-2a,a; | —=—2a,a44 | —=—
rf 8() r{ 8() r{ 86 r{ 39

—24,3, j G | S 6() (2.12)

Iy ( |

and the equilibrium equation (2.10) can be presented by the following:

3 M M Tk
M, =Ya—=0,="2%Y340Q,,
g k QO k QO g k=%k
or
Ty
Q=Y a9, . (2.13)
k=1

So, the formulated problem can be presented as searching problem for
unknown distribution factors a ={a, }T, k=1,n, of shear forces flows taken

along closed contours of section that ensure the least value of Castigliano’s
functional C (2.12) subject to equilibrium condition (2.13).

The method of Lagrange multipliers can be used to reduce the problem
(2.12) — (2.13) to the searching for a stationary point of the following modified

functional A(?z,?»a), where A, is the Lagrange multiplier. Besides, the
stationary conditions for the modified functional A(?z,?»a) can be transformed

to a system of linear algebraic equations with an order of n, +1 presented

below in the vector-matrix form:
s SHEMK
@’ 0 A, 0

where Q= {Q, }T , k=1,n, is the column vector of double areas embraced by

, (2.14)

the closed contours of the thin-walled bar. The resolving system of equations
(2.14) to calculate distribution factors a, ={dk}r, k=1,n, of shear forces

flows along the closed contours of the section has been presented below:
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T T T P, [a, ] [0

: 0
“Pu Pn v TPu 7 TP gz a, 0
P TP v P TPey S |X| G |=| 0 [, (2.15)
Py TPn2 7 TPk ﬁnknk an Gy Q(Z)
1 Q, Q; an 0 -}”” 4 Lo

where the diagonal elements of the matrix are the weights of & closed contour,

P =DPi» k=Ln; Q, is double area embraced by k™ closed contour T,

3

Q= ZQk ; A, is the Lagrange multiplier. Other elements of the matrix p,,
k=1

take zero value pug = pg, =0 when corresponded closed contours have no

common edges: T'g, N F‘é =, and the sum of weights for all common edges [3]
i Pop = Ppa = D, P Vr : RECTG AR C T

The solution of the system of algebraic equations (2.15) returns the column
vector of factors 5,( ={dk |k=m} for the distribution of shear forces flows

along the closed contours of the section. Based on 3/(’ we can generate the
column vector of factors for the distribution of shear forces flows along the graph

G edges: A = {aj | j= E} , where each element should be determined as:

7y
a;=Y fydy. fyeF vi=ln, . (2.16)
k=1

Since every graph edge RS, j=1n., is described by the set of sectional

J roe

segments 5° €S% as: RS ={57:57 €S*AS? eR; [r=1n,,

}, then it is possible
to determine for each sectional segment si¢ € S¢ the value of piecewise constant
distribution function for shear flows taken along section a°(g) as the set of

agz{a]%h(:l,ng—l} as follows: ag=a;, Vk:5iN®°#J, and a; =0,

otherwise.

3. Resolving equations for an arbitrary cross-section of a thin-walled
bar. The search problem of shear forces flows for an arbitrary cross-section of a
thin-walled bar (including open-closed multi-contour cross-sections) can be
transformed into a minimization problem of Castigliano’s functional C subject
to constraints-equalities of shear forces flows equilibrium formulated for cross-
section branch points as well as subject to equilibrium equation for the whole
cross-section relating to longitudinal axes of the thin-walled bar [3].

Let us present the formulated problem as a mathematical programming task,
namely as searching for unknown values of shear forces flows at the start points
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of unbranched parts of a section:

Ty ={T . j=Ln,, (3.1)
which ensure the least value of the optimum criterion — Castigliano’s functional C :
C" =C(T5)= min C(Ty), (3.2)
T, €Sp

on a hyperplane of feasible decisions 3, described by the following system of
constraints-equalities:
{f(TS3={Jg(TS)=0|v=1,nv—1}; 53
J(T5)=0;
where T, s 1is the vector of design variables (searched shear flows); n, is the

number of unknown shear flows; 7. s is the optimum decision of the problem; C”

is the minimum value of Castigliano’s functional; f, is the function of the vector

argument T s n, is the general number of constraints-equalities fv(f ) and

fx(fs) which define the hyperplane of feasible decisions 3 in the sought space.

For Castigliano’s functional C we will consider Euler’s equations only which
define the strain compatibility conditions and are expressed depending on shear

forces flows T, 5 =1{T5, j}T, j=Ln, . Let us rewrite Castigliano’s functional C

Eq. (2.6) replacing normal stresses ¢(c) by Eq. (1.1), and shear stresses T(g) —
by the dependence on shear forces flows Eq. (1.2) as presented below:

1 0 Qy M
T.Q)=——|Ts . —=%S§ , ; —S —o59 . , (34
](Q) 8]- (Q)[ S.J [y oy, j (g) Z oz J(g) Im ow, j (g)j ( )
2
n, M
C= Lj—l [l+—zj+MZ jj 8 dg+
= 2G[I_2(1+v) 4 1, I
1 2 0. 9, Mg d@
+— TS’-—2TS’-—ZS0y,j—2TS,J-—SOZ,J- 2T, SJ S,6 ;
2G[I_[ S I Iy sj
e 0 M 4
2 (s 2 HMeg | 9 , 3.5
+2G£J./(Iy oy,j Iz 0z,j ]m otﬁ,_/] 6] ( )

here we omitted the functional dependence on the angular position ¢ (to

simplify presented formulas).
Let us leave in (3.5) those summands that depend on shear forces flows

values fsz{TS’j}T,jzm, and also denote by the symbol ... all other

summands that are do not depend on the vector 7, s . In this way we have obtain
the expression for Castigliano’s functional C in terms of shear forces flows

fs ={Ty 1" [3] as presented below:
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Qz Qy dg
_Z J-[_ S,Jj G[ Soy,j \¥i G[ Sa z,j SJ G]Gi S 6] s (36)

72
C= S.j J.dg_T ) Qz jS dC_', _T Qy S dg_
£ J

F oy,J S, 0z,j s
= B GI, ] "%, GI. ] "8,
M dg
Ty ;= [ S 2. (3.7)
Glg ] "8,

Where the integral J.E can be calculated according to (2.1), and the
¢ 5,

d . . .
integrals J. oy, 8 J. oz, 8 J.Som’ jS_g — using following equations

( ( j

(3.8), (3.9) and (3.10) accordmgly presented below, Vi :5¢ € RS Asg €S°:

(Qde  &( I
S, .= UZJ gstart+4S<; mzd+S<;end : 3.8
hz,j [J‘ 8(@) Z 68(; ( 0z, 0z, 0z,K ) ( )

Qdg & I
— Uy J G, start G, mid G.end
Sy = /j ol E (gt g asgnid s sged) o (3.9)

C1j

S50, @98 B[ (v, gcom
Sioy = | =% =Z (S a5 )| @310y
;O 655

Let us define the following column vectors consisting of 7, elements,

Vj= m (according to the number of edges of the graph G):

gth :SS:hyJ Sho),l

- =~ - S

T B ECE B R R (3.11)
Shz,n,. Shy,n,‘ Sh(l),n,.

Using the weighting matrix of unbranched sectional parts W (2.2)
introduced above as well as column vectors S’hz , §hy and S’hm presented above
(3.11), we can rewrite Castigliano’s functional (3.7) as the following vector-
matrix equation:

1 -
C=—T{WIy-T§ =28, -T] =
2G GI

z

T M
Gl, G

Next, for each section branch point we can develop an equation of shear
forces flows equilibrium in terms of projections on the longitudinal axis of the
thin-walled bar (Fig. 4). In order to obtain the general view for these equations
(the system of equations by the number of branch points in the section), we can

2=, ~Td — 08+ (3.12)
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Ve use the incidence
J matrices 1 and |I|

Ty Vo T Tps V5 T Tio v, T .

@ E1_'2 S,5 @ ES. S,9 E,9(7 S,10 lntroduced above,
I Tz Ts T’ which  reflect the
Vi ®) topological  structure
T, - of the considered
T, v, T3 T T, T, | °° cross-section of the
T ® % g N thin-walled bar. In this

5,6 E6| .
N y case we obtain the
following system of
Fig. 4. Relating to formulate equilibrium equations equations presented

for shear stresses flows in branch points of a thin-walled bar below in the matrix-

vector form:

(li]+1)75 —(ji|]-1) 7 =0, (3.13)
where T, = {Ts, j}T, j= E is the vector of shear forces flows at the start points
of unbranched sectional parts; T, = {T, j}T, j= m is the vector of shear forces
flows at the end points of unbranched sectional parts:

T, =T, —AT, (3.14)
where AT = {ATJ-}T, Jj =H is the vector of shear forces flows increments for

each unbranched sectional part:

2 0,2 0 2 Mg =
AT] :[_Sz’j+ I Sy,j +Xsm,]~, (315)
z y

where the vectors S, ;, S, ;, Sg ; are presented below:

SZ,] Sy’] SGS’]
§z = SZ:’2 ; §y =| " §os = SGZS’Z (3.16)
Sz,nr Sy,n,‘ SGS,n,

— -

and the components of vectors S, i Sy S"m’ ; can be calculated as follow,

Vi:5¢ € RS ASg €85

g
S.; = [ 7°(c)3(c)ds= Z(S&l&(y%“”” +%Ay§ D (3.17)
l,y- K=1
Mgy
S,y =] #(0)8(c)ds = Z(Silé (zg +%Az§)), (3.18)
0, K=1

7

Ny

So;= | 5°(c)3(c)ds = Z(Silfé (fﬁ%‘""" +%Amin. (3.19)

y x=I
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Let us rewrite the system of equations (3.13) substituting T w according to
(3.14). We obtain the following system of equations:

(1+1) 7 —(Ji|- 1) x(75 - A7) =0, (3.20)
(li|+ 1) 7 —(|i] - 1) 75 +(fi|]- 1) a7 =0 , (3.21)
207 +(|i| 1) AT =0 (3.22)

and taking into account (3.15):
oo oo (O 0. Mg -
2ITS+(|I|—I)><[[—SZ’].+[—Sy’j+[—Sm’j =0. (3.23)
z y [0}

The system of equations (3.23) presented above in the matrix-vector form
has n, equilibrium equations. The last equation is linear-dependent or a linear

combination from the previous n,—1 equations. Let us rewrite the system of
equations (3.23) excluding the last equilibrium equation:

i’ Q}/ < Qz < MGS <
—I)X[[—Sz’j+[—Sy’j+[—Sm’j =0, (3.24)
z y

@)

2i’fs+("

where 1’ is the incidence matrix of the graph G truncated by the last row with
dimensions (n, —1)xn,, 1 = {g;li=Ln,—1,j= H} ; |i’| is the matrix

composed using the modulus of elements g, of the truncated matrix I' as

[ =dlgy|1i=Tn, =1/ =L}

It is possible to derive the last equilibrium equation relating to the
longitudinal axis x—x of the thin-walled bar as a condition of the static
equivalence of the torsion moment caused by the shear forces flows to the total
torque M, acting in the cross-section of the thin-walled bar:

M, =Y [T;(c)dw=0, (3.25)
J=le;
where T,(6) is the shear forces flow at some point of the cross-section, which

can be expressed depending on shear forces flow 7 ;(¢) at the start point of the
corresponded unbranched part of the section as follow:

Qy Qz MGS
Ty =Ts ) =7 S0 = Sov.j ‘Xsow,j ,
z y

where we omitted the functional dependence from the angular position ¢ (to

(3.26)

simplify presented formulas).
Then:

< 0.
M, ZI[ ,j_[_Soy,j_[m OGSijdg 0;
l

Jj=1 ; z v [0}
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Jj=1

M Z S/deg _JSOZ ]pdg_Q JSO} ]pdg_ (D J.SO(D,jpdg =0.
/ / (D éj
Finally, we obtain [3]:
Q n,
ZTS]J‘pdg [_yz OZ]pdg_Q ZJ‘Soy]pdg
J=1 l;

z j=l, = e,

<

e Z Sy, pdg—M . =0, (3.27)

o j=ly.

N ‘

J

where integrals ZJ-SUZdeg, stuy’jpdg and ZJ-SUw,jpdg can be
=, =, =,

calculated using (3.28), (3.29) and (3.30) accordingly as presented below,

VKZEEER%Agfeng

& | & Ao d d
3 [ 55 (0hpds= 3| 3 A% (s vasg e sz) | G2s)

7=y, J=1\ x=1
& & A0S
r ld
2 =3 ] 55, (0pds= 3| 3 A% CSsr vasgnl v sgat) |, (3.29)
7=y, J=1\ x=1

n,

3. | Ska (0)pdc= 2[2 A‘g (SS&‘Z”+4S§mmzd+ssg':<d)]. (330)

]][ J=1\ k=1

Let us rewrite the constraints-equality (3.27) using vector representation
taking into account equations (3.28), (3.29) and (3.30) as presented below:
- 0
T§o_Zy

) 0. M
B Ty =8, =5, =~ 85,0~ M =0, (3.31)

1% I, o
Thus, the formulated problem is presented as a mathematical programming
task of searching for the unknown values of shear forces flows at the start points

of the unbranched parts of the section:

Ty=1Ty ;" j=Ln,, (3.32)

which ensure the least value of the following Castigliano’s functional C (3.12):
1 T = T M

C=—GTs WIs—T§ Gly S, —T ol =5, T, G“’SW .—min, (3.33)

subject to the following equilibrium conditions (3.24) and (3.31):
. - L M -
— I') &Sz,j + Qz Sy,j +_63S63,j = 0’
I I, Iy

g M
mTTS—&SpZ—%S -—C85—M, =0.
I 1, I

20T, +(i’

(3.34)
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The method of Lagrange multipliers can be used to reduce the mathematical
programming task (3.32) — (3.34) to the searching for the stationary point of the

following modified functional A(T5,A",1, ):

N 1 =i = = . o o Mg -
AT AT, )= T WTG T =28, T 225, ~T] 05,0+
w26 GI, GI, ™ Gl
il e il N[Oz 0.2 Mga
+A7 |21 TS+(I —I) —S,;+=58, +—Sg, ||+
I I s
z y [0}
i M .
+h,, {mTTS —%SPZ —%Spy - S —Mx:l —min,  (3.35)
z y @)

where A = A r4s f=Ln,—1 is the vector of Lagrange multipliers consisting of
n,—1 elements; 7»,," is an additional Lagrange multiplier.

The stationary conditions of the modified functional A(f S,XT,X,,\’) (3.35)

can be transformed into a system of #n.+n, linear algebraic equations and
presented in vector-matrix form as follow [3]:

1 T S N

E.W 2i AoS 7, 0,

21 O, 1n-1 0,4 |X% All=M, % 0, 1|+

Aod) 0l 0 Ay, i
G G G
. . M LN =

+=2 x| (i - [i7])S. +%>< (=[S, |+« == x| (I -[i])Ss |, (336
z [0]
Spz g Soy Sow
where

JZ5 )
M=| 21 ©,,,, 0
A5 0

n,—1

n,—1 |»

0

M is a square matrix with dimensions (n, +n,) X (n, +n,), here n. and n, are
the numbers of edges and vertices of the graph G, accordingly; Ao is the
column vector of sectorial coordinates increments A®S ={Am§, il j:E}T
consisting of n, components calculated according to (2.3); §y, S’Z, S’m are the
column vectors (3.16) with n, components calculated according to (3.17),

(3.18) and (3.19) respectively; §hy, S’hz, S’hm are the column vectors (3.11)
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with n, components calculated according to (3.8), (3.9) and (3.10) respectively;

Soy» Spz» Spp are the integral section properties calculated according to (3.28),

(3.29) and (3.30) respectively.
The solution of the system of equations (3.36) determines the column vector

of shear forces flows T, 5 =1{T5, j}T, j=Ln,, at the start points of unbranched

cross-section parts. The vector 7_”; can be also presented as follow:

- - 0, - - M -
Tg=Mb +—b_+ O b, +—2b . (3.37)
L7 I
In this case, the system of algebraic equations (3.36) disintegrates and transforms
into four systems of n,+n, algebraic equations relating to the column vectors

I;x, I;y, I;Z and I;m consisting of n, elements [3] as presented below:

q . Sy
éx 0, éy

Mx|| A, =0, [; Mx|| A, |= (I I’)xSy ;
A x 1 A Soy

- §hz oA

b, G bg

Mx| X, |=[ (I'=[i)xS. [ Mx| Zq |=|(I"=[i")x55 |, (3:38)
A’n‘,z pz A’n\,(D Sp(D

where A, =, )7, X, =, ' Ao=037) Rg=g ), f=Ln,—1
are the unknown column vectors of Lagrange multipliers consisting of 7, —1

elements; &, ., A, ,, A

nys Mnzs My g are the additional Lagrange multipliers.
The projection of the vector I;x =1, ;1J =H} defined of the set of n,
unbranched sectional parts into the set of sectional segments

bg—{ ok |K=Ln 1} can be written as: b, =b,; Vk:5¢cRS5; and
by =0 Vk:5¢RS=C. Similarly, the column vectors b, ={b, ;| j=1n,},

I;Z =1, ; |j=E} and I;m ={bg;|J =E} can be also projected into the set

of sectional segments obtaining corresponded column  vectors

b = {5, [x=Ln 1}, bS ={b%, |x=Ln 1} and b = (b5 [k =Ln_~1}.
The following transformations for the first moments of inertia and for the

sectorial moment of inertia should be performed, Vk =1, n.—1:

Sogzlc {OZK bzg,K}; So%zlc {OyK b,K}; (339)
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_ ~ — 1
Siow St s S [Sinamai 21 G0
0

Let us define the sets of shear forces flows values for the start, middle and

end points at the middle line of the sectional segments T‘;’S’z{TK‘;’”},

Tomid :{7;‘5””""}, TS :{Tlf’e”d}, k=1,n.—1, consisting of n.—1 elements

(by the number of sectional segments) as presented below [16]:

H _ _ M -
remw <9 go O genor Ccgon Mo g (3.1
0 z ¥y (0]
. H o, . o Mo
R % Son! == Sawx (342)
0 z ¥y (0]
end _ OH Oy ceend_ O: ceend Mo Geend
7o =Q—Oa§—l—zsjzif —Iy S(fye]'c’ _I_;S%j" (3.43)

where the first moments of inertia §§Z’K, §§y’K and the sectorial moment of inertia

ng,x are calculated using transformations (3.39) and (3.40), accordingly.

The shear stresses for each k™ sectional segment

¢ :{Tﬁi :{1:%“"" smid gsend }} , k=1,n_—1, can be calculated as presented below:

TSstart — 7;?’””” + (1_ 50) Hsi
> *
& 17 4
o TS (1- ) H8S
5 =4 1" =|x =) : (3.44)
8% Iy
Tg,end — Yzcg,end + (1_50) Hsi
* & | L
where the torsion moment of inertia /. and the parameter g are calculated as:
1ng—l <l 3
I.=1, +1r=§21K (88) +1r (3.45)
K=l
p=1-1./1.. (3.46)
The components |75 /85|, |15 /85| and ‘Tlf’e”d/Si in (3.44) define

shear stresses values for the start, middle and end points at the middle line of
k™ sectional segment, accordingly. Besides, transition from the shear stresses
related to the middle line of k™ segment to the shear stresses at the outside
longitudinal edges of this segment can be performed by addition or subtraction

of the member (1- ) H3SI; " .
5. Software implementation and numerical examples. The numerical

algorithm developed and presented above has been implemented in SCAD Office
environment by the program TONUS (www.scadsoft.com) (see Fig. 5) [19]. The
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computer program TONUS presented below is intended to create cross-sections of
the thin-walled bars, to calculate geometrical properties as well as to calculate
normal, shear and equivalent stresses in these cross-sections [5]. Software
TONUS allows to consider arbitrary (including open-closed) cross-sections of the
thin-walled bars. A cross-section of the thin-walled bar is constructed from the set
of segments (stripes) by specifying node coordinates which define the position of
segment ends as well as by specifying thicknesses for all segments.

8
2w

RN

o | T
- ]

"8 okic_open

585778150

Fig. 5. TONUS main window

Besides calculation of geometrical properties for the cross-sections of the thin-
walled bars software TONUS also represents sectorial coordinates diagram as well
as static moment diagrams S, , S, and first sectorial moment S diagram.

In order to represent normal, shear and equivalent stresses diagram in the
section of the thin-walled bar user should specify internal forces acting in the
section. Initial data to construct normal stresses diagram are bending moments
M, and M, relating to the main axis of inertia of the thin-walled bar cross-

section, axial force N applied at the center of mass of the section as well as

warping bimoment B . Initial data to construct shear stresses diagram are shear

forces O, and O, applied at the center of mass of the cross-section as well as

total torque M, and warping torque M . In order to represent equivalent

stresses diagram user should also specify a strength theory.

60 10, 5.1. Example 1: thin-walled bar

] | with open profile. Let us to consider an

m‘ example of calculation of a thin-walled

= bar with open profile in order to validate

~ developed  algorithm and  verify

. 3 calculation accuracy for sectorial cross-

~15 section properties and shear stresses
caused by warping torsion.

~ Initial data for calculation are

| presented by Fig. 6. Results of calculation,

S namely sectorial coordinates diagram o ,

Fig. 6. Open section of thin-walled bar with ¢, and shear stresses diagram related to

cross-sectional sizes, cm the value of warping torque

30
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T oM 0_)] %107 (cm™) have been obtained in paper [12] and presented by Fig. 7.

Results of calculation, namely sectorial coordinates o , sectorial moment of

inertia S, and shear stresses

T

(O]

caused by the warping torque

M, =10"kN cm, have been also obtained using TONUS software and

presented by Figs. 8 — 10.

-810

3303

2202

+1436

+707

-258

-1438

(2)

(b)

Fig. 7. Results of calculation according to [12]: (a) — sectorial coordinate diagram @ , cm’;

(b) — shear stresses diagram related to the warping torque rmM;' x107 , cm’

e

Fig. 8. Results of calculation obtained using
TONUS software — sectorial coordinated
diagram @ , cm’

[ "~

z J

—— TE—
e

Fig. 10. Results of calculation obtained using
TONUS software — modulus of shear stresses

diagram 1, caused by warping torsion for the value

of warping torque M = 10’ kNem, kN/em®

3

Fig. 9. Results of calculation obtained using
TONUS software — sectorial moment of

. . 4
inertia S, cm

Comparison  for  calculation
results of sectorial first moment of
inertia and shear stresses caused by
warping torsion as well as
comparison for calculation results of
sectorial coordinates for considered
cross-section of the thin-walled bar
are presented by Tab. 1 and Tab. 2.
As you can see deviations do not
exceed 0,25% in all cases. It proves
the validity of the results obtained
using developed software.
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Table 1

Comparison for calculation results of the first sectorial moment and shear
stresses caused by the warping torque for considered open cross-section of the
thin-walled bar

= ) ) 4 Shear stresses T, , kN/cm®
ce |8 w First sectorial moment S, , cm 7
85|28 (when M, =10", kNcm)
FAEE »
A28 E| 121 | TONUS DeVLZ“"“’ [12] | TONUS |Deviation,%
%)

1 1 32126 | 32140 0,04 1735 1736 0,06

1 2 0 0 0 0 0 0

2 1 32126 | 32140 0,04 3470 3472 0,06
2 8 30580 | 30585 0,02 3303 3304 0,06
3 8 30580 | 30585 0,02 2202 2202 0

3 4 7999 7985 0,18 576 575 0,17
4 4 6013 6019 0,1 433 432 0,23
4 5 0 0 0 0 0 0

5 4 14008 | 14004 0,03 1513 1513 0

5 3 15498 | 15498 0 1674 1674 0

6 6 0 0 0 0 0 0

6 3 25423 | 25443 0,08 1373 1374 0,07
7 3 9943 9945 0,02 537 537 0

7 7 0 0 0 0 0 0

Table 2

Comparison for calculation results of sectorial coordinates for considered open
cross-section of the thin-walled bar

Section point Sectorial coordinate ® , cm’
number [12] TONUS Deviation, %
1 707 707 0
2 1436 1436 0
3 -258 -258 0
4 308 308 0
5 494 494 0
6 -1438 -1438 0
7 921 921 0
8 -810 -810 0

5.2. Example 2: thin-walled bar with open-closed multi-contour profile.
Let us to consider an example of calculation of a thin-walled bar with open-
closed multi-contour profile in order to validate developed algorithm and verify
calculation accuracy for geometrical cross-section properties and shear stresses
caused by warping torsion as well as shear force. Initial data for calculation are

presented by Fig. 11.
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Fig. 11. Open-closed multi-contour section

of the thin-walled bar with cross-sectional dimensions, cm

Calculation results, namely sectorial coordinates diagram @, diagram of
shear stresses caused by warping torsion related to the value of warping torque

oM gj' %107, as well as diagram of shear stresses caused by acting of shear

force related to the value of shear force t,0;'x10° have been obtained by
Proki¢ [12] and presented by Fig. 12.

+3241

?—1102
+1102

A

+249
249

-3241

Fig. 12. Results of calculations according to [12]: (a) — sectorial coordinates diagram @ , cm’;
(b) — shear stresses diagram caused by warping torsion related to the value of the warping torque

rmMr;' x10, cm?; (c) — shear stresses diagram caused by shear force related to the value of shear

-1 S -2
force 1,0, x10°,cm
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o2 1102 1483
324
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|
feota 61 g 4o
(©
ﬁ 0% % Fﬁs
Sl -ABE3 2 33686 3
73

10
0436

(@
Fig. 13. Distribution diagrams obtained using TONUS software:
(a) — normalized sectorial coordinates @ , cm’;

(b) — first sectorial moment S, cm®;
(c) — modulus of shear stresses T, , constructed depending on the value of the warping torque
M= 10" kN cm, kN/em?;
(d) — the first moment S relating to the principle axis v—v, cm’;
(e) — modulus of shear stresses T, , constructed depending on the value of shear

force Q, = 10° kN, kN/cm?
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Table 3

Comparison for calculation results of first moments for considered open-closed
multi-contour cross-section of the thin-walled bar

. . First sectorial moment S, First moment S, , cm’
Section |Section 4
segment| point ‘m _ _
number jnumber| [12] | TONUS |PV28% | [12] | ToNus | Pevation
o0 o0
1 1 0 0 0 0 0 0
1 2 |87776| 87892 0,13 3643 3634 0,25
2 2 |65181| 65296 0,18 740 741 0,14
2 3 |63932| 64036 0,16 2903 2899 0,14
3 3 |67055| 67159 0,16 1812 1817 0,28
6 7 |26114| 26164 0,19 3595 3606 0,3
6 8 126489 | 26517 0,11 - 10 -
7 8 144606 | 44666 0,13 3816 3819 0,08
9 2 [22595| 22595 0 4373 4369 0,09
9 7 |26135| 26164 0,11 3606 3606 0
10 3 3176 3177 0,03 4715 4716 0,02
10 8 18117 | 18149 0,15 4031 4033 0,05
Table 4

Comparison for calculation results of shear stresses caused by the warping
torque as well as by the shear force for considered open-closed multi-contour
cross-section of the thin-walled bar

) | Shear stresses Ty, kN/cm® | Shear stresses T, , kN/cm®
Section |Section 7 5
segment | point (when M5 =10", kNcm) (when O, =10, kN)
number |number [12]| TONUS Devi'ztion, [12] | TONUS Devi'ztion,

1 1 0 0 0 0 0 0
1 2 843 844 0,12 197 197 0
2 2 626 627 0,16 40 40 0
2 3 614 | 615 0,16 157 157 0
3 3 644 | 645 0,16 98 98 0
6 7 209 | 209 0 162 163 0,6
6 8 212 | 212 0 — 10 0
7 8 357 357 0 172 172 0
9 2 434 | 434 0 473 473 0
9 7 502 503 0,20 390 390 0
10 3 61 61 0 510 510 0
10 8 348 349 0,29 436 436 0
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Table 5
Comparison for calculation results of normalized sectorial coordinate for
considered open-closed multi-contour cross-section of the thin-walled bar

Section point Sectorial coordinate @, cm’
number [12] TONUS Deviation, %

1 +3241 +3241 0

2 —1483 —1483 0

3 -1102 -1102 0

7 -261 -261 0

8 +249 +249 0

Calculation results, namely sectorial coordinates @, static moment S,

relating to the main axes of inertia v—v, first sectorial moment Sg, shear

[0

stresses T, caused by shear force O, =10° kN as well as shear stresses T

caused by warping torque Mg = 10" kNem for considered open-closed multi-
contour section of the thin-walled bar have been obtained using TONUS
software and presented by Fig. 13.

Comparison for calculation results of first moment S, and first sectorial

moment Sy, comparison for calculation results of shear stresses 1, and T
caused by shear force O, and warping torque Mg respectively as well as

comparison for calculation results of sectorial coordinates @ for considered
open-closed multi-contour cross-section of the thin-walled bar are presented by
Tabs. 3 — 5. Deviations are no more than 0,3% in all design cases. It proves the
validity of the results obtained using developed software.

Conclusions. The searching problem of shear stresses outside longitudinal
edges of an arbitrary cross-section (including open-closed multi-contour cross-
sections) of a thin-walled bar subjected to the general load case has been
considered in the paper. The formulated problem has been transformed into a
minimization problem of Castigliano’s functional subject to constraints-
equalities of shear forces flows equilibrium formulated for cross-section branch
points as well as subject to an equilibrium equation for the whole cross-section
relating to longitudinal axes of the thin-walled bar.

A detailed numerical algorithm intended to solve searching problem of shear
forces flows for an arbitrary cross-section of a thin-walled bar subjected to the
general loading case using the mathematical apparatus of the graph theory has
been developed. The algorithm is oriented on software implementation in systems
of computer-aided design of thin-walled bar structures. Developed algorithm has
been implemented in SCAD Ofice environment by the program TONUS.

Numerical examples for calculation of the thin-walled bars with open and
open-closed multi-contour cross-sections have been considered in order to
validate developed algorithm and verify calculation accuracy for sectorial cross-
section geometrical properties and shear stresses caused by warping torque and
shear forces. Validity of the calculation results obtained using developed
software has been proven by considered examples.
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Yurchenko V. V.
SEARCHING FOR SHEAR FORCES FLOWS IN ARBITRARY CROSS-SECTIONS OF
THIN-WALLED BARS: DEVELOPMENT OF NUMERICAL ALGORITHM

Development of a general computer program for the design and verification of thin-walled bar
structural members remains an actual task. Despite the prevailing influence of normal stresses on the
stress-strain state of thin-walled bars design and verification of thin-walled structural members
should be performed taking into account not only normal stresses, but also shear stresses.

Therefore, in the paper a thin-walled bar of an arbitrary cross-section which is undergone to the
general load case is considered as investigated object. The main research question is development of
mathematical support and knoware for numerical solution for the shear stresses problem with
orientation on software implementation in a computer-aided design system for thin-walled bar
structures.

The problem of shear stresses outside longitudinal edges of an arbitrary cross-section (including
open-closed multi-contour cross-sections) of a thin-walled bar subjected to the general load case has
been considered in the paper. The formulated problem has been reduced to the searching problem
for unknown shear forces flows that have the least value of the Castigliano’s functional. Besides,
constraints-equalities of shear forces flows equilibrium formulated for cross-section branch points,
as well as equilibrium equation formulated for the whole cross-section relating to longitudinal axes
of the thin-walled bar have been taken into account.

A detailed numerical algorithm intended to solve the formulated problem has been proposed by
the paper. The algorithm is oriented on software implementation in systems of computer-aided
design of thin-walled bar structures. Developed algorithm has been implemented in SCAD Office
environment by the program TONUS. Numerical examples for calculation of thin-walled bars with
open and open-closed multi-contour cross-sections have been considered in order to validate
developed algorithm and verify calculation accuracy for sectorial cross-section geometrical
properties and shear stresses caused by warping torque and shear forces. Validity of the calculation
results obtained using developed software has been proven by considered examples.

Keywords: thin-walled bar, arbitrary cross-section, shear forces flow, closed contour, graph
theory, Castigliano’s functional, mathematical programming task, method of Lagrange multipliers,
algorithm, software implementation.

FOpuenko B. B.
MOIIYKOBUM ATTOPUTM BU3SHAYEHHSA MMOTOKIB JOTUYHUX 3YCUJIb I
JOBLJIBHOI'O IEPEPI3Y TOHKOCTIHHOTI'O CTEPXXHSI

Po3pobka yHiBepCalIbHOrO NPOrPAMHOr0 KOMIUICKCY IS PO3PAaXyHKY Ta IPOEKTYBAaHHS
TOHKOCTIHHHMX CTEP)KHEBHX €JIEMCHTIB KOHCTPYKLiH HAaChOTOAHI 3ajIMINAETBCS aKTYaJIbHOIO
3ajadero. He nuBisuMch Ha BU3HAYalIbHUM BIUIMB HOPMAaJbHUX HANpPY)XEHb HAa HaNpPYXEHO-
nehOpMOBaHHI CTaH TOHKOCTIHHHMX CTEp)KHIB, IEpeBipka HECydoi 34aTHOCTI TAKUX EJIEMEHTIB
HOBHHHA BUKOHYBATHCh, OEpyUH 10 YBAarM TAKOXK 1 3HAYCHHSI JOTHYHHX HAIPYIKECHb.

VY 3B’13Ky 3 UM pO3MISIHYTAa 3ajada [IOLIYKYy 3HAYCHb IIOTOKIB MOTHYHHUX 3YCHJb IS
JOBIIBHOTO Tepepidy (BiIKpHTO-3aMKHYTOr0 0araTOKOHTYPHOIO) TOHKOCTIHHOTO CTEpXKHS UL
3araJlbHOr0 BUMaAKy HaBaHTaxkeHHs. CopMynboBaHa 3amada 3Be[eHA 0 3a4adi MAaTeMaTHIHOTO
IpOrpaMyBaHHs, a caMe [0 3aJadi IOLIYKY HEBIAOMHX IIOTOKIB JOTHYHUX HANpPYyXeHb, IO
3a0e3neuyoTh HaliMeHle 3HadeHHs (QyHKuioHany KacrinesHO mpH 3aJ0BOJICHHI OOMEXEHb
pIBHOBaru MOTOKIB Yy TOYKAX PO3TalyXCHHs Iepepidy, a TAaKOoX MPH 3aJOBOJICHHI PIBHSIHHS
PIBHOBAaru ychoro rnepepizy TOHKOCTIHHOIO CTEPIKHS BiJHOCHO IT03[I0BXKHBOI OCi.

Po3pobneHuil [eTanbHHI aNrOPUTM YHCIOBOrO po3B’si3Ky chopMmysboBaHOI 3amadi 3
BHKOPUCTaHHSAM MAaTEeMaTHYHOIO amnaparty Teopil rpadis, opieHTOBaHHI Ha MPOrpaMHy peai3awiio B
CUCTEMAX aBTOMATHU30BAHOI'O IIPOCKTYBAHHS TOHKOCTiHHl/lX CTCPKHEBUX CUCTEM. Bl/lKOHaHa
[porpaMHa peaiisailis po3poOJICHOr0 aIrOPUTMY Y CEPEHOBHIN OOYHCIIOBAILHOTO KOMIUICKCY
SCAD Office y nporpami TOHYC.

3 wmerorw Bepudikalii po3poOIICHOr0 ajlropuTMy Ta TMEPEeBIipKH TOYHOCTI OOYHCICHB
reOMETPUYHHX XapaKTEPUCTHK Iepepidy Ta DOTHMYHHX HANPYXEHb Y HbOMY PO3IJIIHYTI NPUKIAIH
PO3paxyHKY TOHKOCTIHHMX CTCP)KHEBHX €IEMEHTIB BIIKPUTOIO Ta  BiJKPUTO-3aMKHYTOI'O
6araToKOHTYpHOro mepepiziB. Ha po3risiHyTHX NMpHKIagax JOBeACHA JAOCTOBIPHICTh Pe3yJIbTATIB,
OTPHMYBAHHX 32 JOIIOMOI'OK PO3POOIEHOr0 IPOrPaMHOro 3a0e3neyeHHs.

Kurio4oBi c10Ba: TOHKOCTIHHMII CTep)KeHb, JOBUIBHUH Iepepi3, MOTOKH IOTHYHUX 3yCHIb,
3aMKHYTHH  KOHTyp, Teopis rpadiB, ¢yHkiionan KacrinesHo, 3amgaya MaTeMaTH4HOrO
IpOrpaMyBaHHs, METOJl MHOXKHUKIB Jlarpanxa, aroput™, porpamMHa peasi3aris.
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FOpuenko B. B.
MOUCKOBBII ANTOPATM OIMPEJIEJEHUS IOTOKOB KACATEJBHBIX YCUJIUM
JJISI TPOU3BOJIBHBIX CEYHEHU TOHKOCTEHHBIX CTEPKHEM

Pa3paboTka yHHBEPCAJIBHOTO MPOrPAMMHOIO KOMILJIEKCA Ul pacdyeTa M HPOSKTHPOBAHMS
TOHKOCTEHHBIX CTCP)KHEBBIX 2JIEMEHTOB KOHCTPYKLMH OCTaeTcs akTyalbHOIl 3amaueil. Hecmorps Ha
IpEBATUPYIOIEE BIMSHHE HOPMAJIbHBIX HANPDHKCHHH Ha HANPSHKEHHO-Ie(hOPMUPOBAHHOE
COCTOSIHUE TOHKOCTCHHBIX CTEp)KHEH, IPOBEpKa HECYIeH COCOOHOCTH TAKMX JJIEMEHTOB JODKHA
BBIINNOJIHATHCA, IPUHHUMAs BO BHUMAaHUE TaAKXXE U 3HAYCHHUSA KaCaTCIIbHbBIX Hal'lpﬂ)KeHHﬁ.

B cBsi3u ¢ 3THM paccMOTpeHa 3a[ava MOMCKAa 3HAYCHHH MOTOKOB KacaTENIbHBIX YCHIMH st
IPOU3BOJIBHOI'O CCYCHUA (0TKpblT0—3aMKHyTOFO MHOT'OKOHTYPHOI'O cequm{) TOHKOCTEHHOI'O
CTepXXHA mysi obuiero ciydas Harpyxkenus. CdopmynupoBaHHas 3agada NpUBEACHA K 3agade
MaTréMaTU4Y€CKOro IMnporpaMMHpOBaHHs, a HMMEHHO K 3aJa4e IIOHMCKa 3Ha'—leHMﬁ HCHU3BCCTHBIX
IIOTOKOB KacaTCJIbHbIX HaﬂpﬂmeHMﬁ, OGCCHC‘H/IBalOLUJ/lX HAaMMCHBIIICC 3HAYCHHUC q)yHKLU/IOHaJ'la
KaCTl/lJ'll)ﬂHO npu  yYIOOBJIETBOPECHUH orpaaneHMﬁ PaBHOBECHA IIOTOKOB B TOYKaX BETBJICHUA
CCUYCHHs, a TAKXKC IIPHU YIOOBJIECTBOPCHUH YPABHCHHSA PABHOBECHUS BCEro CCUYCHHUSA TOHKOCTCHHOI'O
CTEP)KHSI OTHOCUTENIBHO POJOIBHON OCH.

Pa3pabotaH AETAIbHBI AITOPUTM YHCICHHOTO peIIeHHs CcHOPMYIMPOBAHHOH 3amadd ¢
HCIIONb30BaHHEM  MAaTEMaTHYECKOro  ammapata Teopud rpad)oB, OpPHCHTHPOBAHHBIA  Ha
HPOrPaMMHYIO PEaH3alHMI0 B CHCTEMax aBTOMATH3UPOBAHHOIO MPOCKTHPOBAHUS TOHKOCTCHHBIX
CTEP)KHEBBIX CHUCTeM. BhIMOnHeHa mporpaMMHas peanu3alus pa3paboTaHHOro aaropuTMa B cpene
BerurcnuTensHoro komiutekca SCAD Office B mporpamme TOHVYC.

C nenpio BepuHKaUUH Pa3pabOTAaHHOrO aIrOpUTMa M IMPOBEPKM TOYHOCTH BBIYHCICHHIA
TEOMETPUYCCKUX XapaKTEePHCTHUK M KacaTeNIbHBIX HANpsDKEHHH PacCMOTPEHBI NMPUMEpBI pacdera
TOHKOCTECHHBIX CTCPXHEBBIX J3JEMEHTOB OTKPBITOIO MW OTKPBITO-3aMKHYTOI'O MHOI'OKOHTYPHOI'O
cedyeHnii. Ha paccMOTpeHHBIX IpHMepax J0Ka3aHa AOCTOBEPHOCTb Pe3yJIbTATOB, OIYYaeMbIX MPH
UCI0JIb30BaHUH pa3paboOTaHHOIrO POrPAMMHOr0 00eCIICYCHH S,

KiroueBble €J10Ba: TOHKOCTCHHBIH CTEPIKEHb, IIPOU3BOJIBHOE CEUCHHE, TIOTOKH KacaTelIbHbIX
YCHIINii, 3aMKHYTBIH KOHTYp, Teopus rpados, ¢yukironan KacruibsiHo, 3a1aya MaTeMaTHIECKOTO
IPOrpaMMHUPOBAHUs, METOA MHOXKHTeNeit Jlarparka, anropiuT™, MporpaMMHasi peau3aiust

VK 624.014
FOpuenxo B. B. ITlomykoBuii aJropurM BH3HAYeHHs MNOTOKIB [JOTHYHUX 3YCHIb s
JIOBLILHOTO Iepepily TOHKOCTIHHOIO CTEp:KHSI Ta iioro mporpamMHa peanizanis // Omip
marepialiB i Teopis copya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2019. — Bun. 103.—C. 82—-111.
Posznsanyma 3adaua nouwtyky nomoxie 00mu4HUX 3yCuib y 006iIbHOMY nepepizi moHKOCMIHHO20
CcmepoHCHsL 015 3A2AIbHO20 8UNAOKY HABAHMAdCeHHs. Po3pobaenuii Oemanvruil aneopumm yucio6020
PO38’A3KY CPOPMYIbOBANOT 3a0ayi ma GUKOHAHA 1020 npoepamua peanizayis. Ha poszensmymux
NPUKIAOAx PO3PAXYHKY MOHKOCMIHHUX CIMEPHCHEeBUX eleMeHmie BiOKpumoz2o ma GiOKpumo-
3aMKHYMO20 06a2amoKoHmypHO20 nepepizie 006edena 00CMOGIPHICMYb Pe3VIbMAmie, OMmpUMyaHUX
3a 00NOMO2010 PO3POOIEHO20 NPOSPAMHO20 3a6e3neUeHHs.
In. 13. Ta6x. 5. Bi6uior. 19 Ha3s.

UDC 624.014

Yurchenko V. V. Searching for shear forces flows in arbitrary cross-sections of thin-walled
bars: numerical algorithm and software implementation // Strength of Materials and Theory of
Structures: Scientific-and-technical collected articles — Kyiv: KNUBA, 2019. — Issue 103. — P. 82—
111.

The problem of shear stresses outside longitudinal edges of an arbitrary cross-section of a thin-
walled bar subjected to the general load case has been considered. A detailed numerical algorithm
intended to solve the formulated problem has been proposed and has been implemented by the
software. Validity of the calculation results obtained using developed software has been proven by
considered numerical examples for calculation of thin-walled bars with open and open-closed multi-
contour cross-sections.

Fig. 13. Tab. 5. Ref. 19.
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JAAHAMIYHE 3PIBHOBAKEHHS ITPUBIJHOT'O MEXAHI3MY
POJINKOBOI ®OPMYBAJIbHOI YCTAHOBKH 3 EHEPTETUYHO
BPIBHOBA’KEHUM ITPUBOIOM
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Jlist  porankoBoi  (OpMyBanbHOI YCTAHOBKH 3 CHEPreTUYHO BPIBHOBAXKCHHM IPHUBOLOM
PO3MISIHYTO [IMHAMIYHE 3pIBHOBAXEHHs MpHBiTHOro MexaHismy. [lpum MozmemoBaHHI mporecy
3piBHOBA)XCHHS MPHBIIHONO MEXaHi3My pO3B’sI3aHO [Bi 3ajadi JUHAMIYHOIO BPIBHOBAXKCHHS:
BPIBHOB@KEHHS CHJI iHEpLii, [0 MPHUKIAAEHI B LIEHTPAX MAac PyXOMHX JIAHOK, Ta BPIBHOBa)KCHHS
IPUBEICHOrO 10 Oci 00epTaHHsS NMPUBOJHOrO Bajia KPYTHOIO MOMEHTY, IO BHHHKA€ Bim Ail CHI

iHepuii. HeBpiBHOBa)XKEHICTh  NMPUBIZHOIO  MEXaHI3My  OL[HIOETHCS ~ MaKCHMalbHUMH 1
CepeHbOKBAIPATHYHUMU 3HAUCHHSIMU CYMapHOi CHJIM 1HEpLii Ta KPyTHOrO CyMapHOTO MOMEHTY Bil
mii cun iHepii, 6e3p0o3MipHUMH KoedilieHTamu, 1100} BUPAXKAIOTh BiIHOLIEHHS

CepeHbOKBAIPATHYHUX 3HAYCHb 3BEICHHUX IO LICHTPY MAcC YCTAHOBKH CyMapHOI CHIM iHepuii Ta
CHJT iHepLil, 0 JiF0Th Ha KOXXHHMII Bi30K, 1 BIIHOIICHHS CEPEAHbOKBAAPATHYHUX 3HAUCHb MOMEHTY
BijI A1ii cvul iHepLil BCbOro MeXaHi3My 1 CKJIaJ0BUX MOMEHTY BiJl [i1 CHJI iHepIil OKPEMHX €JIEMEHTIB.

KarouoBi cioBa: ponrkoBa (opMyBalibHAa YCTAHOBKA, MPUBIJAHUK MeXaHIi3M, chiia iHEpIii,
MOMEHT, 3piBHOBa)KCHHSI.

IMocranoBka 3agauvi. B icHyrounx ycraHOBKax MOBEpXHEBOT'O YIIIIbHEHHS
3aJ1i300€TOHHUX BUPOOIB BHKOPHCTOBYETHCS KPUBOLIMITHO-ITOB3YHHUIH a00
TiIpaBIivyHUH TPHBOJ 3BOPOTHO-IIOCTYNAIBHOTO PYXy (OPMYBAIBHOTO Bi3Ka 3
yKouyBaJbHUMH ponukamu [1-4]. Tlig Yac mNOCTIHMX MYyCKOrajibMiBHUX
PSKUMIB PYXy BHHHUKAIOTh 3HA4YHI AMHAMIYHI HABaHTAXXEHHS B EJIEMEHTax
MIPUBOJHOTO MEXaHi3My Ta B eJeMeHTax (popMyBaJbHOTO Bi3Ka, HIO MOXeE
MPUBECTH /IO TEPEeIYacHOr0 BHXOAY YCTaHOBKH 3 Jangy. B icHyroumx
TEOPETHYHHUX Ta EKCIIEPUMEHTAJIbHUX JIOCHI/PKEHHSIX MAalIiH POJIHUKOBOTO
(dopMyBaHHs 3al1i300€TOHHMX BHUPOOIB OOIPYHTOBAHO iXHI KOHCTPYKTHBHI
mapaMeTpyd Ta MpPOMYKTHBHICTH [1-4]. Pasom 3 TuUM, HEIOCTATHBO YBarw
MPUIICHO JOCTI/DKCHHIO [IIOYMM JUHAMIYHUM HABaHTaXCHHAM [5] Ta
pPEeXUMaM pyXy, IO B 3HAYHIN Mipi BIUTUBAa€E HA pOOOTY YCTAaHOBKH Ta Ha SIKICTh
TOTOBOI MPOIYKIIi.

Orasx my6aikanid. B iCHyroUMX TEOpETHMYHHMX Ta EKCHEepHUMEHTAIbHHX
JIOCHI/DKEHHSIX MAalllMH POJIMKOBOrO (hopMyBaHHSI 3alli300€TOHHMX BHpPOOIB
OOIPYHTOBAHO IXHI KOHCTPYKTHBHI ITapaMeTpH Ta MPOAYKTUBHICTS [1-4]. Pazom

© Jloseiixin B.C., ouxa K.I, [pucraiino M.O., [Touka O.B.
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3 TUM HEIOCTaTHhO YBark MPUIUICHO TOCTI[DKEHHIO MIF0YMX JTUHAMIYHHX
HaBaHTa)XEHb Ta DPEXKUMIB pyXy, IO B 3HA4YHIH Mipi BIUIUBaE Ha pPOOOTY
YCTaHOBKH Ta SIKICTh TO0TOBOI poAykiii. ITix yac mocTiiHUX MycKOrajibMiBHUX
PeKUMIB pyXy (OPMYBAJBHOTO Bi3Ka B e€JEMEHTaX YCTAHOBKH KpIM CHII
TSOKIHHS Ta CHJI OIOPY BHHUKAIOTh TAKOXK CIJIH iHepIli [6-14], oo CTBOPIOIOTH
JIOZIATKOBI HABAaHTA)KEHHS HA TPHUBITHUN MexaHi3M. ToMy akTyaJbHOIO € 3a/1a4ua
3piBHOBa)KEHHSI IIPHBITHOTO MEXaHI3My MaIllH POJIMKOBOT0 (hopMyBaHHSI.

Merta podoru. Metolo naHOi poOOTH € JMHAMIYHE 3pIBHOBa)KEHHS
MIPUBIHOTO MEXaHI3My POJHMKOBOI ()OPMYBAJIBHOI YCTAHOBKH 3 €HEPreTHYHO
BPIBHOB2)KEHUM IIPHBOJIOM.

Buknaa ocHOBHOro marepiany AocjigskeHHsl. 3 METOI0 3MEHIICHHS
BUTpaT e€Heprii B MallMHaX pPOJMKOBOro ()OPMYBAaHHS 3alpOIOHOBAHO
KOHCTPYKIIIFO POJIUKOBOI (hopMyBaIbHOI ycTaHOBKH [15, 16] mis 3a0e3neueHHs
VUIUTBHEHHS 3aJ1i300€TOHHUX BHUPOOIB Ha OJAHIN TEXHOJOTIYHIA JIiHIi, sKa
CKJIAJIA€ThCS 3 TPHOX (DOPMYBAIBHHX Bi3KiB, PO3TALIOBAHHX IMAPaJICIIbHO MIiXkK
co0OI0 3 OJHI€l CTOPOHU TPHBIIHOTO Bally, IO IPUBOISTHCS B 3BOPOTHO-
MOCTYNAJbHUI PyX BiJ CHUIBHOTO TPHBOAY, O CKIJIAAy SIKOI'O BXOJSTH TPH
KPHUBOILIMITHO-TIOB3YHHI MEXaHi3MH, KPUBOLIMIIH SIKUX MKOPCTKO 3aKpiIUieHi Ha
OIHOMY NIPHBIIHOMY BaiTy Ta 3MimeHi Mixk coGoro Ha kyr A =120" (puc. 1(a)).
Koxnuii 3 ¢gopmyBanpHuXx Bi3kiB 1, 2 Ta 3 3MoHTOBaHi Ha mopram 11 i
3IIHCHIOIOTH 3BOPOTHO-MIOCTYNAIBHUI PyX B HANPSAMHUX 12 HaJ MOPOKHHUHOIO
¢dbopmu 13. dopmyBanbHUIA Bi30K 1 CKIIagaeThes 3 MOAaBaIbHOrO OyHKepa 14 Ta
3 CHIBBICHHX CEKLIH yKOUyBaJbHUX pONUKiB 15. Taky ’ KOHCTPYKIiIO MaroTh i
iHmi aBa Bi3ka. Bi3zku 1, 2 1 3 3 po3nopiibHUMH OyHKEpaMH NPUBOASATHCS B
3BOPOTHO-TIOCTYMAIBHAN PYX 32 JAOMOMOTOI0 MPUBOIY, BUKOHAHOI'O Y BUTJISIII
TPbOX KPUBOIIMITHO-TIOB3YHHUX MEXaHi3MiB, KpuBommmu 7, 8 Ta 9 skux
YKOPCTKO 3aKpiIlIeH] Ha OIHOMY NMpUBOJAHOMY Basy 10 i 3MimieHi Mixk co0oro Ha
kyr Ap=120". Illarynn 4, 5 Ta 6 mapuipHo 3’exHaHi 3 (OPMYBATLHIME
Bi3kamu 1, 2 Ta 3, a IHINUMH KiHIIMH 3’ €IHYIOTBCSA 3 KpUBOmIHUmaMu 7, 8 1a 9.
Taka KOHCTpyKIs (JOPMYBAJIBHOI YCTAHOBKU MTO3BOJISE 3MEHIIUTH THHAMIYHI
HaBaHTa)KEHHS B €JIEMEHTaX IPHUBIJHOrO MEXaHi3My, 3MEHIIIUTH 3aiBi pYiHIBHI
HaBaHTa)XEHHS HAa paMHY KOHCTPYKLIIO 1, BIANOBIAHO, MiJBUIIUTH
JIOBrOBIYHICTh yCTaHOBKM B Iiiyiomy. Ha puc. 1(0) 300pakeHO KiHEMaTH4HY
CXEMy POJIMKOBOI ()OPMYBAJIBHOI YCTAHOBKH 3 €HEPreTUYHO BPiBHOBAKEHUM
MIPUBOIOM T (hOPMYBAHHS 3aJ1i300€TOHHUX BUPOOIB HA OJHIA TEXHOIOTIYHIH
minii. Ha naniii kinemaTwuHid cxemi » — pajaiyc kpuBommmiB 7, 8 ta 9; [ —
JIOBXKHMHA NIaTyHIB 4, 5 Ta 6; @ — KyroBa KOOpJWHATA TOJOXKEHHS KPHUBOIIUIIA
MepIIoro Bizka; A@ — KyT 3MimeHHs kpuBomumiB 7 1 8, 8 1 9 ta 9 1 7 mixk
coboro; X, X, Ta X3 — KOOpAUHATH LIEHTPiB Mac Bi3KkiB 1, 2 Ta 3 BiMOBigHO;
B;, B, Ta P; — KyToBi KOOpAMHATH, IO BU3HAYAIOTh IMOJIOKEHHs IIATYHiB
TMIEPIIIOro, IPYroro Ta TPETHOro Bi3KiB BiTHOCHO TOPU3OHTAITI.

3 puc. 1 BU3Ha4Ya€EMO KOOp/AMHATH LIEHTPiB Mac Bi3kiB 1, 2 Ta 3 [16]:

x =r-cos@+/-cosf;; x, =r'cos((p+A(p)+l'cosB2;

x3 =r-cos(Q+2A¢)+1-cosPs. M
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-3

©6)

Puc. 1. PonmkoBa popMyBanbHa yCTAaHOBKA 3 €HEPreTHYHO
BPIBHOBa)KCHUM IIPHBOAOM (@) Ta i KiHeMaTH4IHa cxema (0)

Ockinbku KytH By, B, Ta B; HEBigoMi, IX MOXKHAa BU3HAUHTH B 3aJIEKHOCTI

Bil JOBKHMHM IIaTyHa [, pamiyca KpHBOIIMIA /', KyToBOi KOOpAMHATH
KPHBOIIKIIA () Ta KyTa 3MillleHHs! KpUBOIUIiB A [16]:

r-sing=/-sinff; — sinf, =—-sing;

r-sin(@+2A@) =1-sinf; — sinfi;=

r
)
resin(@+A@)=1-sinff, — sin[32:§'sin((p+A(p);
ro.
T sin(@+2AQ) .

3Bincu

cosP, =+/1—sin’p, =
2

cosP, = /1—sin’ B, =\/1—’;—2-sin2((p+A(p);
2

cos fB; =,ll—sin2 Bs =\/1—’;—2-sin2((p+2A(p) .

Toni
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X =r'coscp+l-\/l—(rz/lz)-sinch ;
Xy = 7 cos(@+AQ)+1 1= (r2/12)-sin (¢ + Ap) ; )
x3 = 1 cos(Q+ 2A9) + 11— (2 /12)-sin® (¢ + 2A9) .

3 BupasiB (2) orpumyeMo (YHKIIT 3MiHM IIBHIKOCTEH IIEHTPIB Mac
(hopMyBaJIbHUX BI3KiB:

.. Ox .. Ox .. Ox
X = -—_— ; X, = — ; X, = — 3
1=¢ £ 2=0 £ 3=0 20 3)
. . . O0x Oxy  Oxg
Ie ¢§=@ — KyTOBa MIBHAKICTh OOEpPTaHHS KPHBOIIUIIB, — , —=, —= —
o0 Op  0¢

mepIn nepeaatouHi (GyHKINT MEHTPIB Mac BiONOBIAHO Bi3kiB 1, 2 Ta 3, ski
BU3HAYAIOTHCSI HACTYITHUMU BUpa3zamu [16]:

cos¢

X r

—=—r~sin(p- 1+—- ; (4)

a(P / \/1—(7’2/12)~Sin2(p
aﬂ:—r~sin((p+A(p)- 145 cos(9+Ap) :
90 D 1= )12) sin® (9 + Ag)

4)

aﬁ:—r~sin((p+2A(p)' 1+ cos(9+2A9)
9 ! \/l—(rz/lz)-sinz((p+2A(p)

OyHkiii 3MIHM JTHIHHAX TIPUCKOPEHb IEHTPIB Mac Bi3kiB 1, 2 Ta 3
BU3HAYAIOTHCS 3aJISKHOCTIMH:

2 2 2

PO S S R S S i B B C - BT
o o oo o oo o

. . 0'yy 0'x, 0°xy .

€ (@ =¢& — KYTOB€ IPHUCKOPEHHS KPHUBOILHNIIIB; 8(p2 v > — Apyri

nepenatouHi (yHKUii IIEHTpiB Mac BigmoBimHO Bi3kiB 1, 2 Ta 3, o
BHU3HAYaIOThCA HACTYITHUMM BUpa3ami [16]:

2 /42 2
ﬁ:—;« cosq] 1+ cosQ +£sin2(p ((7’ /l )-cos (P—l)
a(P2 l\/l—(rz/lz)'sinzK ! (1—(r2/12).sin2(p)3/2
cos(@+AQ)- 1+’; zcosz((p+A;p) +
o, JI=(2 /12y sin® (o+Ag)
S I (2 ycos” o+ ap)-1)
+7~sm (p+AQ) 32
(1=(2 /1) sin* 9+ Ao)
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r cos(P+2A0)

cos(@+2A¢)-| 1+
o, D=2/ Py sin (9 +240)

9> . (2 /12)-cos? (9 +28)-1)
+7~sm (0+2A0) 3
(1—(r2/12)~sin2((p+2A(p))

Kinernuna eHepris BCi€l CHUCTEMH BH3HAYA€THCS SAK CyMa KiHETHUHHX
€HEeprii CKJIaJI0BHUX MPHUBIJHOTO MEXaHi3My Ta (hOPMYBaJIbHUX Bi3KiB:

(6)

.2 32 ) .2
Iy ®° my %2 my %2 may-xr Js, BT mg- (i, +U5,)
_Ip® me X my Xy myeXy S P s T8

d 2 2 2 2 2 2
32 2, .2 32 ) )
Js, By ms-(X5,+05) Jg B3 mg- (¥, +35,)
+ + + + ,
2 2 2 2
Ae J, — 3BeieHMi 710 Oci OOepTaHHs NPHUBIAHOrO Baja MOMEHT iHepuii

NPUBIAHOrO MexaHi3Mmy (i3 BpaxyBaHHSIM pOTOpa JBUTYHA, MNepeaaBalibHOIO
MeXaHi3My Ta 3’€JHyBalbHUX MYy®T); my;, m, Ta my; — Macd GopMyBaJIbHHX
Bi3kiB 1, 2 Ta 3 BianmoBigHo (Macu (OpMYyBaNbHUX Bi3KiB piBHI
m=my=my=m); my, ms, mg, Jg , Jg T1a Jg —macu maryis 4,516 Ta

iXHi BIIaCHI MOMEHTH iHeplLii BiTHOCHO IEHTpiB Mac; B;, B, Ta P; — KyToBi

WBHMJKOCTI WaTyHiB 4, 5 Ta 6; Xg , Vg, , Xg,, Vs, Xs, Ta Vg — JiHiAHI
LIBHIKOCTI EHTPIB Mac martyHiB 4, 5 ta 6.

OckisbKM MacH 1atyHiB 4, 5 Ta 6 3HaYHO MeHIIl 3a Macu (OPMYBAITBHHX
Bi3KiB 1, 2 Ta 3, TO MO’KEMO 3HEXTYBATH IMMHU MaCaMH 1, BIAMOBITHO, HEXTYEMO
KIHETUYHOIO €HEpri€l0 BKa3aHWX maryHiB. Toxi 3HaYeHHS KiHETHMYHOI eHepril
YCTaHOBKH Oy/IeMO MaTH y BUTJISI:

.2
J, 0" m-xt m-x: m-x?
_Jr " [ 2 3

T =
2 2 2 2
. (3)
Jp'([>2 m | ., [ 0Ox 2 .2 [ Oxy ? o [ Oxg ?
SE———+t Q|| TO | — | TO | —| |
2 2 o o op
abo
) 2 2 2
Tz(p_. Jp+m. % + aﬁ + % . (9)
2 op op op

CKJ1aieMo piBHSHHS PyXY POJUKOBOI ()OPMYBAIBHOI YCTaHOBKH. [1JIs 1ILOTO
BHUKOPHCTAEMO PiBHAHHA JlarpaHxa Apyroro pomay:

£t (10)
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Jie ¢ —4ac; (p — KyToBa KOOpJMHATA MOJIOKEHHS KPUBOIINIIA, SIKa MPUIHATA 32
y3arajibHeHy KoopauHaty; (), — y3arajibHeHa CHJIa, sKa BiINOBigae Ui

y3arajJbHeHi KOOpAHHATI.
V3aranbpHEHa CUJIa BU3HAYA€THCS 3aJIE€KHICTIO:!
Ox Ox Ox
Qp =M, —Fo - ———Fpy —>—Fo3-—. (11)
¢ r 0 0 0
¢ ¢ ¢
Tyr Fp,, Fy, Ta F,; — cunu onopy mepeMillieHHIo (OpMyBalbHUX Bi3KiB
1,2 ta 3; M, — pywiiHMA MOMEHT NPHUBIZHOIO ABMIYHA, 3BEACHHH 10 OCi

o0epTaHHs KPUBOILNIIA, SIKMH BU3HaYa€eThes 3a popmynoro Kitocca:

2-M
p = — (12)
S/Skp + Sip |5
® D-u
s=1-2 =121, (13)
001 g
O)K
_ P
st =1- ’ (14)
o
xe My, — KpUTHYHUA MOMEHT Ha Bally ABATYHA; S Ta S,, — KOB3aHHs Ta HOro

KpPUTHYHE 3HAUeHHA; ® Ta (), — KyTOBa MIBUIKICTb poTOpa ABHryHa Ta ii
CHUHXPOHHE 3HAYEHHS; U — IepeJaTOYHe YHCIIO MepeIaBaIbHOrO MeXaHi3My Bil
JIBUT'YHa N0 puBoaHOro Bana; 1 — KK/I npuBigHoro Mexanizmy.

Ilicns migcranoBku 3anexHocTedt (9) Ta (11)-(14) B piBmsaEsa (10),
OTPUMAEMO:

>

__(p —_2
o op 09> 0¢ 69> 9 og°

2 2 2
O o du em || 8] o[ 22) (o)L
op oo oo oo

2 2 2
ia_T:(p J +m- % + aﬂ + aﬁ +
dr 9¢ P ¢ 00 00
22| 2080 30 P 3n O )
90 9dp* 99 Jp* IO 9o

2 2 2
. ox 0xy 0x3
G SRR
2 2 2
+¢%-m- dx; 9 xz]+ax2'8 x22+8x3’8 xz3
90 9p* 90 9o IO Ig
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2-M,, ox; ox, 8x3
U= Fo ok Fpy T2~ Foy-
1 ((p u/(,l)o) 1 (")Kp/(")() a(p a
1- O)Kp/(")o 1_(¢'u/m0)

OTpuMaHe piBHSHHS sIBJIsie COOOIO0 HENiHIHHE PIBHSIHHS JPYroro MOpsIKy,
sIKe HEOOXiHO pPO3B’S3yBaTH YHCEIFHHUM METOAOM. B pe3ynbraTi po3B’s3Ky
piBHstHHA (15) oTpumyemo 3anexHocTi [17]:

o=0(t); o=0lr); ®=6(). (16)

I[Ipy nguUHAMiIYHOMY aHaNi3li IIBHAKOXIIHUX MEXaHi3MiB, JIO SKHX
BiJTHOCUTBCSl POJIMKOBA ()OpPMyBaJIbHA YCTAaHOBKA, HEOOXIJHO PO3B’sI3yBaTH /IBi
3a[a4i TMHAMI9HOTO BPIBHOBAYKEHHSI:

1. BpiBHOBa)KEHHS CHJI iHEpIii, IO MPUKIAJCH] B HEHTPAaX Mac PYXOMHX
JIAHOK;

2. BpIBHOB&XEHHS IPUBENEHOTO JO OCi OO0epTaHHS MpPUBOIHOTO Baya
KPYTHOTO MOMEHTY, III0 BUHUKAE BiJ| i1 CHJI 1HEpIIii.

Jls BupinieHHs nepuioi 3aaavi HeoOXi/IHO, 00 IEHTP Mac PYXOMHUX JIAHOK
PONMKOBOI (OpMYBaIbHOI yCTaHOBKU ((OpPMYBaJbHUX Bi3KiB) HE 3MilllyBaBCs,
TOOTO JUIsl POJIMKOBOI ()OPMYBAIBHOI YCTAHOBKH, Bi3KH SIKOI PyXalOThCsl B3JIOBXK
oci X, NOBUHHA BUKOHYBAaTHCh YMOBA!

- (15)

My X|+My Xy +My-X
x, = ———1 2 "2 3 73 _const. (17)
my +my +ms

Jubepenmirorouu Bidi 3a 4acoM 3aexHicTh (17), oTprMaemo:
. My XMy Xy +My X
X, = 1 1 2 2 3 3 _ 0. (18)
my +m, +my

Bupas (18) MmoxxHa 3anucaTtv B HACTYITHOMY BHTJISIAI:

2
o .2 O'x

Fio=my-X +my- Xy +my -3 =m (Pa_+ pre +
2 2 (19)
.. O .y O .. O .o O
m2 (p.ﬁ_‘_(pz._xzz +WI3 (p.i.'. 2.—);3 :0’
o9 o9 o9 o9

ge Fj,, — cymapHa cuia iHepIii, 3BelleHa N0 LIEHTPa Mac PYyXOMHX JIAHOK
YCTaHOBKH BiJ| JIiT CHJT iHEpILIii OKPEMHX Bi3KiB.
SIkimo BpaxyBaty, O m; = m, =My = m , To OyAeMO MaTH:

2 2 2
F}czm' (p(ai+ax_2+a£J+(p2 0 le +a ')622-{-a )623 =0. (20)
op 0¢ 09 op”  09°  0p

Sxmo ymoBa (19) um (20) He BHKOHYETBCS, TO Mae€ Micle
HEBpIBHOBa)KeHICTh cui iHepuii. Kputepiem mi€i HEBpiBHOBaKEHOCTI MOXKE
OyTu cymMapHe 3Ha4YeHHsI CHJI iHeplil (JOpMyBaJIbHOI YCTAaHOBKH:

2 2 2
P}czm'(.l.)' %4_%4_6& +'2. a')62]4_6)6224_6)623
op 0p 09 op°  d9”  0¢

21)
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3a OOMH IMKI pPyXYy pPOJHKOBOI (popMyBasIbHOI YCTAaHOBKM (OIWH 00epT
KPHBOIIIKITA) HEPIBHOMIPHICT CHJI iHEpIii MOke OyTH OlliHEHAa MaKCUMaJIbHUM
3HAYEHHSIM CHIIU iHepIii, 3BEIeHOI 10 IIeHTpa Mac yCTaHOBKU Fj.. . abo iforo

CCPCAHbOKBAAPATUIHUM 3HAUCHHAM, AKC BU3SHAYAE€CTHCA 3aJIEKHICTIO:

1 y 2 m2 y axl aX2 8x3 2 ale 82X2 82x3 2
t—jFl-cdtz t_-[ (p(a : 3 : 3 j+(p yt—+—— || 47, (22)
1 1Y ¢ Jdo Jo Jd0° 90~ 99

F.=

[&

2-m . .. .
Jie t; =—— — TPUBAIICTb LUKIY PYXY POJHKOBOi (DOPMYBAIBHOI yCTAaHOBKH;
H

©, — HOMIHAJILHE 3HAYEHHS KyTOBO.l. H_IBI/IZ[KOCTi IMPUBOAHOI'O Bajla YCTAaHOBKHU.

B mesikux BumNagKax JOLIIBHO OILIHIOBATH HEBPIBHOBAXKEHICTh CHII iHEpIii,
IO AiIOTH Ha JIaHKHU (OPMYBaIbHOI YCTAaHOBKH, 3a JOIOMOTOK 0e3p03MipHOr0
KpHTEpIIOo, SIKMH MOXe OyTu TIpe/ICTaBICHU BiTHOIIICHHSIM
cepeTHbOKBAIPATUYHHUX 3HAYECHb 3BEJICHUX JI0 IEHTPY Mac YCTAaHOBKH CyMapHOI
CHJIH 1HEepIil Ta CHJI iHep1ii, o MiI0Th Ha KOXKHMH Bi3oK. Llei kpurepiii MoxkHa
MIPE/ICTABUTH B HACTYITHOMY BHTJISIL:

(2042, ) o [P Py P
d¢ d¢ I 00 99”90

kp=|— dr . (23
i —dr . (23)

off.ox .,9%x ? dxy .5 0%x ? ox3 .o 9%x
P—L+¢- 21 P=—2+p"- 22 P=+¢* 23
90 00 Lo 00 99 00

Jns  3a0e3neyeHHs BPIBHOBAXKCHHsS 3BEIEHOrO [0 TIPUBIJAHOTO Baja
KPYTHOTO MOMEHTY, IO BHUHHMKAa€ BiJ il CHJ iHepIii, HEOOXiJHO BUKOHATH
YMOBY:
oT
o

Sxmo ymoBa (24) He BUKOHYETHCA, TO MAaE€ MiCIle HEBPIBHOBAXKEHICTh
3BEJICHOTO JI0 IIPUBIJHOTO Bally KPYTHOTO MOMEHTY, II0 BUHUKAE BiA Hii cui
inepiii. Kpurepiem 1mi€i HeBpiBHOBa)KEHOCTI MOKe OyTH 3HAuU€HHS KPYTHOTO
MOMEHTY, SIKE BU3HAYAETHCS 3AIEKHICTIO!

T =const  abo 0. (24)

2 2 2 (25)

| Oxp 07xp  Oxy O07xy  Ox3 07°x3

2 2 2

dp 09~ 09 09~  J9 09
3a  oAMH IWMKI  pyXy  PpOJHMKOBOi  (OpPMYyBaNbHOI  YCTAaHOBKH
HEBPIBHOBA)XEHICTh 3BEIEHOTO IO MPHUBIJHOTO Bajy KPYTHOI'O MOMEHTY, IO
BUHHMKA€E Big il cui iHepuii, Mo)xe OyTH OLliHEHa HOro MaKCHMaJbHUM
3Ha4YeHHsM M, . abo cepelHbOKBAAPATUYHUM 3HAYCHHSM, SIKE BU3HAUAETHCS

ax
3aJIEXKHICTIO:
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i

t 2
W= l.lm2.¢4.[8x1 9%x, L Ox) 9%x, , 0x3 82x3] dre

hy 99 9> " 99 09> " 0g 90>
dx, 9%x, Oxy 9°x, Ox3 O°x ?
=m- jcp LEA, T2 P2, OB 23 ar, (26)
hy 00 dp> 99 99> 9P ¢

OIiHUMO TaKO)X HEBPIBHOBAYKEHICTh KPYTHOrO MOMEHTY BiJ Iii cuul iHepuii
3a JOMOMOTrol0 0e3pO3MipHOrO KpPUTEpiIo, SKHH TPEJCTaBUMO BiIHOIICHHIM
CepeTHbOKBAAPATUYHIX 3HAYEHb MOMEHTY CHJI IHEpIii BCHOIO MEXaHi3My i
CKJIaJIOBUX MOMEHTY CHJI iHEpIil BiJi OKpPEMHX €JIEMEHTIB YCTAHOBKH. Taxuii
KpHTepiil Ma€e BUTIIS;

]

2
: 4.[3)51. 0’xi Iy 0%xy Oy 32x3j

| 99 9> 09 Jp? 9P 9o’ e

M~ |y ) \2 ) \2 , \2
Lo . 4f 0% 07x .4[ 0x, 0°x 4] Ox3 0°x
(P Jtid SRS 0 +(p 92 Y 2 +(p 73.73
09 9¢? 9 Jg? 09 9¢?
2 2 \?
axl 8 X1 axz a Xy ax3 8 X3
4 9 e 2 T o0 A2
_ l_[ ® 00> 99 dp> 9P Jg
n

o[axla xljz{axz.azxzji[axyaz@]z
09 9¢? 29 Jg? 09 9¢?
s ponukoBoi (hOpMYBaIbHOI YCTAHOBKHM 3 €HEPrETHYHO BPiBHOBAYKEHUM
npuBofoM 3 mapamerpamu [16,17]: #=02m; [=08m; my=my=mz=
=m=1000x2; J, =52,08 ke M2 o, =104,72pao/c; o, =102,1paod/c;
O = 94,95paod/c; M, =2938H -m; 5,,=00933; u=98; n=09;

27)

Fy =3562 H ; F,, =3562 H; F,;=3562 H BU3HaueHi 3Ha4eHHs CyMapHOI
cuny iHepuii Fj, Ta KpyTHOro MOMEHTY Bif nii cun iHepmii M, mpoTarom
ofHOro UKy pyxy (0 < @ < 21 ), rpadiku 3MiHH SKUX 300pa’KeHO Ha pHC. 2.

6 1000

b WA N N
/ \

VIR —

B ool |\ [\ J

E T A W A — -

11T W A A

R W A W S

VARV
(a) (©)

Puc. 2. I'padixu 3MiHn cymMapHOi cHiM iHepwii (a) Ta cyMapHOro MOMEHTY Bix cui iHepuil (6) B
3aJI©KHOCTI Bil KyTa IIOBOPOTY KPHUBOLIKIA YCTAHOBKU 3 CHEPreTHIHO BPIBHOBAKCHUM IPUBOIOM
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Ha puc. 3 ta 4 HaBeneHo rpadiku 3MiHH CyMapHOI cuiu iHepuii F, Ta
KPYTHOTO MOMEHTY BiA mii cui iHepuii M; HpOTATOM OJHOTO LMKIY PYXy
(0 <@ <2m) npyu pi3sHUX 3HAYEHHAX KyTa 3MimenHs kpusomumis A@ (0°, 30°,

60°, 90°). 3maiineno Takok MakcumanmbHi F... i M. Ta cepeHbo-

KBajpaThuyHi F), i M, 3HaueHHs CHIN iHepIii Ta MOMEHTIB BiJ CUII iHepIii st
pi3HUX 3Ha4YeHb KyTa A@ . Pe3ynmbraTi oOunciens 3aHeceHi 10 Tadi. 1. Takox B
Tabn. 1 HaBeneHi 3HaueHHS Oe3po3MipHUX KoediuieHTiB kp Ta k, , fKi
1 1
BH3Ha4eHi 3a Gopmynamu (23) Ta (27). 3a nanumu Tadi1. 1 modymoBaHo rpadiku
i M im:
3HA4YeHb CWJI iHepLii Ta MOMEHTIB Bifl CHJI iHepuii B 3aJeKHOCTi BiJ KyTa
3MinieHHs1 kpuommniB Ae (puc. 5 Ta 6). Ha puc. 7 npencraBineno rpadiku

3MIiHU MakcCUMallbHHUX F; Ta CepelHbOKBAApaTHUHUX F,, 1 M,

1cmax ax

3Minu Ge3posmipHux KoedilieHTiB kg Ta kj; B 3aJeKHOCTI Bif KyTa
1 1

3MilIeHHs KpuBowHIiB A@ . [Ipy BU3HAUSHH] OMMCAHUX BUILE XapaKTEPUCTUK
YCTAaHOBKM BHKOPHUCTOBYBAJIUCH 3HAYEHHS KYTOBOI MIBHIKOCTI OOEpTaHHS
MPHUBITHOTO Bajla (¢ Ta HOro KyTOBOTO MPUCKOPEHHS (b VIS KOXXHOTO 3HAYCHHS
KyTa 3MIlIeHHS KpHUBOIIUMIB A@, mo OylM BU3HAYeHI 32 METOAMKOIO,

OMHUCaHOI0 B podoTi [17].
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Puc. 3. I'padixu 3MiHN cyMapHOI CHJIM iHEpLil yCTAaHOBKHU 3 CHEPreTHIHO BPIBHOBAYKCHUM
IPHUBOZIOM B 3aJIKHOCTI BiJl KyTa [IOBOPOTY KPUBOILKIIA IPU Pi3HUX 3HAYCHHIX KyTa
smimtenns kpusommmis AQ : a— 0% 6 —30% B —60% r — 90°
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Puc. 4. I'padixu 3MiHH CyMapHOTO MOMEHTY BiJ{ CHJI iHEpLi] yCTAaHOBKH 3 €HEPreTHYHO
BPIBHOB)KCHHUM IIPHBOZOM B 3QJISKHOCTI BiJl KyTallOBOPOTY KPUBOILHKIIA IPU Pi3HUX

3HAUYEHHSX KyTa 3MilleHHs kpupommmnis AQ :a— 0% 6-30" B -60% - 90°

Ta6mums 1
Pe3ynbTaTi po3paxyHKiB

AQ | Fyppaxs H | Mo H-m| Fo, H E,H.M kp, K,

0 | 82389,2 3935,015 | 32033,83 | 2467,494 | 1,732051 | 1,732051
10 | 83943,1 3866,94 32834,84 | 2491,278 | 1,581451 | 1,523829
20 | 80583,8 3363,17 32236,42 | 2326,281 | 1,4477 |1,349568
30 | 81009,8 3516,26 34017,26 | 2221,869 | 1,342342 | 1,148223
40 | 79773,6 3495,44 36422,48 | 2003,116 | 1,26636 |0,864206
50 | 67339,9 2700,54 34997,21 | 1509,999 |1,211132|0,576289
60 | 48717,8 1419,54 30210,55 | 1161,438 | 1,153651 | 0,418416
70 | 329942 2271,04 25125,78 | 1298,465 | 1,0683 0,4763
80 |26575,92 2670,3 19889,75 | 1526,934 | 0,938129 | 0,613942
90 |21436,44 2608,19 14873,12 | 1576,342 | 0,753549 | 0,7062
100 | 16205,69 | 2181,245 10106,16 | 1398,303 | 0,51364 | 0,6004
110 | 9513,42 1558,15 5203,27 978,55 | 0,24326 | 0,407141
120 | 5,3042 832,7 3,2915 580,28 |0,000131| 0,22867
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Puc. 7. I'padixu 3minn 6e3po3mipHux koedinieHTiB kF. (a) Ta kM. (6)

B 3aJIEKHOCTI Bi/l KyTa 3Mimenns kpupommnis A@Q

Amnanmizyroun aaHi Ta0i. 1 Ta rTpadiku Ha puc. 5-7, MOXHa 3pOOUTH

BUCHOBOK, IO MaKCUMalbHE 3HAU€HHA CyMapHoOi cuiu iHepmii Fj. .

Ta 1

CCPCAHbOKBAAPATUIHEC 3HAYCHHA F;'c CIIOYAaTKy 36iJ'H)IJ_IyIOTI)CH Ta HepiOI[I/I‘IHO

3MEHIIYIOTECS NPH 3HAUECHHAX KyTa 3MIlIEHHS KPMBOIIMIIB Bim A@=0" mo

A@=50", a TOTIM 3MEHIIYIOTHCA | HAOYBAIOTh MiHIMAJILHOTO 3HAYEHHS IIPU
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A@=120°; Ge3posMipauii KoedilienT kFi MOCTIHHO 3MEHIIYETHCS TPHU
301IBIIEHH] KyTa 3MIillIEHHI KPUBOIIUIIIB 1 MpuiiMae MiHiMaJbHE 3HAYECHHS NPU

3Mmimenni kpusomwnisa A@=120°; MakcuMaJabHe 3HAYEHHS MOMEHTY BiI CHIl
iHepIii CIOYAaTKy 3MCHINYEThCS TPH 3HAYCHHAX KyTa 3MIIICHHSA KPHBOIIIKITIB

Bix A@=0" mo A@=20°, motiM 36inblIyeThcs 10 3HaveHHs AQ@=40", micns
4Oro e piske 3MEHIIEHHS 0 3HAYEHHS KyTa 3MiIEeHHs KpuBommmie AQ=60°,
noTiM 30inbHIyeThes 10 3HaueHHs A@=80° i mpuiiMae MiHIMaJbHE 3HAUYEHHS

npu  3MimeHni kpupomwmmisa  A@=120°; cepenHLOKBaApaTHYHE 3HAYECHHS

MOMEHTY BiJl CHJI iHepuii Ta 6e3po3MipHUi KoepillieHT k), 3MEHIIYIOThCS MPU
i
. o o o .
3HAYEHHAX KyTa 3MILIEHHS KpuBomMIiB Bif A@=0" 1o A@=60", micisa uporo
e ix 3pocTanus a0 3HaYeHHs AQ=90°, a MOTIM 3MEHINYIOTLCS i HAOYBAIOTH

MiHiMaTBHOTO 3HaYeH s pu A@=120°.

BucHoBku. B pe3yibraTi MpoBeaeHNX AOCTIIKEHb PO3TIISTHYTO JTUHAMIYHE
3piBHOBa)KEHHSI MPHUBIJHOTO MEXaHI3My POJIMKOBOI (POPMYBaJILHOI YCTAHOBKH 3
€HEpreTUYHO BPIBHOBXEHWM TNpHBOAOM. [Ipm MozemroBaHHI mporuecy
3pIBHOBa)XEHHSI MPUBIJHOIO MEXaHI3My MalliH pPOJUKOBOro (opMyBaHHs
pPO3B’s13aHO 7Bl 3ajavi JAWHAMIYHOTO BPIBHOBaXKCHHS: BpPIBHOBAYKEHHS CHII
iHepIii, 0 MpUKJIaJeHi B IEHTPaX Mac PyXOMHX JIAHOK, Ta BpPiBHOBa)KEHHS
MIPUBENIEHOTO JI0 OCi OOEpTaHHs MPUBIAHOIO Baja KPYTHOTO MOMEHTY, LIO
BHHUKA€E BiJ Il CWJI iHepiii. BCTaHOBIEHO, IO B YCTAHOBII 3 CHEPTETHYHO
BpPIBHOBO)KEHUM TIPUBOJIOM HAMKpaile BpIBHOBOKEHHS CWI 1HEpIii, IO
NIPUKIIaJIeH] B IEHTpaxX PyXOMHUX Mac JIaHOK, Ta MPUBEICHOIO J0 OCi 00epTaHHS
NPUBITHOTO Bajla KPYTHOTO MOMEHTY, WIO BHMHHMKAa€ BiJ il cui iHepumii,

CIIOCTEPIraeThCcsl MPU 3HAUEHHI KyTa 3MilleHHS KpuBowwmmis A@=120°.

OtpuMaHi y [aHiii poOOTi pe3ynbTaTd MOXYTh OYTH Yy TMOJANbIIOMY
BUKODHCTaHI JJIsi YTOYHEHHS Ta BJOCKOHAJEHHS ICHYIOUMX I1H)KEHEPHUX
METOJIIB pO3paxyHKy MPUBIAHUX MEXaHI3MIB MalllMH POJIHMKOBOTO (popMyBaHHs
SK Ha CTajisX IPOEKTYBaHHS/KOHCTPYIOBaHHS, TaK 1 y peXHMax pearbHOl
eKCIUTyaTarrii.
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Jlogetixin B.C., [louxa K.1., IIpucmaiino M.O., Ilouka O.b.
JAHAMIYHE 3PIBHOBAKEHHS TIIPUBIJHOIO MEXAHI3MY POJHMKOBOI
®OPMYBAJIBHOI YCTAHOBKH 3 EHEPTETUYHO BPIBHOBAKEHUM MPUBOJOM

3 METOI0 MiABUINEHHS HAAIMHOCTI Ta MOBrOBIYHOCTI PO3MJIHYTO AMHAMIYHE 3PiBHOBAKCHHS
IPUBITHOTO MEXaHi3My POJIHKOBOI (HOpPMYBalbHOI YCTAHOBKM 3 CHEPreTHYHO BPIBHOBAKCHUM
npuBozpoM. [Ipu MopemoBaHHI Ipolecy 3piBHOBaXKCHHS MPUBIJHOrO MEXaHi3My PpO3B’s3aHO ABI
3a/1a4i JUHAMIYHOIO BPIBHOBA)KCHHS: BPIBHOB)XCHHs CHJI iHepwLil, 1[0 MPUKIAJCHI B LICHTPaxX Mac
PYXOMHX JIaHOK, Ta BPIBHOB@)XEHHS HPHBEICHOTrO 10 OCi 0OEpTaHHs MPUBIIHOIO Baja KPYTHOTO
MOMEHTY, 1110 BUHHKA€ Bif ii cui inepuii. [Ipu npoMy BH3HAYEHO BCi KIHEMATHYHI XapaKTEPHCTUKH
(hbopMyBasbHHX BI3KiB yCTAHOBKH, 3alIMCAHO (YHKIII 3MiHH KIHETHYHOI €Heprii KOXKHOI'0 eJIEMEHTa
YCTQHOBKH Ta BCi€i CHCTEMH, CHJI iHEpLii KO)KHOrO eJIeMEHTa YCTAaHOBKH Ta CyMapHOI CHJIM iHepuil,
CyMapHOro MOMEHTY Bix mii cun iHepuil. Ha ocHOBi piBHsHB Jlarpama Apyroro pomy CKIaaeHO
PIBHSHHSI pPyXy YCTAQHOBKM 1 BH3HAUEHO Yy3arajbHEHy CHIYy Ta PYIIHHHH MOMEHT Ha Baily
IPUBITHOrO IBUI'YHA. HeBpiBHOBa)XEHICTh NMPUBIJHOTO MEXaHI3MY OLIHIOETHCS MAKCHMAJIbHHMH 1
CepeHbOKBAIPATHYHUMU 3HAUCHHSIMU CYMapHOi CHJIM 1HEpLii Ta KPyTHOrO CyMapHOTO MOMEHTY Bil
mii cun iHepii, 6e3p0o3MipHUMH Koedilientamu, o BUPAXKAIOTh BiIHOLIEHHS
CepeHbOKBAPATHYHUX 3HAYCHb 3BEICHHUX IO LICHTPY MAC YCTAHOBKH CyMapHOI CHIM iHepuii Ta
CHJT iHepLil, IO JiF0Th Ha KOXXHHMII Bi30K, 1 BITHOIICHHS CEPEAHbOKBAAPATHYHUX 3HAUYCHb MOMEHTY
Bij Aii cuut iHepLil BCbOro MexaHi3My i CKJIaJJOBUX MOMEHTY Bijl il CHJI iHEepLlii OKPEMHX €JIEMEHTIB.
BcTaHOoBIIEHO, 1110 B YCTAHOBIII 3 CHEPreTHYHO BPIBHOBAYKCHUM IIPUBOJOM HaMKpalle BPiBHOBAKCHHS
CHJI iHepii, [0 MPHUKJIAJCHI B IIEHTPAX PYXOMHUX MAacC JIAaHOK, Ta MPHBEACHOr0 0 OCi obOepTaHHs
IPHBIJHOrO Baja KPyTHOrO MOMEHTY, 1[0 BUHUKAE BiJ il CHII iHepLil, CiocTepiraeThes Ipy 3HAYCHHI
Kyra 3mimenns kpupommmiz 120°. OTpuMani pesymbTaTH MOXYTh OYTH y OANbIIOMY
BUKOPUCTAaHI AJIs YTOYHEHHS Ta BJOCKOHAJCHHS ICHYIOUMX IH)XKEGHEPHHX METOMAIB PO3PAaXyHKY
HPUBITHAX MeXaHi3MiB MalluH POJIMKOBOT'O thopmyBaHHS K Ha cramisx
IPOCKTYBAaHHS/KOHCTPYIOBAHHSI, TAK 1 Y PSKHMAaX peabHOl eKCIuTyaTamil.

KarouoBi cioBa: ponrkoBa (GopMyBalibHAa YCTAaHOBKA, NMPUBIJAHUN MeXaHi3M, chiia iHEpLii,
MOMEHT, 3PiBHOBa)KCHHSI.
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Loveikin V.S., Pochka K.I., Prystajlo M.O., Pochka O.B.
DYNAMIC BALANCING OF DRIVE MECHANISM OF ROLLER FORMING
INSTALLATION WITH ENERGY BALANCED DRIVE

In order to increase reliability and durability dynamic balancing of drive mechanism of roller
forming installation with energy balanced drive is considered. When simulating the process of
balancing the drive mechanism, two tasks of dynamic balancing are solved: balancing of inertia
forces applied in cents of masses of movable links, and balancing of torque moment brought to the
axis of rotation of the drive shaft resulting from the action of inertia forces. At the same time all
kinematic characteristics of forming trolleys of the installation are defined, functions of kinetic
energy of each element and the whole system, forces of inertia of each element of the installation
and total force of inertia, total moment from action of inertia forces are recorded. On the basis of
Lagrange equations of the second kind, the equation of the motion of the installation is compiled and
the generalized force and driving moment on the shaft of the drive motor are determined. Unbalance
of drive mechanism is estimated by maximum and standard values of total inertia force and torque
total moment from action of inertia forces, dimensionless coefficients expressing a ratio of the
standard values of the total inertia force and inertia forces reduced to the center of mass of the
apparatus; acting on each trolley, and ratio of standard values of moment from action of inertia
forces of the whole mechanism and components of moment from action of inertia forces of
individual elements. It has been found that in an energetically balanced drive unit, the best balancing
of the inertia forces applied in the centers of mass of the links and the torque brought to the rotation
axis of the drive shaft resulting from the action of the inertia forces is observed at the value of the
displacement angle of the cranks 120°. The received results can be used further for the specification
and improvement existing engineering by method of calculation of driving mechanisms of cars of
roller formation both at design/designing stages and in the modes of real operation.

Keywords: roller forming installation, driving mechanism, inertia force, moment, balancing.

Jlogetixun B.C., Ilouxa K.U., [lpucmaiino H.A., I[louxka O.b.
JUHAMUYECKOE YPABHOBEUINBAHUE ITPUBOJTHOT'O MEXAHU3MA
POJINKOBO ®OPMOBOYHOM YCTAHOBKH! C SHEPTETUYECKHA
YPABHOBEUWIEHHBIM IPUBO1OM

C menbl0  MHOBBINICHHS HAA&KHOCTH M JONMOBEYHOCTH PACCMOTPEHO JMHAMUYECKOE
YPaBHOBEIIMBAHUE NPUBOJHOIO MEXaHU3Ma POJIMKOBOH (DOPMOBOUHON YCTAHOBKH C SHEPreTUUECKU
YPaBHOBCIICHHBIM ITPUBOIOM. le’l MOJCJIIMPOBAHNHU ITpOLECCa YPaBHOBCIIMBAHUA ITPUBOAHOIO
ME€XaHu3Ma PpEIICHO OBE 3aJadyud JUHAMHUYECKOIO YpPaBHOBCUIMBAHHUA: YPaBHOBCIIMBAHHUE CHJI
UHEPLUHXH, ITPHUIOKEHHBIX B IEHTaX MAacC IMOABUXHBIX 3B€HBEB, 1 YPABHOBCIIMBAHUE NMPUBEACHHOTO
K OCH BpallleHHs IPHUBOJHOIO Baja KPYTALIEr0O MOMEHTA, BO3HHMKAIOIIEro OT JCHCTBHUS CHII
uHepLuu. IIpa 3TOM ompenesneHsl BCe KHHEMAaTHYECKHE XapaKTePHCTUKH (OPMOBOUHBIX TEIEKEK
YCTaHOBKH, 3alliMcaHbl DYHKIMH KHHETHYCCKON SHEPriy KaXkKIAOro SJIEMEHTa M BCEH CHCTEMBI, CHJI
UHEPLUHUHU KaXIO0ro 3JIEMEHTA YCTaHOBKHU U CyMMapHOﬁ CHUJIBI MHEPUHH, CYMMApPHOr0O MOMEHTa OT
neiictBus cuil nHepuuu. Ha ocHoBaHum ypaBHeHui Jlarpanika BTOpOro pojia COCTaBJICHO ypaBHEHUE
JBHXXCHHUSA YCTAaHOBKHU U ONIPEIACIICHBI 0606LlLéHHaﬂ cujia u ):lBM)KyLL[Hﬁ MOMCHT Ha Bajly NPUBOJHOI'O
JABHUIaTCIIA. HeypaBHOBeLUCHHOCTb NIPAUBOAHOIO0 ME€XaHHW3Ma OLCHUBACTCI MaKCUMaJlbHBIMU U
CPEeIHEKBAJPATUYECKUMH 3HAYCHUSMH CYMMAapHOW CHMJIbI WHEPLUUM W KPYTSLIETr0 CyMMAapHOro
MOMEHTAa OT JACHCTBUS CHJ HHEPUUH, Oe3pa3MepHBIMH KOI(PPUIHUEHTAMH, BBIPAXKAIOIMMU
OTHOILIEHUE CPEIHEKBAPATUYECKUX 3HAUCHUH NPUBEICHHBIX K LIEHTPY MacC YCTAHOBKU CyMMapHOM
CWJIbl HWHEPUMU HU CHUJII HHEPUHUH, ﬂeﬁCTBymmHX Ha KaxAyr TCICXKKY, H OTHOLICHHUE
CPECAHCKBAAPATHICCKUX 3Haquni71 MOMECHTa OT ZleﬁCTBHﬂ CUJI MHEPLUHUH BCEro MEXaHU3Ma U
COCTaBJIAKOIIUX MOMEHTaA OT ﬂeﬁCTBHﬂ CUJI UHEPUHUHN OTACIBHBIX 3JICMEHTOB. yCTaHOBHeHO, 4TO B
YCTaHOBKE C SHEPre€THYCCKH YPABHOBCUICHHBIM IIPHUBOAOM HAWIIYYIICE YPAaBHOBCIIMBAHUE CHII
UHEPLUHH, NPUTIOKECHHBIX B LICHTPAaX MacC 3B€HBCB, U MPUBCACHHOI0O K OCH Bpalll€HUs ITPHUBOIHOI'O
BaJla KPYTALIECTO MOMEHTA, BOSHUKAIOLIETO OT LleﬁCTBPlﬂ CHJI UHEPLIUH, HaGJ’I}O}laCTCﬂ IIpU 3HAYCHUU
yrma cmemenus kpupommnos 120°. TlonyueHHbIe pe3ylNbTaThi MOIYT ObITh B JalbHEHAIIEM
UCIOJIB30BAHbI JIA YTOYHCHHSA U YCOBCPIICHCTBOBAHHA CYIICCTBYIOIIUX HWHXXCHEPHBIX METOAOM
pacqéra IPUBOIHBIX MEXaHHU3MOB MallruH POIUKOBOro CbOpMOBaHl/lﬂ Kak Ha CTaAusIX
HPOCKTHPOBAHMUS/KOHCTPYHPOBAHHS, TAK U B PSKHMAX PEabHOH dKCITyaTaLHH.

KiroueBble cj10Ba: pOIMKOBast (POPMOBOYHAS YCTAHOBKA, IPUBOIHON MEXaHH3M, CHJIa HHEPLHH,
MOMCECHT, YPaBHOBCIINBAHUE.
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YK 693.546
Jloseiikin B.C., Ilouxka K., Ilpucmaiino M.O., [louka O.5. JluHaMiyHe 3piBHOBaKEHHS
NPUBITHOT0 MeXaHi3My POJIMKOBOT (POPMYBAILHOT YCTAHOBKH 3 €HEPreTHYHO BPiBHOBAKEHUM
npuBoaoM // Omip MaTepiaiB i Teopis cropya: Hayk.-Tex. 30ipH. — 2019. — Bumn. 103. — C. 112-130.
st poaukoeoi  (hopmysanbHOi YCMAHOBKU 3 eHeP2emudHO B8PIGHOBANCEHUM NPUBOOOM
PO32IAHYMO OUHAMIYHe 3DIGHOBAdICEHHs NpugioHo2o mexawnizmy. Hespisnosaoicenicms npugionoeo
MeXaHi3My OYIHIOEMbCA MAKCUMATLHUMU | CepeOHbOK8AOPAMUYHUMU 3HAYEHHAMU CYMAPHOL Cuau
iHepyii ma KpymHo20 CyMapHo2o MomeHmy 6i0 Oii cun inepyii, 6e3posmipnumu Koepiyicumamu, wo
supascaroms GIOHOUEHHs CepeOHbOKEAOPAMUYHUX 3HAUEHb 36e0eHUX 00 YeHmpPY Mac YCMAHOGKU
cymapnoi  cunu  iHepyii ma cun inepyii, wo OilOMb HA KOJCHUL BI30K, 1 BIOHOUWEHHS
CcepeOHbOK8AOPAMUYHUX 3HAYEHb MOMeHmy 6I0 Oii cun iHepyii 8cb020 MeXawizmy I CKIa008ux
Momenmy 6i0 Oii cun inepyii okpemux enemenmis.
Tabu. 1. . 7. Bi6miorp. 17 Ha3s.

UDC 693.546

Loveikin V.S., Pochka K.I., Prystajlo M.O., Pochka O.B. Dynamic balancing of drive mechanism
of roller forming installation with energy balanced drive // Strength of materials and theory of
structure. —2019. — Issue 103. — P. 112-130.

For a roller forming installation with an energetically balanced drive, dynamic balancing of the
drive mechanism is considered. Unbalance of drive mechanism is estimated by maximum and
standard values of total inertia force and torque total moment from action of inertia forces,
Dimensionless coefficients expressing a ratio of the standard values of the total inertia force and
inertia forces reduced to the center of mass of the apparatus; Acting on each trolley, and ratio of
standard values of moment from action of inertia forces of the whole mechanism and components of
moment from action of inertia forces of individual elements.

Tabl. 1. Fig. 7. Ref. 17.

VK 693.546

Jlosetikun B.C., Ilouka K.U., Ipucmaiino H.A., Ilouka O.b. luHaMu4YecKoe ypaBHOBeIIMBAaHHE
NPUBOJAHOTO MeXaHHM3Ma POJIHKOBOH  (GOPMOBOYHON YCTAHOBKH C JHEPreTHYecKH
YPaBHOBEIIEHHBIM NPHBOAOM // CONPOTHBICHHE MATEPUAIIOB U TEOPHUSI COOPYKCHHUIH: Hayd.-TEXH.
coopHuK. —2019. — Bem. 103. — C. 112-130.

Hna ponuxoeoui opmogounoil yCcmamosKu ¢ IHepeemudecKu YPAGHOGCULeHHBIM NPUBOOOM
paccmMompeno OUHAMU4eckoe ypasHosewusanue npusoono2o mexanusma. Heypasnosewennocmo
NPUBOOHO20 MEXAHUIMA OYEHUBACTC MAKCUMATBHLIMU U CPEOHEK8AOPAMUYECKUMY 3HAYEHUAMU
CYMMApHOU CUtbl UHEpYuu U KPYMsuyeeo CYyMMApPHO20 MOMEHMA Om Oelcmeuss Cuil uHepyuu,
6e3pasmepHblMu  KOdpguyuenmamu, — GoIpAdNCAOWUMY  OMHOUIEHUE — CPEOHEK8AOPAMUIECKUX
3HAYEeHUll NPUBEOCHHBIX K YEHMPY MACC YCMAHOSKU CYMMAPHOU CUNbl UHEPYUUu u Cul uHepyuu,
0elicmayIoWux Ha Kaxlcoylo Mmenexicky, u OmHouleHue cpeoHek8aopamuyeckux 3Ha4eHul MOMeHma
om Oelicmeus CUul UHEPYUU 6Ce20 MEXAHUIMA U COCMAGTAIOWUX MOMEHMA Om Oetcmeus Cuil
uHepYUU OMOETLHBIX INEMEHINOB.

Tab6n. 1. Y. 7. bubnuorp. 17 Ha3s.
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3acTocyBaHHs HOBUX 1 €(EKTHBHHX METOIIB, JO SIKMX BiIHOCATHCS BEHBIICT-METOMH, IS
SIKICHOTO aHaJI3y CEHCMIYHHUX peakLiil OyaiBelbHUX CIHOPYA € BUMOIOI0 Yacy. B crarti nocmimpkena
eeKTUBHICTH HOBOTO YHCEJIBHOTO MiIXOMy A0 PO3paxyHKY ceHcMiuHOi peakiii 6araTornoBepxoBoi
KapKkacHOi OyziBii, 3aCHOBAaHOrO Ha Teopil i MeTogax HemiHIMHOI MexaHiku, pyxomoi XBWii Ta
BeliBieT-aHani3y. Jlis celicMiuHOro BIUIMBY IIOJaHa y BUIVIAAI BUIIAJKOBUX peai3awiil IpyuCKOpeHHs
IPYHTY Pi3HOI MarHiTyAu, sSiKi OTPUMaHO 3a JOIOMOrOI0 CTATHCTUYHOrO miaxony Pyisa Ta IlensieHa,
Ta XBHJIBOBOI peakiiii OyaiBii Ha rOPU30HTANIBHE CEiCMiUHE TEepeMillieHHs IPYHTY. 3a JOIOMOI 0
IPOrPaMHOr0 KOMIUIEKCY CKIHYCHHO-EJIEMEHTHOr0 aHami3y Mo0yIoBaHAa MaTeMaTH4Ha MOJEib
HECTalliOHAPHUX CTOXaCTHYHUX KOJMBAaHb OyXiBi y BUIILAL cucTeM Au(epeHLiaJbHUX PIBHSIHb
IPYroro MOpsAKY B Yy3araJbHEHHX KOOpAMHATaX. XBHJIbOBA peakiuis OyaiBii HpeAcTaBicHa y
BUIJIAAI TMONEPEYHHUX 3rHHAJIBHUX XBHUJb B KOJIOHAX, aMIUITyJa SKUX BIiIMOBiajda MarHiTyi
ceificMiuHoro BIUMBY. JlocmifkeHa CTaTHYHA IOBEIiHKA Ta CTIMKICTh KapkacHOl OymiBmi mpu il
HOBEPXHEBOT0 THCKY Ha IUIMTH MEPEKPHUTTS B HENiHiiHII nmocTaHoBLi MeTogoM HeroTona-Padcona.
MopanpHuil aHani3 BUKOHAHO 3a gomoMoron Mmeroxy Jlanmomra. /[uHamidHa moBediHka OymiBii
nociimkeHa MeronoM Pynre-Kyrru werBeproro mopsiaky. BrukonaHo BeiiBner-aHamiz peaiizariit
CeHCMIYHOrO BIUIMBY Ta CEHCMIUYHMX BIATYKIB KapkacHOI OymiBii i3 3aCTOCYBAaHHSIM AMCKPETHHX
oproroHaisHux (JobGemi 4) 1 HemepepBHHX HeopToroHampHuX (Mopie) OJHOBHMIPHHX
KOMIUICKCHHX BeiiBieT-QyHkuii. Bizyamizawuis ceficMidHOro BIUIMBY Ta ceiicMidHOI peaxuil OymiBIi
nogaHa y BHNDIAI BeiiBiner-cektporpam Ta ®Dyp’e-obpasiB. IlinTBepmkeHa IOLiIBHICTH
ypaxyBaHHs IOMEPEYHNX 3rUHAIBHUX PYXOMHX XBHJIb B KOJOHAaX 0araToroBepXOBOI KapKacCHOL
OyniBii mpu focIipKeHH] i1 celicMivHOl moBexiHku. OCOOIMBO L1e CTOCYEThCS KapKacHUX Oy/iBesb
3 OaraTbMa MPONBOTAMH, 0O MIBHAKICTH XBWJIb B KOJIOHAaX Oyae pi3HOI 1 3ajJekaTUMe Bix
301IBIICHHS KIIBKOCTI IIMT IIEPEKPHUTTS, IO CIUPAIOTHCS HA HUX.

KarouoBi cjioBa: BeliBieT-aHai3, kapkacHa Oy/IiBJisl, METOJ] CKIHUCHHUX €JIEMEHTIB, HEMliHiliHa
MeXaHiKa, CeHCMIYHHI BIUIHB, TEOPisS PYXOMUX XBHJIb.

Beryn

[losiBa BeiiBNET-aHAI3Y € OAHIEI0 3 BaXIIMBUX MOMIH, sKi BiAOYyIUCSA B
MaTeMaTHIll B KiHII IBaAIATOro cropiyus. Ha maHuii MOMEHT BeiiBlieT-aHai3
LIUPOKO 3aCTOCOBYETHCS B  JIOCHI/DKEHHSX HECTAI[lOHApPHUX CHTHAIIB,
HEOIHOPITHUX TMOJiB, 300pa)keHb pI3HOI NPHUPOAW, YAaCOBUX PAIIB, JUIS
po3rtizHaBaHHS 00pa3iB i BUpINIEHHs 0araThoX 3aB/aHb B PalOTEXHILI, 3B'A3KY,
CIICKTPOHII, sAACpHiH (¢i3uii, CceHCMOaKyCTHIll, MeTeoposorii, 0ioJorii,
eKOHOMIIl Ta IHmMX objacTsax Hayku 1 TexHiku [1,7]. BeliBner-meronu
YCIIIITHO JTOTIOBHIOIOTH, @ 1HOAI 3[aTHI 1 MOBHICTIO 3aMiHUTH OOpOOKY JaHMX

© Jlyx'sryenko O.0., Bopona F0.B., Kocrina O.B.
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TpaJuLiiHUMK MeTojaMu. BeliBrer-aHaniz € eQeKkTHBHUM iHCTpyMeHTapieM
JUI JIOCTIJDKEHHST PI3HUX 3aKOHOMIPHOCTEH, IO MICTATHCS B CEHCMIYHMX
curHanax. ToMy BaXXJIMBO 3aCTOCOBYBATH HOBI 1 €pEKTHBHI BEHBIICT-METOIH 10
SIKICHOT'O aHAII3y CEMCMIUHHX peakiii OyAiBelnbHUX CIIOPYI.

CraTTsi TpuUCBsiYEHa aHaNi3y €()EeKTUBHOCTI 3aCTOCYBaHHS YHCEIBHOTO
I IX0/1y, 32aCHOBAHOI'0 Ha TeOpii HENiHIHHOT MEeXaHIKH, PyXOMOi XBHJIi, BEUBJIET-
aHayi3y Ta TMpOIEAyp CYYacHMX OOUYHMCIIOBaJbHUX KOMIUIEKCIB [9] mo
PO3paxyHKy CeHCMIiuHOI peakilii 0araTormoBepXOBUX KapKacHHMX Oymisenb. Ha
IyMKy 0araTthbOX JOCTITHHKIB [2-6] B OCHOBY pO3paxyHKIB CIIOpYA Ha
CeMCMOCTIHKICTD ISl HAWOUIBII CECMIYHO HEOE3MEeUHUX CIAOKHUX IPYHTIB, SIK
Mipy iHTEHCUBHOCTI 3eMJIETPYCY, Pa30oM 3 HOPMYBAaHHIM aMILTITY/ IIPHUCKOPEHb
IPYHTY CJiJl BBECTH HOPMYBaHHSI aMIUTITY[ HOro MPY)XHOTO IEpeMilleHHs i
IIBUAKOCTI. B JOCHIKEHHSX CEeWCMIYHOI peakilii BHCOTHOI CHOPYIH Ta
MIPOCTOPOBOI  OJHONOBEPXOBOI KOHCTPYKLii [7,8] mis celcMIYHOrO BIUIMBY
aBTOpaMU II0JlaHa Yy BUIJISI BHIIAJKOBHX peallizalliii MPUCKOPEHb IPYHTY, SIKi
OTPHUMAHO 3a JIOIIOMOTOI0 CTaTHCTHYHOro mizxoxy Pyiza Tta Ilensiena [3], Ta
XBHJIBOBOI peaKilii Criopy/ Ha TOPU30HTAJIbHE CefiCMivHE TepeMillieHHs IPYHTY
srizHo  pexomenpanii  Kypzanoa A.M. [5]. Maremaruuna Mopenb
HECTalliOHAPHUX CTOXaCTUYHUX KOJIMBaHb OYAIBII MOAaHA Y BUIIAJI CHCTEMHU
HE3B’s3aHUX JU(EpeHIiaTbHUX PIBHSAHb JPYroro IMOPSIKY B y3arajdbHEHHX
KOOpJIMHATax 3 0araThbMa CTyNeHsMH BijbHOCTI. CelicMiuHa peakiis KapKacHOI
OymiBJIi OTpUMaHa Y BUMISA/I BUIAIKOBUX peai3alliif mepeMilieHb, MBUAKOCTESH
1 TPUCKOpPEHb 3a JOMOMOTOK METOAY IPSIMOr0 YHUCEIHHOTO IHTErpyBaHHS
Pynre-Kyrtu uerBeproro mopsaky. BukxoHaHo BeiBneT-nepeTBOpEHHS
OTpPUMAaHUX peaii3alili Ha OCHOBI JMCKPETHHX opToroHanbHux (obemri 4) i
HEMepepBHUX HEOpPTOroHanbHUX (Mopie) OJHOBUMIPHMX —KOMIUIEKCHHX
BeliBreT-QpyHKIIA. 3a nomoMorow BelBieT-criektporpaM Ta ®Dyp’e-o0pasis
peaizauiii ceiCMiYHOTO BIUTUBY 1 CEHCMIYHUX peakxiiid OyIiBii MpoaHalizoBaHa
JIOKai3amisl IX MakCUMallbHUX 3Ha4eHb B YaCTOTHO-4acOBOMY IIpoctopi. JlaHa
OLiHKa  e(pEeKTUBHOCTI  ypaxyBaHHS  TOPH30HTAIBHOTO  CEHCMIYHOTO
MEPEMIIIICHHS] TPYHTY y BUIJIAAI MOTEPEYHOI 3TUHAIBHOI XBHJIBOBOI peaKiii
OyIiBIi NIpW TOCIiPKeHH] 11 celicMIvHOT peaxiiii.

1. KoMn’roTepHe Moae1I0BaHHS ceiicMidHOI MOBEXIHKU KapKaCHOI

OyniBJi 3 ypaxyBaHHSIM PyXOMHX XBHJIb

PosrisinyTa 1151’ THIIOBEpXOBa KapKacHa OY/IiBIIs, pO3paXyHKOBa MOJIENb SKOT
noOy/noBaHa 3a JIONOMOTOK  OOYHCIIOBAIFHOTO KOMILIEKCY CKIHYEHHO-
enementHoro aHannizy NASTRAN [9]. Exementn OyiBili BUTOTOBJICHI 3 OCTOHY
kmacy B25 3 MexaHIYHUMH  XapaKTepPUCTUKAMHU: E =30x10’ ITa,
G=12,75x10’Tla, 1 =0,167 Ta y=2,4x10°kr/m’. ITIpyKHi KOIOHM MAaKOTH

KBajJpaTHUH nonepednuii nepepiz 0,4x0,4 M i BUCOTY 3 M Ha KO>)KHOMY ITOBEpCi
OyniBii. HiokHI KiHIII KOJOH HEPIIOro MOBEPXY JKOPCTKO 3aKPIIUICHI y IPYHT.
Ha xonoHu crnimparoThcs KBaJpaTHI IUIMTH po3MipoM 6X6 M i ToBmmHOW0 0,2 M.
BpaxoBaHo xOpcTKe 3’€IHAHHS KOJOH 1 IUTUT MEpeKputTs. Mozenb KOJIOHH
OJTHOT'0 TIOBEPXY MPEICTABIICHA Y BUMIAAI Ha00py 3 10 CTepKHEBUX CKIHUYCHHUX
€JIEMEHTIB 3 IMIiCThMa CTYNEHSMH BUIBHOCTI Yy By3mi. [lnutu momaHi sk
CYKYIIHICTb IIOCKMX YOTHPUKYTHUX CKiHUE€HHHX eneMeHTiB (20x20) 3 mictbma
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CTYNEHSIMH BUTBHOCTI Yy BYy3mi. CKiHYCHHO-CIEMEHTHA MOJENb KapKacHOL
OyniBmi Mictutb 2389 By3miB Ta 2200 exeMeHTiIB.

MateMaTtuuyHa MOIENIb CEHCMIYHHMX KOJMBAaHb KapKacHOi  OymiBii
copmoBaHa Ha ocHOBI nmpuHnuny [lamamOepa-Jlarpamka y BUIIISAI CHCTEMH
HE3B’s3aHUX JU(EepeHIialbHUX PIBHSAHb JPYroro IMOPSJIKY B Yy3arajibHEHUX
KOOpJIMHATAaX 3 OaraTbMa CTYIIEHSIMH BiIBHOCTI

.. . 2 .
ne y,(t) — ysaranbHeHa KOOPAMHATA, @; — BJIACHI YACTOTH KOJMBAHb KapPKaCHOI
Oymisii, & — xoediuieHT nemndipyBanHs, a,,(f) — BHIAAKOBE NPHCKOPECHHS

IPYHTY Ha piBHI (QYyHIAMEHTY, # — KUIBKICTh YTPUMaHHUX B pO3paxyHKax
CTYNEHIB BUILHOCTI OyIiBIIi.
BracHi yacToTH KonuBaHb OYHAiBNi @, BH3HAYEHO 3a JOTMOMOIOI METOAY

Jlannoma, sikuii peanizoBano B komiuiekci NASTRAN, npu po3B’sizanHi 3a1auqi
Ha BiIacHi 3HaueHHs (Modes)

(K- M), =0. @)
Tyr M, K — BigmoBimHO MaTpuli Mac Ta >KOPCTKOCTi KOHCTPYKIii; ¢, —
cHcTeMa BEKTOPiB BIACHUX (DOPM KOJIMBAaHb, SIKA € OPTOrOHAJIBHOIO
—- T —
Q; Mgoi =0, . R
i S (1 # ]). 3)
?; Ko, =0.
VY3araqpHEeHI MAaTpHIli Mac, KOPCTKOCTI 1 JeMI(ipyBaHHsS OOYHCICHI 3a
dbopmynamu
M =®"Md=E =diag(l,1,...,1),
C =@ CO=diag(2e,w,,2¢6,0,,..,26,0,,...,2€,0,)
K =@'K®=diag(®)}, ®3,..,0,...,07) . )
B cucremi (1) mist ceficMiuHOTrO BIUIMBY BpaxoBaHa y BUIIISAII IMOBiIpHiCHOT

MOJENi NPUCKOPEHHsI IPYHTY a,,(¢) Ta peakuii OyaiBii Ha rOPU3OHTAIbHE

celicMiuHe TepeMillleHHs TIPYHTY TicCis TMOYaTKy 3eMIIETpyCy 3TiJHO
pexomenaaniii Kypzanoa A.M. [5]. 3a IONOMOror CTaTUCTUYHOTO ITiIXOIY
Pyiza ta Ilensiena [3] i3 3actocyBanHsM nporpamu Mathcad chopmoBana
MOJIETIb IIPUCKOPEHHS TIPYHTY Y BHIVISAI BUMAJKOBUX peaiizamid, ki
NPUKIIaJIeH] B MICHSAX KpIIUIEHHS KOJOH MEpIIOro IMOBEpXY A0 (yHAAMEHTY
B3JI0BXK OfHi€i oci. 3TiHO JaHOI MOJENi CEHCMIiuHI XBHJII TOIIUPIOIOTHCSA B
3€MHIN KOpI Ta HAIITOBXYIOTHCS Ha aOCOJIOTHO TBEPAY IMOBEPXHIO (,,CKEI0™).
BubipkoBa (QyHKLisST TIPUCKOPEHHS ,,CKeli” € pe3ylbTaTOM MHOXXEHHS
3rIIapKeHoi KBa3ioOBinHOI (yHKLIT Ha BHOIPKOBY (DYHKIIIO, IO TEHEPYETHCS Y
BUTJISIII TIOCTIIIOBHOCTI HE3QJISKHUX TayCIBCBKUX OpJMHAT 3 THMH CaMUMH
cepelHIMHM 3HAa4YeHHsIMHU 1 aucrepcismu. Jlami BoHH QiIBTPYIOTBCS M’SIKHM
IapOM 1 JAOCATaIOTh (PyHIAMEHTY OYIiBITi.

[Tomepeyna 3ruHaIbHA XBHWJIS B KOJOHAX OYIiBJNI 3aJaHa CHHYCOIMOI 3
MaKCHMAaJIBHOIO aMILTITY/IOI0 CEHCMIYHOrO TOPH30HTAIBHOIO TMEpEeMillleHHs
IpYHTY A , 4aCTOTOIO PYXOMOI XBHJI  13aIli3HEHHSIM XBHWJII T B KOJIOHI:
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x(1)=A(t)sind(t - 1), (5)
ne A(f) — aMIUIiTyza TOPH3OHTAIBHOrO IepeMilleHHs IpyHTy, @ =27/T —
qacTota pyxomoi xBuim, I =27/ A(f)/a(t) — Nepiox MOMepedHNX 3rUHAIBHHX

KOJMBaHb KOJNOHH, T=z/V(f) — 3ami3HeHHs pyxomoi xBuii, v(t)=vEI®/m —
UIBUIKICTh XBWII, Z — BEPTUKAIbHA KOOpJAMHATA KOJNOHW, FEI — 3ruHambHa
YKOPCTKICTh KOJIOHH, 71 —IIOTOHHA Maca KOJIOHH 3 YpaXyBaHHsSM OJIHOI YeTBEpTOi
MacH TUTUTH NepeKpUTTs. MakcuManbHi 3Ha4eHHsI PUCKOPEHHSI 1 TOPU30HTAIBHUX
TIepEeMIillIeHb TPYHTY TPHUIHATI 3riIHO peKOMeH Al [S] BiIOBIAHO 10 MarHiTyau
ceficMiunoro BBy M7: a=0,1g=0,981 wc,  A=0,04m; MS: a=0,2,
2=1,962 M/c?, A=0,08 M; M9: a =0,4¢=3,924 />, 4=0,16 m.

[lonepeyni 3ruHaNBHI XBHWJII TPENCTAaBICHI Yy BHUIJIIAL ITOYaTKOBHX
TOPU3OHTANIbHUX BIJAXWJIEHb BiJ| BEPTHKaJl yCiX BY3JiB KOJOH OyaiBii B

HATIPSIMKY JIii CeHCMI4HOrO BIUIMBY, aMIUTITY/ 11 SKHX oGuncaeni npu ¢ = T [5].

B crarri omiHeHO BIUIMB XBWJIBOBOI peakiii KapkacHoi OymiBii Ha
HanpyXeHO-1e()OpMOBAHUI CTaH 1 CTIMKICTh TPHU Jii CTATUYHOI'O PIBHOMIPHO
PO3IIOAIIEHOTO TOCTIHHOTO 1 KOPOTKOYAaCHOTO HABaHTAKEHHS Ha IUTUTH
MIEPEKPHUTTSI.

2. 3acTocyBaHHS MeTOIIB BeliBjeT-aHANIZY NP J0CTiIKeHH]

celicMiYHOro BIUIMBY Ta BiAryKiB kKapkacHoi OyaiB.i

JloBenieHo, 110 MPU JOCHIPKEHHI HECTAI[lOHAPHUX CTOXACTHYHUX CHUTHAIIB
METO/IM BEHBJIET-aHaJII3y MAIOTh IIEpeBary MOPIiBHSHO 3 TPAAUIIIHHIM arlapaToM
HaOmmxeHHs QyHKIiH Ha ocHOBI psniB @yp’e [1], 60 HO3BOJISIOTH aHAII3yBaTH
ix B wacrtoTHO-4acoBoMy mpocropi. B cucremi Mathcad peamizoBani ¢yHKIiT
JIEKOMIIO3MIIIT Ta CHHTE3y CHI'HaJiB Ha OCHOBI J1aJHOrO IUCKPETHOTO BEWBJIET-
neperBoperns (DWT) eiiBnerom JloOemni 4 yerBeproro mopsaxky. BemeHi
3HAYEHHs IIapaMeTpiB a 1 b y BUIVISII CTENEHEBUX (YHKIIIH

oM g o RN AN —m
a=2" b=k-2", wmk—\/gy/( - _ﬁu/(z t—k), ©6)

ne m 1 k — BIANOBIAHO MapaMeTpu MacmTady MO YacTOTi Ta 3CYBY 3a 4acOM
(uimi yucna).
basuc B IMCKPETHOMY IPEICTAaBICHH]I Ma€ BUTIIA

-m/2 —-m
Vo =|d] y/(a t—k). (7)
BeiiBner-koedilieHTH NPsIMOro NepeTBOPeHHs HA0YBaIOTh BUTIISLY
oo
C =S¥ (), 8)

ne S(¢)— BUIIQAKOBA peaizailis CEHCMIYHOTO BIUTHBY.

VY craTTi pe3ynbTaTH BeHBIIET-aHaTI3y CEHCMIYHOTO MMPUCKOPEHHS IPYHTY Ta
CeiCMIYHUX BIATYKIB KapKacHOi OYaiBII TpENCTaBJIEHI y BUIVIS/I BEHBIIET-
CIEKTPOrpaM B TPUBHUMIPHOMY IPOCTOPI 3 JIOKAITI3aIIEI0 SKCTPEMYMIB BEHBIICT-
KoeilieHTiB.
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Pe3ysnpraTi BeiBieT-aHaNI3y CTOXaCTUYHUX CUTHAIIIB MOXYTh OyTH MoziaHi
y Burisagi  @Dyp’e-o0paziB. [lns mporo B craTrTi BUKOHAaHO BeiBIeT-
MEPETBOPEHHSI CUTHAJIB 3a JOIIOMOI'OI0 HENEepPepBHUX HEOPTOrOHAJIBHUX
OJHOBMMIPHUX KOMIUIEKCHUX BeiBieT-QyHKIIH Mopiie, sKi MaroTh BHI

1
W(a,b)z(S(t), Wab(t))zﬁ | Sy (t-b)/a)dr, 9)
ae C,, — HOpMyIOUHii Koe]iIlieHT
w2 1l
C,= | [P (o) |0 do<e, (10)

v (w) — ®yp’e-nieperBopeHHs BeliBiera W(f) .

Bizyauizanist @yp’e-00pa3iB ceiicMiYHOTO BIUIUBY Ta CEHCMIYHHUX BiATYKIB
OyniBii BHKOHaHa B OCSX ,,lIEPiOJ] KOJIWBaHb — BEHBIIET-KOCQIIEHT MPSIMOTO
MIEPEeTBOPEHHS .

3. Heniniiina 3aga4ya cTaTUKH KapKacHOI OyIiBJIi NpH Aii MOBepXHEBOI0

THCKY

Heninitina 3amaua cratuku (Nonlinear Static) OymiBii peaji3oBaHa B
komiiekci NASTRAN y Burisai  CKIHYEHHO-CIEMEHTHOI — alpOKCHMAIIT
NIPUHIMITY MOXJIMBUX IepeMileHs Jlarpamxka, sika po3B’s3aHa 3a JOTOMOTOIO
merony Hbrorona-Padcona [9]. OmiHeHo HanpyxeHO-AepOPMOBaHUI CTaH
OymiBmi Oe3 i 3 ypaXyBaHHSAM XBWJIHOBOI peakilii B KOJOHAX BiJ{ CCHCMIYHOIO
BIUIMBY pi3HOI MarHiTyau (M7, M8, M9) nipu i po3paxyHKOBOTO MOBEPXHEBOTO
tucky ¢ =10 xIla Ta BTparti crilikocTi OyaiBii (B rpaHuuHOMY cTaHi). B tabdm. 1

HaBEJCHO JIHIHHI Ta KYTOBI NepeMillleHHs BY31miB KoioHH Nel B wicisax
KpIIUIEHHS IUIUT EPEKPUTTs OyiBIi mpu 1ii noBepxHeBoro THeky ¢ =10 klla.

TaGmuns 1

[Nepeminienns By3iiB koionu Nel mo BucoTi Oy/IiBIIi Ha piBHI
TUTUT TIEPEKPUTTS TIPH Aii moBepxHeBoro Tucky g =10 klla

TlepemimeHHs 0* M7 M8 M9
B3nosx oci x, mu 0,016;0,003;0,006; 0,53;1,31;1,66; 1,06;2,59;3,32; 2,13;5,19;6,64;
0,004;0,024 1,6;1,34 3,19;2,69 6,38;5,39
BsnoBx oci y, mm 0,016;0,003;0,006; 0,003;0;0,001; 0,003;0;-0,001; 0;0;0,001;
0,004;0,024 0,004;0,01 -0,005;-0,011 0,005;0,011
B3nosx oci z, mm 0,27;0,5;0,67; 0,29;0,47;0,69, 0,3;0,54;0,72; 0,36;0,66;0,84;
0,78;0,84 0,75;0,86 0,83;0,89 0,96;1,04
Kyrose HaBkoo oci x, 107 0,16;0,1;0,13; 0,19;1,15;0,17, 0,19;0,14;0,17, 0,19;0,14;0,17,
3pao 0,064;0,32 0,10;0,39 0,98;0,40 0,11;0,41
Kyrose HaBkoo oci y, 107 -0,16;-0,1;-0,13; 0,07;1,38;-0,13; 0,33;0,25;-0,09; 0,85;0,64;-0,01;
3pao -0,064;-0,32 -0,25;-0,48 -0,22;-0,56 -0,35;-0,72
KyroBe HaBKoIO OCi z, 107 0 0;0;0,08; 0,03;0,08;0,16; 0,05;0,16;0,32;
3pao 0,10;0,13 0,23;0,26 0,46;0,52
0* — 6e3 ypaxyBaHHs XBHJIbOBOI peaKiii

Sk BUAHO 3 TaOMNHII, XBUIILOBA peaKilis Oy/iBIl HA TOPU3OHTAIBHE CEHCMIUHE
TIepeMIIlleHHs] TPYHTY BUKIIMKA€ HECHUMETPUYHICTh Je(OpMYBaHHs KOJOHH, SKa
crioctepiraiack B Hill 0e3 ypaxyBaHHS XBWIbOBOI peakiii (0*). MakcumaibHi
3HAYCHHsI TOPU30HTAIHLHOTO MEPEMIIIICHHS B3JIOBXK OCI X CIIOCTEPITarOThCs Y BY3JIi
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KOJIOHH Ha PiBHI IUIMTH TPETHOTO TIOBEPXY, B3/I0BXK OCEH y Ta z — Ha PiBHI I’ITOTO
noBepxy. KyToBi mepemilieHHs B3JJOBXK OCi z BUHUKAIOTh B KOJIOHI 332 PaXyHOK
ypaxyBaHHS TIOTNEPEYHO! 3TMHAIBHOI XBWJII 1 30UTBIIYIOTHCS 31 30UIBIICHHIM
MArHiTyM CeHCMiuHOro BIUTHBY. IX MaKCHMasbHi 3HAUEHHS CHOCTEPIraloThes y
BY3JIl KOJIOHH HA PiBHI IT’ITOTO TIOBEPXY.
B Tabn. 2 HaBeneHO JiHINMHI Ta KyTOBI NEpeMillleHHs IIEHTPAIbHUX BY3IIB
TUTUT TIEPEKPUTTS T10 BUCOTI OYyAiBIIi TpH Jii moBepxHeBoro TUcKy ¢ =10 kIla.
Tabnur 2
[NepeminieHHs HEHTPAIBHUX BY3JIiB IUIUT MEPEKPUTTS 110 BUCOTI OYAiBII mpH Aii
noBepxHeBoro THUcky ¢ =10 kIla

Tlepemimenns 0* M7 M8 M9
B3nosx oci x, mm 0 0,53;1,3;1,66; 1,06;2,59;3,32; 2,12;5,19;6,64;
1,6;1,35 3,19;2,7 6,38;5,4
B3nosx oci z, mm 10,6;10,7;10,9; 110,6;10,8;11,0; 10,6;10,8;11,0; 10,6;10,9;11,1;
11,0;11,4 11,0;11,4 11,0;11,4 11,1;11,6
Kyroe HaBkosno 0 -0,017;0,013;0,002; |-0,033;-0,025;-0,005; (-0,068;-0,051; 0,009,
oci y, 10°pao 0,004;0,005 0,008;0,011 0,017;0,022
0* — 6e3 ypaxyBaHHs XBHJIbOBOI peaKiii

BunHo, mo XBWIbOBa peakxiliss Oy/iBIli BHUKIMKA€E JiHIHHI TepeMilleHHs
LEHTPAIBHUX BY3JIIB IUIUT NEPEKPUTTS B3[IOBXK OCI X Ta KyTOBI NepeMillleHHs
HaBKoJO oci y. Ha JiHilHI mepeMilleHHs B3[OBX OCI z XBHJIbOBA PEaKIis
BIUIMBAE JIMIIE TNPH CEWCMIYHOMY BIUIMBI MarHiTymoro M9. B Tabm. 2 He
HaBeJIeH] IIepeMillleHHs], 3HAYCHHS IKUX y BCIX BUIMAAKaX JOPIBHIOIOTH HYITIO.

Ha puc. 1 npencrapiieHi KpyUBi HaBaHTAXKEHHs OY/iBIIi TOBEPXHEBUM THCKOM
q=160 xIla 11 UEHTpaJdbHOTrO BYy3Ja IUIMTU II'SITOTO IOBEPXY, B SKOMY
CHOCTEPIraroThCs MaKCMMAJbHI BEPTHUKANBHI TepeMillleHHs (a), Ta BEPXHBOTO
By3i1a kononu Nel (0).

o1 3.3254E.
n P ~
: o 7

0 Pl 1.9604E -
P s rd
ot —
w7 et
. A — ]

=

00091 4 G349E
005

0185 0273 0334 0508 0623 0737 0852 005 0181 0312 0443 0574 0705

I X 0.966
Set'alue SetValue

1: Total Translation, Node 2203 1: T1 Translation. Node 436
(@) ©®)
Puc. 1. KpuBa HaBanTa)xeHHs OyAiBIII IPH Aii TOBEPXHEBOIO THCKY 0€3 ypaxyBaHHs XBHIbOBOT
peakIil: (a) — LeHTPaIbHUIT By30J1 BEPXHBOI IUTHTH, (0) — BEPXHIii BY30J KOJIOHH

Kpurnune (rpaHnyHe) 3HaYE€HHS TOBEPXHEBOTO THCKY JJIsl KapKacHOi Oy/iBii
0e3 ypaxyBaHHS TIOTIEPEYHOT 3TUHAIIBHOI XBIJIL CKJIaJIO
9 =0,966*160=154,66 xI1a. Tlpum po3B’si3aHHI HENIHIHHOI 3a7adi CTATHUKH

(Nonlinear Static) OynmiBmi 3 ypaxyBaHHSAM XBHJIbOBOI peakilii Ha CEHCMIYHUI
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BIUTUB pi3HOi MarHiTyau (M7, M8, M9) orprmaHOo KpUTHYHI (TPaHUYHI ) 3HAYESHHS
MOBEPXHEBOTO THUCKY, SIKi BIJIIOBIJHO JOPiBHIOIOTH 9 =[95,957; 92,255;

88,745] xIla. BaumMo, 1m0 3a paxyHOK ypaxyBaHHS MOINEPEYHO! 3THHAIBHOI
XBHWIIBOBOI peakiii KpuTuyHe (IrpaHUYHE) 3HAUEHHS HAaBAaHTA)KCHHS 3MEHIIIOCH
Ha 43%. Ha puc. 2 npezncraBiieHo ae)opMOBaHUM CTaH KapkacHoi OyaiBii 0e3 13
ypaxyBaHHSIM XBUJIbOBOI peakilii Ha CeHCMIYHMIT BILIMB PI3HOT MarHiTYIH.

©®) (™)

Puc. 2. lepopmoBanuii craH kapkacHoi OyIiBiIi pH Ail HOBEPXHEBOI'0 TUCKY B TPAHHYHOMY
craHi: (a) — 0e3 ypaxyBaHHS XBHIIbOBOI peakiiii, (0), (B), (r) — npu BpaxyBaHHI XBHJIbOBOI peakiiii Ha
celicMiuHuit BIUMB MarHiTynow M7, M8, M9 BianosigHo

B Tabn. 3 HaBeneHO cTaTUYHI XapaKTEePUCTHKH Oy/iBIIi: 3THHAIEHI MOMEHTH
(M), nepepisyroui cunu () Ta MaKCUMaJIbHi MOB3/IOBXHI CHJIM B KosloHax (N) y
MICIIX JKOPCTKOTO 3’€JHAHHS KOJOH 3 (DYHIAMEHTOM IIpH Aii IIOBEPXHEBOTO
tucky ¢ =10 xIla Ta BTpaTi crilikocTi OyaiBii (B TpaHUYHOMY CTaHi).

Tabmuus 3

CraTH4HiI XapaKTepUCTHKU OYIBIII B MiCIIIX 3’ €JHAHHS KOJIOH 3 (DyHIaMEHTOM
HpH J1i1 MOBEPXHEBOTO TUCKY Ha IUIUTH HEPEKPHUTTS

XapakTepuCcTHKU 0 M7
1 2 3 4 1 2 3 4
7.374 7.374 7.374 7.374 18,748 | 18,748 | 7.344 7.344

Srunamenii MomeHT, kM| 5 0 | 47406 | 47,496 | 47.496 1456 | 57,12 | 57,12

145,6
7,656 -7,656 -7,656 7,656 7,687 -7,687 -7,625 7,625
56,41

Tepepisyioua cura, kH 80,761 | -80,761 | -80,761 | 80,761 . 5641 | 5566 | 5566

449,99 | 449.99 449,99 449,99 | 451,05 | 451,05 | 448,97 | 448,97
6952,3 6952,3 69523 | 6952,3 [ 4001,7 | 4001,7 | 39832 | 3983,2

Tlo3noBxHs cuina, kH

M8 M9

30,424 | 30.424 15,063 15,063 | 52.869 | 52.869 | 38,108 | 38.108
255,19 | 255,19 165,19 165,19 | 483,14 | 483,14 | 391,74 | 391,74

3ruHaIbHUNA MOMEHT, kHM

7.883 -7.883 -7.765 7,765 71774 -1.774 | -7.529 7529

Tepepisyioua cuna, kH 5849 | 5849 | 5693 | 5693 | 61,09 | 61,09 | 57,79 | 57,79

452,08 | 452,08 447,92 | 447,92 | 454,16 | 454,16 | 445.84 | 445,84
4169,5 | 4169,5 4131,1 | 4131,1 | 4355,7 | 4355,7 | 4275,8 | 42758

Tlo3noBxHs cuna, kH

0* — 6e3 ypaxyBaHHs XBHJIbOBOT peaKiiii,
** 3 ypaxyBamuam pyxoMmoi xeuii ipu_¢q =10 xIla

**% 5 ypaxyBaHHAM pyXOMOi XBHJIi B DAaHHYHOMY CTaHi

baunmo, 1m0 momepeyHi 3TUHANBHI XBWII B KOJOHAaX BUKJIUKAIOTH
HECHMETPUYHY CTaTUYHY peaklilo Ha Jil0 IOBEPXHEBOTO THCKY. 31
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30LJIBIICHHSAM MATHITYIA CEHCMIYHOTO BIUIMBY OCOOJHBO 301TBIIYIOTHCS
3TUHAJIbHI MOMEHTH BIJHOCHO OCi y.

4. MopanbHuii aHaTI3 KapkacHoI OymiBJi

3a moromororw Merony Jlanmoma (Modes), sSIKUi peaTi3oBaHO B KOMILIEKCI

NASTRAN, BUKOHAaHO MOJAJNBHHIA aHAi3 KapkacHoi OymiBm 0e3 1 3

ypaxyBaHHSM TIOTICPEUHOI 3THMHAIBHOI XBHJII PI3HOI aMIUTITYAM 3TiIHO BUPA3y

(2). 3HaueHHs mepUIUX AECATH

Tabmnus 4 prachnx 4acToT KOJIUBaHb

YacToT BIIaCHUX KOJHBAHb KapKaCHOT OymiBJIi IpEACTaBICHO B Ta0. 4.
OymiBi, I'1p bauumo, 1m0  ypaxyBaHHS

Ne 0* M7 M8 M9 XBWIBOBOI peakiil Maibke He
1 | 0854317 | 0854278 | 0,854162 | 0.853696 :

> s s 2 BIUIMBA€ Ha 3MIHY 3HAa4YeHb BJIac-
2 | 0,854317 | 0,854307 | 0,854279 | 0,854165 Y .
3 | 1,254049 | 1254045 | 1254033 | 1,253984 HHX YacTOT KOJIMBAHb Oy/iBII, aje
4 | 3,320098 | 3,319336 | 3,317953 | 3,307964 PO31ICIIIAE KPaTH1 BJIACH1 YaCTOTHU
5 | 3,320098 | 3319686 | 3318451 | 3,313525 1.2: 4.5: 7. 8). 3i 36iMbIIeHHsIM
6 | 4908278 | 4907590 | 4905529 | 4,897331 a, T )- .
7 | 7,728268 | 7,725592 | 7,717831 | 7,689884 aMIUNTYAd TIONEPEYHOl 3rAHAJIb-
8 | 7,728268 | 7727540 | 7,725360 | 7,716683 HOI XBWJII, KA ITOB’si3aHa 3 Mardi-
9 | 7.864224 | 7,865068 | 7,867489 | 7,876089 - _
10 | 8,075492 | 8,077710 | 8,081637 | 8,095768 TYNOI0 CEHCMIMHOTO BIUINBY, 3Ha
0* — 6e3 ypaxyBaHHs XBHJIbOBOI peaklii OyiBi YCHHA IIEpIIMX CIMOX BJIACHUX

YacTOT KOJWBAaHb OYIiBI 3MeH-
uryrotbes yumre Ha 0,2%, a 3HaYeHHST BOCBMOI 1 JEB’SITOI — 30UIBIIYIOTHCS Ha
0,25%. B Tabin. 5 HaBeneHO MaKCHMaNbHI BiTHOCHI TOPU30HTAJIbHI MEPEMIIICHHS
B HANpsMKy [ii CEeHCMIYHOro BIUTMBY (OCi X) KapKacHOI Oy[iBIi IO BJIACHHX
(hopMax KOITUBaHb.

Bunno, mo OymiBns 3 ypaxyBaHHSM XBWIBOBOI peakiii 3MmiHIoe (opmy
nedopMyBaHHs 10 KpaTHHX YacTOTaX KoJMBaHb. CIIOCTEPITalOThCSl MAKCUMaJIbHI
TOPU30HTAIBHI TepeMillleHHs] OymiBii 1Mo pyriid (3aMmicTe mepiioi), mo I sTiid
(3aMicTh 4eTBepTOl) BiacHUX (popMax KoJIMBaHb. [10 1eB’ATiil Ta JeCATIH BIACHHUX
(hopMax KOJIMBaHb 31 30UTBIIEHHIM aMIUTITYAX MTONEPEYHOT 3TMHAIBHOI XBIIHOBOT
peakimii  OymiBii  CHOCTEpIiraeTbcs  30UIBIICHHSA  3HAYCHHS  BiJHOCHOIO
TOPU30HTAJILHOTO TIepeMillieHHs y 5,2 Ta 7,8 pasiB BiAIOBIIHO.

Tabmuns 5

MaxkcuMaitbHi BiJHOCHI TOPU30HTAIBHI BY3JIOBI EPEMILIICHHS
KapKacHOI Oy/IiBJIi IO BIACHUX ()OpMax KOJNMBAHb

VpaxyBaHHs Homep BiacHOI (popMH KOTMBaHb

XBHJIbOBOI peakii 1 2 3 4 5
0* 0,004711 0,000467 0,00501 0,004102 0,000423
M7 0,000019 0,004734 0,00501 0,000025 0,004134
M8 0,000038 0,004734 0,00501 0,000045 0,004132
M9 0,000076 0,004734 0,00501 0,000084 0,004126

6 7 8 9 10
0* 0,004667 0,004147 0,000136 0,000128 0,000123
M7 0,004678 0,004131 0,000033 0,000238 0,000381
M8 0,004677 0,003726 0,000038 0,000430 0,000601
M9 0,004676 0,003923 0,000048 0,000663 0,000959

0* — 6e3 ypaxyBaHHs XBHJIbOBOI peakilii OyiBi

Sk mpuxiam, Ha pHc. 3 HaBENSHI MEpIIN JecsATh BIACHHX (POpM KOIHBaHb
OymiBIIi 3 ypaXyBaHHSIM XBHJILOBOI PEaKIIii HA CCHCMIYHUIA BIUTMB MarHiTya0r0 M9,
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(Dopfvt 8 Dopma 9 Dopma 10

Puc. 3. Ilepuui gecsath BracHUX (HOPM KONMMBAaHb KapKacHOI OyaiBii
3 ypaxyBaHHSIM XBHJIbOBOI peakiii Ha ceiicMiunuii Brums (M9)

5. JocaigkeHHs celicMiYHUX BiAryKiB KapkacHol OyaiBJIi

HecramionapHi croxacTuuHi KonMBaHHS OymiBii 06e3 1 3 ypaxyBaHHSIM
NONEPeYHUX 3THHAIBHUX XBWIb B KOJNOHAaX MOJAaHI Yy BHITLOL JeciaTd
He3B’s3aHUX  JU(epeHIialbHUX PIBHAHb pyXy JApPYroro IOpSOKy B
y3aranpHeHux koopauHatax (1). Koeodiumienr npemndipyBaHHs mnpuiimMaBcs
piBauM & = 0,02 a5t BCiX BIACHUX YacTOT KOJHMBaHb. 3a JOIIOMOTOIO TPSIMOTO

METOy 4YHCENbHOro iHTerpyBanHs PyHre-KyTra uerBeproro mopsaxy
OTPUMAHO CEHCMiYHI BIATyKM OYIIiBII y BHIJISAI y3arajJbHEHHX IEpeMillleHb,
y3araJibHEHUX IIBHAKOCTEH Ta Yy3arajJbHEHHMX IPHCKOPEHb. MakcHMaibHi
3HAYEHHsl MPHCKOpPEHb, IBHIKOCTEW Ta TepeMillleHb BY3JIB Mojeni OymiBii
B3JIOBX OCi ZIii CeiCMIYHOrO HaBaHTakKeHHs (OCI X) BH3HAUEHI 3 ypaxyBaHHSIM
BiJITIOBITHUX BJIACHUX ()OPM KOJIMBAHb.

3rinno  ¢opmyn (6) - (10) BuKOHAHO BeWBIET-aHANI3 CTOXAaCTUYHHX
peasizauiii ceficMiYHOrO BIUTUBY Ta ceiicMiuHMX BiArykiB Oyniii. Ha puc. 4, sk
NIPUKIIaJ], Tpe/ICTaBIeHa BUIIAJKOBa peaii3allis NpUCKOpeHHs IpyHTy (M7), ii
BEHBJIET-CIEKTpOrpaMa y BUIIAAI IIOBEPXHI ab B TPUBUMIpHOMY IIPOCTOpI 3
JIOKaTi3alier0 eKCTpeMyMiB BeiiBier-koedinieHTiB Ta @Dyp’e-o0pa3 B ocsax
,,[IEP101 KOJIMBaHb — BEWBIIET-KOE(DIIIIEHT ITPSIMOr0 IIEPETBOPEHHS .

e T,=2072¢

Ty=4M4c
Ty=8451¢
Ty=11723 ¢

Ty=0213¢

1 1 1
!
0 300 1000 1300 2000 njat)

(a) © (8)
Puc. 4. Peanizawuis nprcKOpeHHs IPYHTY (a) npu ceiicmiunomy Brutusi (M7), 1i BeiiBier-
criekrporpama (6) Ta @yp’e-06pa3s (B)
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Sk mpuknan, Ha puc. 5 IMpeACTaBlIeHAa MaKCUMajbHA CEHCMIYHA peakilis
(npuckopenHs - (a), (0); WBHUAKICT - (B), (I'); TOPU3OHTAJIbHE TEPEMIIICHHS -
(m), (e)) OymiBii Oe3 ypaxyBaHHS B Hill IONEPEYHHMX 3TUHAJIBHHX XBWJIb Ha
ceiicmiunmii BB (M7), sika crocTepirajiacb y BEpXHbOMY BY3Ji KOJOHH
BIJIMIOBITHO 10 TEPIIiii Ta MOCTii BIacHUX (popMax KOJHUBAHb.

Ty= 1723
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I 1 1 I
300 1000 1500 2000
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Puc. 5. Peakuis BepXxHbOro By3Jia KOJIOHH OyaiBii Ha ceficMiunuii BruiB (M7) 6e3 ypaxyBaHHs
HOMEePEYHNX 3THHAIBHUX XBHIIb: (2), (0) — mpuckopeHHs; (B), (I) — WBUAKICTB; (1), (€) -
rOPU30HTAJIbHE MIEPEMIIEHHS 110 TepIIii Ta oCTii (opMax BIACHHX KOJMBAHb BiIOBIIHO
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Bauumo, mo jgokaiizallis B Yacl IIKIB MaKCHMajbHHUX 3HAUYEHL BEHBIIET-
Koe(illiEHTIB TUHAMIYHUX XapaKTEPUCTHUK BEPXHbOro By3na koioHH Nel mo
MIEPIIii Ta mOCTii hopMax BIACHUX KOJHWBAaHb HE 3aBXKIU 30irarothcs. Tomy B
MeTozi cyneprnos3uuii (opM Uil OTPUMAaHHS CyMapHUX 3Hau€Hb NPUCKOPEHHS,
LIBHIKOCTI Ta TIepeMillleHHs1 Tpeba BpaxoBYBaTH HECIIBIAIiHHS JIOKaJi3amii X
y yaci [8]. B Tabm. 6 HaBenmeHi pe3yabTaTH IWHAMIYHOTO PO3PAXYHKY
KOHCTPYKIIii: MaKCUMaJIbHI 3Ha4eHHs NPUCKOPEHb, MIBUAKOCTEH 1 MepeMilleHb
BEPXHBOI'0 By3JIa KOJIOHH B HANPSMKY Aii CeWCMIYHOT0 BILIUBY (OCi X).

Tabmuia 6
MakcumaibHi AMHAMIYHI XapaKTepUCTHKHA BEPXHBOTO By3ia KoioHu Nel
JInHaMiuHi XapaKTepUCTHKH M7 M8 M9
IpuckopeHHs, m/c? 0,044/0,045 0,089/0,092 0,181/0,187
IIBuzKicTs, M/c 0,004/0,005 | 0,009/0,010 | 0,019/0,021
TlepemileHHs B3IOBXK OCi X, MM 0,607/0,622 1,215/1,245 2,432/2,498

*/** — 6e3/3 ypaXyBaHHSM XBHJIbOBOI peakllii KOHCTPYKIIii Ha celicMiuHMIA BIIMB

CriocTepiraeMo 301JIbIICHHS] TUHAMIYHUX XapaKTePUCTUK By3ja KOJIOHH 3a
paxyHOK 30LIbLIEHHS MAarHiTyAH CEHCMIYHOrO BIUIMBY. AJle ypaxyBaHHs
MONIEPEYHHUX 3TMHAIBHUX XBUJIBOBHX PEAKIiii Majio BIUIMBAE Ha MaKCUMAaJIbHi
3HAYEHHs NPUCKOPEHHS, IIBUAKOCTI 1 mepeMinieHHs B3aoBX oci x (1,24%)
BEPXHBOIO0  By3da KojmoHun. CyMapHe MakCHMalbHE TOPU3OHTAJIbHE
nepeMillleHHs. BEpXHBOTro By3ia KojoHH Nel B3HOBXK [il CEWCMIYHOTO BIUIMBY
(oci x) 3HaYHO 30UIBIIYETHCS 332 PaXyHOK CTATUYHOTO MEpPEeMIIleHHs Bim il
TIOBEPXHEBOT'O TUCKY TP BPaxyBaHHI MONEPEYHOl 3THHAIBHOT XBUITI.

BucHoBok

[Tpu 1ii NOBepXHEBOro THCKY Ha IUIMTU MEPEKPUTTS] KapKacHoi OymiBii 3i
30LJBIICHHSAM MATHITYIM CEHCMIYHOIO BIUIMBY 3MCHIIYETHCS  HECyda
CIPOMOXHICTh KOHCTPYKIii. BpaxyBaHHs moIepeuyHNX 3rHHAIbHUX XBHJIb B
KOJIOHaX 3HAYHO BIUIMBAIOTh HA 3TMHAJIbHI MOMEHTH B MiCISIX KPIIUIEHHS KOJIOH
no ¢yHAaMeHTy 1 BHUKIMKAae HepiBHOMIpHY nedopmarito yciel OymiBii.
MopanbHuid aHaili3 BUSBUB PO3ILIEIUIEHHS KPAaTHUX BJIACHHX YacTOT KOJNUBAaHb
OyniBii Ta BIAMIHHICTH BJAacHHX ()OPM 3a paxyHOK YpaxyBaHHS XBHJIbOBHX
peakuiii B KolOHaX. AHalli3 CeHCMIYHMX peakiiii Kapkackoi OyIiBii Moka3as,
L0 MOJIETIOBAHHS PYXOMHUX XBWIIb B KOJIOHaX MaJlo BIUIMHYJIO Ha JWHAMIYHI
XapaKTEepUCTHKUA KOHCTPYKIIii. BeliBner-aHani3 celCMIYHOTO BIUTUBY 1 pEaKIlii
KapKacHOI OyiBJIi JO3BOJIMB SIKICHO JOCIHITWTH JIOKATI3aIlil0 MaKCHMAaJbHHUX
3HAa4€Hb B YaCTOTHO-Y4AaCOBOMY IPOCTOpi 1 HaJaTW pPEeKOMEHAAlil J0 METOIy
cynepro3uiii  ¢gopm. JloCHiKEHHS [OKa3ajao, IO XBUJIBOBY PEAKIIio
0araTonoBepXOBMX KapKacCHUX Oy/iBenb Ha TOPH3OHTaJbHE ceificMiuHe
NepeMillieHHs TPYHTY CJIiJ] BpaXxOBYBaTH B pO3paxyHKaxX Ha CEHCMIYHUIA BILIHB.
Oco0aMBO 1Ie CTOCYEThCS KapKacHWX OyaiBenb 3 OaratbMa MNpOJIbOTAMHU,
OCKIJIbKM IIBUJKICTh XBHJIb B KOJOHAaxX Oy/ne pi3HOI 1 3ajexartume Bij
301IBIIEHHS KiIBKOCTI IUTUT IIEPEKPUTTS, 110 CIIUPAIOTHCS Ha HUX.
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Lukianchenko O.O., Vorona Yu.V., Kostina O.V.
WAVELET ANALYSIS OF SEISMIC WAVE RESPONSE OF FRAMED BUILDING

The application of new and effective wavelet methods to the analysis of seismic responses of
structures is a time-consuming task. The article investigates the effectiveness of a new numerical
approach to calculating the seismic response of a multi-storey frame building. The approach is based
on the theory and methods of nonlinear mechanics, method of traveling wave and wavelet analysis.
Seismic loads are represented as random realizations of accelerations of soil with different
magnitudes, obtained by the statistical model of Ruiz and Penzien. Another component of seismic
loads is the wave response of the building to horizontal seismic movement of the ground. A
mathematical model of non-stationary stochastic oscillations of a building has the form of a system
of second-order differential equations in generalized coordinates. The model is constructed with the
use of a finite element method. The wave response of the building is represented by transverse
bending waves in columns whose amplitude corresponded to the magnitude of the seismic action.
The static behavior and stability of the framed building under the action of surface pressure on the
floor slabs were investigated in nonlinear formulation by the Newton-Rafson method. The modal
analysis of the building was performed using the Lanzos method. The dynamic behavior of the
building was investigated using the fourth-order Runge-Kutta method. The wavelet analysis of
realizations of seismic impact and seismic reactions of a framed building was performed with the
use of discrete orthogonal (Daubechies 4) and continuous non-orthogonal (Morlet) one-dimensional
complex wavelet functions. Visualization of the seismic impact and seismic response of the building
is presented in the form of wavelet spectrograms and Fourier images. The expediency of taking into
account the transverse bending waves in the columns of a multi-storey frame building when
studying its seismic behavior is confirmed. This is especially true for frame buildings with many
spans because of the dependency of the wave speed in the columns on the number of floor slabs
resting on them.

Keywords: wavelet analysis, framed building, finite element method, nonlinear mechanics,
seismic load, traveling wave theory.

Jlykosnuenxo O.A., Bopona FO.B., Kocmuna E.B.
BEMBJIET-AHAJIN3 CEICMHYECKO# BOJIHOBOI PEAKIIMA KAPKACHOI'O
3AHUS

IIpuMmeHeHre HOBBIX U 3()(EKTHBHBIX METOMOB, K KOTOPHIM OTHOCSTCS BEHBICT-METOIBI, IS
aHaliM3a CEHCMMUYECKUX PEaKLMi CTPOUTEIBbHBIX COOPY)KEHHH sBIIseTCs TpeOOBaHHMEM BpeMeHH. B
cTaThe HCCIeAOBaHAa 3(P(EKTHBHOCTH HOBOIO YHCICHHOIO IOAXOAA K pAacueTy CedCMHYECKOil
peaKLMU MHOTO3Ta)KHOTO KapKacHOrO 3/aHHs, OCHOBAHHOIO HAa TEOPHMM M METOJaX HEIMHEHHOMH
MEXaHHKH, Oeryiieil BoJHbI U BelBieT-aHanmm3a. CeficMiuueckoe BO3/IelCTBHE TPEACTABICHO B BUIC
CllydallHbIX pealM3aluii yCKOPEHHs I'pYHTa pa3jIM4HOM MarHUTY[bl, MOJYYEHHBIX C IOMOILBIO
cratucTHyeckoro noaxona Pyusa m IleH3uena, U BOJIHOBOH peakiuy 3JaHHsS Ha TOPHU30HTAIBHOE
ceiicMuueckoe rnepemenieHus TpyHTa. C  IOMOLIbIO IPOrpaMMHOTO KOMIUIEKCA KOHEYHO-
UIEMEHTHOTO aHajM3a IIOCTPOCHA MAaTEeMaTH4YecKash MOJeNlb HECTALlMOHAPHBIX CTOXAaCTUYECKUX
KonebaHui 30aHMs B BUAe cHCTeMbl AWGQepeHIHanbHbIX YpaBHEHHH BTOPOro IOpsaka B
0000IIeHHBIX KOOpAMHATaX. BonHOBas peakuus 30aHUsS HPEJCTaBICHA B BHIAC IONEPEYHBIX
l/l3l"l/16éllOU.Ll/lX BOJIH B KOJIOHHAX, aMIJIUTyJla KOTOPbIX COOTBETCTBOBAJIa MarHuTyae Cel:lCMM'-{eCKOFO
Bo3JeiicTBUs. MccnenoBaHo CTaTHYECKOE IMOBEAECHHE M YCTOMUMBOCTh KapKacHOro 3JaHMs IpU
LleﬁCTBPlPl ITOBEPXHOCTHOI'O AABJICHUS Ha IJIMTHI IEPEKPBITHS B Heﬂ“HeﬁHOﬁ ITOCTAHOBKE METOAOM
Helotona-Padcona. MopanbHplii aHamu3 37aHUsl BBITOJHEH € HOMOLIbI0 Merona Jlamorna.
JluHaMHU4ecKoe IOBEIEHUE 3JaHUsl MCCIeNoBaHO MeTonoM PyHre-KyTTbl yerBeproro mnopsuka.
BeirnosiHeH BeiBieT-aHAIM3 pealn3aluuil ceHCMUYEecKOro BO3JIEHCTBUA M CEHCMUYECKUX pPEeaKLuii
KapKacHOro 3JlaHusl C IPUMEHEHHEM JMCKPETHBIX OpTOroHayibHbIX (obemn 4) u HenpepbIBHBIX
HeopToroHadbHEIX (Mopiie) OXHOMEpPHBIX KOMILJICKCHBIX BeiiBiaeT-GyHKumid. Busyammsamus
CeHCMUYECKOro BO3AEHCTBUS M CEHCMHUYECKON pPEeakLUM 3[aHus NPEACTaBleHa B BHJE BEHBIET-
cniektporpaMM U @Dypbe-06pa3oB. IloaTBepxkaeHa 1LEIECO0OPa3HOCTh ydYera MOMEPEYHBIX
M3ru0aroIMX BOJIH B KOJOHHAX MHOTOITXHOIO KapKaCHOIO 3[aHMS IPH MCCICHOBAHHU €ro
ceficMuueckoro noseneHuss. OCOOEHHO ITO KacaeTcsl KapKacHBIX 3[JaHHH CO MHOTHMH HPOJIETaMH,
MOTOMY YTO CKOPOCTb BOJIH B KOJIOHHAX OYJET pa3HOi U 3aBUCETh OT YBEJIUYCHHSI KOJINYESCTBA TUIUT
NEPEKPBITHSA, ONMUPAOIIUXCA HAa HUX.

KiroueBble cjioBa: BelBiIET-aHAIN3, KAapKaCHOE 31aHME, METOJl KOHEYHBIX 3JIEMEHTOB,
HEJIMHCHHAsl MeXaHHKa, CelicMUuecKoe Bo3eiicTBre, Teoprs Geryeil BOIHBL.
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PO3PAXYHOK BPOHECTIMKOCTI METAJIEBUX
BATATOIIAPOBUX BPOHBOBAHUX CTPYKTYP 3A
JOIIOMOTI'OI0O METOY CKIHHEHHUX EJIEMEHTIB

N1.C. Bayuin',

KaHJ[. TEXH. HAYK, CTAPILIHH HAYKOBHH CIIBPOOITHHK'
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Xapxie, 61001
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B TO# 4ac, KOJIM MOT'YTHICTh Cy4acHHX 3aCO0IB KIHETHYHOIO YPaXKCHHs IMOCTIHHO 3pOCTae,
TpaJuLiiHI MeTanypriiiHi i MaTepiago3HaByi MIX0MH 10 BUPOOHUIITBA TOMOTCHHOr0 (OAHOPIAHOrO)
JIICTOBOT'O MPOKATy 3 OPOHBOBUX CTaJICH BXKE HE B 3M03i 3a0€3M1EUMTH BHCOKY JTHHAMIUHY CTIHKICTh
6e3 3HAYHOrO 30INBIICHHS TOBIMMHH OpOHI i, BIANOBIAHO, MacH OPOHE3aXHUCHOI CTPYKTYpH B
mizoMmy. OIHUM 3 HAanpsMKIB BUpILICHHsS i€l MPOOIEMH MOXUIIMBO 33 PaxyHOK BHKOPHCTAaHHS
GararomiapoBux MeTajieBUX KOMIo3uTiB. OG’€JHaHHSA Yy KOMIIO3MTI WIapiB BHCOKOTBepioi (aie
KpuxKoi) i M’skoi (ane B’s3koi) crajell 3abe3ledye KOMIO3HTAM TaKe MOEAHAHHS TBEPAOCTI 1
B’SI3KOCTI, SIKE HEMOXKJIMBO JOCATTH 3a TPAAULIMHUMH METOJAMHU BHMIOTOBJICHHS TI'OMOIEHHHX
OpOHBOBHX CTaseil (BIACTUBICT EMEPIPKEHTHOCTI).

B mawiii po60OTi pO3rISIHYTO MPOLIEC B3a€EMOii BHCOKOIIBH/KICHOTO BPaXKal04uoro CIeMEHTY 3
3aXHCHUMHU 0araToIiapoBUMH OpOHBOBAHHMH IIEPELIKOJIAMHM, SKi CTBOPCHI IULIXOM 3BapIOBaHHSI
IIapiB KOMIO3HUTY Y TBepAiil da3i (6e3 po3ruiaBieHHs) 3a BakyyMHO-1e(GopMaLiiiHO0 METOIUKOIO.

JlociikeHO MeXaHi3M BHKOPHCTaHHS METOAY CKIHYGHHHX €JIEMEHTIB Ul PO3paxyHKY
OpoHeCTIMKOCTI 3aXHCHUX Iepelukon. Bubpani Ta o6rpyHTOBaHI BHXiIHI AaHHI Uit iMiTauiiiHoro
MojeoBaHHs. Jlyist MofemoBaHHs (i3NYHUX SBHILL, 10 BiIOYBAIOTHCS Y BPOXKAIOUOMY €IEMEHTI Ta
Hepelikoi, TakuxX sK JgedopMalifiHe i MBHUAKICHE 3MILHEHHs, TEMIIEpaTypHE 3HEMIillHEHHS,
pyHHYBaHHS 1 T.i., BAKOPUCTOBYBAJIMCh MOJEII MOBEAIHKHA MaTepialiB, sKi, B 3arajJbHOMY BHIIQJKY,
CKJIQJIAIOThCS 3 TPhOX OCHOBHHMX €JICMEHTIB: piBHSAHHsA craHy (equation of state), momeni
wiactuyHocTi (plasticity model) i Mmoxeni pyiinyBanus (damage model).

OTpuMaHi pe3yibTaTH PO3paxyHKy OpOHECTIMKOCTI JBOIIAPOBOI OPOHEIIACTHHM HACTYIHOI
CTpYKTYpH: nepumii map (GppoHTanpHUiT) — IHCTpYMEHTaIbHA Byrienesa craiab 3 TBepaictio HRC
60 oOMHMIb TOBIIMHOK 6 MM, Apyruil (TuiabHui) — cramb 3 TBepaictio HRC 40 ommHuus
TOBLIMHOI 4 MM IPH BIUIMBI yAapy BHCOKOIIBHAKICHOIO BPAXKAIOYOro eleMeHTy. Po3risiHyTo
BIUIMB OCOOJIMBOCTEH TEXHOJIOTil 3’€HAHHs LIapiB Ha IOBEMIHKY IIBHAKOCTI LIEHTPY Mac i JHa
BPa)Kaluoro eJIEMEHTY Ta pO3MOALLY eKBIBaJCHTHOro HanpyxeHHs no Mizecy. Ilopanbiui
JIOCTIZKECHHS TI0B’s3aHi 3 OTPHMaHHIM 3aJIeKHOCTI OpoHecTiiikocTi GaraTomapoBux OpOHeIacTuH
Bil 1X 3araJibHOI TOBIUMHI Ta CTPYKTYypH (CKJIaAy Ta CIIBBIIHOIIGHHsS MIApiB), IMO JO3BOJUTH
copMyroBaTH peKOMEHAALII U1l BUOOPY 3aXUCHHUX CTPYKTYP.

Karou4oBi ciioBa: Mojiesb, OpPOHECTIHKICTh, BUCOKOIIBH/IKICHUM BpaXKarouMii €IEMEHT, 3aXHCHa
GararoliapoBa MepeKo/a, 3BapoBaHHs y TBEepAil ¢asi, neopmartis.
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IMocTanoBka mnpodsemu. Po3poOka epeKTHBHHUX 3ac00iB 3aXHCTy €
CKJIaJIHOIO 33/1a4€l0, sIKa BPaxXOBYE BEIIMKE YMCIIO TAKTHKO-TEXHIYHHX BHUMOT i
YMHHHKIB, IO BIUIMBAIOTh Ha OOWOBY e€(DEeKTHBHICTH, 1 SIKi Cynepedyarb OJUH
OIHOMY. BiICyTHICTh Ha CHOTOHIIIHIHN JeHb CHCTEMATU30BAHUX PEKOMEHIAITIH
mono  OOIpYHTYBaHHS  3aCTOCYBaHHS  MaTepiaiiB Uil  BHTOTOBJICHHS
OpOHEENEMEHTIB He JI03BOJISIIOTh BUPILITYBATH 110 POOJIEMY B IOBHOMY 00CSI3i.

Tpamuuiiini MeTamypriiiHi 1 MaTtepialo3HaBul MiAXOIN 10 BUPOOHHUIITBA
TOMOT'€HHOT'0 (OTHOPIHOT0) JINCTOBOTO MPOKATY 3 OPOHBOBUX CTaJlel MPAKTHIHO
BUYEpIATN CBOI MOXJIMBOCTI. B TOW uac, KOJIM MOTYTHICTh Cy4acHHX 3aco0iB
KIHETUYHOTO Ypa)KeHHsI TOCTIHHO 3pocTae, Ii IMiIXOAM BXe HE B 3MO3i
3a0€3MEUUTH BUCOKY AMHAMIUHY CTIHKICTh 0€3 3HAYHOTO 301IBIICHHS TOBIIUHU
OpoHi 1, BiJIIOBIZIHO, Macu OPOHE3aXUCHOI CTPYKTYpH B 1iyioMy. Lle TBepmkeHHs
0azyeThcs Ha ToMy (akTi, o 3a octaHHi 20-30 pOKiB B CBITiI HE 3alPONIOHOBAHO
YKOIHOTO HOBOT'O CKJIay OpOHBOBHX CTaJICH, MPHHIMIIOBO BiJMIHHOTO BiJ| BXKE
BiZIOMHUX, BHACIIJIOK YOT'O 3’SIBUJIACh O MOXJIMBICTh BUTOTOBIISITH CTaJI 31 3HAYHO
BUIIMMH (YHKIIOHAJIBHUMHU XapaKTEPUCTHKAMH TIOPIBHSIHO 3 TPaJHLIiHIMU
TOMOTeHHUMH OpoHecTansimMu. KpiM Toro, cTBOpeHHs: OPOHBOBUX CTajel TOCHTh
BUTpAaTHE ¥ BUMararoTh (haxiBIiB BUCOKOI KBai(ikariii.

OpHUM 3 HamnpsIMKIiB BUpIMIEHHS Mi€i NMpoOJieMH MOXIIMBO 32 PaxyHOK
BUKODHCTAHHSl OararomiapoBux MeralneBux Kkomno3utiB. OO’eiHaHHA Yy
KOMITO3UTI MIapiB BUCOKOTBEP/OI (ajle KPHXKOi) 1 M’gKkoi (ane B’s3k0i) cTaneit
3a0e3redye KOMIIO3UTaM TaKe MOEJHAHHS TBEPIOCTI 1 B’SI3KOCTI, SIKE HEMOMIIHBO
JOCSITTA 32 TPAAMLIMHUMH METOJaMH BUTOTOBJICHHS TOMOTEHHUX OpOHBOBHX
craneil (BiacTuBIiCTh eMep/pkeHTHOcTi). Lle Hamae TakuM KOMITO3MTaM 3HA4YHO
BUIIy OAJTICTUYHY CTIHKICTh y TIOPIBHSHHI 3 TOMOT€HHUMH CTaISIMH.

[epcrieKTHBHUM CIIOCOOOM BHPOOHUIITBA METaJEBUX KOMIIO3UTIB BUSIBUBCS
METOJl BHUI'OTOBJICHHS JIBOLIAPOBOTO JIMCTOBOTO TIIPOKATy 3a JIOMOMOIOIO
3BapIOBAaHHS JIBOX 3arOTOBOK B TPOIECI MPOKATKH, BIIEpIle BUIPOOYBaHUHA B
CIIOA [1]. YV HamioHampHOMY HaykoOBOMY LeHTpi ‘“XapkiBCbkuil (izuko-
TEXHIYHUH 1HCTUTYT’ CTBOpEHAa OpHIiHAJbHA PO3poOKa 3BapIOBAHHSAM IIapiB
KOMITO3UTY y TBepaid ¢a3i (0e3 po3ruiaBiieHHs) 32 BaKyyMHO-Je(OpMaIiiftHO0
METOJIMKOIO, SIKa HE MA€E CBITOBHX aHAJIOTiB.

IHTeHCHBHI  pO3pOOKM OpOHBOBAHHMX CTPYKTYp JJIs  3acO0iB  3aXHUCTy
BUMaraloTb HOBHX METOIB, IO JO3BOJSATH IIPOTHO3YBAaTH OamiCTHYHI
BJIACTUBOCTI MarepiajiiB, BCTAHOBIIOBATH 3B’SI3KM MK CTPYKTYPHUMH (Hi3UKO-
XIMIYHUMH Ta OaJTICTHYHUMH XapaKTEPUCTUKAMU, a TAKOX TPOBOAWUTH JIOKJIA/IHE
sIKICHE TTOPIBHSHHS MaTepialliB, 4ui 0aiCTH4HI XapaKTEPUCTHKU AOCUTH OJIU3bKI.
Ha panmit wac icHyroumii HayKOBO-METOIMYHMI amapaT He JI03BOJSIE 3
JIOCTaTHBOIO €(EKTUBHICTIO OILIHIOBATH MapaMeTpH ICHYIOUMX OaraTollapoBUX
OpoHeeneMeHTiB. ToMy ymOCKOHaJIeHHsS iICHYIOUMX 1 po3poOKa HOBHX METOJIB
OLIIHIOBaHHSI OPOHECTIWKOCTI OaraTolapoBUX OpOHEETIEeMEHTIB, SIKI BPaXOBYIOTh
0COOJIMBOCTI TEXHOJIOTTYHHX MPOIECIB BUTOTOBJICHHS € aKTYaJbHOIO 1 IIPAKTHYHO
3HAYYIIOI HAYKOBOKO 33j1auero. Y 3B’S3Ky 3 LIMM Ha MEpIINi IJIaH BUCYBAETHCS
notpeba B CTBOPEHHI HaJiiHUX, JOCUThH YHIBEPCAIHHUX 1 QJITOPUTMIYHO MPOCTHX
JUTSL peatizallii Ha Cy9acHOi KOMIT IOTEpHOI TEXHII METO/IB PO3PaXyHKY.
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AHaJli3 oCcTaHHIX HocJailKeHb i myOaikaniil. €IMHMX METOMUK, IO
JIO3BOJISIFOTH MPOTHO3YBAaTH OaliCTHYHI BJIIACTHBOCTI MAaTepiajiiB, Ha JaHWW Jac
He c(hOpMyIBOBaHO, TIPOT€ B 1HO3EMHIM 1 BITYM3HSHIA JiTepaTypi
TIPE/ICTaBIICHUH JJOCBI/T OKPEMUX JOCHIJHUKIB [2-4].

Hocnimkenns [5-8] B obmacti koMOiHOBaHUX OpoHeMaTtepialiB BKa3ylOTh Ha
Te, MO iX HAWBAXKIMBINII MEXaHIYHI BJIIACTHBOCTI, TaKi SK MIIHICTh IPHU
pO3TATYBaHHI 1 CTHCHEHHI, TBEpPAICTh 1 3HOCOCTIHKICTh, 3aleXaTh BiJ
XapaKTEPUCTHK MIKPOCTPYKTYpH. Y pobotax [9,10] po3rismanucs 3ai1eKHOCTI
XapaKTepUCTUK OpOHECTPYKTYp 3 BUKOPDHCTaHHSIM KepaMiKd Ha OCHOBI
aIOMiHIIO BiA po3Mmipy Ta (GOpMH IX CTPYKTYpHHX CKJIaJ0oBHX. B mux
JIOCITI/PKEHHSIX PO3TIISAAINCS TUTBKY CTaTH4YHI HaBaHTaxxeHHs. CrMparovnch Ha
BCTaHOBJICHI  3aJI©KHOCTI JUIi  CTaTUYHUX  HABAaHTAXXEHb, JIOCIITHUKH
HAMarajgucs BHUSBUTH 3B’A30K MDK MEXaHIYHMMH 1  OaJiCTHYHUMU
XapaKTepUCTUKaMH MaTepiaiB Ta IPOrHO3YBATH 1X 3MiHH.

Omnak B poborax [11-14] mOCHiTHAKA HAMOJIATAIOTH HA TOMY, IO PEaKIlis
Marepiajly Ha BUCOKOIIBH/IKICHI yZapHI HaBaHTa)KEHHS NIPU OaICTUMHOMY BILTUBI
Ma€ IHIIMH MeXaHi3M, HiK TPH CTATUYHHX HABAHTAKCHHSX, 1 OIIHUTH OajIiCTHYHI
XapaKTepUCTUKHY, OMEPYIOYH BHKIIOYHO JIAHUMH IIPO TMOBEAIHKY Marepiany HpH
CTaTUYHUX HABAaHTAKEHHSX, HEMOXJIMBO, OCOOJMBO KOJIM MOBa ¥ae Tmpo
TIOPIBHSUTbHY XapaKTEPHCTUKY BOX CXOXKHX 32 BIACTUBOCTSAMH MaTepiajliB.

Y 3B’sa3Kky i3 MM Ha MEpHIMA IUIAH BUXOMATH METOAM IMITAIifHOrO
MOJICTTFOBaHHSI, SIKi B Cy4aCHHX YMOBaX PO3BUBAIOTHCS TYy)XK€ JMHAMiuHO. Takum
YMHOM BUHHKA€ 3ajJlauya BUOOPY HAMOIIBII aJeKBaTHOI aHAJITUYHOI MOJIENI JUIst
OITUCY BHMCOKOIIBUJIKICHOIO IIPOIIECY 3iTKHEHHS BPa)XKaloyoro eIeMeHTy 3
MepenIKoaMu, 0COOJIMBO SIKIIO MEPEIIKo/Ia Mae OaraTomapoBy CTpykrypy. s
IUX MOJENel XapakTepHa 0araTOBUMIPHICTh, HETIHIHHICTh 1 HCOIHO3HAYHICTD
XapaKTEePUCTHUK, 0 0O0YMOBITIOE iX HAOIMKEHICTh 1 HEIIOBHOTY.

B omry6inikoBaHux gociipkeHHsIx [15-17] Oyiio BUBYEHO OITip MPOHUKHEHHIO
BpaKarouoro eJIeMEeHTY B INTACTUHY TOMOT€HHOT'O TUITY aJIFOMIiHIEBOTO CILIABY, i
B OUIBIIOCTI 3 HUX BUKOPHUCTOBYIOTHCS CKIHYEHO-€IEMEHTHI MOJEN, SIKi
CKJIaJieH] 3 TUIOCKHX (00OJIOUEYHOro THUITY) CKIHYEHHHX eJIEMEHTiB. Y poOoTi
[17] HaBemeHO MOPIBHAHHA MiXK KOHKPETHUMH TOMOTEHHMMHM aTIOMIHIEBHM 1
CTaJICBUM CIUIaBaMH, a y [ 18] — mopiBHAHHA MK PI3HUMH CIUIaBaMH aJIFOMIHIO.

Y crarri [18] s mnpoBeaeHHS pO3paxyHKIB po3polieHa MOJenb
BpaKarouoro ejaeMeHty s nporpamuoro mpoaykry LS-DYNA. Kpim Toro,
JIOCTIIPKYBaBCs BIUIMB PO3MIPIB CKIHUEHOI'O €JIEMEHTY B CKIHYCHO-CIEMEHTHOT
MoJeri i 3a0e3neYeHHsT OTPUMaHHs Pe3yJIbTaTIB 3 MPUHHATHOI TOYHICTIO i
MiHIMQJIEHUM YacoOM PO3B’sI3aHHS.

VY crarti [19] neranpHO JOCHIIKEHO NPOLEC HOPMAaIBHOTO MPOOHUTTS
MOAOBKEHHUMHU BpPaXKAIOUMMH €IEMEHTAMH TOHKHUX 1 ‘‘HalliBHECKiHYEHHHX
OJHOPIZIHUX TUIACTHH TPH HU3bKUX HIBHAKOCTSAX yaapy. Po3paxyHku npoBezeHi
3a JOIMOMOI'OI0 YHCENBHOI'O JIaTPaH)KEBOIO METOAY, MOAM(DIKOBAHOTO JUIS
PO3B’si3aHHs 0araTOKOHTAKTHUX JMHAMIYHMX 33/1a4 MeXaHIKH JiehOpMOBaHOTO
TBEPJIOro Tia.

Benuka yBara mpuaissutacs i MOJCTIOBaHHIO 0araTOIIAPOBUX MAKETIB IS
nmepemkoa. Y poborax [20-22] po3misHyTi OaratomiapoBi MakeTH, SKi
CKJIaJIal0ThCS 3 IUIOCKMX IUIACTHH THTaHy, aJIOMIHIIO Ta KepaMiKd 3MIiHHOI
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TOBUIMHU. JOCIIDKEHHST BEHCS 3 YpaxyBaHHSM BHCOKOIIBHAKICHOTO BIUIMBY
CTaJeBoOro miBc()epUYHOrO BPaXKAIOUOro eleMeHTy Ha Halip marepiaini. [lpu
TAaKOMY BIUTMBI BPaxOBYBaJIMCs 3MiHA MIIHOCTI MaTepialy, HasBHICTh BEIUKUX
IUIACTUYHUX JedopMaliid, HarpiBaHHs. [Ipu mociiIpkeHHI BpaXOBYBAJHCS
KOHCTPYKTHUBHI OCOOJMBOCTI IUIACTUHH, (DOPMY, T€OMETpPil0 1 BEIHUHHY
LIBHKOCTI BPa)Karoyoro eJieMeHTa.

Y poboti [23] 3ampomonoBana 3-D Meromuka MOJENIOBaHHS IIPOIIECIB
BHCOKOIIBHIKICHOT ~ B3a€MOJil KOMIAKTHHX Bpa)KalOUMX  EIIEMEHTIB 3
IapyBaTUMH MEPEIIKOJaMu, SKi y CBOEMY CKIQAy MalOTh KepamidHi
MIPOKJIA/IKH, ITPY 3ITKHEHHI [0 HOpMaJli 1 ITiJi KyTOM JI0 TIOBEpXHi OCTaHHIX.

OpHaK TpEACTaBICHUM OIJIsi ICHYIOUMX METONIB OIIHKM OaJiCTUYHHX
XapaKTEepPUCTUK PO3TIIsiIae 0araTomIapoBi MepelKkoay K okpemi mapu [20-22],
SKi He 3’€HaHHI ONWMH 3 OJHMM. KpiM TOro, y mpomeci NpOeKTyBaHHs
CJIEMEHTIB OpOHE3aXUCTy MpH BHOOpI HEOOXIMHMX MaTepialiB i iX TOBIIMHU
BHHUKAIOTh TPY/IHOIII, SKi ITOB’s3aHi 3 BIICYTHICTIO iH(GOpMAIli MPO BHECOK Y
3arajJbHU piBeHb CTIHKOCTI KOMOIHOBaHOI IIEPENIKOANM KOXHOTO OKpPEMO
Y3ATOTO IIapy Ta 0COOIIMBOCTEN 1X 3’€JHAHHSI.

Meta cTarTi Ta 3aBAaHHSA JOCTiKeHHs. METOI0 IIbOTO JOCIIKEHHS €
YIOCKOHAJIGHHS  METOAY PO3PaxXyHKy OpOHECTiMiKkocTi  OararomapoBHX
OpOHBOBAHUX CTPYKTYP, SIKi CTBOPEHI IIISIXOM 3BapIOBaHHS IIapiB KOMIIO3UTY Y
TBepAii ¢asi (0e3 po3ruiaBiieHHs) 32 BaKyyMHO-Ie(OpPMaIiifHOI0 METOAUKOIO,
TIPY BIUIMBY BUCOKOILIBHJIKICHOTO BPa)Karoyoro eieMeHTa.

Jlyis mocsiTHeHHsT METH OYJTH ITOCTaBIICH] TaKi 3aBJIaHHS:

— YIIOCKOHAJIUTH METOJ] PO3paxyHKy OpOHeCTiHKOCTi OaraTomapoBux
OpOHBOBAHUX CTPYKTYP, SIKi CTBOPEHI IIUISIXOM 3BapIOBaHHSM ILIapiB KOMIO3UTY
y TBepaiil ¢asi (0e3 po3IUIaBiIeHHs) 32 BAKYYMHO-Ae(hOpMaILli HHOI0 METOIUKOIO;

— chopMyBaTH BUXiHI TaHi IS iIMITAIIIHOrO MOJIEITIOBaHHS;

— IIPOBECTH IMiTalliliHe MOJENIOBaHHs OpoHecTifiKocTi OaraTomapoBux
OpOHBOBAHUX CTPYKTYp NPH BIUIMBI yIapy BHCOKOIIBHIKICHOTO BPa)Kal4oro
€JIEMEHTY.

OcHoBHMII MaTepiaj. BukopucTtanHsa MeToay CKiHYEHHHX eJieMEHTIB
ISl MOAEJNIOBaHHS TMpolecy B3aeEMOAil Bpakal4yoro eJjeMeHrty i
paraTomapoBoi mepemKogd. Y JaHI CTaTTi PO3IJIANAIOTHCS  3aaadi
IMITaI[iTHOr0 MOJIETFOBaHHS MPOIECIB BUCOKOIIBUAKICHOTO yIapy Bpakarouoro
elieMeHTa 10 0araTolmapoBOi MeETaleBOi IMEpelIKodi, [aph sKOi MaroTh
OJTHOPIZIHY CTPYKTYPY Ta CTBOPEHI IUIIXOM 3BapIOBaHHS IIApiB KOMIIO3UTY y
TBepAii ¢asi. [ns BusHaueHHS JeOpMOBAHOTO CTaHy TaKHX IUIACTHH
BUpilllyBajiacs NWHAMiYHA KOHTaKTHA 3a/a4a 3 TPAaHUYHUMHU 1 MOYATKOBUMH
ymoBaMu. [Ipu po3paxyHKy BpaxoBYBaJHCS 3MiHM MII[HOCTI Marepiainy,
HasBHICTh BEJIMKUX IUIACTUYHMX AedopMarii, HarpiBanus. [Ipu mocimimkeHHi
BpPaXOBYBAJIMCS KOHCTPYKTHBHI OCOOJMBOCTI ILIACTHHH, (opma, TeoMeTpis,
BEJIMYMHA, NIBHAKICTh 1 MaTepian BpaKarouoro eJeMeHTa. B 0CHOBY MoKIaieHO
METOJl CKIHYEHHHX eJeMeHTiB. J[JIsl bOro BUKOPHCTOBYBAJIOCS KOMIT IOTEPHE
MIPOEKTYBAaHHS Ta MOJIENIOBAHH 00pa3iB JOCTiKyBaHMX 00’€KTiB Ha 0asi
obuucioBabHUX Joriyanx anroputMiB CAE-momyns ANSYS.



ISSN 2410-2547 149
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 103

Pyx cyminpHOrO cepenoBHINA OMNUCYETHCS 3 BHKOPHCTAHHSIM 3aKOHY
30epeKeHHS] MacH, 3aKOHY 30€peKEHHS IMITYJIbCY, 3aKOHY 30€peKeHHSs eHeprii.
MaremaTuuHa MOJIENb PYXy CYLJIBHOTO CEpPEOBUILA YHCEbHE BUPIIIYETHCS B
ANSYS nuisxoM BUKOPHCTAaHHs SBHOTO IHTETpyBaHHS 3a yacoM. Manwmii 4ac
301JbIICHHS BUKOPHCTOBYEThCS IS 3a0e3leueHHs] CTaOLIBHOCTI 1 TOYHOCTI
PO3B’sI3aHHA.

Jnst marpamkeBux ¢opmyntoBanb B cucreMi ANSYS miinbHICTH B OyIb-
SIKMH MOMEHT MOkKe OyTH BU3HAa4Y€Ha 3 TIOTOYHOro 00’€My 30HHM 1 i1 OUaTKOBOI
Mmacu [20-22]

Py _m (1)
voov

PiBHSHHS B YaCTMHHUX TMOXITHHX, SKi BHPAKalOTh 3aKOH 30epeKCHHS
IMITYJIECY, TIOB’SI3YIOTE NIPHCKOPCHHS i TCH30p HANPYKCHB O :

pi=b_+ 00 sy + oy + 90y |
X

ox ady oz
elo] 00 06
. — b yx yy yZ ; 2
PY=oyt ox " dy " 0z @

JdG
pi=h, + 00y , PO 00z
ox dy 0z

3aKoH 30epeKeHHs eHepTii BUPAKAETHCSI HACTYITHUM YHHOM:

.1 ) . ) ) 26 & 26§
ée= E(Gxxgxx +0,,€,, +0_.€, +20,,€,,+20 €, + szezx) . 3)

Li piBHSHHS BUPILIYIOTHCS B SIBHOMY BHUIJISII JJIsl KOXKHOTO €JIEMEHTa B
MOJIETi, 3aCHOBaHOI Ha BXIJHHMX 3HAYEHHSX B KiHI[l IIONEPEAHHOrO KPOKY 3a
yacoM. Ilpu iHTerpyBaHHI 3aCTOCOBYIOTH METOJ UEHTPAJIbHUX PI3HHIb.
[TpuckopeHHs OLIHIOIOTHCS YIS f

ta =M1 ([F-1F™)), (4)
ne {a;} — BeKTOp TpUCKOpeHHs; [M] — maTpuns Mac; [F;eXt] — BEKTOp

MIPUKIIJIEHUX 30BHIIIHIX CHIL; [F;mt] — BEKTOp BHYTPIIIHIX CHIL.
BekTop BHYTPINIHIX CHJI pO3paxoBYETHCS 32 (POPMYIIO0

it _ 2 IBTGndQ+th 4 feontact ) (5)
Q
ne F'¢ — cuna hourglass-oropy; F™ _ cuna konTakTy;
O;
Gn = )
G; +0,

Je G, — MeXa MII[HOCTi MaTepiany, i — HOMep Iapy; G, =6, +G,; — MexXa
MIIIHOCTI JII CJIEMCHTIB Ha KOPIOHI 3’€JIHAHHS IIapiB, sKa BPaXOBYE
0COOJIMBOCTI TEXHOJOTIi 3BaprOBaHHsA y TBephid ¢asi (0e3 po3IUIaBJICHH:S) 3a
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BaKyyMHO-Ae()OpMAIliffHOI0 METOMUKOK Ta CKIAAA€ThCI 3 MIIHOCTI MiXK
mapamMH G, Ta MeXi MiIIHOCTi 3CYBY O .

[ToTiM 0OYHCITIOIOTHCS IBUAKOCTI 1 IEPEMIIIICHHS:
Virasad = Vieaya b +adA;
{uppnsd =g+ Va2 ) 1@} Ay a3
Aty ng2 = 0.5(A + Aty )
Aty pj2 = 0.5(A8; = Aty pr)-

I'eoMeTpist OHOBITIOETHCS TOMABAHHIM 301IbIIICHD TEPEMIIICHb IO BUX1THOI
reoMeTpii {xg} :

(6)

(Xracd =103+ uppart - (7

Jlis cripouieHHst 0OEpHEHHsI MaTPHILb MOTPIOHO JiaroHallbHa MaTPHIL Mac.
Buxonsguu 3 Toro, mo piBHAHHS CTAalOTh HEMOB’S3aHUMH, TO B MPOrPAMHOMY
naketri ANSYS Bonu BupimytoTscs siBHO. OOepHEHHSI MaTpHIl )KOPCTKOCTI HE
noTpioHO. Bci HemiHiNHOCTI (BKIIIOYAIOYM KOHTAKT) BPaxOBYIOThCS B BEKTOpI
BHYTPIMIHIX CHJI.

Jis MojenroBaHHs (Di3WUHHMX SIBUIL, IIO BiJIOYBAaIOTBCS Y BpaKarouoMy
€JIEMEHTI Ta MEepelIko/i, Takux sK AedopmaliiiHe 1 MIBHIKICHE 3MIIHEHHS,
TeMIlepaTypHe 3HEMIlHeHHS, PYHHYBaHHS 1 T.i., HEOOXiHO BHKOPUCTOBYBATH
MOJICTTi TIOBEJIHKM MaTepialiiB, siKi, B 3arajJbHOMY BHIIQJIKY, CKIIQJAIOThCS 3
TPhOX OCHOBHHUX CJIEMCHTIB: piBHAHHA cTaHy (equation of state), momeni
mwractuuHocTi (plasticity model) i momeni pyitnyBanus (damage model).

PiBHSHHS CTaHy ONKCYe 3aJIeKHICTh HampyKeHb Bix gedopmarii i
BHYTpIIHBOI eHeprii (temmeparypu). BoHo Moxe OyTH 3aJaHO BUXOASYH 3
JIAHUX TIPO TEPMOAWHAMIYHI BJIACTUBOCTI Marepiany. Y OLIbIIOCTI BHIIAJKIB
PIBHSIHHS CTaHy JUIsl pO3PaxyHKIB ()OPMYETHCS Ha MiICTaBi EKCIIEPUMEHTAIBHUX
JIAaHUX, IO € JIHIHHOK alpOKCUMAIiEI0 PeajbHOrO PIBHSHHS CTaHY Ha OCHOBI
pETeNbHO MPOBEJCHUX EKCIEPUMEHTIB 1 SIBIIsiE COOOI0 MHOTOYIECH 3 JIESKOI0
KUJIBKICTIO €MITIPUYHUX KOHCTAHT.

VY Bumagky MaJOCTHCIMBHX MartepianiB, SKHMH € CTali Pi3HUX Mapok,
PIBHSIHHS CTaHy 3aJ1a€ThCsl CITiBBITHOIICHHSM:!

p=Ku, )
ne p — tuck; K — Momynb 00’€MHOI HPYXKHOCTI; L — CTYIiHb CTHCKY
CEepEeNOBHUILA.
K=t p=Po,
31-29) Po
ge E — monmynp mpyxHocTi; 8 — koediuient Ilyaccona; p i py — morouHe i
MMOYaTKOBE 3HAYEHHS [IIIBHOCTI MaTepiay.

CriBBigHomienHs (8) chpaBemMBO sl  TpPYKHOI nedopMmarii  mpu
HEBENUKUX 00 eMHHX aedopMallisax, MCis AKOI HACTYIA€E CTadis IUIaCTUYHOL
nedopmariii. Ha meit wac uis MoIeNmtOBaHHSA Ta JOCHTIHKEHHS IDIACTUYHOL
nedopmariii, 0 crrocTepiraeThest MpU BUCOKOMIBUIKICHUX TPOIEcaX 3ITKHEHHS
Bpa)Kalo4yoro eJIeMEHTY 3 MEPEUIKOI0K HaWOUIbIIe MMOIUPEHHS OTPUMAJIH
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momeni  Kymepa-Caiimonnca (Cowper-Symonds) [24], dxoncona-Kyka
(Johnson-Cook) [25] i 3epimti-Apmcrponra (Zerilli-Armstrong) [26]. 11i momeni
MAroTh TIOPIBHAHO HEBENUKY KIiJBbKICTh KOHCTAHT, IO XapaKTepH3yIOTh
MaTepiaji, i peani3oBaHi B Cy4acHHMX IIaKeTax 4HWCEJIbHOro aHamizy. Y [27]
MIPOBEICHO aHaJi3 HENOJIKIB Ta MepeBar HuX MoAeNed Ta OOIPYHTOBaHO BHOIp
Mmozeni /Ixoncona-Kyka aist iMiTalliifHOro MOJIEITIOBaHHSI.

Mopnens JlxoHcoHa-Kyka [25] mo3Boisie omucyBaTh IWHAMIYHY MEXY
IUIMHHOCTI MeETajiB, IO IMAJAIOThCS BENUKUM JedopMaiisM, BUCOKHM
LIBHAKOCTSIM JieopMaliii i BACOKMM TeMIepaTypam:

0=(A+Be”)(1+Clné*)(l—T:m), )

ne € — IulacTuuHa jaedopmariis; ¢ = ¢/¢, — O6e3po3MipHa MIBHAKICTH
IUIACTUYHOI  AedopMallii, IO BHU3HAYAETHCS SK BIJHOUIEHHS MHTTEBOI
MIBUAKOCTI IIacTH4HOi nedopmanii € 1o if rpaHMYHOro 3HAYSHHS £ [c']; T:
— TOMOJIOTIYHAa Temmeparypa; A — cTaTudHa Mea IUTMHHOCTI; B — momynb
nedopmariifHOro 3MIIHEHHS; N — NOKA3HUK CTYIEHs B 3aKOHI AedopMaliiHoOro
3minHeHHs; C — koeillieHT MBUAKOCTI AeopMalliii; m — MOKa3HUK CTYIEHs B
3aKOHI TEMIIEPATyPHOTO 3HEMIITHCHHS.

Kpim Toro, monens Jxoncona-Kyka nependavae He3aseKHICTh BiJHOCHOTO
BIUIMBY Je(QOpPMAIIHHOIO 3MII[HEHHS, IIBHIKOCTI IUTAaCTUYHOI nedopmarii i
IiIBUIIEHHST TEMIIEPATypH TP BCIX MIBHIKOCTIX 1 TeMIeparypax IUIaCTUYHOL
nedopmarrii.

B sikocti kputepito pyliHyBaHHs Oyna oOpana monenb [xoHcoHa-Kyka Ha
0a3i KyMYJISTUBHOT'O 3aKOHY HAKOITMUEHHS TTOIIKO/PKEHOCTI.

®opmyBaHHSI BUXIZHUX JaHUX /IS MojedwoBaHHs. s imitaniiiHoro
MOJICTIOBaHHSI TIPOLIECY B3a€MOIl BpaKalOUOro EJIEMEHTY 3 IEepeIIKo00
BUKOPHCTOBYBajacsi 3arajlbHa MOJENb KyJli 3 HOMiHalbHOIO Macooo 10T. Ta
[I0YaTKOBOIO MIBUIKICTIO V> = 820 Mm/c.

30BHINIHIA BUIJII Bpakarwodoro eiaeMeHTy [28] Ta il TpboXMipHa MOIEIb
MCJIE MOJEIIOBAHHS 3a JOIMOMOIOI0 CICIiadi30BaHOl MPOrpaMHOI CHCTEMHU
ANSYS wnHaBeneni Ha puc. 1. 30BHINIHA O0OJIOHKa BPa)KalOYoOro eJIEMEHTY
(puc. 1(0)) € cramp, IUIAaKOBaHA TOMITAKOM. Marepian ocepenas —
IHCTpYMEHTaJIbHa ByTJjeleBa craib 3 TBepaicTio HRC He Huxue 60 oguHUIIb.

000 15,000 30000 (mm)
]

7500 2,500

(@) (6)

Puc. 1. 30BHILIHII BUTIISA Bpaxkalodoro eneMeHTy: (a) ¢pororpadis 6) TpuBHMipHa MOAEIb

I[J'Iﬂ MOJCIIOBAHHA IMMOBEPXOHb BPAXKAKOUYOro €JIEMEHTY BUKOPUCTOBYBAJIUCA
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TeTpaeapalibHi i30mapaMeTpuyHi eieMeHTH. Ha puc. 2 HaBeeHa ciTka po30UTTS
Ha CKIHYEHI €JIEeMEHTU IOBEPXOHb BPAXKAIOUOTO EJIEMEHTY. XapaKTePHCTHKU
CITKM HACTYIHi: 000JIOHKa Bpa)Karodoro eyneMeHra (tommak) — 1064 Bysia Ta
680 exeMeHTIB; ocepens Bpaxkatodoro eneMeHTy (cranb 3 TBepaictio HRC He
Hwk4de 60 omuHMIp) — 459 By3miB Ta 360 eneMeHTIB; ocepeas Ta 3ariyliika
(cBunerp) — 1058 By3miB Ta 847 eleMEHTIB.

0 0,015 0,03 {rmj
[ s )
0,0075 0,022

(2) ©6)

Puc. 2. CiTka CKiHUEHHX €JIEMEHTIB [l BPAKAKUYOro eJIEMEHTY:
(a) Buz 3 JtiBa; (0) BUA 3 331y

HacrynHum eranom € mozentoBaHHs nepemkou. [lepenkonoro € miacTuHa
3 IIapyBaToro METAJEBOr0 KOMIIO3UTY MAOBUILHOI TOBIIMHUA (y JaHOMY
nmociimkenHi 10 Mmm). Y ngaHoi poOOTI pO3MIAIAETHCS NBOIIAPOBA CTPYKTYPA,
ajie po3pOoOJICHUH MIXiM TO3BOJISIE AOCITIKYBATH 1 OUIBII CKJIaIHI CTPYKTYpH.
OponTtanbpauii map € meranoM 3 TBepaicTio HRC He menme 60 oguHUIb.
TunpHUE Hap € TakoXX MeTajneBMM (TOMOTEHHMI Martepiai), aje OuIbII
mtactuuHui Ta Mae TBepAict HRC no 40 omunwMIIb.

3’enHaHHS MIApiB KOMIO3UTY MiXK COOOI0 3IIMCHIOIOTH iX 3BApPIOBAHHIM Y
TBepAii ¢azi (0e3 po3ruiaBiieHHs) 32 BaKyyMHO-Ie(OpPMaIiifHOI0 METOAUKOIO,
II0 BHOCHTH JIOJIATKOBI KOPEKTUBU B CTPYKTYPY KOMIIO3UTY 1 BIUIMBa€E Ha
BJIACTHBOCTI KOMIIO3MTa IPOTUCTOSTH yaapy Bpa)Karodyoro eJIeMeHTy Ta
MmogenroBasiocss B ANSYS 3a nmonomororo jgomaBaHHS A0 ICHYIOUOi MOJENi
3B’S3Ky MDXK IIapaMy, SIKMH XapaKTepU3yBaBCs HACTYIIHUMM BEIMYMHAMU: ©,

Meka MIIHOCTI MiX Imapamu, mo gopisrioe 10° MIla Ta G, MekKa MilHOCT

3cyBy — 8,2-10* MITa.

Hns MOJICITFOBAHHS ITOBEPXOHb apis MIEPEITKOIH TaKOX
BHUKOPHCTOBYBAJIMCSl TeTpaenpajbHi i3omapaMmerpuyHi enemeHtd. Ha puc. 3
HaBeJICHA CiTKA CKIHYEHHMX CJICMEHTIB I 0araTomapoBoi IepPEeIIKOIH.

CiTKa CKiHYCHHUX €JIEMCHTIB IUIACTHHHU MAa€ 3TYIICHHS B 00J1aCTi 31TKHECHHS.
XapakTepHuii po3Mip ereMeHTa B wionmHi miactuau € 0,33 mM. KinbkicTh
IIapiB €JIEMEHTIB CITKH 3aJISKUTh SK BiJ 3aaHOT TOBIIUHI MEPENIKOl B3arali,
Tak 1 Bil KUIBKOCTI Ta TOBIIMHHM KOXXHOro miapy. Hampukian, aBomapoBa
CTpyKTypa Oyae MaTH JBAALSATH IIapiB EJIEMEHTIB IO TOBHIUHI. Po3Mmip
€JIEMEHTIB  30UIbIIYETHCS B Mipy BUIJaJeHHs Bil 30HM  3ITKHEHHS.
XapaKTepHUCTHKH CITKU nepemkoan — 61504 By3na ta 55815 enemMeHTIB.

Bpakaroumii eIEeMEHT CTHUKA€ThCS 3  0araTomapoBOi  MEPEIIKOIO0
MepHEeHANKYSPHO A0 OcCi MepeTuHy Iepemkos 3i mBuikictio V= 820 m/c.
[epermikonor0 € aBOmMApoBa OpPOHEIUIACTHHA HACTYIHOI CTPYKTYPH: MEPIIAM

zs



ISSN 2410-2547 153
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 103

map (ppoHTaNbHMIA) — IHCTpYMEHTaJIbHA ByTJelneBa cTaib 3 TBepaictio HRC nHe
MeHnie 60 OMUHUIL TOBIIMHOIO 6 MM, IPpYIHid (THJIBHHI) — CTaJb 3 TBEPIICTIO
HRC no 40 onunumps ToBmuHO 4 MM. CxeMa iX B3aeMozii HaBeJeHa Ha puc. 4.

000 20,00 40,00 (mim) 0,00 20,00 40,00imrm)
[ E— ESSSS—"

10,00 30,00 10,00 30,00
(@) (6)

Puc. 3. CiTka CKIHYCHHHUX CJIEMEHTIB sl 0araToLIapOBOi MEPELIKOIN:
(a) Bupx 3 mepeny; (0) Bux 3 niBa

0,000 30,000 (mm)

g

[ I S
7,500 22,500

Puc. 4. Cxema B3aeMo/iii BpaKaroyoro eJIEMEHTY 3 MEPEIIKOI00

BpaxoByroun Te, IO B3a€MOJis BPa)KArOYoro EJIEMEHTY Ta MHEepelIKOau
3TiHO 31 cxeMoto (puc. 4) B MOYATKOBUI MOMEHT 4acy BiJOyBa€eThCs MiJl KyTOM
90° B BOX IUIOMIMHAX OJHOYACHO, MOJENb MOOYAOBaHA Ui ONHiel 4BepTi
MEPEeNIKOAN Ta Bpa)karouoro ejaemeHty. [lpu npomy Oynu 3amaHi BiANOBiAHI
OOMEXeHHS, SIKi BKa3yloThb Ha CHMETPHYHICTh PO3B’sI3yBaHOI 3aladi B JBOX
IJIONMHAX. Bpaskarouwii eixeMeHT NIpu 1OMY OYJIO PO3TALIOBAHO HA MOYATKY
MOJICTTIOBaHHS BIPHUTYN 3 IIEPELIKOJOI0 B TOulli ouikyBaHOi B3aemomii. Yac
MOJICITIOBAHHS BiJl MOYAaTKy 3ITKHEHHS BPa)KalOUuoro eJIeMEHTY 3 IMEePEeIIKOI00
nopisrioBas 10 c.

Pe3yabTaTH  MOJeNIOBAaHHSI  HANPY:KeHO-1e()OPMOBAHOTO  CTaHYy
0araTomapoBHX OPOHBOBAHMX CTPYKTYP NIpPH BIUIMBI yIapy Bpaska4oro
eJeMeHTy.  Pe3ympTaT  CKiHUCHO-CJIEMEHTHOTO  MOJENIOBAHHI 3
BUKOpHUCTaHHAM Mogeni J[xoncona-Kyka nokaszann HactynHe. [Ipu 3iTKHEHH]
BPAXalouoro eIeMEeHTY 3 0araToapoBOI0 MEPENIKOIOI0 MTOYNHAETHCS IPOLeC
nehOpMyBaHH SIK CAMOT0 BPa)kalouoro eNeMEeHTY, TaK i IUTaCTHHY.

YacoBa IuHAMiKa PO3BHUTKY IIPOLECY B3a€EMOii Bpa)kalouoro ejeMeHTa 3
HepenKoao0 HaBefeHa Ha puc. 5. TpuBamicte T 3a3HaueHa IS KOXHOTO
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KaJpy B MIKPOCEKyHJaX — II¢ IHTEpBal dYacy BiJl MOMEHTY CTHKAHHS
BPaXal04yoro eJIEMEHTY 3 mepemkonoo (7 =0 c¢) 1o KoMII'IoTepHOI (ikcarii
HEBHOTO eTaIly IPOOUTTSI.

T=1-107 T=210"

-5

T=3-10 T=410" ¢ 7=510"

r=1-10"

Puc. 5. YacoBa AuHaMika MpOOMTTS NEPELIKOLH BPAXKAIOUHM €JIEMEHTOM

ITpu 3iTKHEHHI Bpa)kalOuoro €IEeMEHTY 3 IEpPElIKOI0I0 B MOMEHT TOPKAHHS
HOYMHAETHCS TPOLeC Ae(OpMYBaHH MEPIIOTo APy ITACTUHY | HAPOCTAHHS Yy
BCIX KOMIIOHEHTax HampyxeHHs Ta aedopmauiil. [Iporec mpodbutrs mepuioro
mapy mnepemkoan tpuae 10 30-i mxc. IIporsrom Iporo uacy BinOyBaeTbcs
nedopmariist Bpa)xarodoro eeMeHTy i MaJiHHg HOro MBHIKOCTI (B TOUI LEHTPY
Mac) 10 85%. 3anexHiCTh MBUIKOCTI HEHTPY Mac (MicClle LIEHTPY Mac IOKa3aHo
3€JICHUM KBAJIpATOM Ha PHC. 5 ) Bpa)Karoyoro eIEMEHTY IIpUBEEHAa Ha pUC. 6.
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Puc. 6. 3aeXHICTh WBHUIKOCTI LIGHTPY Mac BPaXKaruoro eJIeMEHTY BijJ yacy

Ha pwuc. 7 HaBeJICHO 3aJCKHICTh IIBHUAKOCTI IIEHTpA JHA BPaXKarOuoro
eleMeHTy (Miclle LEeHTpY JHAa BPa)Karouoro eJeMEeHTY IOKa3aHo Ha pHcC. 5
YEPBOHUM KOJIOM) Bix wacy. 3 maHoro rpadika BUAHO, IO IMATiHHS IIBHIKOCTI
JaHOT TOYKHM Bpa)karouoro eneMeHTy 1o 30-1 MKC Ha BiIMiHY BiJ HIBUAKOCTI
TOYKH Mac BimOyBaeTbcsi HesHauHe, a0 740 m/c. lle MOSCHIOETBCS THM, IO
BimOyBaeThcst nedopmaliis BpaXkalouoro €JIeMEeHTy, 1 TOYKa [Ha, MPAaKTUYHO
30epiralouy CBOIO MIBUAKICTb, 30JMXKYETHCS 3 LEHTPOM MAac BpaXkarouoro
enementy. Jlam BimOyBaeThcs B3aeMOIisA JaHOI TOYKA 3 TIEPEHIKOIO0 1
LIBHKICTh MIOYMHAE PI3KO 3HIKYBATHCS IO HYJIS.
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Yac, ¢

Puc. 7. 3aexHICTh MBHUIKOCTI LIEHTPA JHA BPAXKAKOUOr0 SJIEMEHTY BiJl yacy

30Ha NPOOUTTS i BUILIECKY MaTepiany HaOyBae ¢opmy koma. 3 30-i go 40-i
MKC Bi/IOYBa€ThCSI IIPOHUKHEHHA B Npyrii map. Jami go 70 Mkc cnocrepiraeTbest
MIPOLIEC PO3PHBY 3B’S3KIB MIXK IIapaMH B 00JIacTi ynapy, MPOrMHAHHS IUIACTHHU
1m0 0,56 MM 1 (opMyBaHHS BUIMHY Ha TWIBHIH CTOPOHI BETUYMHOKO 1,98 MM,
JedopMartisi Bpaxkarodoro eJIEMEHTY 1 TOBHA HOT0 3yITHHKA.

PosrnsinemMo mili mpomec 3 TOukM 30py Jedopmaiiii 1 HampyXeHb
Bpa)karo4yoro eJIeMEeHTY 1 nepemkonu (puc. 8).
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Puc. 8. Yacoa auHamika po3nofily eKBiBaJICHTHOTO HANpyKeHHs 1o Misecy mpu npoOuTTi
HEPELIKOIH BPAXKAIOUHM EJICMEHTOM

3 IUIMHOM 4Yacy B3a€MOJii BpPaKalYoro eJIeMEeHTy 3 MEPelIKOI0I0
CIIOCTEPIraeThCsl HAPOCTAHHS Y BCIX KOMIIOHCHTAX HANpYyXeHHA Ta aedopMarrii.
3HaueHHs e(EKTUBHOI IUIACTUYHOI AedopMariii Bpakalodoro eJIeMeHTy 3
MIEPEIIKOA0I0 3MiHIOETHCS HEPIBHOMIPHO.
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VY mnouaTtkoBUif MOMEHT 4acy 10 10 MKC 30Ha MaKCHUMaJbHMX 3Ha4Y€Hb
IUIACTUYHUX JeopMamiii 30ocepe/keHa B TOYII 3ITKHEHHS Bpa)kaloduoro
eJIeMEHTY Ta rnepermkoau. [IpuaoMy OCHOBHUH BIUTUB IpHITAZae Ha BpayKaroumid
€JIEMEHT, SIKMI 3a3Ha€ 3HauHOI nedopmariii.

[TocTynoBo mMOYMHAETBCS PYHHYBaHHS MEpIIOrO MIapy IEpPEeKoau
nounHatoud 3 5-of Mkc. Jlo 30-0f MKC crocrepiraeTbcsi HapOCTaHHS
HaNpY)XEHHS B MEpIIOMY IIapi 3 NPOHMKHEHHSM BPa)Karoyoro eIeMeHTY 0
MEX1 BaKyyMHO-IehOopMaIliifHOro 3’enHaHHA. 30HAa €()EKTUBHUX ILIACTUYHUX
nedopmariiid, OJU3BKUX J0 TPAHUYHOTO 3HA4YEeHHS, HaOyBae (GopMy KiJIbIS Ha
MeXI 30HM BUIUIECKY MaTepially Ha JIMIBOBIN YacTuHi nepeukoan. Ilounnatoun
3 40-01 MKC mepIuii TBepAWH MIap NEpelKoAd NPOOUTHHA 1 BpaXkarouuid
€JIEMEHT MIOYMHAE B3aEMOJIIIO 3 IPYTHM B’SI3KUM IIAPOM.

[Mporsirom HacTymHuX 25-TH MKC BiOyBaeTbCcs NeOpMYyBaHHs JPYroro
mapy, MpoTe BEIUYMHA IUIACTHYHOI nedopmarii gocsrae nume 30% cBoel
MaKCHMAaJIbHOI BEIMYMHU. Y TEpUIOMY IIapi eeKTUBHI ILIaCTHYHI JeopMarltii
MOUIUPIOIOTECA 110 BCIM IUIACTHHI, NPUYOMY IPH BHIAJIEHHI BiJl TOYKH
3ITKHEHHS BEJIMYMHA HaNpyXeHHS 1 JedopMallii 3MEHIIYEThCSl MMPaKTUYHO 3a
JHIHHUM 3aKOHOM.

[lpn anamizi HampyXeHHsS BCEpeAMHI NEPEIIKOAM, IIiCHs 3YIUHEHHS
BpPaKAaIOUOro €JeMEeHTa, MaKCUMyM HampyKEeHHS 30CEepeDKEHO Ha Mexi
3’€IHAHHS JBOX IIapiB, IO B AESKUX BUIAIKaX MMPU3BOIUTH JI0 MEXaHIYHOTO
PO3pHBY 3’€IHAHHS MIApIB.

TakuM 4YuHOM, BUIXiJHI JaHi MaTEMaTHYHOIO MOJEIIOBAHHS HAIPYXKEHO-
neopMoBaHOro craHy OaraToumrapoBHUX OpPOHBOBAHUX CTPYKTYP TP BILUIHMBI
yoapy BpaXarwo4yoro eJeMeHTy JO3BOJSATh OTPUMATH 0arato KOPHUCHOI
iHdopMaIrii, siKka JJO3BOJE B TOAAIBIIOMY TPOBOJUTH aHAII3 MPOIECY
3ITKHEHHS Bpa)Xalouoro ejlieMeHTy 1 OaraTomapoBoi TMEpemKoad Ta
chopMysIroBaTH OOIPYHTOBaHI BUCHOBKH Ta MPAKTUYHI PEKOMEHALlIi.

BucHoBkn

1. Y pe3ynbrari JOCHII)KEHHS YOOCKOHAJIEHO METOJ PO3PaxyHKY
OpOHEeCTIHKOCTI OaraTolmapoBUX OPOHBOBAHHMX CTPYKTYP, SIKI CTBOPEHI IIISIXOM
3BapIOBaHHS [IapiB KOMIO3UTY y TBepiil (a3l (0e3 posiaBieHHs) 32 BaKyyMHO-
Je(opMAaIliifHO0 METOTUKOIO 32 JOIIOMOT'OK0 METOY CKIHUCHHUX CJICMEHTIB.

Jis MojenroBaHHS (Di3WUHHMX SIBUIL, IIO BiJIOYBAaIOTBCA Y BpaKarouoMy
€JIEMEHTI Ta MEepelkosi, Takux sK AedopmaliiiHe 1 NMIBHIKICHE 3MIIHEHHS,
TEeMIIepaTypHe 3HEMIl[HEHHS, pYWHYBaHHS 1 T.i. BUKOPHUCTOBYBAJHCS MOJEINI
TPbOX OCHOBHHMX E€JIEMEHTIB: PIBHSHHS CTaHy, MOJENb IUIACTUYHOCTI (Mozeni
Jxoncona-Kyka) i Moaeni pyiiHyBaHHS (cronydeHa mozaensb J[xoHcona-Kyka
Ha 0a3i KyMyJIsTHBHOTO 3aKOHY HAaKOIMYEHHSI TIOIIKO/PKEHOCT).

3’enHaHHS MIApiB KOMIO3UTY MK COOOI0 MOJIETIOBAJIOCS 3a JOMOMOTOI0
JI0AIaBaHHA JI0 ICHYIOYOI MOJIeNIi 3B sI3Ky MIXK IIapaMH, sSIKUH XapaKTeph3yBaBcCs
MEXEI0 HAaIPY)KEHOCTI Ta MEXEI0 HAIIPYTH 3CYBY.

2. BuOpa#ni Ta 0OrpyHTOBaHI BUXiJHI JaHi U IMITAIlIHHOrO MOJICITIOBAHHSI.
Jiss  MozentoBaHHS TOBEPXOHb BpPaKalOYOTrO EJIEMEHTY Ta HEepPEelIKOAH
BUKOPHCTOBYBAJIMCSl TETpaeqpalbHi 130mapamerpuyHi eneMeHTH. KinbkicTh
€JIEMEHTIB CITKM PO3OUTTS Ha CKIHUEHHI €IEMEHTH BpPa)kalouoro EIEeMEeHTY Ta
NepenKoar oOpaHi TaKUM YMHOM, IO 3a0e3NedyeThbesi 301KHICTh Pe3yNbTaTiB
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po3paxyHky. Kpim Toro, Manuii yac 301IbIICHHS IIPH MOJACTIOBAHHI 3a0e31euye
CTaOUIBHICTh 1 TOYHICTH pO3B’s3aHHA. [IpM MOzENIOBaHHI KOHTPONIOETHCS
BUKOHAHHSI 3aKOHY 30€peXeHHs MacH, IMIyJbCcy Ta eHeprii cucremu
BpaKalOUMi eJIeMEHT — MepemKoaa’.

3. OTpumaHi pe3yabTaTH IMITAIIHHOTO MOJEITIOBAaHHA OpPOHECTIMKOCTI
JIBOIIAPOBOI ~ OpOHEIUIACTMHU  HACTYIHOI  CTPYKTYpH:  IEpUIMH  Imap
((poHTaNBHUI) — IHCTpyMEHTalbHA ByIJeneBa craib 3 TBepaicTio HRC He
HwK4e 60 OMMHUIL TOBIIMHOIO 6 MM, NPYrUid (TUIBHUH) — CTalb 3 TBEPIICTIO
HRC 40 omuHuip TOBIIMHOI 4 MM TIpH BIUIMBI yJapy BHCOKOIIBHIKICHOTO
BpaKalO4yoro €JIeMEHTY. PO3IJISIHYTO BIUIMB OCOOJHMBOCTEH TEXHOJIOTIT
3’€IHAHHS IIApiB Ha TOBEIIHKY IIBUAKOCTI LIEHTPY Mac i JHa Bpakalouoro
€JIEMEHTY Ta PO3IO/IiTy eKBIBAJICHTHOTO HANPYKEHHS 1o Mizecy.
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Baulin D., Manzhura S., Odechuk M., Odeychuk A., Horielyshev S., llchenko M.
CALCULATION OF ARMOR-RESISTANT METAL MULTILAYER ARMORED
STRUCTURES USING THE FINITE ELEMENT METHOD

At present, when the power of modern kinetic weapons is constantly increasing, traditional
metallurgical and materials science approaches to the production of homogeneous rolled steel of
armored steels are no longer able to provide high dynamic stability. Fulfillment of this requirement
leads to a significant increase in the thickness of the armor and, accordingly, the mass of the armored
structure as a whole. One of the ways to solve this problem is the use of multilayer metal composites.
The combination of high hard (but brittle) and soft (but viscous) steel layers into composites provides
composites with a combination of hardness and viscosity that cannot be achieved using traditional
methods of manufacturing armored steels (an emergenton property).

In this paper, the process of interaction of high-speed impactor with protective multilayered
armored obstacles, which was created by welding solid layer composites in a solid phase (without
melting) by vacuum-deformation technique is considered.

The mechanism of the use of the finite element method for calculating the protective strength of the
protective obstacles is investigated. Selected and substantiated source data for simulation modeling. For
the modeling of physical phenomena that occur in the impactor and obstacle, such as strain and speed
hardening, temperature weakening, destruction, etc. models of behavior of materials were used, which
in the general case consist of three main elements: the state of equation, plasticity model and the
damage model.

The results of calculating the armored-strength resistance of a two-layer armor plate of the
following structure: the first layer (frontal) - instrumental carbon steel HRC >= 60 thickness 6 mm,
second (back) - steel HRC=40 thickness 4 mm with the impact of impact high-impact impressive
element. Influence of the features of the technology of compound of layers on the behavior of the center
of mass velocity and the bottom of bullet velocity of and the distribution of the equivalent stress across
the Mises is considered. Further researches are related to obtaining the dependence of armor-resistant
multilayer armor plates on their overall thickness and structure (composition and ratio of layers), which
will allow formulating recommendations for the choice of protective structures.

Keywords: model; armor-resistant; high-speed impactor; protective multilayered obstacles; solid-
phase welding; deformation.
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Baynun J1.C., Manacypa C.A., Ooeviuyk H.I1., Ooetiuyx A.H., I'openviwes C.A., Unvuenxo H.H.
PACYET BPOHECTOMKOCTHU METAJLTIMYECKUX MHOT'OCJIOMHBIX
BPOHUPOBAHHBIX CTPYKTYP C IOMOLIBIO METOJJA KOHEUYUHBIX 3JIEMEHTOB

B Hacrosimiee BpeMsi, KOTZJQ MOLIHOCTH COBPEMEHHBIX CPEICTB KHHETHYECKOI'O ITOPAKCHHUS
IIOCTOSIHHO BO3PACTaeT, TPAAULMOHHBIC METAJUIypIHYeCKHe U MAaTepHAIOBEIUECKHE IMOAXOABI K
IPOU3BOJCTBY F'OMOICHHOTO (OJHOPOAHOrO) JIMCTOBOIO MPOKAaTa OPOHHPOBAHHBIX CTAlel yXke HE B
COCTOSITHUH 06ecnequTb BBICOKYIO JUHAMHYCCKYIO CTOﬁKOCTb 683 3HAYUTCJIBHOI'O YBCIIUYCHUS
TOJIUMHBI OPOHHM MW, COOTBETCTBEHHO, MAacChl OpOHE3AIIMTHOM CTPYKTYypbl B wHeinoM. OgHum 3
HanpaBneHnﬁ peuicHusA 3T0171 np06neM1>1 SBJISICTCA W CITIOJIb30BAHUEC MHOFOCJ'[OF[H]:IX MECTAJNIMYCCKUX
KOMITI03UTOB. OOBEIMHEHHE B KOMITO3UTHI CJI0CB BBICOKOTBEPOH (HO XPYIIKOH) M MSTKOil (HO BS3KOIT)
craneii obecriednBaeT KOMIIO3UTaM Takoe OOBEINHCHHE TBEPAOCTH U BSI3KOCTH, KOTOPOE HEBO3MOXKHO
JOOUTBCSI ¢ MOMOIIBIO TPAJUIMOHHBIX METOZOB H3rOTOBJICHHS OpOHHPOBAaHHBIX cTaieil (CBOHCTBO
3MEPKEHTHOCTH).

B njaHHOM pabore paccMaTpUBAacTCs  MPOLECC  B3aMMOJACHCTBHS — BBICOKOCKOPOCTHOI'O
HOPA)KAIOIIEr0 JNEMEHTa C 3aIUTHBIMH MHOTOCIOHHBIMH OPOHMPOBAHHBIMY IIpPErpagaMi, KOTOpbIe
CO3JaHBl MyTeM CBapKd CJIOCB KOMIIO3UTa B TBepAodl (ase (0e3 pacIuiaBieHHMs) MO BaKyyMHO-
JeOpMaLHOHHOM METOIHKE.

Hccnenyercss MeXaHH3M — HCIOJB30BAaHHS METOJA KOHEYHBIX OJEMEHTOB JUIsl  pacdera
OpOHECTOMKOCTH  3alMTHBIX TMperpaa. BpiOpaHbl W 00OCHOBaHBI HMCXOIHBIC JAHHBIC IS
UMHTALIUOHHOI'O MOACIIMPOBAHUSA. Hﬂﬂ MOICIUPOBAHUSA (1)1/[31/[‘{CCKI/IX ﬂBHeHMﬁ, KOTOPBIC ITPOUCXOAAT B
HOpa)XAIOIIEM JJIeMEHTe W Iperpaje, TaKuX Kak AeQOpMALMOHHOE M CKOPOCTHOE YHPOYHEHHS,
TeMIlepaTypHoe ocnablieHue, paspyLIeHHe U T.A. HCIOIb30BAIMCH MOJETH ITOBEJCHUS] MAaTCPUAJIOB,
KOTOpBIE B OOIIEM CIIy4ae, COCTOST U3 TPEX OCHOBHBIX 3JIEMEHTOB: ypaBHEHHMs COCTOsIHUSI (equation of
state), mozienu riactuaHocTy (plasticity model) 1 Mozmenu paspyuierus (damage model).

Iomy4eHbl pe3ysbTaThl pacyera OpPOHECTOMKOCTH JBYXCIOMHON OpPOHEIUIACTHHBI CIEAYHOIICH
CTPYKTYpBI: MEepBBIil clOH ((DPOHTANBHBIN) — HHCTPYMEHTAJbHAs! YIIICPOAUCTAsl CTAlb C TBEPAOCTBIO
HRC He Huxe 60 etMHUL TOMIUHON 6 MM, BTOPOH (ThUIbHBIIT) — cTaib ¢ TBeprocTbio HRC 40 exunmig
TOJNIUMHOW 4 MM, INpu BO3ICHCTBUM YyAapa BBICOKOCKOPOCTHOTO IIOPAXAIOILETO 3JIEMEHTA.
PaccMOTpeHO BiusiHHE 0COOCHHOCTEH TEXHOIOTMH COSANHEHHS CI0EB Ha [TOBEJCHHUE CKOPOCTH LICHTpa
MacCc W JIHa IYJIM M pPaclpe/esiecHHe SKBUBAJICHTHOrO HampshkeHus 1o Musecy. JasnbHeiinue
HCCIICOBAHNUSI CBSI3aHBI C IIOTy4YCHHEM 3aBUCHMOCTH OPOHECTOMKOCTH MHOTOCIOHHBIX OPOHEIUIaCTHH
OT HX OOmeil TONIMHBI M CIPYKTyphl (COCTaBa M COOTHOLICHHS CJIOEB), YTO MO3BOJHUT
copMyIMpPOBaTH PEKOMEHAALMH ISl BBIOOPA 3AIUTHBIX CTPYKTYP.

KiaroueBble c¢JI0Ba: MoOjellb, OPOHECTOMKOCTb, BBICOKOCKOPOCTHOM IMOPAKAOIIUIA 3JIEMEHT,
3alUTHAsE MHOTOCJIOMHAs Mperpaja, cBapka B TBepRoil (ase, nedopmanusi.
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YK 624.953.014.2.004.15+539.3

YIPABJIIHHSI TIPOEKTHOIO HAIIMHICTIO HA®TOBUX
PE3EPBYAPIB
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1
J.J1. Bootvok,
KaHJ. TeXH. HayK, TOLCHT Kadeapu OyaiBerabHOl MEXaHiKH

Tpuoninposcexa depoicasia axademis Gydisnuymea ma apximexmypu
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YKpalHCbKuu ()EPDICQBHUM XIMIKO-MEXHOJ0IYHUU YHI8epcumem
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Anorauisi. ITocmanoexa npoonemu. 3rifHo 3 AiF09YUMHU B YKpaiHi HOpPMATHBHUMH JOKyMEHTAMU
[7,9] nadroBi pesepByapu (PBC) mpoekTyroTbCs Ha OCHOBI METOAY TpaHHYHHUX CraHiB. I3
3aCTOCYBAaHHSM L[bOr0 METO/y 3a0e3MeuyeThesl HaAIHHICTh pe3epByapiB B yMOBax i pexumax poboTH,
nepenbadeHuX HopMaMu [6,7]. OnHak nMTaHHA, MOB'I3aHi i3 3abesnedeHHsM HaxiiiHocti PBC, mo
HPOCKTYIOTBCS HAa TEPMIiH CIIy:KOHM, IO MEPEBHIIYE HOPMATHUBHHM, a TAKOXK IMUTAHHS EKOHOMIYHOT
edeKTUBHOCTI NPUIHATHX NPOEKTHHX PillleHh BHMAraioTh MOAAJIBIIOI HAYKOBOI po3pobku. Y maHii
CTATTI PUBOAMTHLCS 3arajbHa METOIUKA OL[IHKU HaiiiHOocTi PBC mpoTsrom 3aaHoro HarparoBaHHs.
IIporoHyeTbCs MOAETb ONTUMAIBLHOrO mHpoekTyBaHHs PBC 3a kpurtepieM MiHIMyMy MpPOEKTHOL
BApTOCTI IPU 3a0e3MeUeHH] 3aJaHOro PiBHS HAJIHHOCTI MPOTArOM HOTPIOHOro TepMiHy ciyx6u. [lana
Mozenb chopMysIbOBaHAa B TEpPMiHAX HENIHIHHOI 3ajadi MAaTEMaTHYHOro IpOrpaMyBaHHs, a Juisl 1l
YHCENBHOI peajtizaiii po3poOJeHHi CrelialbHUii aJrOPUTM, 3aCHOBAaHHN HA HPHHIMIAX I100YI0BH
«KamiOHuX» anropuTMiB. IIpHMBOAATBCS OTpUMaHI B  pe3ydbTaTi YHUCICHHHX EKCIEPHMEHTIB
CKOHOMIYHO pAaL[iOHaJbHI NPOEKTHI 3HAYCHHS TOBIIMHU KOHCTPYKTHMBHHX EJIEMEHTIB pe3epByapa
o6'emom 5000 M® B 3aNeKHOCTI Bil HEOOXIAHOrO PiBHS HamiiHOCTi. Mema - B paMKax [il0uHX HOPM
IPOCKTYBAHHS 1 3 ypaxyBaHHSM HasBHHX JaHHMX TexHi4HOI miarHoctukn PBC pospobutn Meron
paLioHaIBHOrO 3a0e3neveHHs 3aaHoro piBHA HpoekTHoi HapiitHocti PBC mpotsiroM HeoOXimHOro
TepMiHy eKciuTyatauii. Bucrnoeku. 3amporoHOBaHa MOJENb ONTHMAIBHOIO IPOCKTYBAHHS 03BOJISIE
YIPaBIATH HadiifiHICTIO Ha(TOBUX pe3epByapiB 3a KpUTEpiEM MIHIMyMy [OYaTKOBOI BapTOCTI HpH
3a7aHOMy TepMiHi ekcrutyatarii. [lapamerpu wiei mMozmeni BH3HA4alOThCS (I MOXKYTb KOPHI'YBAaTHCS
CTOCOBHO OKPEMO B3STOrO pe3epByapy abo mapKy pe3epByapiB) 3a pe3ysbTaTaMH CTaTHCTHYHOL
00pOOKH JaHUX HATYPHUX OOCTEKEHb AHAJIOTIYHUX OO0'€KTIB, LIO MiJABHMILYE TOYHICTH HPOTHO3Y B
KO)KHOMY OKPEMOMY BHIAAKy. B pe3ynbrari po3risHyTi MOzedi Ta aarOpUTMH MOXYTb CIIyXKHUTH
JOCUTh e(eKTHMBHUM MATEMATHYHUM IHCTPYMEHTOM IpU JOCIIDKEHHI mHpobieM HamifHOCTI i
JIOBroBi4HOCTI HAQTOBHX pe3epByapiB.

KarouoBi cioBa: HapTOBHiI pe3epByap, TEXHi4HA JiarHOCTHKA, MaTeMaTHYHAa MOJEIIb;
yIpaBIIiHHS HagiHHICTIO.

Beryn

HapiiiHicts cTaneBUx BepTHKAJIbHHX pe3€pBYapiB HA3€MHOTO THUITY IS
JIOBrOCTPOKOBOro 30epiranus Hadtu i1 Hadrompoaykrie (PBC) B ocHoBHOMY
3aJIeKHUTh BiJ HAIMHOCTI IX CTaleBHX KOHCTpYKILiil. B mepion ekcruryatanii PBC
BiIMyBalOTh MEXaHIYHI (CTATUYHI i AMHAMIYHI) HABAHTA)KEHHS, CXWJIBHI J10 BILIHBY
arpecHBHHX CEPEIOBHIII, TEMIIEPATYPHUX BIUIMBIB 1 iHIIMX HEraTUBHUX YMHHUKIB,
SIKi JIIFOTh CHUIBHO 1 Hepmko B CAMHX HECTIPHATIHBIX M€ IHAHHAX. Tomy BiJIMOBH
Ha(TOBUX pe3epByapiB BUKIHMKAIOTHCS HE TUIBKMA TPUKIAJCHUMH HaBaHTa)KEH-

© Cemenerp C.M., Haconosa C.C., OneBcokuii B.1., Boxuok J1.J1.
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HSIMH, aie 1 CKIagHUMHU (Di3MKO-MEXaHIYHUMHU MPOLEcaMH, 10 MPOTIKaIOTh B iX
o0cs3i 1 Ha moBepxHi. Li mporecu HOCATH SCKPaBO BHUPAKCHHI BHIIaJIKOBHUIA
Xapakrep, a iX IHTEHCHBHICTb 3aJI©KUTh BiJI BUIYy Ta pIBHA HalpyKeHO-
Jie(hOpMOBaHOTO CTaHY, CTYIEHS Aerpajallii CopyIu.

HagroBi pe3epByapu  BIiJHOCATbCS JIO CHOPYA  BHCOKOTO  CTYIEHS
BimoBinambHOCTI. [TopyIieHHs 1X IWIICHOCTI, a THM OUIBIIIE YacTKOBI a00O TOBHI
pYHHYBaHHSI TIPH3BOIATH O 3HAYHHX MAaTepiallbHUX 1 MOpPAJIbHUX 30WTKIB, IO
MOB'I3aHO 3  BTPaTO0  HAQTONPOAYKTY, 3a0pyAHEHHSM  HABKOJIHUIIHBOTO
cepenoBuIa, i B 0araTboxX BHIAAKax 3 JIFOJCBKUMHU >KEpTBAMHU. ABapil BEJMKHX
PBC npuiiHATO BiIHOCHTH /0 po3psiny Karactpod nepxasHoro macmrady. Tax,
TUIBKM SKOJIOTTYHUI 30MTOK Bia aBapii HA(GTOBOro pe3epByapa MOXKE JOCATATH
JIBAIIATHKPATHOI IPOSKTHOI BAPTOCTI CaMOi CITOPY/IH.

JleranpHuid aHami3 JOCIIKEHb, MPUCBIYCHUX npo6neMi 3a0e3nevyeHHs
Ha/liiHOCTI HAQTOBUX pe3epByapiB, BUKOHAHUI B OIS [1], moka3as, 1m0 B HUX
HAJIOKHUM MHOM HE BPaXOBYEThCS BIUIHB 1 3HAYUMICTh KOHCTPYKTHBHHX
€JIEMEHTIB Ha OLIIHKY PiBHS HaJIHHOCTI pe3epByapa B 1isiomMy. [Ipu npomy pizHi
MOJIeTi 1 METO[M OIIHKM HaJIiHHOCTI 3a3BMYall JalOTh PIi3HI Pe3yJabTaTH, SKi
YacTO HE BIJNOBINAIOTH JaHMM HATYpPHHX oOCTexeHb. [yl momnepemKeHHs
MOXIIMBHX BEJIMKHX aBapid pe3epByapiB HEOOXiAHO KiacudikyBaTH i
CHCTEeMAaTH3yBaTH TPUYMHM iX BHHHKHEHHS, IO BHMAara€e IIOJaJIbIIOrO
HAKOIHWYEHHSI CTATUCTUYHOrO Matepiany mpo BiamoBu PBC i TepeyMOoBH ix
HactaHHs. KpiM TOro MajOBHBYEHOIO 3QJIMINAETHCS TPOOJIEMa OLIHKH 1
3abe3neueHHs HaaiiiHocTi PBC Ha pi3HMX CcTajisx iX )KUTTEBOro muKiy. Tomy
MUTaHHS, TIOB'S3aHI 3 OIIHKOI 1 e(pEeKTHBHUM YIPABIiHHAM HaJiHHICTIO
Ha(TOBUX pe3epByapiB, € akryansHumi [ 1,2, 8, 10-12].

1. ITocTanoBKa mpoodieMu

3rigHo 3 nitounMH B YKpaiHi HOpMAaTUBHUMH JOoKyMeHTamu [7,9] HadToBi
pe3epByapu TpPOEKTYIOThCS Ha OCHOBI METOJy TpaHMYHUX CTaHiB. I3
3aCTOCYBaHHSIM IbOro MeTony 3abesneuyerbesi HaaidHicth PBC B ymoBax i
pexxuMax poboTH, epeadadeHnx Hopmamu [6,7]. OaHak MUTaHHS, MOB'A3aHI 13
3a0e3MeueHHsIM HaJ[IIHOCTI pe3epByapiB, IO MPOEKTYIOTHCS Ha TEPMiH CIYXOH,
IO MEPEeBUIyE HOPMATUBHHUH, a TaAKOXX MHUTaHHS €KOHOMIYHOI e(eKTHBHOCTI
NPUHHATHX MPOSKTHUX PillleHb BUMAraloTh IOJJAJIBIIOI HAYKOBOI PO3pPOOKH.

VY naHiit ctaTTi HABOIUTHCS 3arajbHa METOAMKA OLIHKK HagiiHocTI PBC
MPOTATOM 33JIaHOTO HampaloBaHHs. [lapaMeTpu BiANOBIIHUX PO3PaXyHKOBHX
MoJIeJied BH3HAYaIOThCS HAa OCHOBI CTATHCTUYHOI OOpOOKM HaHUX TEXHIYHOI
IIarHOCTUKU pe3epByapiB, L0 paHime mnepedyBanu B eKCIDIyartallii, IIo
MiIBUIIYE TOYHICTh MPOrHO3Yy 1 JOCTOBIPHICTH OTPHUMAaHUX PpE3yNbTATiB.
[IporionyeThcst Mozaenb onTUMajibHOro TmpoekTyBanHs PBC 3a kputepiem
MiHIMyMY MPOEKTHOI BapTOCTI NpH 3a0e3MEUCHHI 3aJaHOr0 PiBHSI HATIHHOCTI
MPOTATOM HEOOXiMHOro TepMiHy ciyxOu. Jlana Mmomens chopmyiaboBaHa B
TepMiHax HeNiHIHHOI 3amadi MaTeMaTUYHOTrO IpOrpaMyBaHHS, a s il
YHCENBHOI peaizallii po3poOJICHHI CICI[iaIbHUM aarOpuTM, 3aCHOBAaHUN Ha
NpUHOUIAX TOOYIOBH <oKamiOHMX» anroputMmiB. HaBoasrbcs oTpumani B
pe3yNnbTaTi YHCEIbHUX EKCIIEPUMEHTIB E€KOHOMIYHO pallioHajbHI HpPOEKTHI
3HAYCHHS TOBIIMHM KOHCTPYKTUBHHUX €IEMEHTIB pe3epByapa o6'emom 5000 M° B
3aJIeKHOCTI Bi/I HEOOXiHOTO PiBHS HAIHHOCTI.
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2. Merta i 3aga4a qocJiisKeHHs

Mera - B paMmKax JAil0O4MX HOpPM NpoeKTyBaHHS [7,9] 1 3 ypaxyBaHHSAM
HAsSBHUX JaHWX TeXHiYHOI miarHoctukd PBC, mo panime mepeOyBaiud B
eKCIUTyaTallii, po3poOMTH METOJ PalliOHATBHOTO 3a0e3IeUeHHs 3aJaHOTO PiBHS
npoekTHOI HaaifHOCTI PBC mpoTsaromM HeoOXiAHOTO TEPMiHY eKCILTyaTallil.

BiamoBizHO 10 JaHOT METH CTaBIISTHCS TaKi 3aBJAHHS:

1. Po3pobutn Mozensr ontumanbHOro mnpoektyBaHHs PBC 3a kputepiem
MiHIMyMY MPOEKTHOI BapTOCTI NpH 3a0e3MEUCHHI 3aJaHOr0 PiBHSI HATIHHOCTI
MIPOTSATOM HEOOXITHOrO TEPMiHY CITYKOH.

2. Po3poOutn  epeKTHBHUI  alrOPUTM  YHCENLHOTO  PO3B’SI3aHHS
chopMyIbOBaHOI 3a/1a4i ONTUMAIILHOTO TIPOEKTYBaHHSI.

3. Ha mpukiani pospaxyHKy pesepByapa o6'emom 5000 M mocmimkyBaTu
BIUIMB BEJMYUHHU 33/IaHOTO PiBHS HAJIWHOCTI Ha MPOEKTHI 3HAYEHHS TOBIIUHU
KOHCTPYKTUBHHX €JIEMEHTIB.

3. OcHoBHMII MaTepiaj

BignosimHo o [7,8] HadTOBHII pe3epByap PO3MISANAETHCA SK CKIAIHA
CHCTEMA, IO CKJIAJAEThCI 3 4-X JIONYHO IMOCTIAOBHO 3'€IHAHUX ITJCHUCTEM
(OCHOBHMX KOHCTPYKTHBHHUX E€JIEMEHTIB): JHHIIA 1 MOKPIiBJi, IO BUKOHYIOTh
3axMcHY (YHKLiIO; HWIIHAPUYHOI CTIHKH (O€3MOMEHTHOI 00JacTi Kopmycy
pe3epByapa, II0 MPAIFOE Ha MIIHICTh 1 CTIMKICTh); BY3J1a CIIOJNYUEHHs CTIHKH 3
JHHIIEM (MOMEHTHOI 00J1acTi KOpIycy pe3epByapa, Lo Ie Ma€e Ha3By YTOPHOTO
BYy35la, IO TPAIIOE Ha MIIHICTH). 3arajibHa cxeMa pe3epByapa IOKa3aHa Ha
puc. 1, a #oro cTpykTypHa cxeMa HaJiiHOCTI 300pakeHa Ha puc. 2. 3BapHi
3'€JHAaHHA MPUAMAIOThCS PIBHUMH 110 MIIHOCTI IO OCHOBHOI'O MeETaly
pe3epByapy. BBakaeThbcs, 10 pe3epByap BUKOHYE BIIACTHBI WOMY (GYHKIT 3
npuiiMaHHs, 30epiraHHs Ta BiJycKy Ha(TONPOAYKTIB B HOPMAJIbHUX PEKHMaX
pobOTH BIAMOBIAHO A0 JIIOYUX HOPMATUBHHUX JOKYMEHTIB 1 3 TNPOEKTHUM
piBHEM 3ajHMBYy, a IOTIPIICHHS TEXHIYHOTO CTaHy pe3epByapa B Mepion
eKCIUTyaTallii BiZOyBaeThCS IMOCTYIOBO I OOYMOBIIOETHCS (PI3UYHHAM 3HOCOM
HOro METaJIOKOHCTPYKINH. Ilim BiAMOBOIO pPO3yMi€ThCsA Tepexim o0'ekra 3
Mpane3aTHOro CTaHy B Hemnpane3JaTHui craH. OCHOBHMM MeXaHi3MOM BiJIMOB
pe3epByapa BBaXAEThCA KOpO3idHMIA 3HOC. [IpW HbOMY NPHAMAETHCS, IO
JIOKAJIbHI KOPO3iiiHi MOIIKOKEHHS! KOHCTPYKTHBHUX €JIEMEHTIB YCYBAIOTHCS Ha
OCHOBI TIOTOYHUX PEMOHTIB, IO IPOBOIATHCS B paMKax [iI040i CHCTEMH
TEXHIYHOTO OOCIyroByBaHHS 1 PEeMOHTIB. SIK Kpurepiii BiZMOB pe3epByapa
NpUIMaETHCS OPYIICHHS X04a O OZHOrO 3 HOPMATHBHUX YMOB HOr0 MIiIHOCTI,
cTiMKOCTI 1 repMeTryHOCTi. DOpc-MaKOpHI CUTYallii THITy KatacTpod, rpyoux
TIOMHJIOK MPOEKTYBAaHHS, BUTOTOBJICHHS 1 MOHTaXY 1 T.Jl. HE PO3TJIISIIAIOTHCSL.

3rigHo [6,7] PBC mpotarom ycboro TepMiHy ciy)kOM MOBHHHI BiIIIOBigaTH
HACTYITHUM HOPMAaTHBHUM BUMOTaM HEHACTAHHS I'PAHUYHOTO CTaHY:

chygi(t)_pirzozizls_n; (l)
YRS —6M, 20 2)

1_[ o\(1) , oy(1) }20; G

O-crl (t) O-ch (t)
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d,
OHO .
Sy (1) =520 ()
)
KpO
0,y (1) - 520, )
. ITokpiBng
BepxHi mogcu
CTIHKH
-+ . _’ H
HH}KH_] TOSICH !
CTIHKH
—p 1
YTopHHII By3071T JlEmime —>
Puc. 1. 3aransna cxema PBC
: IriHapraHa VYTopHHii
— | dpame || I1 : - -
a € e CTiHKa BY3071

Puc. 2. CtpykTypHa cxema HaaiitHocti PBC

Y wHaBemenux Qopmynax (1) — (5) mo3HaueHo: { — HampalfOBaHHS

KOHCTPYKTHBHOIO €IEMEHTY; R, — pO3paxyHKOBHil ONIp CTajui; n — 4HCIO

HOsCIB WUTHAPHYHOL cTiHKY; O;(f) (i =1,n) — 3anuIuKOBe (IIOTOYHE) 3HAYCHHS

TOBIMHU i -T0 TosCY; O, (f), O,,(¢) — 3anumuKoBi (NOTOYHI) 3HAYeHHs

TOBIMHY, BiANOBIAHO, AHUINA i HACTHIY MOKPIiBIi; O,,,0,

40— TPOCKTHI

3HAYCHHSA TOBIIMHM, BiJMOBIMHO, IHMINA 1 HACTWIY IOKPIBIi, » —paiiyc
CepeHHOI MOBEPXHi pe3epByapa; ¥, — KoedillieHT ymMoB poOotH (Juis
HIDKHBOTO Tosica ¥, =0,6, 111 iHIINX MOSICIB UTIHAPHYHOL CTiHKH ¥, =0,9, mis
yTOpHOTO BY3na ¥,.=1,2); p, — TiapocTaTH4HMl THCK Ha i -i mosc; oy(f),
0,(f) — NIOTOYHI 3HAYEHHA MEPUAIOHAIBHUX 1 KUNBIEBUX HANPYKEHb, IO

BUHMKAIOTh B CTiHIN BiJ, BIANOBIHO, ITO3JOBXKHIX 1 paliajibHAX 30BHIMIHIX
HaBaHTaXeHb, O, (), O,,(f) — KpUTHYHI 3HAUYEHHA HANPYKEHb IPU

CTHCKaHHi, BilNOBiHO, B OCbOBOMY i pajialbHOMY HAmpsIMKy; M, —MOMEHT,
110 BUTMHAE, B 30Hi CIOJyYEHHS CTIHKHU 3 JHHIIEM.

Jani niBi yacTuHN HepiBHOcTel (1) — (5) no3Ha4mMo, BiAmoBinHO, Z;(t), Z, () ,
Z,(t),Z24(), Z(t). Oyuxuii Z;(¢) (i=1,n) Ha3BeMO 3aIMIIKOBMMH 3allacamy
MIIHOCTI TOACIB IMMIHIPUYHOI CTiHKY, GYHKLiI0 Z(f) — 3aIMIIKOBHM 3aIlacoM

MILIHOCTI BY3/Ia CIOIYHYCHHs CTIHKA 3 JHWIIEM, Z,(f) — SIMLIKOBMM 32racoM
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CTIHKOCTI IMIIHAPHYHOI CTiHKM, Z4(t), Z;(f) — B3QIHIIKOBUMH 3amacamu
TePMETHYHOCTI, BITIOBITHO, HHITA 1 TOKPIBJIi.

BHaci1i 10k KOpo3iifHOr0 3HOCY TOBIIMHA KOHCTPYKTUBHHX eneMeHTiB PBC B
Nepiof eKCILTyaTallii 3MeHIIYEThCSI. 3INIIKOBE 3HAUSHHS TOBIMHU OYIb-SIKOTO
KOHCTPYKTUBHOT'O €JIEMEHTa pe3epByapa, L0 Ma€ HampalfoBaHHS f, MOXHa
OIHUCATH CIiBBITHOIICHHIM

6(1) =8, —A@), (6)
ne 8y i A(f) — BiOIOBiAHO, IPOSKTHE 3HAYCHHS TOBLIMHH i [IOTOYHA BEIUIUHA

HE3BOPOTHOI'0 KOPO31HHOI'0 3HOCY KOHCTPYKTHBHOTO €JIeMEHTA.
BaxumBo BimsHaunty, wo cucreMa QyHkuin Z;(1), Z(t), Z,(1),Z;(1),

Z,(t) cnineHO 3 CHiBBiOHOMIEHHSAM (6) OMMCye 3MiHY TEXHIUHOrO CTaHYy

Ha()TOBUX pe3epByapiB BHACTIJOK KOPO3IMHOr0 3HOCY IX KOHCTPYKTUBHHX
eJIEMEHTIB. 3 OIVISMy Ha BHITAKOBUI XapakTep KOpo3ii, KOXHY 3 TepepaxoBaHHX
¢GyHKUi# OyaeMo po3mIaTH sSK BUNAAKOBY (YHKIIO BETMYMHH HE3BOPOTHOTO
KOPO3iHHOT0 3HOCY, IO 3aJICXKHTh BiJl Yacy sK Bij IapaMeTpa.

PesynpraTn craTHCTHYHOI OOpPOOKM JaHMX BEJIMKOI'O YHWCIA HATYPHHX
oOcTexkeHb [3] TOKa3yrOTh, IO KOPO3IMHMN 3HOC CTajJeBHUX KOHCTPYKILii
HaTOBHX pe3epByapiB JOCHTH [OOpE OIHCYETHCS HOPMAaJbHUM 3aKOHOM
posmoziny iimoBipHocTed. ToMy, 3 orsay Ha podotu [4, 8], nani npuiiMaeTbes,
mo npu Oyab-sIKoMy (DiKCOBAaHOMY HAampalfoBaHHI { 3HAYEHHS 3a3HAYCHUX
BHIIIE 3AJTUIIIKOBUX 3aI1aCiB TAKOXK PO3IMOAUISIOTHECS 38 HOPMAIBHIM 3aKOHOM.

BBenemo 10 po3mismy iHAEKCH 3a0e3MEYCHOCTI MIITHOCTI, CTIHKOCTI Ta
TePMETHYHOCTI pe3epByapHUX KOHCTPYKIIH, 1110 BU3HAYAIOTHCS SIK BiTHOILICHHS
MaTeMaTU4YHOrO  OYIKYBaHHS /IO  CEpPEeJHbOKBAIPATHYHOTO  BiJIXWIICHHS
BIJIOBIAHUX 3JIMIIKOBUX 3alaciB. [HaekcoM 3abe3meyeHocTi MILHOCTI i -TO
Tnosica HWIIIHAPUYHOI CTIHKH TPH 3alaHOMY HaIlpalfoBaHHi ¢ OyaeMo Ha3uBaTH
(byHKIIII0 BUAY

Zi(t) 7cRy[5iO_Ai(t)]_pir i=1n %)

2 - ~ > ] b

Zi(1) 7R

JIe HaJICTPOYHA PHCA i XBUIIACTA JIiHISA MO3HAYAIOTH, BIIMOBIIHO, MAaTEMAaTHYHE

OUiKYBaHHSA 1 CCpEIHLOKBAAPATHYHE BiIXUICHHS BHITAIKOBOI BEIMIHHU.
Amnanoriyso (7) BU3HA4alOThCsl 1HAEKCH 3a0€31eUeHOCTi MIIHOCTI YTOPHOT O

By3na W (t), CTIHKOCTI IUNiHAPHYIHOI CTiHKH w, (1), a TaKox TePMETUIHOCTI

w;(t) =

JHUma wy, (¢) 1mokpismi wy (¢) . Bianosinni dopmynu HaBeneHi B [8].

3ayBa)kMMO, IO BCi 3a3HA4YCHiI BHUINC IHACKCH 3a0E3MMEYCHOCTI €
0€3pO3MipHUMH JIETEPMIHOBAaHMMHU (DYHKILISIMH 4Yacy 1 BHPaKalOThCS Yepes
MaTeMATH4H OYiKYBAaHHS i CEPeAHbOKBAJAPATHYHE BIIXMICHHS HE3BOPOTHOrO
KOPO3iffHOro 3HOCY KOHCTPYKTMBHHX €JI€MEHTiB pe3epByapa. IX 3HaueHHS
MOXYTh IPOTHO3YBATHCS B Yaci i KOPUT'YBATUCS B KOXXKHOMY OKPEMOMY BUITAIKy
3a (akTUYHMMHU BHUMIipaMU TOBIIMHM KOHCTPYKTHBHHMX €JIEMEHTIB IpH
TEXHIYHUX 00CTEKECHHIX Pe3epPBYapiB.

3 orminy Ha cmiBBigHomeHHs (1) 1 NpUAHATHIA HOPMaJbHUN 3aKOH
PO3IIOALTY 3HAYeHb PO3TJLIHYTHUX BHIIE 3araciB, MOKHA 3alMCaTd HACTYIIHY
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PO3PaXyHKOBY MOJIEIb 30€peKEeHHS MIITHOCTI { -T'0 TOSCY IMIIHAPHYHOI CTIHKH
pe3epByapa HpOTIroM 3a/IaHOTO HAITPAIIOBAHHS:
" 2
P(6)=P(Z(1)20)=—— [ exp| - |du. (8)
N R
Amnanoriyno, Gepy4n 10 yBaru cmiBBimHomeHHs (2) - (5), uepe3 ¢yHKIiO
HOPMOBAHOTO HOPMAJBHOTO PO3MOIUTY 1 BIAMOBIAHI 1HICKCH 3a0€3MEYCHOCTI

BUPaXalOThCsl IMOBIpHOCTI 30epeXeHHA MIIHOCTI YTOpHOro By3na P(t),
CTIMKOCTI LMIHAPHYHOI CTiHKK P, (f) , repMeTHIHOCTI AHua Fy () 1 mokpisi

P, (t) . Po3paxyHKOBi Mojeni A OLIHKH IMX HMOBIpHOCTEH IpU 3aJaHOMY

HaTpaIIOBaHHI ¢ HaBeJcHi B [8].

IIpu BuU3HAYCHHI HWMOBIpHOCTI O€3BIAMOBHOI POOOTH BCHOTO pe3epByapy
OylIeMO BUXOIUTH 3 TAKHX OYEBHIHUX TIOJIOKEHb.

1. BinMoBa pe3epByapa HacTa€e IpH BiAMOBI X04a O OJJHOTO 3 IOr0 OCHOBHHUX
KOHCTPYKTUBHHX €JIEMEHTIB.

2. Kopozis € roj0BHUM 1 3arajbHUM MEXaHi3MOM BiJ]MOB KOHCTPYKTUBHHX
€JIEMEHTIB pe3epByapa.

3. BigMOBH KOHCTPYKTUBHHMX €JEMEHTIB € CTaTHCTHYHO 3aJISKHHUMHU
nomisMu (10 poOMTH HEKOPEKTHUM 3aCTOCYBAaHHS BIJIOMOrO IIpaBUIIa
MHO)KEHHSI IMOBIpHOCTEH NMpU BU3HAYEHHI WMOBIPHOCTI 0€3BiIMOBHOI podOTH
BCBOT'O pe3epByapa).

3 ypaxyBaHHSIM JaHUX IIOJIO)KEHb, HWMOBIPHICTH Oe€3BIIMOBHOI pOOOTH
pe3epByapa IpOTATroM 33JaHOTO HATPAIFOBaHHS MOXE OYTH HaONMKEHO OlliHeHa
Ha OCHOBI Mogelni «cnadmoi nankm» [4, 8]. BianoBimHo g0 i€l Mozeni, SKIIO
BiJIMOBU €JIEMEHTIB CHUCTEMH 3 JIOTIYHO IOCHIZOBHUM 3'€JHAHHSM €JIEMEHTIB
BUKIIMKAIOTHCS OJHIEI0 1 TIEIO K NPUYMHOI, TO TEPUIMM BHUXOIUTH 3 Jamy
«cnadumit» eJeMeHT, HIMOBIPHICTB BIIMOBH SIKOTO HaiOLIbIIa (IPUKIIAI0M MOXKE
CIy)KUTH PYHHYBaHHSI MEXaHIYHOTO JIAHIIIOTa, SIKIO TPHKIIaeHe HaBaHTAKECHHSI,
IO TIEPEeBUIIYE MIIHICTh OfHi€i NMOBUTBbHOI JaHkW). CTOCOBHO 10 Ha(TOBHX
pe3epByapiB MOJIEIb «CITa0IIol IJAHKI Ma€ Takui BUIIIA [8]:

P () =min{P.(6) . (), Pa(1) . ()} . ©)
ne P(t)— iMoBipHicTh 0€3BiAMOBHOI POOOTH NMIIHAPUYHOI CTiHKH, fKa
OLIHIOETHCS 32 (hOPMYIIOO

P(ty=min{R()....B,(1).P(1)} . (10)
Cnig 3a3HauuTH, IO HMOBipHICTE P, (f) pO3IIANaEThC HaMU SIK
HWMOBIpHICTh HEHACTaHHSI TPAHUYHOI'O CTaHy pe3epByapa B yMOBaX i peKUMax
pobotu, mependavyeHUX JiIOYOI0 CHCTEMOIO TEXHIYHOro OOCIyroBYBaHHS i
peMoHTiB. Lo IMOBIpHICTh IIe MOXHa TPAaKTyBaTH SIK HMOBIPHICTH TOTO, IO
MPOTSTOM  3aJIaHOTO HAINpaIOBaHHA ¢ He Oyae IOTPIOHO TPOBOIUTH
KaIliTaJbHUI PEMOHT pe3epByapy.
[TocTaBuMO HacTynHY 3aa4y ONTUMAJIbHOIO MPOEKTYBaHHA. Po3risiaaeTbes

npoekt PBP, Bu3HaueHWil 3 TOUYHICTIO 10 3HAYEHb TOBIIMHA OCHOBHHUX
KOHCTPYKTUBHHX €JIEMEHTIB: THHUINA, HACTHIY ITOKPIBJI, MOSCIB IIIHAPUIHOT
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CTIHKM 1 By3Jla CIIOJYY€HHs CTiHKH 3 AHWIeM. OOIMBKa pe3epByapy NOBHHHA
BUTPUMYBAaTH KOMOIHOBaHE HAaBAaHTA)XEHHS TiJPOCTATHYHOTO THUCKY, a TaKOX
MMO3IOBKHBROrO  (CHITOBE  HaBaHTaXCHHsA) 1  momepeyHoro  (BiTpoBe
HABaHTa)XEHHS) CTUCHEHHS. 3ajaHi CTpOoK ciyxOu 7 1 HeoOXigHUH piBEHb
HajiifHocTi pesepByapa P . IloTpi6HO 3HAWTM Taki 3HAYEHHS TOBIIMHU
KOHCTPYKTUBHHX €JIEMEHTIB pe3epByapa, sKi MpoTIaroM vacy 7 3 HMOBIpHICTIO
He MeHm HIK P 3a6e3meuyloTh HOro HOpMalbHy poboTy (B yMmoBax i
pexuMax, nepeadadyeHuX JIIOYOI0 CHCTEMOIO TEXHIYHOTO OOCIIyrOBYBaHHS i
PEMOHTIB) IPY MiHIMaJILHO MOXIIUBI# IOYATKOBOI (IIPOEKTHOT) BapTOCTI.

BBaxkaroun, 110 TIPOEKTHAa BapTICTh pe3epByapa IMporopuLiidiHa Horo
MIPOEKTHIH Maci, OTPUMa€EMO HACTYITHY ONTUMI3alliiiHy MOJIEIb!

n

ZEerExi+m’2p(xn+1 +X,,,) — min, (11)
n
i=1
%

B (X1, X550 Xy X1 X040, 1) 2 P2 €[0,T7 ; (12)
6 <x; <8 ,i=ln+2, (13)
ae P, — #fiMoBipHicTh 0€3BiIMOBHOI poOOTH pe3epByapa, 10 BU3HAYAETHCS 3a

(9); x,x,...,X,, — TIPOEKTHI 3Ha4YEHHs TOBLIMHH MOSACIB LUTIHIPHIHOI CTIHKH;
X,41> X;42 — TPOEKTHI 3HAUEHHsA TOBIUMHH, BiIMOBiAHO, THUINA i HACTUIY
HOKpiBNi; 0,0 — BIANOBIAHO, HKHA 1 BEPXHS TPAHHI[ 3MiHUA MPOEKTHOI
TOBUIMHU KOHCTPYKTUBHHMX €JIEMEHTIB, M0 BH3HAYAIOThCS COPTAMEHTOM
JIUCTOBOI cTaji; 7, L — BiAMOBIAHO, pajiyc i BUCOTA pe3epByapy; 0 — MUTOMA
Bara CTaJeBOro IpoKary.

Ha ocnoBi mogeni (11) - (13) Bu3Ha4atoThesl Taki (ONTUMAJbHI) 3HAUEHHS
HEBIIOMUX  Xj, Xp,.... X, » X415 Xppn» AKI JOCTABIAIOTH MiHIMYM IiNbOBiH
¢ynxuii (11) npu BukonanHi oomexens (12) 1 (13).

Jlana Mojens BIMHOCHTBCSA IO KJIacy 3alad HEIiHIHHOrO MaTeMaTHYHOI'O
IporpaMyBaHHs 1 Ma€ Taki 0COOIMBOCTI:

1. LinsoBa ¢ynkuis (11) € agutuBHOLO.

2. OdmerxenHst (12) piBHOCHIBHO HACTYITHIH CHCTEMi HepiBHOCTEH

* * £
w(X,T)zw .., w, (X, T)zw ,w,(X,T) 2w,
¥ ¥ £
w,(X.T) 2w wy(X.)2w ,w (X, T)2w, (14)

ne X =(X;,Xy,.sX,47) — BEKTOp HEBIIOMHX; W — MiHIMANBHO IOIYCTUME
3HAYCHHS 1HIEKCIB 3a0€3MEYCHOCTI MIITHOCTI, CTIMKOCTI i T€PMETUYHOCTI, SKE
BH3HAYAETHCA 110 TaONUI[ 3HAYCHb (YHKIT HOPMOBAHOTO HOPMAJIHHOTO
PO3IIONY B 3aI€XKHOCTI Bijl BenmMuuuu P .

3 oIy Ha 3a3HauyeHi OCOOJIMBOCTI, & TaK CaMoO Te, IO HIDKHI IOsSCU
KOpIYCY pe3epByapa IpalioloTh, T'OJIOBHUM YHHOM, Ha MIIHICTh, & BEpXHIi
MOSICK - Ha CTIMKICTh, I 4HCeIbHOI peanizamii mozeni (11) - (13) Oys
pPO3pOOJICHUI «OKamiOHMI» anropuT™M, SKUH Tnependadac BUKOHAHHS 71+ 2
KpokiB. Ha KOXHOMY 3 IIMX KpPOKIB BH3HA4ajocs JIOKaJbHO ONTHMAaJIbHE
(MiHIMaJIbHE) 3HAYEHHS TOBIIMHU OKPEMOr'0 KOHCTPYKTHBHOI'O €JIeMEHTa, II0
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BiJMIOBia€  BIANOBiAHUM oOOMexeHHsM cuctemu (14), 3  HacTymHUM
OKPYTJICHHSIM J10 O1IBIIOT0 3HAYEHHSI.

UucenbHi pO3paxyHKH MPOBOAMIKMCA CTOCOBHO mpoekty PBC-5000 mpu
HAaCTYNHUX BUXifHUX Aanux: L =1490 cm; r=1046 cm; n=10; R =230 Mlla;

T =40 pokiB. Bucora 3atoku mpuiimanacs piBHOO 1420 cM, UIJIBHICT
HaTOMPOAYKTY, 1m0 36epiracThess — 0.0009 Kr/cM’, Ha[THIIKOBHII THCK B
razoBomy mpocropi — 2.0xklla, Bakyym — 0.25 k[la; KINBKICTE IUKIIB
HaBaHTaXeHHS B pIiK - 60. 3HaUeHHS TOBUIMHU KOHCTPYKTHBHHX EJIEMEHTIB
BapitoBanucs Bix 6 =1 MM 10 5" =12 mMMm.

BenuunHa HE3BOPOTHOTO KOPO3IHHOTO 3HOCY KOHCTPYKTHBHUX EJIEMEHTIB
pe3epByapa TpH 3aJaHOMY HaIIpalfoBaHHI { BU3HA4ajacs 3a CHPOIICHOIO
dhopmyoro

Al)=vt,
Je V,— cepelIHsl MIBUIKICTb ITOBEPXHEBOI KOPO3ii KOHCTPYKTHBHOTO €IEMEHTY,
sKa po3IJsijanacs sSK BUIAAKOBA BEIMYWHA, PO3IOIIEHA 32 HOPMAIbHUM
3aKOHOM. Y pO3paxyHKaX BHKOPHCTOBYBAJIMCS CTATUCTUYHI XapaKTEPUCTHKH
LIBHIKOCTEH MOBEPXHEBOI KOPO3il KOHCTPYKTUBHHX €JIEMEHTIB pe3epByapiB JUIs
36epiraHHs CBITIMX He(TenmpAykTiB (6eH3uH, Tac, AW3elbHE MauBO). IX
3HaYeHHs puiiManucs 1o [3].

Ha puc. 3 HaBenmeni rpadiku, 10 MOKa3yrOTh 3MiHY IPOEKTHOI TOBIMHHU
KOHCTPYKTUBHHUX eneMenTiB PBC-5000 B 3a71€XHOCTi Bij 3a1aH0i BennunHn P
TIPU TIPOEKTHOMY TepMiHi ekciuryatauii 7" =40 pokis.

oMM

11

THHIIE

10
9 —e— moac 1
3 —a@@— nosAc 2

—m— TM0AC 3

———- mosc 4

—-.—-- IOACH 5,6

. MOKPiBIA,
b+ mosice 7-10

! 1 I L L P
0,950 0,960 0,970 0,980 0,990 0,999

Puc. 3. 3miHa IPOEKTHOT TOBIMHK KOHCTPYKTHBHUX enemeHTiB PBC -5000 B 3anexHOCTI Bif

HeoOXiAHOro piBHA HaxiiHOCTI P



ISSN 2410-2547 173
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 103

AmHani3zyloun Tmokas3aHi rpaQikd, HEBAKKO IIOMITUTH, IO 301JIbIICHHS
HEOOXiZHOTO piBHA HafiiHOCTI P  NpU3BOMMTH, B TeEpIIy depry, 110
301IbIIEHHsT MPOEKTHUX 3Ha4YeHb TOBIIMHH JHHINA 1 MEPIIMX JBOX IOSCIB
KopIyca pesepByapa. Lle roBopuTh mpo Te, 1o 3abe3mneueHHs HafgiiHocTi PBC
TOB'13aHO, TOJIOBHUM YHHOM, 13 3a0€3IIeUeHHsIM MIIIHOCTI JBOX HMYKHIX IOSICIB 1
repMeTHyHoCTi AHum@. [Ipu 1boMy KIIOYOBY pOSb BiAirpae MilHICTH 1-ro
MOSICY, IO MiATBEPIUKYETHCS JaHUMH YHCICHHHX HATYypHUX OOCTEXEHb LHUX
cnopyn. KpiMm Toro HaBemeHi Tpadikd IOKa3ylOTh, MO 30UIBIICHHS
BEIMYMHE P MPaKTHYHO HE BIUIMBAE HA TPOEKTHI 3HAYECHHS TOBIIMHH BEPXHIX
NosiciB 1 HacTHiy mokpiBii. Ile o3Hauae, mo AJsl pe3epByapiB AHOTO THUIY
BTpaTa CTIMKOCTI HE XapaKTepHa, a KOPCTKICTh BUMOT JJO0 HaJlIHHOCTI MOKPIBIIi
TIOB's13aHO, TIEPII 32 BCE, 31 30UIBIIEHHIM O0CATY JIarHOCTUYHUX Ta PEMOHTHO-
BiJTHOBJTIOBILHUX POOIT, BUPOOJEHNUX B paMKax Aif04Y0l CUCTEMU TEXHIYHOTO
00CITyrOByBaHHS 1 pEMOHTIB.

BucHoBkn

Onrumizaniina mozpens (11) - (13) no3Boisie ynpaBisiTH TPOEKTHOIO
HaAiHHICTIO HA(TOBHUX pe3epByapiB 3a KpHUTEpPIEM MiHIMyMY IOYaTKOBOI
BapTOCTI TpH 3aJaHOMy TepMiHi ekcruiyaranii. Ilapamerpu 1iei momeni
BU3HAYAIOTHCS (1 MOXKYTh KOPUTYBATHCSI CTOCOBHO OKPEMO B3SITOMY pe3epByapy
ab0 mapKy pe3epByapiB) 3a pe3ylbTaTaMH CTaTUCTHYHOI OOpOOKHM HaHUX
HATYpHHUX OOCTEXKEHb aHAJOTYHUX 00'€KTIB, IO MiJBHIIYE TOYHICTH MPOTHO3Y
B KOXKHOMY OKPEMOMY BHIIaJIKy. B pe3yabTaTi po3riisiHyTi MOZIENi Ta ajJropuTMH
MOXYTb CIIY)KHTH JOCUTh €(pEKTUBHUM MaTeMaTHYHUM IHCTPYMEHTOM IIpH
JIOCITIJKEHH] Tpo0JIeM HaJiHOCTI 1 JOBrOBiYHOCTI HA()TOBUX pe3epByapiB.
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Semenets S.N., Nasonova S.S., Olevskyi V.1, Volchok D.L.
PROJECT RELIABILITY MANAGEMENT OF PETROLEUM RESERVOIRS

Abstract. Raising of the problem. According to the regulatory documents in Ukraine [7,9],
petroleum reservoirs (RVS) are designed on the basis of the limit state method. Using this method
ensures the reliability of tanks in the conditions and modes of operation stipulated by regulatory
documents [6,7]. However, issues related to ensuring the reliability of RVS designed for a service
life exceeding the normative, as well as questions of the economic efficiency of the design decisions
made, require further scientific study. This article provides a general methodology for assessing the
reliability of the RVS over a given operating time. A model of optimal design of RVS is proposed
according to the criterion of the minimum project cost while ensuring a given level of reliability
over the required service life. This model is formulated in terms of a non-linear mathematical
programming problem, and a special algorithm has been developed for its numerical
implementation, based on the principles of constructing "greedy" algorithms. The economically
rational design values of the thickness of the structural elements of the reservoir with a volume of
5000 m’ depending on the required level of reliability are given as a result of numerical experiments.
Purpose of the article is to develop a method for rationally ensuring a given level of design
reliability of the RVS over the required service life within the framework of the existing design
standards and taking into account the available data of the technical diagnostics of the RVS.
Conclusions. The proposed optimization model allows you to manage the design reliability of the
RVS by the criterion of the minimum initial cost for a given period of operation. The parameters of
this model are determined (and can be adjusted for a single tank or a fleet of tanks) based on the
results of statistical processing of data from field surveys of similar objects, which improves the
accuracy of the forecast in each individual case. As a result, the considered models and algorithms
can serve as a rather effective mathematical tool in the study of the problems of reliability and
durability of the RVS.

Keywords: petroleum reservoir; technical diagnostics; mathematical model; reliability
management.

Cemeney C.H., Haconosa C.C. ,Onesckuii B.H., Boruox /{.J1.
VIIPABJIEHUE MPOEKTHOM HATEKHOCTHIO HE®TSHBIX PESEPBYAPOB

AnHoTtanus. ITocmanoseka npoonempr. COrinacHo IEHCTBYIOIMM B YKpanHe HOPMAaTHBHBIM
nokymeHnTam [7,9] Hedrsaubie pesepByapsl (PBC) nmpoekTupyroTcss Ha OCHOBE METOJa Mpe/IeibHbIX
coctosiuii. C IpUMEHEHHEM 3TOr0 METOAA 00eCIeynBaeTCs HaJeKHOCTh PE3ePBYapoOB B yCIOBHSX
U pexuMax paboThl, NpPENLyCMOTPEHHbIX HopMamu [6,7]. OnxHAaKo BONpPOCHL, CBSA3aHHBIE C
obecrieueHreM HajgexHoctd PBC, mnpoekTHpyeMbIX Ha CpPOK  CIY)KOBI, IPEBBILIAONIN
HOPMATHBHBIH, a TaKKe BOIPOCHI YKOHOMHUYECKOH 3(P(EKTUBHOCTH NPUHUMACMBIX MPOCKTHBIX
pelieHuii TpeOYIOT NanbHeHell HaydHOW NpopaOdoTKH. B JaHHOW cTaThe NPUBOAMTCS 0O0IIas
MeTojuKa oleHkH HajaexHoctH PBC Ha npoTsbkeHuu 3agaHHoN HapaObotku. [Ipeanaraercs monenb
oNnTUMalbHOro mnpoektupoBanuss PBC 1o KpuTepuro MHUHHMMyMa IPOEKTHOH CTOMMOCTH IIpH
o0ecreyeHnH 3aJaHHOr0 YPOBHS HAZIGKHOCTH Ha IMPOTSHKEHUH TpeOyeMoro cpoka cinyxObl. JlanHas
Mozesb ChOpMyITHpPOBaHa B TEPMUHAX HEJIMHEHHOW 3aauyl MaTEMAaTHYECKOrO IIPOrpaMMHPOBAHHS,
a JUIsl ee YMCICHHON pealn3aluy pa3padoTaH ClelHalbHbIA alropuT™, OCHOBAHHbIH HA NPUHIMIIAX
IIOCTPOCHUSA <OKAaOHBIX» aJITOPUTMOB. le’lBOLlﬂTCﬂ IIOJIYYCHHBIC B PE3YJIbTaTEC YHCICHHBIX
OKCIIEPUMEHTOB 3KOHOMUYECKHU PALlMOHAJIBHBIC MPOCKTHBIC 3HAYCHUS TOJIIIMHBI KOHCTPYKTHBHBIX
3JIEMEHTOB pesepByapa oGbeMoM 5000M B 3aBHCHMOCTH OT TPeGyeMoro ypoBHs HanexsocTr. Lens
— B paMKax JeHCTBYIOLIMX HOPM NPOEKTUPOBAHUS U C YUETOM MMEIOLIMXCS IAHHBIX TEXHUYECKON
nuarnoctuku PBC pa3paboTaTs METO/ paliOHaIbHOrO 00SCIeYeHNUsI 3aJlaHHOTO YPOBHSI IIPOCKTHOI
HajexHocth PBC Ha mporshbkeHuM TpeOyeMoro cpoka sKcryatauuu. Beteoowt. IlpennoxeHHas
OIITUMH3allUOHHAas MOJICJIb IO3BOJISIET yHnpaBJisATb l'lpOeKTHOﬁ HaJAC)KHOCTHIO HerTﬂHbIX
pe3epByapoB 110 KPUTEPUIO MUHMMYMa Ha4yalbHOH CTOMMOCTH IIPH 33[aHHOM CPOKE 3KCILIyaTaluu.
ITapameTpsl 3TOI MozENN ONpeneNnstoTcs (M MOI'YyT KOPPEKTUPOBATHCS IIPUMEHUTEIBHO K OTACIbHO
B3SITOMY pe3epByapy HJIHM IapKy pe3epByapoB) M0 pe3ysIbTaTaM CTATUCTHYECKON 00pabOTKU JaHHBIX
HaTYpPHBIX OGCHeﬂoBaHlflﬁ AHAJIOTMYHBIX OGBCKTOB, YTO IOBBIMIACT TOYHOCTH IIPOrHO3a B KaXXKIOM
OTACIIBHOM Clly4ac. B UTOre pacCMOTPEHHBIC MOACIA U AJITOPUTMbI MOT'YT CIIYKHUTh JOCTATOYHO
9((EeKTHBHBIM MATEMAaTHYCCKUM HHCTPYMEHTOM IPH HCCJICJOBAHHH INPOOJIEM HAISKHOCTH H
JIOJITOBEYHOCTH HE(TSIHBIX pe3epByapoB

KiroueBble cioBa: HedTsIHOH pe3epByap, TEXHHYECKas IHArHOCTHKA; MAaTeMaTH4ecKas
MO/1€J1b; YIIPABJICHHE HAEKHOCTBIO.
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In the framework of the existing design standards and taking into account the available
technical diagnostics data for RVS, a method has been developed for rationally ensuring the
specified level of RVS design reliability over the required service life.

Fig. 3. Ref. 12 items.
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BukoHyeTbCs OLIHKAa e(pEKTHBHOCTI 3aKpUTTA Ae(PEKTy Kancysd KyJbLIOBOrO cyrioba
HOJIIPOMIIICHOBOK CITKOK Ha IMiJICTaBl aHali3y HamnpyXeHo-IeGOpMOBAHOTO CTaHy Mojelen
(ikcawii po3pi3y CHCTEMH «KarCyJia-rojoBKa eHI0MpPOTe3a.

KuriouoBi ci10Ba: xarcysa, KyJbLIOBHH CYTJI00, eHAOIPOTE3, HAPYXEHO-AepOPMOBaHHI CTaH,
MOJI€JIb, METO/I CKIHYEHUX €JIEMEHTIB

Beryn. BuBnx cTerHOBOro KOMIOHEHTa €HJONPOTE3a € OAHUM 3 HAWOUIBII
yactux ycknmaaHeHb TEKC (ToTanpHe eHAONPOTE3YBaHHS —KYJBIIOBOTO
cyrio6a). Po3pi3HsOTH Oe311i4 YMHHUKIB PO3BUTKY BUBHXIB, 3TPYIIOBaHHUX B TPH
OCHOBHI KaTeropii: mali€HT3aJie)KHe, IMIUIAHTaT3aJeKHEe 1 TIOB’s3aHl 3
orepaTHBHOIO TexHikoro [1]. Kpamum BapianTom «iikyBanHs» BuBuxy TEKC e
3aro0iraHHsl PO3BHUTKY TEpPBHHHOI HecTaOumpHOcTi [2, 3]. OpHak, iCHYIOTh
BUIIaJIKH, KOJW HABITH IPH NMPABHWIBHIN YCTAHOBIII KOMIIOHEHTIB €HIONpOTE3a
BUHUKAIOTh BHBHXH, BHKIHKAHI CJIA0KICTIO a00 Je(eKTOM KarcCyibHO-
3B’SI3KOBOT'O amapary.

Oco0iMBO aKTyaJbHUM IUTaHHS BiJHOBJIEHHS KallCyJIbHO-3B’3KOBOTO
amapary € JUid JIIoAed 3 OXHPIHHAM, SKE€ KIIHIYHO XapaKTepU3yIThCs
BiJIKJIaZICHHSM JKUDPY B PI3HUX YaCTHHAX TiJia, B TOMY YHCIi B OOJIACTI CTErOH,
nepeIHbOI YepPeBHOI CTIHKH. B 1IbOMy BUNAIKy, Yepe3 HaJMipHE BiqKJIaJeHHS
JKMPOBOI TKAaHWHMU, Il Yac TNPHUCIIaHHA BUHUKAE MEXaHiYHA Iepelrkona i
CTBOPIOETHCSA JOAATKOBA ToYKa (hikcallil, B AKili BUHUKA€E cuia. Taka cuia iHOm
Moxe nocsiratu 20% Baru Tina [4]. Le 3MiHIOE KIHEMaTHKy PYXiB ITPHU OBHOMY
3TUHAHHI 1 30UIbIIyE pU3UK BHBHUXY TOJOBKM EHJIONPOTE3a 3 YallKH
BEPTIIIOKHOT 3anaauau (puc. 1).

[Ipu 3amHBO-TATEPATILHOMY JOCTYI, pETEeIbHE BIMHOBJIICHHS 3aJHIX
CTPYKTYp KaIlCyJ{ 1 30BHIIIHIX pOTaTOpiB (CYyXOXHJLIS m.piriformis) HUTKaMH
III0 HE PO3YUHSIOTHCS, € OJHUM 3 TOJOBHHX YMOB, alle HE 3aBXKIH MOXIIUBHM
JUIi BUKOHAHHS. baraTo aBTOpIB CTBEPIDKYIOTh, IO PETENIbHE BiJHOBIICHHS

© Tanuenxo C.I1., Macnennikos C.O., I'oioBaxa M.JI.
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CTPYKTYp M’SIKMX TKaHHH a0o,
NpUHaMHI, 30epekeHHs IHX
CIPYKTYp 3a  JOIIOMOTOIO

Mo (hiKOBaHUX JOCTYIIB

: 111§ 3HAYHO CKOpOYy€  YacTOTy

&_—D . BUHHUKHEHHS BHBHXIB,

‘ TIOB’ I3aHUX 3 3a/IHBO-

JaTepalbHUM XipypriuHUM

JIOCTYTIOM. Tax, A0

@ ©) TipaxoBaHo, o pu

Puc. 1. Cxema po3BUTKY BUBHXY F'OJIOBKH 3a3HAYEHOMY  JOCTYII oe3
€HJIONPOTE3a KYJIBLUIOBOTO CYriioda y nari€eHTis 3 BiZ[HOBJ'IeHHH M’ SIKUX TKaHUH

OXKHPIHHSIM: @) CXeMa cariTajbHii IIOLKHI y PH3HK BHHHUKHCHHS BHBHXY B
HALi€EHTa, KA HE CTPaXKIA€ Ha OXKHUPIHHS,

0) HECHIPUATIIMBA KIHEMAaTHKA y TALlIEHTA 3 8,21 pasiB  BHILIC, .HDK nipu
OXKUPIHHIM TaKOMYy XK JOCTyml, ajc 3

BiJIHOBJICHHSIM M’SIKHUX TKaHUH
[5]. Kpim Toro, moBeneHO 3aJeKHICTh CTAOUILHOCTI €HIOMPOTE3a CTErHa BiX
TOBUIMHU Kancynu. Karcyna cyrnoba ToBHMHOW 1 MM BHTpUMYE B 2 pasu
MEHII HaBaHTAXXEHHs, IO TPHU3BOAATH O BHBHXY, HDK Karcyma cyrioba
TOBUIMHOIO B 3,5MM i B 3 pa3u MeHII HaBaHTXEHHS NPH MaKCUMaJbHUX
3HAYCHHSAX TOBINMHM Kamcyad — 6 MM [6]. Cimig Takok 3a3HAYUTH, IO
HaKJIQJaHHs IIBiB HABITh IPH 3HAYHUX IMOUIKO/DKCHHIX KAaICYJIH IT03/I0BXKHIM
pPO3pI30M YCIIIIHO BiTHOBIIOE CTaOLIBHICTE B Meax mpuomusno 10% Big
6a30B0ro piBHi. TakuM YHHOM, TOBEJCHA 3HAYMMICTh BiJIHOBJICHHS 1 3MilTHCHHS
CTPYKTYp KallCylIbHO-3B’SI3KOBOTO amapaTry CTa€ B €IUHUNA psI 3 TaKUMH
MeTonamMu NpoQiTaKTUKN PO3BUTKY BHUBHXIB €HIONPOTE3a CTETHA SIK peTebHe
nepenonepaliiiHe IUIaHYBaHHS, BipHA YCTaHOBKa KOMIIOHEHTIB 1 BEIEHHs
MAIIEHTIB B MICIAONEpaIliHHOMY TIepiOIi.

B nmanmii dac po3poOiieHo 0e3fid CrocoOiB 3MIIHCHHS Ta BiJHOBJICHHS
3a[HIX CTPYKTYp KalCylHM KYJBIIOBOTO CYIJ100a 3a JIOTIOMOIOI ayTo- i
ajutoMarepiaiiB, IO PO3PI3HIIOTECA SK 3a METOMUKOI (Qikcamii, Tak 1 3a
XapaKTepUCTUKaMH CAMUX MaTepialiB, SKi HapiBHI 3 epeBaraMu MaroTh i HU3KY
HENOJIKIB, OyIh-TO NOpOKHEUa BUPOOHHUIITBA a00 HEOOXITHICTH OCOOJIMBUX
HaBMYOK OIEPYyIOYOoro Xxipypra i T.n. Y nmaHid poOOTi AOCTIIKYeTbCS CHOCIO
BITHOBJICHHS 1 3MIIIHEHHS 3aJHIX CTPYKTYp KaIlCyJHM KYJBIIOBOrO Cyrioba 3a
JIOTIOMOT'OI0 ~ CITYaCTHX IMIUIAHTaTiB Ha OCHOBI mominpomijeny. Cytb
3alpOIIOHOBAHOTO CIOCO0Y ToJsira€ B TOMY, IO TICIs YCTaHOBKM BCIX
KOMIIOHCHTIB SHIOIPOTE3a KYJBIIOBOIO CYTiI00a, B MPOCKIi IeeKTy Karcyau
Ha 30BHILIHIO ii IOBEPXHIO HAKJIAIAIOTh ITOJIINPOIIEHOBY CiTKy. [Ipu npomy ii
Kparo IMiAIIMBAIOTh JI0 BUTBHUX KpasX KarCylu, 10 BCbOMY il IepUMETpy Ha BCIO
TOBUIY KAICyJdH, TaKMM YWHOM, (DOPMYIOUM MeEXaHIuHYy <«JIaTKy» nedekry i
BHUCTYIIAIOYM B SKOCTI IUIATO JUIsl YTBOPEHHS MIIHOTO (hiOpo3HOro pyoIs.
Januii crioci6 He BuMarae 3Ha4HUX (DIHAHCOBUX BUTpAT, OCOONMBUX HABHYOK
xipypra 1 mokaszaB MepeKOHJIUBI PEe3YyNIbTaTH TiCTO-MOPQIIOTIYHUX JOCIIPKEHb
Ha J1abOpaTOPHUX TBapHHAX.
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MeTta poGoTH: OIiHKAa e(QEeKTHBHOCTI BHKOPUCTaHHS MOJIMPONIEHOBOT
CITKM Uit 3aKpUTTS JedeKTy KalCyld KyJbIIOBOIO Cyriioda Ha IMiACTaBi
aHaJi3y HAIPYKEHO-Ie(OPMOBAHOIO CTaHy MoJelell YIIMBaHHA KalCylu
PI3HUMH CIIOCOOAMHU.

Martepianu Ta Meroam. JloCHiIKeHHS BHKOHYBAJIOCH B IPOTPaMHOMY
KOMIUIEKCI, 3aCHOBAHOMY Ha METOJIi CKIHYEHMX eleMeHTiB. J{Js pariioHaIpHOro
BUKOpHCTaHHA pecypciB EOM Oyna noOymoBaHa po3paXyHKOBa MOJENb, SKa
CKJIajiaslacs JIMIIE 3 MOJENi Kalcyau 1 Mozeni rojoBku eHpomporesa. Kictku,
SIKi QOPMYIOTh KYJBIIOBHH CYIJI00, HE MOJEIIOBAJIMCS, a X HasSBHICTh BpPaxo-
BYBJIOCS IIUIIXOM HaKJIaJaHHA BiAIOBIIHUX I'PAaHUYHUX YMOB: 3a0O0pOHSIIHCS
HepeMillleHHd KpaiB Kallcyiau
y BCIX HampsIMKax.

Mogenp  kamcynu — 3a
CBOIMH pO3MipaMy BiJIIOBiIa-
Jla aHaTOMIYHMM pO3Mipam
KaICy/lIu AOpOCIIOl JIOJUHHU. 3
ormsigy Ha Te, o Qopma
KaIlCylIu IIOBTOPIOE KOHTYPH
TOJIOBKM 1 INIUHWKU CTETHOBOI =
icku i mae  Qopmy ©) ®)
IUTHAPUYIHOTO PYyKaBa, Puc. 2. Cxema Karcyim KyablIoBoro cyrioba (a); (6), (B)
NPUKPIIUIAIOYACh 10 KpaiB €JIEMEHT «KaIICyJ1a» KOMII'I0TEPHOT MOJIeNli CHCTEMH
Ky.]-H)H.IOBO.l. 3amajJuHy Taza 1 «KaIlCyJia-rojIoBKa €HAO0IIPOTE3a KYJIbIIOBOro cyrnoGa»
MIDXBepTeNbHOM JiHii (puc. 2,(a)), BOHA MOJEITIOBANIACS y BUIISAl MOPOKHBOTO
LITHIpa 3 po3MipaMu: IOBKUHA 12 cM, ToBIIMHA CTiHKK 3 MM (puc. 2,(0)) [7].
BigHocHo miamerpa mustiHApa HEOOX1IHO BiJI3HAYMTH HACTYITHE. 3 OIJISIy Ha Te,
IO ITiJl Yac pyXiB IIOBEPXHS TOJIOBKU CHJONPOTE3a BILIMBAE HA KaICYIly, TO I
JOTPUMAaHHS YMOB B3a€EMOJiI MiX LUMH €JIEeMEHTaMH, JiaMeTp TOJIOBKH 1
BHYTPIMIHIH JiaMeTp HUIIHApa MaJld OJHAKOBUI pO3MIp, SIKMH CTAaHOBUB 36 MM
[8]. 3 ypaxyBaHHAM 3a3Ha4YE€HOI TOBIIMHHU CTIHKH KarCyJH, 30BHILIHIN TiamMeTp
wwIiHapa JopiBHIOBaB 42 MM. /J{Is 3MEHIIEHHS KiNBKOCTI CKiHUEHHHX
€JIEMEHTIB MOJIeNTi po3rsiaanacs Titbku 1/2 muninnapa (puc. 2,(B)).

BizgHOCHO MOJIETI TOJIOBKU 3ayBa)KMMO, IO YKOPCTKICTS i 6arato BuIle, HiX
y kancynu. KpiMm Toro, eHmompore3 He € O€3MOCEpeNHbO MOCHILIKYBAHHM
00’exToM. ToMy 3 METOIO 3HMKCHHS 3arajbHOI KIIBKOCTI CKIHUCHHUX €JICMCHTIB
B MOJIeJIi, TOJI0BKA €HAONPOTE3a KYJIBIIOBOIO CYIJI00a MOJEOBaIacs y BUITIA I
MIOPOXKHBOI KYJIi, 30BHIIIHIA TiaMeTp SIKOi, SIK BKAa3yBajJocs BHIIE, MaB PO3MIp
36 MM, a BHyTpimmHii — 34
MM, TOOTO TOBIIHMHA I'OJIOBKU
cknaina 1 mm (puc. 3).

[l npukiagaHHs HaBaH-
Ta)KCHHA [0 TOJIIBKH EHHO-
IpoTe3a, AKa 1 IeperaeTbes
Ha Kalcyly, 10 Kyjli IpHK-
piHJ‘IeHI/Iﬁ HpﬂMOKyTHI/Iﬁ eie- Puc. 3. Mosiesb rooBKH €HA0NPOTE3a KYyJIbLIOBOIO
MEHT, AKUH MaB PO3MipH Io- cyrnoba: (a) 3araibHuii BUIJL, (6) Buz 360Ky, (B) BHA B
nepednoro mepepizy 1x1 cm. pospt3l

©6)
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Bzaemomis Mk Kynelo 1 BHYTPIIIHBOIO  IOBEPXHEIO  IIWIIHIpa
3IIHCHIOBAJIOCS IIUIIXOM CTBOPEHHSI KOHTAKTHOI Mapu 3ac00aMu MPOrpaMHOr0
KOMILIEKCY.

3ayBaxMMo, 11O B JaHIi poOOTI MOCIHIIKYBaBCsS JIBa CIIOCOOHM YIIMBaHHS
KarCyJi: BY3JIOBUMH IIBAMH, a TaKOX IONIMIPOMIJIEHOBOIO CITKOIO, sKa
3aKpuBaia neQeKT Kancyiu i ¢ikcyBanacs A0 Hel 10 BChOMY TMEPHUMETPY CITKH,
Yyepe3 BCIO TOBIIY KalCyJIbHO-3B’SI3KOBOTO arapary 3a JOIMOMOrOK HHUTKH
«Bikpun». Takum yrHOM, Oyniu o0y J0BaHi BI pO3paxyHKOBI MOJIEN, SIKi Mau
OJTHAKOBY T'€OMETPI0, aJie BIAPI3HAIHUCA TIJIBKH CIIOCOOOM 3aKPHUTTS PO3CIiUeHOT
karcynu. Kpim Toro, moOynoBaHa [M0AaTKOBa KOHTPOJIbHA MOJIENb THX JK€
PO3MIpiB, ajie B sIKiii po3pi3 HEe BIIMBABCSL.

Kancynmoromisi MozentoBanacss y BUDJISII PO3CIUEHHS HYJIHOBOI TOBIIMHH,
Y3IIOBK TBIPHOI IIMITIHAPa, TOOTO B3IOBK MOJIEII KaIcy/u. JJoBKHUHA PO3TUHY —
8 cM. PozramoByBaBcst po3pi3 CHMETPHUYHO 110 BUCOTI LHTIHAPA, TOMY BIACTYIH
BiJl BEpXHBOI 1| HIKHBOT OCHOBH MOJIEITI CKJIAJIH 10 2 CM.

dikcyroui €JIEMEHTU
(HMTKa 1 CiTKa) TaKoX
MOJICTTIOBAJICSL  BI/IMIOBiTHO
JI0 CBOiX peajbHUX PO3MIpiB
(puc. 4, (a), (6)). Hiamerp
wutkn — 0.5 MM, miamerp
HATKH B citi — 0.5 MM,
PO3MIp KOMIpOK — 2X2 MM.

®di3uKo-MexaHiuHl Biac-
TUBOCTI EJIEMEHTIB MOJeNi
3ajaBanucs Takumu. s
KarllCyJIbHO-3B’I3KOBOT'O aria-
patry MOIylb IPYXKHOCTI

G

(2) ©6)

Puc. 4. (a) esieMeHT «BY3J10BHUii 1I0BY, (0)~(B) eneme

(2) enemenT «Bysnobiii oy, (0)-(s) enement —paypy 150 MITa,
IIPOIIIEHOBA CITKa» KOMIT FOTEpPHOT MOZIEI CHCTEMH T
«KarcyJIa-ToJIOBKa EHIOMPOTE3a KYJIbIIOBOTO Cyrio0ay koepinient  Ilyaccona -

0.25. BiactuBOCTI TOIOBKH
eHjionpore3a Oynu oOpaHi 3 MipKyBaHb BHCOKOi JKOPCTKOCTI B TOPIBHSHHI 3
KOPCTKICTIO Kamcymu i ckiamu 2*10° MITa i 0.25, Bimmosimmo. st HHTKH i
CITKHU TIPYKHI BJIACTUBOCTI Iepeadavyannucs OAHAKOBUMH 1 BiAOBIIAIH: MOIYIb
IOnra — 17.2 MIla, xoeoimient ITyaccona 0.25. OmHak, TyT CIiJ 3a3HAYUTH
HactynHe. IlomepemHiii po3paxyHOK IIOKa3aB, IO MOJCIIOBAHHSA CITKH 3 11
peasbHUMH po3MipamMH (KOMIPKOBa CTPYKTypa) CTBOPIOE BENHMKY KUIBKICTh
JIOATKOBUX €JIEMEHTIB B Mopemi (JiHil i NOBEpXHi), SIKMM IIPHCBOIOETHCS
Hymepatis. Lle B cBoto 4epry, Npu3BOJUTH 0 CYTTEBOTO CIIOKUBAHHS PECYpPCIB
koM’ rotepa. ToMy Mozenb ciTku Oyina 3aMiHeHa Ha (parMeHT HMTiHAPHYHOL
moBepxHi (puc. 4, (B)), rabapuTHI PO3MIPH AKOI BIAMOBIAIM CITIN, a TOBIIMHA
30irajacst 3 IiaMeTpoM HHTKH. 3a3HayeHa 3aMiHa MoTpedyBayia NepepaxyHKy
MPYXHOTO MOAyJsi, skuii ckinaB 1.72 MIla. 3ayBaxxumo, 10 MOJETIOBAHHS
CITKM Yy BUIJISI CYLIJIbHOI ITOBEPXHI € MPaBOMIPHUM, TaK SIK BiIMIHHICTH y
OynoBi 3a3Ha4eHMX O0’€KTIB ICHye TUIBKM Ha MIKpOpiBHI (HasBHICTH a0o
BiJICYTHICTh KOMipoK). Ha MakpopiBHi, 32 paXyHOK BU3HAYEHHSI HOBOI'O MOZYJISI
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MPY)KHOCTI JIUISL CYIIIBHOI TOBEPXHi, BIIMIHHOCTI B TOBEHIHIN MOJCICH CITKH
(xomipkoBa a0 CymiJbHA CTPYKTypa), NpH i HaBaHTaKeHHI, He Oynme. OTxe,
BIUIMB Ha KarCyily 3 OOKy MOJENI CITKH y BHIJIAII CYIIJIBHOI IMOBEPXHI Oyae
TaKUM K€ 5K 1 I[P MOJICITIOBaHHI 11 KOMipKOBOIO CTPYKTYPOIO.

YmmBanHsa aedekTy MOMACTIOBANIOCS HaKIaJAeHHSIM IBiB 1 citku. IlIBH
HaKJIQJaJucs 3 KPOKOM 1 cM 3 BifACTyHmoM Bia KpaiB po3pizy mo 1 cM, Tomy
3arajJibHa KUIbKICTh IIBIB CKjIajia 7 mTYyK (puc. 5, (0)). Binctymu Bim oci po3pisy
Takox ckiagany mo 1 cm. CiTka Hakiaaaigacs 3a po3MipamMH po3CiueHHs, TOOTO
8 cM — y310BXK JIiHIT po3pi3y, 1 3 BiCTymaMu 1o 2.5 ¢cM — Bix Woro oci (puc. 5,
(B)). 3’emHaHHS CITKM 1 TOBEPXHI KalCylu 3AIHCHIOBANOCS IITIHAPUYHUMHU
€JIEMEHTaMH, SIKI MOJIEIOBAaM TpHUIIMBaHHA. Po3Mipu 1 BIacTHBOCTI
LTI HIPUYHUX €IEMEHTIB BiIIOBIIaIM PO3MIpaM i BIACTHBOCTSM HHUTKH, SIKOIO
3IIHCHIOETBCS TPUIIMBAHHS CITKM 10 Karcyii, a po3TalloBYBaJIUCS BOHHU 3
KpPOKOM | CM MO IIepuMeTpy CITKH.

Bzaemonist Qikcyrounx eneMeHTIB i
Karcyu 3MIACHIOBAJIOCS TaKOX
LIJISIXOM CTBOPEHHSI KOHTaKTHOI MapHu.

Juns  nmocnimpkeHHsT  e(eKTHBHOCTI
YIIUBaHHA pO3CiueHHs pizHUMH
criocobamMu o MIPSIMOKYTHOTO
€IIEMEHTY Mozeni T'OJIOBKH
TIpUKIIaanacs CTaTU4YHE
HaBaHTA)XEHHS — Y BUITISAI (hikCOBaHOT
BEJIMYMHH CHIH. BekTop mpukiagaHHs (a) (6) (8)
HaBaHTa)XEHHS1 OyB CIPSIMOBAaHHUU I10
HOpMami 10 JiiHii po3cideHHs (1o

Puc. 5. Komm’totepHa MoJieJib CHCTEMU
«KaICya-rojI0BKa eHIONPOTEe3a

TBIpHOI IWITIHApPA). 3 OMIAAY Ha Te, IO KYJIBIIOBOTO Cyry106ay»: (a) i3 3aKpuTTSM
HalOlnpIl  HeOEe3leyHow €  Jid nedekTy Karcyiu By3/osuM mBoM, (6) 3
: 3aKPHTTAM Ae(EKTY KaICyiH IPOMiIeHOBOT
HaBaHTAa>XCHHA Ha ICH 03p13 TO .
. LCHTp pO3PI3Y, CiTKOI0, (B) 0€3 3aKpUTTS AePEKTY
JOCII1P)KCHHS BUKOHYBAJIOCsA B

MIPUIYILIEHH], 1[0 TOJIOBKa PO3TALIOBYETHCS CUMETPUYHO MO BiJHOMICHHIO 10
JIHIT pO3pi3y, SK IO JOBXHHI, TakK 1 MO0 OCI.

Benuuuna cratnyHoi cuin cTaHoBWia 15 Kr. 3ayBaKMMo, IO TakK SIK MpH
BCIX OJJHAKOBUX YMOBAaX BiMiHHICTh MiK MOJIEJIIMH TIOJIATAE JIMIIIE B CIIOCO0aX
¢ikcanii, To 15 MOPIBHAHHS TX €)EeKTUBHOCTI, BETNYNHA HABAHTAKEHb MOXYTh
OyTu 0OpaHi JOBUIBHO.

Mojens Kamncyiy 3aKpillIFoBayiacsl MO BCi¥ IJIOMIMHI BEPXHBOI 1 HIDKHBOI
OCHOBH: 3a0OpOHSUTMCS TIEpPEMIllleHHs] y BCIX HampsMKax, [0 IMITyBajo
NPUETHAHHS KalCylu /o KicTKoBOI moBepxHi. Kpim Toro, no rpaHei,
PO3TAIOBAaHUM 3 OOKY BiJKHHYTOI YaCTHHH IJIIHAPA, HAKIAIAIUCS BiIITOBIIHI
TpaHU4HI YMOBH, sKi 3a0€3IIeUyBaii HEPYXOMICTh 3a3HaUYEHHX I'paHeii Moeli B
HAIpPSIMKY BEKTOpa HaABaHTA)KEHHSL.

Posmonin Ha CKiHYEHI eJIEeMEHTH 3/IMCHIOBAJIOCS TE€HEPAaTOpPOM CITOK
IporpamMHoro komiuiekcy. Tumn ernementa oopanuii SOLID. Po3mip ckiHueHOro
€JIEMEHTa 3a/1aBaBCsl Ha JIiHIAX 00’ekTiB 1 3MmiHIOBaBcs Bix 0.25 mo 1.0 mwm.
CrBOpeHa KOHTAaKTHAa Ilapa «KalCyla-rojOBKa EHJONpOoTe3a KYJBIIOBOTO
cyriobay nependavana BiJCYTHICTh TEPTSI.
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PesyabraTH Ta iX o6roBopenHsi. B pe3ynbTaTi BUKOHAHHX pPO3paxyHKIB
OTpUMaHi KapTUHH PO3MOALIY HANpyXKEeHO-1e(OPMOBAHOIO CTaHy B CHCTEMI
«ronoBKa-kancyna». s oniHku eeKTHBHOCTI Crioco0y 3aKpHUTTS Karcyid, B
SIKOCTI OCHOBHHMX XapaKTEPUCTUK, OOpaHi BEJIMYMHM PO3KPHUTTS pO3pi3y, a
TAaKOXX HANPYKEHHS, [I0 BUHUKAIOTh B Karcyni cyrinoda. JlomaTKoBoro
XapaKTEPUCTHKOK OOpaHi HampyKeHHS B TromiBii. OTpuMaHi pe3yibTaTH
HaBEJCHI y BIAMOBIAHUX Ta0muIsx 11 2.

3ayBaxuMo, 10 B JaHii poOOTI BUKOHYBABCS CTaTHYHHN pO3PaxXyHOK,
TOOTO (hiKCyBanacs BENUYMHA IPUKIAJCHOrO HaBaHTakeHHs. OuYeBHIHO, IO
npu QiKCOBaHil BETMYHMHI CHIM y MOJIeJIel 3 Pi3HOIO YKOPCTKICTIO MepeMillleHHs
OyIyTh TAaKOX PI3HUMH — YHM JKOPCTKIIIE MOJEIb, THM MEHIIE MepeMilleHHsI.
ToMy OCHOBHHM IIOKa3HHKOM TaKOTO JOCIHI/KEHHS € BEJIMYMHA PO3KPHUTTS
po3pi3y, a HampyXeHHS B MOJAETI MOXXHa BHUKOPHUCTOBYBATH JUISl JONATKOBOI
OLIIHKU MiITHOCTI.

Tabnums 1
BenuunHu nepeMilieHb i Hapy>KeHb B CUCTEMI
«KaIlCyJa-rOJIOBKa €HI0NPOTE3a KYJIBIIOBOIO CYTiio0ay
IMepemimieHHs B HanpykeHHs Gpyiz,| [Tepemiig
o Karncyii 6, MM MTIla CHHS
Crioci6 dixcarii Yo,
Kanc | I'omos | ronoBku
8l"ﬂii)( 8EH 8CH
yna Ka W, MM

Mopenb 6e3 3aKpUTTs
KaricysoroMii (koHTponsHa | 3.42 | 2.87 | 3.42 | 10.5 | 13.6 3.90
MOJIEITB)

Mogens cuctemH 3
3aKpUTTSIM JedeKTa 1.68 | 1.43 | 1.60 | 8.12 | 13.8 2.06
BY3JIOBHMH HIBAMH
Mogens cuctemH 3
3aKpUTTSIM JedeKTa 1.01 | 0.86 | 0.99 | 7.59 | 13.5 1.38
TIPOITIIIEHOBOIO CITKOIO

Sk BuaHO 3 Tabmui 1 3HaUeHHS NepeMillleHb Ha Kpasx po3pi3y BCEpeauHi i
30BHI KaIlCyJIu BiIpi3HstoThCA. [IpuomMy BelmurHa repeMilieHHs 30BHi Oinblie
HDK Ha BHYTpIIHIA TOBEpXHi, TOOTO
BIIOYBA€ThCA  PO3BOPOT  KpaiB  po3pizy.
Kaptuna po3BopoTry nokasana Ha puc. 6.

AwHamiz  pe3yabTaTiB, HaBEACHHX Y
Tabmuui 1 mokaszas. HalimeHi nepeMimeHHst
B HANpPSIMKY PO3KPHUTTS OTPHMaHi y Mopesni
¢ikcanii po3pizy citkoro i ckiamu — 1.01 mm.
[pu ¢ikcanii po3pizy HUTKOIO 15l BEIUYUHA
Oyna — 1.68 MM, 110 BusBMIIOCA BUIe Ha 0.67
MM abo 66.3%. Haiibinpmi nepemimieHHs

Puc. 6. Po3rairyBaHHS TOYOK . - .
KAICYJIH 3 HAHGLTB LM OTpHMaHI Yy KOHTPOJBHIH Mozeni (0e3

nepeMieHHAMH ¢ikcarrii), ski gopiBHIOBaIU 3.42 MM, 1 Oynu
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OinbIle HiXK y Mojienield 3 (hikcalliero HUTKamH i citkoro Ha 1.74 mM a6o 103.6%,
i2.41 mm abo 238.6%, BiamoBigHO.

3 orAAy Ha Te, IO BEIWYMHA O — II€ BIAXWJICHHSA TOYOK KAaIlCYJIH Bif OCI
PO3pi3y, TO BiIMOBIMHO A — MOBHE PO3KPUTTS, BU3HAYAETHCS 31 CITiBBITHOIICHHS
A =2%*5, a fioro BeJTUUNHU HaBeICHI B TaOIHII 2.

Tabmums 2

Benuuuau po3KpUTTS pO3pi3y B 3aJEKHOCTI BiJ Mozemi ¢ikcarrii

IMepemilieHHs, MM
Amax ABH ACH

6.84 | 5.74 | 6.84

Crioci6 dikcartii

Mopenb 6e3 3aKpHUTTS Kancya0ToMil (KOHTPOJIbHA
MOJIEITB)

Mopenb CHCTEMH 3 3aKPUTTAM Je(eKTa By3JIOBUMHU
IIBaMHU

Mopenb CHCTEMH 3 3aKPUTTM JedeKTa
TIPOITIIIEHOBOIO CITKOIO

3.36 | 2.86 | 3.20

2.02 | 1.72 | 1.98

BiZTHOCHO BENWYHMH PO3KPHUTTA MOKHA TOMITHTH, IO y Momenmi (ikcarrii
CITKOIO BOHO BHSIBWJIOCS TaKOXX HaWMEHIIMM SK Ha BHYTpIIIHIA, Tak 1 Ha
30BHIMIHIN cTOpoHi. [Ipy IbOMY pi3HHUIA B IIUX BeNIWYMHAX JOpiBHIOE 0.26 MM.
Y mogeni dikcamii HUTKOIO PO3KPUTTS Oyio Buie Ha 66.3% 3 BHYTPIIIHBOL
cTopoHd 1 Ha 61.6% 3 30BHINIHBOI CTOpOHM, a pisHui — 0.34 mMMm. VY
KOHTPOJIbHI ~ MOZAETl  BEIMYMHH  PO3KPUTTS Oynu  HalOumbnmmu i
MepeBUIIYBaIM 1[I TOKazHUKH Ha 233.7% 3 BHyTpimHbOi i Ha 245.5% 3
30BHIIIHBOI CTOPOHH I MOJIEITI 3 CITKOIO, 1 I Moneni 3 HUTKoro Ha 100.7% i
113.8%, BignoBimHO. Pi3HMI B PO3KPHUTTSX Uit KOHTpOJbHOI Moneni — 1.10
MM.

Ha pucynky 7 mokaszaHi KapTWHH PO3IIOIY TEpPEMIlIeHb B OKPYKHOMY
HaNpsIMKY U pi3HUX Mozeneil. /i ouiHku BenwyuH nedopmaiii Mojernei
KapTUHM MOKa3aHi B OJHAKOBOMY MacmTadi. SIk BUIHO 3 pUCYHKY HaliMeHIIe
PO3KpHUTTSI OTpUMaHO y Mmozeni (ikcarii citkoro (puc. 7,(a)), npu ikcarii
HUTKOIO — cepente (puc. 7, (0)), a HaiOLIbIIe OTpUMaHO Y Moneli 0e3 ¢ikcarrii
(puc. 7, (8)).

Js OIIIHKH
HANpPYXEHOTO CTaHy
oOpaHi BEJIMYUHU
€KBIBaJIGHTHUX IO
Musecy HampyXeHb
SK B KarcyJi, TaK i B
TOJIBII.

3  Tabmum 1
BHJIHO, 110 HAHOIBIII
HaIpYKEHHS B
KaricyJli BUHHKAlOTh B
Mozeni 6e3 ¢ikcarrii,
AKi 32 BEJIUYUHOIO Puc. 7. Po3nozin nepeMiliieHp B Kancyii st pi3HUX MOJesei
JIOPIBHIOBAJIH 10.5

©6) (8)
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MITa. Ilpu ¢ikcarii HUTKOIO 1i HampyKeHHs Oynu Ha 22.7% MeHIe i CKiIanu
8.12 MIla. Haiimenmni HanpyXeHHS BUHHKIU B Mozeni (ikcamii citkoro (7.59
MITa) i Oynu menmumu Ha 27.7% HiX Y KOHTPONIBHII Mozeni, 1 Ha 6.53% Hix y
MOJIEJi 3 HUTKOK. BHHUKaNN 11i HANpY)>KEHHs Y BCIX MOJIENeil B TOUIll KOHTAKTy
TOJIOBKH 1 Karcysiu, TOOTO B IEHTPi po3pizy (puc. 8, (a)).

MakcumaitbHi Halpy>KeHHs B TOMiBIII
32 BEJIMYMHOIO  NPAKTHYHO  HE
BIPI3HSUIMCA ISl PI3HUX  Mojesen
¢ikcarii. HaiiOimpin 3 1ux HapyKeHb
JIOCSITAIINCS Y MOJIENTi 3 HUTKOIO 1 CKJTaIIn
13.8 MIla. Y wmogmemi 6e3 ¢ikcamii
HanpyxeHHs Oynu menmie Ha 1.45%. A
HalMEeHII OTPUMaHi Y MOJIENI 3 CITKOIO,
SKi OynM MeEHIIe HiDX Yy Monened 3
(ikcaliero HUTKOI 1 KOHTPOJILHOI Ha
2.17% 1 0.74%, BignosigHo. Bunukamu
3a3HA4Y€HI  HANpyXeHHS B  TOYII

©) 3’ €/[HAHHS Kyai TOJIOBKH 3

Puc. 8. Po3noziin ekBiBaseHTHHX 110 napannenenunenoM (puc. 8, (6)), To6To

Musecy HanpyxeHb B Kancydi (a) i B B KOHLEHTPATOpi HANpyXeHb, YUM 1
ronisui (6) MOSICHIOETHCS X BEJUYMHA.

Tyr HeoOXiZHO 3a3HAYUTH, IO MPU CTATHYHOMY PpO3PaXyHKY Kpim
PO3TIISTHYTHX BeNWuYuH Aedopmaiiil i HamnpyKeHb, 1 BUKOPHUCTOBYBAHUX JUIS
OLIHKK e(EeKTHBHOCTI CIIOCO0Y 3aKPHUTTA KalCydd, BaXKIMBHUMH TaKOXK €
BEJIMYMHH MEPEMIIIIeHb TOJIOBKU B HANPSIMKY MPHKJIaIeHOr0 HaBaHTaxeHHs. [le
MOSICHIOETBCS. THM, WIO TIPH TPHKIaJaHHi (DIKCOBAHOI CHIIM JIO TOJIBKH,
MepeMillleHHss B MOJeNli HEe KOHTPONIOIOTBCA, a € pe3yjlbTaToM. Tomy
MOKa3HUKOM >KOPCTKOCTI OyIyTh HE TUIBKU BEIMYMHU PO3KPUTTS, a i BeTHMYMHA
MepeMillleHHs TOJIOBKM B HAIPSIMKY po3pidy (W — IEpeMIillleHHS B HAIPSIMKY
MIPUKIIAJIEHOT0 HABAaHTAKEHHS).

3 tabnuui 1 BUIHO, I10 HAWMEHIIUMH 11i IEPEMIIIIEHHS] BUSBUIIUCS Y MOJIEN]
¢ikcarii ciTkoro, ski gopiBHoBaiu 1.38 MM. YV Momeni (ikcamii HUTKOIO I
BeJIMYMHA jopiBHIOBasia 2.06 MM, mo Oiumbme Ha 49,3%. Haii6Ginerm
nepeMillleHHs TOJIOBKH OTpUMaHi y Mojieni 0e3 ¢ikcarii, siki gopiBHoBanu 3.90
MM, sIKi Oyiau OuIbIe HDK y Momeni 3 ciTkoro Ha 182,6% i Ha 89.3% Hik y
MOJIEII 3 HUTKOIO, BiITOBIIHO.

Sk 3a3Hauanocs BUIIE, NPU CTATHYHOMY PO3PaXyHKY pO3IO/LT IIepeMillleHb
BKa3ye Ha XapaKTEPUCTUKU MOPCTKOCTI PO3TJSIHYTHUX Moneneid. Unm Hipkde
NepeMillleHHs. TPH OJHAKOBUX YMOBAaX HaBaHTAXXCHHS, THM J>KOPCTKIIIOW €
Mojenb. OTpUMaHi NepeMillleHHs MMOKa3yIoTh, MI0 3 TOYKH 30pY >KOPCTKOCTI
¢ikcarii OLTBIT KOPCTKOIO € MOAETb 3 CiTKOl. KpiM TOro, BeIWYMHU
OTPUMAaHUX HAIIPY)KEHb B KaIICYJi BKa3yIOTh Ha Te, IO 3 TOYKU 30pY MII[HOCTI
MOJIETb 3 CITKOIO € TAKOX 1 OLIBII MilTHOIO.

BucHoBku

1. HailiMeHmn BeTMYMHM PO3KPUTTS PO3pi3y OTpUMaHi y Momeni ¢ikcamii
HOTro CITKOIO.
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2. 3 ycix Mogmenei ¢ikcamii, HamnpyKeHHs B KarcCysli BUSIBHIHCS
HaiMEHIIMMHU y MOJETl 3aKpuTTsi JedeKTy Kalcyiad CiTKooo, a I XK
HANpY)XEHHS B TOJIBII HE3HAYHO BIAPI3HSUIMCS 3a BEIMYMHOIO ISl Pi3HUX
MoJeyIeH.

3. TlepemimieHHs TOJOBKM B HampsSMKy NPUKIAJICHOIO HaBaHTaKEHHS,
TAKOX BHSBWINCA HAWMEHIIMMHU Y MOJENi 3aKpuUTTs AeBeKTy Karcyiu
KYJIBILIOBOTO CYI100a CITKOIO.

4. OtpumaHi pe3ynbTaTd pO3paxyHKiB BKa3zylOThb Ha Te, IO MpHU
PO3MIISTHYTHX BapiaHTax (ikcamii po3pisy, SIK 3 TOUKH 30py JKOPCTKOCTi, TaK i
MIITHOCTI, €(PEeKTUBHILIOW € MOAENb (ikcalii 7eeKTy CiTKOIO.
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Ilanuenxo C.I1., Macnennixos C.O., I'onosaxa M.JI.
OLIHKA EOEKTUBHOCTI ®IKCAIIIi PO3PI3Y KAIICYJIM KYJIBIIIOBOI'O
CYI'JIOBA NOJIIITPONIIVIEHOBOIO CITKOIO

AKTyalIbHiCTh. BUBHX CTErHOBOIO KOMIIOHEHTa CHAONPOTE3a € OAHWUM 3 HAMOULIbII YacTHX
YCKJIAHEHb IIPH TOTAJBHOMY EHAONpOTe3yBaHHI KyubuoBoro cyriaoba (TEKC). Pozpisusiors
0e31i4 YMHHHUKIB PO3BUTKY BUBHXIB. KpammM Bapiantom «iikyBaHHs» BuBHXYy npu TEKC e
3aro0iraHHsi PO3BUTKY MEPBUHHOI HecTaOuibHOCTI. OCOOIMBO aKTyalbHUM IHUTAHHS BiIHOBJICHHS
KarcyJIbHO-3B’S3KOBOI0 amapary € Uil JIOACH 3 OXHUPIHHAM. PeTenbHe BIXHOBICHHS CTPYKTYD
M’SIKHX TKaHHH a00 30epeKCeHHs LHUX CTPYKTYp 3a JOMNOMOrO0 MOIH(}IKOBAHUX JOCTYIIB 3HAYHO
CKOpOYY€ YacTOTY BUHUKHEHHS BUBHXIB. B naHuil yac po3pobiieHo Ge3iiu crocodiB 3MilHEHHS Ta
BIHOBJICHHS 3a[HIX CTPYKTYp KalCyad KyJIbLIOBOrO cyrioba. Y naHiii poOoTi AOCHIKYyeThCs
Croci0 BiJHOBJICHHS 1 3MILHEHHS 3a[HIiX CTPYKTYp KalCyJd KyJbIIOBOrO Cyrjioba 3a J0IOMOro0
ciT4acTHX IMIUIAaHTATIB Ha OCHOBI moninpomiieHy. Mera poGoTm: oOIiHKa e(peKTHBHOCTI
BUKOPUCTAHHS IMOJIIPOIIJICHOBOI CITKH ISl 3aKpUTTS AC(PEKTY KalCyjld KYJIbIIOBOIO Cyrjoda.
Marepiaau Ta MeToau. JlocikeHHs: BUKOHYBAJIOCh B IIPOrPaMHOMY KOMIUIEKCI, 3aCHOBAHOMY Ha
METOJIi CKiHUeHHX eyleMeHTiB. Jlyisl paiioHansHOro BUKoprcranus pecypcis EOM Oyna no6ynosana
pO3paxyHKOBa MOJIEIb, SIKa CKJIaJajacs JIMIIEC 3 MOJEII KarcCyld i MOJC/i TOJIOBKH €HIOMPOTe3a.
Po3Mipu esleMeHTIB pO3paxyHKOBOI MOJIEIi BiANOBIAaIM AIHCHUM po3MipaM X 00’ ekTiB. Y poOoTi
JOCTIMKYBAIOCs [Ba CHOCOOM YINMBAHHS KAaICyJIH: By3JIOBUMH LIBAMH 1 IOJINPOINiICHOBOIO
ciTkoro. Takoxk, moOy10BaHa JOAATKOBA KOHTPOJIbHA MOJIEIIb THX JK€ PO3MIpiB, ajie B sIKii po3pi3 He
BIIMBaBcs. Pe3yabTaTn Ta ix ofroBopeHHsi. B pe3ynbTaTi BUKOHaHHX pPO3PaxyHKIB OTpUMaHi
KapTHHH PO3MOALITY HAIPYyXEeHO-1e()OPMOBAHOIO CTAaHY B CHCTEMI «Tr0JIOBKa-Karicya». J{is OLiHKu
e(eKTUBHOCTI CrI0CO0Y 3aKpUTTS KAICYJIH, B SKOCTI OCHOBHHX XapaKTEPHCTHK, OOpaHi BEIMYHHH
PO3KPUTTSL PO3pi3y, a TaKOX HAMPYKEHHs, LI0 BHHUKAIOTh B Karcylsi cyrioba. J10aaTKOBOO
XapaKTepHUCTHKOK 00paHi HANpy)KeHHs B rojiBii. BucHOBKH. OTpuMaHi pe3ysbTaTH PO3pPaxyHKIB
BKa3ylOTh Ha Te, IO NPH PO3MSIHYTUX BapiaHTax (ikcauii po3pi3y, SK 3 TOYKH 30py JKOPCTKOCTI,
TakK i MilHOCTI, eheKTUBHIILIO € Moelb (ikcarii 1e(eKTy CITKO.

KuriouoBi ci1oBa: karcysa, KyJbLIOBHI CYIJIo0, eHIOIPOTE3, HAPYXEHO-AehOPMOBaHHI CTaH,
MOJI€JIb, METOJI CKIHYEHUX €JIEMEHTIB.
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Panchenko S.P., Maslennikov S.0., Golovakha M.L.
ESTIMATION OF EFFICIENCY OF HIP JOINT CAPSULE CUT FIXATION WITH
POLYPROPYLENE MESH

Relevance. Dislocation of the femoral component of the endoprosthesis is one of the most frequent
complications in the total hip joint endoprosthesis (THJE). There are many factors for the development
of dislocations. The best option to «treatment» a dislocation in THJE is to prevent the development of
primary instability. Of particular relevance to the restoration of the capsule-ligament apparatus is for
people with obesity. Careful restoration of soft tissue structures or the preservation of these structures
using modified accesses significantly reduces the incidence of dislocations. Currently developed many
ways to strengthen and restore the posterior structures of the hip joint capsule. In this paper, we study a
method for restoring and strengthening the posterior structures of the hip joint capsule using
polypropylene-based mesh implants. Purpose: to evaluate the effectiveness of using a polypropylene
mesh to close a defect in the hip joint capsule. Materials and methods. The study was carried out in a
software package based on the finite element method. For the rational use of computer resources, a
computational model was built, which consisted only of the capsule model and the endoprosthesis head
model. The dimensions of the elements of the computational model corresponded to the actual
dimensions of these objects. In this paper, two ways of capsule suturing were investigated: interrupted
sutures and polypropylene mesh. Also, an additional control model of the same dimensions was
constructed, but in which the incision was not sutured. Results and its discussion. As a result of the
calculations, pictures of the distribution of the stress-strain state in the «head-capsule» system were
obtained. To assess the effectiveness of the method of closing the capsule, as the main characteristics,
the values of the opening of the incision, as well as the stresses arising in the joint capsule, were chosen.
An additional characteristic is selected stresses in the head. Conclusions. The obtained calculation
results indicate that with the considered options for fixing the cut, both in terms of rigidity and strength,
the model of fixing the defect with a mesh is more effective.

Keywords: capsule; hip joint; endoprosthesis; stress-strain state; model; finite element method.

Ianuenxo C.I1., Macaennukos C.0O., I'onosaxa M.JI.
OLEHKA DOPEKTUBHOCTU ®UKCALUU PA3PE3A KAIICYJIbI
TA3OBEJPEHHOI'O CYCTABA OJIUNTPONUJIEHOBOM CETKOM

AKTYaJIbHOCTb. BbIBUX O€IpEeHHOr0 KOMIIOHCHTA SHJOMpPOTE3a SIBISCTCS OJHMM M3 CaMbIX
YacThIX OCJIO)XHEHUH INpU TOTAJIBHOM 3HAONPOTE3UpoBaHMM Tazo0enpeHHoro cycraBa (TOTC).
Pa3nnyaroT MHOXKECTBO (haKTOPOB Pa3BUTHS BHIBUXOB. JIydIINM BapHaHTOM <«JICUEHHSD BHIBUXA IIPH
TOTC sBnsiercst mpeaoTBpallleHHe pa3BUTHS IMEpBUYHON HecTaOminbHOCTH. Oco00 aKTyalbHBIM
BOIIPOC BOCCTAHOBJICHHS KaIlCYJIbHO-CBSI30YHOIO allapaTa sIBISICTCS Ul JIIOJCH C OXXHPCHHEM.
TiaresbHOE BOCCTAHOBJIEHHE CTPYKTYP MATKMX TKaHEH MJIM COXpaHEHHE 3THX CTPYKTYp HpH
oMo MOLll/l(bl/lLll/lpoBaHHle JAOCTYIIOB 3HAYUTEJIBHO COKpamacT 4YacTOTy BO3HHUKHOBCHHUS
BBIBUXOB. B Hacrosiiee BpeMst pa3pab0oTaHO MHOXECTBO CIIOCOOOB YKPEIUICHUS U BOCCTAHOBJICHUS
3aJHUX CTPYKTYp KallCysibl Ta300eApeHHOro cycraBa. B gaHHOM paboTe Hcciemyercst crocod
BOCCTaHOBJICHUS ¥ YKPEIUIEHUs 3aJHUX CTPYKTYP KaIlCyJibl Ta300€PEHHOr0 CycTaBa Ipu MOMOIIN
CeT4aThiX MMIUIAHTATOB Ha OCHOBe mosmnponmicHa. Llejdb padoThl: oueHKa 3(h(GeKTHBHOCTH
MCIIOJIb30BAHUsL TOJMIPOIIMIICHOBOM CETKH JUISl 3aKpbITHs JAe(eKTa KarcCysbl Ta300eApeHHOro
cyctaBa. Marepuajbl W MeTOAbI. VIccieqoBaHHE BBINOJHIOCH B IPOrPAMMHOM KOMILICKCE,
OCHOBAaHHOM HAa METOJ€ KOHEYHBIX 3JIEMEHTOB. JlJIsl PaliOHAIBLHOrO HCIOJb30BAHUS PECYpPCOB
DBM 0bu1a I0CTpOCHA pacueTHas MOJIelIb, KOTOPasi COCTOSUIA TOJIBKO U3 MOJISIH KaICyJIbl i MOJEIIH
TOJIOBKH SHJI0MpOTe3a. Pa3Mepbl 3JIEMEHTOB PacueTHOM MOJIECIH COOTBETCTBOBAJIN JCHCTBUTEILHBIM
pasMepaM 3THX 00BbEKTOB. B pabore MccienoBaioch jBa crocoba yIiMBaHHs KarCyJibl: y3JI0BBIMH
IIBaMU W MOJMIIPONMIICHOBOW ceTKoW. Takxke, MOCTPOEHA JIOMOJHUTEIbHAS KOHTPOJIbHAS MOJEIb
TeX € pa3MepoB, HO B KOTOPOM paspe3 He ymmuBaics. Pe3yabTrarbl M uX o0cyxaeHue. B
pe3yibpTaTre BBITTOJIHCHHBIX pacucroB IIOJTy4€HBI KapTUHBI pacopeacineHus HaIlps>KECHHO-
1eOpMHUPOBAHHOTO COCTOSIHUSL B CHCTEME «roJioBKa-kKarcynay. Jlis oueHkd 3((eKTHBHOCTH
Cl'lOCOﬁa 3aKpbITHA KaIICyJibl, B Ka4€CTBE€ OCHOBHBIX XapaKTCPHUCTHUK, BbleaHbl BCJIMYUHBI
PaCKpBITHS pa3pe3a, a TAKXKE HANpsHKCHHs, BOSHUKAKOIIME B Karcyle cycraBa. J[OMOJHHUTEIBHON
XapaKTePUCTUKOW BBIOPaHbI HANPSKCHKS B rojioBKe. BbIBOABI. [loyueHHBIE pe3ysIbTaThl PACUETOB
YKa3bIBAIOT HA TO, YTO IPH PACCMOTPEHHBIX BapHaHTax (pUKCALUK pa3pe3a, KaK C TOUKH 3PCHUS
JKECTKOCTH, TaK ¥ IPOYHOCTH, Gosiee 3¢ (HeKTHBHOM SBIACTCS MOJIEIb (PUKCAIMU Je(eKTa CETKOM.

KiaroueBble cioBa: Kamcyia, Ta300€IPEHHBI CycTaB, OJHAONPOTE3, HANPSHKEHHO-
e opMHPOBAHHOE COCTOSIHUE, MOJICIIb, METO/I KOHEUHBIX 3JIEMEHTOB.
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Ianuenxo C.II., Macnennixoe C.O., I'onosaxa M.JI. Ouinka edextuBHocTi ¢ikcamii po3pizy
KalcyJiM KyJbIIOBOTO CYrjio6a moJiinponijieHoBorw cirkoro // Omip martepiaiiB i Teopist ciopy:
Hayk.-Tex. 30ipH. — K.: KHYBA, 2019. — Bun. 103. - C. 177-188.

Buxonyemvcsa oyinka egexmugnocmi 3akpumms  O0eexmy Kancyau KyIbulo8oz2o cyanoba
NOMNPONINEHOBOI CIMKOIW HA NIOCMAGL AHANIZY HANPYICEHO-0ePOPMOBAHO20 CMAHY MoOoeiell
Qikcayii pospizy cucmemu «Kancyia-2on08ka eHOonpomesay.

Tabu. 2. L. 8. bi6miorp. 10 Ha3s.

UDC: [539.4:678.742.3]:616.728.2-089.168
Panchenko S.P., Maslennikov S.0., Golovakha M.L. Estimation of efficiency of hip joint capsule
cut fixation with polypropylene mesh // Strength of Materials and Theory of Structures: Scientific-
&-Technical collected articles — Kyiv: KNUBA, 2019. — Issue 103. — P. 177-188. — Ukr

The effectiveness of the closure of the hip joint capsule defect is assessed with a polypropylene
mesh based on the analysis of the stress-strain state of the models for fixing the incision of the
capsule-head endoprosthesis system.
Tabl. 2. Fig. 8. Ref. 10.
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MaTepHaIoB U TCOPHs COOpYXKeHuit: Hayd.-Tex. coopH. — K.: KHYCA, 2019. — Bem. 103. - C. 177-
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EKCHEPUMEHTAJIBHI JOC/IIUKEHHA ITPOJIbOTHHUX
KOHCTPYKUIU 3 MNEP®OPOBAHUX EJIEMEHTIB 3A CKJIAJHOT'O
HAIIPY’KEHO-JE®OPMOBAHOI'O CTAHY

B.B. Pomaniok,
KaH/. TeXH. HAyK

B.B. CynpyHmok,
KaHJ. TeXH. HayK

Hayionanvnuii ynieepcumem 600H020 20Cn00apCmea ma npupooOKopucmy8anHs

DOI: 10.32347/2410-2547.2019.103.189-200

CoopMynb0BaHO METy Ta 3a4adi EKCHePUMEHTAIbHHX IOCITIIKECHb CTaJeBOi IMONEPERHbO
HAIpy)KeHOI apku 3 mepopoBaHMM BEPXHIM MOICOM Ta MepdopoBaHOr0 MPOroHy Z-MOAiOHOro
npodino, sKi HONraloTh Yy BCTAHOBJICHHI [IHCHOrO —HANpyXEHO-Ie(OPMOBAHOIO CTaHy
KOHCTPYKILI 3a pi3HMX IX KOHCTPYKTHBHHMX OCOOJMBOCTEH Ta 3a pPI3HHX CXEM I[PUKJIaJaHHS
HABAaHTAXKCHHs y XapaKTEpHUX Iepepi3ax Ha pi3HUX pO3paxyHKOBUX AinsHkax. HaBemeno ommc
JIBOLIAPHIPHOI cTaneBoi apkd 3 NephOPOBAHMM BEPXHIM IOSCOM 1 MOIEPEIHBO HAIPYIKEHOIO
po3MipKoro, nephopoBaHoro Z-moaibHOro MporoHy, a TAKOXK EKCIEPUMEHTAbHUX YCTAHOBOK, SIKi
JIO3BOJISIIOTH  3aKPIMUTH KOHCTPYKI{I Ta 3aBaHTOXMTH IX BIANOBIIHO 1O peaJbHUX YMOB
ekcrutyaranii. IlpexncraBieHo mepenik npuwiaaiBe Ta o0siaJHAHHS, BUKOPHCTAHMX IMiJ 4ac
EKCIIEPUMEHTY.

HaBeneHO OCHOBHI BHCHOBKH 32 pe3yJbTaTaMH CKCICPHMEHTAJIBHHX [JOCHIDKEHb Ta
BHU3HAYCHO, IO IMEPCHEKTUBHUM HANPAMKOM MIOAAJBIIAX ECKCIICPUMEHTAIBHUX l TCOPETUIHUX
JOCTIMKEHb € BHBYCHHS MUTAHHS CTIHKOCTI CTIHKM Ta HOJMII MPOKAaTHUX Npo¢iliB Ha pi3HHUX
PO3paxyHKOBHX AUTSIHKAX B Iepepi3ax 3 0TBOpaMH pi3HOI KoH(irypauil i B mepepizax 6e3 0TBOpIB.

KurouoBi cioBa: apka, NMporoH, eKCIEPHMEHT, YCTaHOBKA, HpHiIajA, OOJagHaHHs], Hecyda
3[aTHICTh, HANIPYXKEHO-1e(pOPMOBAHHUI CTaH.

Beryn. ExcriepumenTainbHi 10CHTIDKEHHS CTAIEBUX KOHCTPYKIIH 1 0COOIMBO
Taki, IO BUKOHAaHI 3 BUKOPUCTAHHAM 3pa3KiB Yy HaTypajbHy BEIUYUHY,
JIO3BOJISIIOTh OTPUMATH peaslbHUI HanpyKeHO-JIeopMOBaHUN CTaH HE JIHIIE
OKpEMHUX eJIEeMEHTIB, a 1 KOHCTPYKIIII B 1IJIOMYy Ha BCbOMY IIPOMIXKKY ii podoTn
BiJl IOYATKy 3aBaHTAXXCHHS 1 aX [0 pPYyHHYBaHHA, L0 Ja€ MOXKIJIUBICTH
BpaxoBYBaTH TiJl 4ac PO3POOKH IH)KEHEPHOI METOJHMKH PO3PaXyHKY UWCIIEHHI
(axTopH, SIKi CIIPHUSIOTH ITiABUIIEHHIO TOYHOCTI PO3PaxyHKiB.

AHaJi3 ocTaHHIX Hocaimkenb i myomikamii. Ha Tenepimniii yac npoeneHa
BEJIMKA KUIBKICTh €KCIIEPUMEHTAIIbHUX JIOCIIDKEHb T1ep()OpOBaHUX EIEMEHTIB, a
TaKO)XK KOHCTPYKLIM Ha iX OCHOBI, aie, Ha kallb, PE3YJIBTaTH IIMX JOCITIDKEHb
JIOCUTh MaJlo BifmoOpakeHi B JITepaTypi, a 1HOII HaBiTh NPOTHPIYATH OIHE
OJHOMY 1 TEOpeTMYHHMM TMepeayMoBaM caMux aBTopiB. [lo Toro i
eKCIIepUMEHTaJIbHI JIOCII/DKEHHS. B OCHOBHOMY IIPOBOJMJINCH Ha MOJEIAX Y
BUIVISAJ 3TMHAJBHUX OJIHONPOJILOTHUX OalloK 3 METOK BCTAHOBIICHHS CTYIICHS
TOYHOCTI PI3HUX METOAMK pO3paxyHKy. JloCHipKeHHs HaTypHHX 3pa3KiB
KOHCTPYKIIIH Yy Cy4acHId TpPaKTUI[l € pPIAKICTIO, a eKCIePUMEHTH 3
KOMOIHOBaHUMH CHCTEMaMHU, JI0 CKJIay SIKHX BXOAATH Mep(OpOBaHi €IEMEHTH, B
JIiTepaTypi He IPeCTaBIIeH], 38 BUKIIOUEHHSIM JIEIKUX OKPEMUX BHIIA IKIB.

© Pomanox B.B., Cynpyntok B.B.
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BpaxoByrouwn, 1o midicHUH Hampyx)eHo-AeOpMOBaHUI CTaH KOHCTPYKIiH
1HOZII Ma€ 3HaYHE PO3XO/DKEHHS 3 TEOPETUUYHUMH PO3paxyHKaMH, BUKOHAHUMHU
JUTS i7eai30BaHUX CXEM, a TaKOX IIHHICTh PEe3yJIbTaTiB MIMCHOI poOOTH
pea’jbHUX KOHCTPYKIIH, B MeEXKax IPOBEICHUX CaMOCTIHHUX TEOPEeTHYHUX
JOCHI/DKEHh ~ BUHHMKJIA  HEOOXIJHICTb  IPOBENEHHS 1  CaMOCTIHHHMX
eKCIIEPUMEHTAJIbHUX JOCII/KeHh HATYPHHUX 3pa3KiB MOMNEPEIHbO HaIrpy>KeHOl
apKM 3 BEPXHIM CTHCHYTO-3TMHAJIbHUM MOSICOM Yy BHUIVISAL TepdopoBaHOro
JIBOTaBpOBa TMOCTIHHOI II0 JOBXHHI J>KOPCTKOCTI, a TakoX MephopoBaHOro
MPOroHy Z-noAioHoro npo¢ito, SIKUH Ipalroe B yMOBaX KOCOTO 3THHY.

Busnauennsi MeTH Ta 3aBJaHHs JociizkeHHS. OCHOBHOI METOIO
€KCIIEPUMEHTAJIbHUX JOCII/KEeHb € BCTAHOBJIEHHS MiMCHOTO HampyXeHo-
neopMOBaHOTO CTaHy €NeMEHTIB CTaleBOi apkKu 3 INep(OpPOBaHUM BEPXHIM
MOSICOM 32 PI3HUX il KOHCTPYKTHBHUX OCOOJNMBOCTEH Ta 3a PI3HUX CXeM
NIPUKIIaJaHHs HABaHTAXXECHHS, a TaKoX NepopoBaHOrO MPOroHy Z-nmoaiOoHOro
npodidgro y XapakTepHHX Iepepizax Ha Pi3HHX PO3PaXxyHKOBHX MAUTSHKaxX 3a
PI3HUX KyTiB HOro Haxwily Ta BHU3HAYEHHS BEJIWYMHHM HECY4Ol 37aTHOCTI
3aIpOIIOHOBAHUX KOHCTPYKIIIH.

BiamoBinHO 10 3a3HaueHOI METH EKCIIEPUMEHTANIbHI JIOCIiIKEHHS! MaloTh
TaKi 3ajadi:

1) 3anpOEKTYyBaTH Ta BUTOTOBUTH JBOIIAPHIPHY CTaJleBy apKy IMpPOJIBOTOM
9 M 3 IepopoBaHUM BEPXHIM MOSICOM 1 MONEPENHBO HAIPYIKEHOIO PO3IIPKOIO 1
niepdopoBanuii Z-oAIOHUHN MPOrOH MPOIBOTOM 6 M;

2) pO3pOOHTH EKCIIEPUMEHTANIbHI YCTAHOBKU JUIS JTOCHIJKEHHSI CTaJleBOl
rornepeIHHO HamNpykeHoi nepgopoBaHoi apku i nepdopoBaHoro Z-mogioHoro
MPOrOHY 3a PI3HUX KYTIB HaxXWily KOHCTPYKIii, SIKi J03BOJSTH 3aKpilUTH
KOHCTPYKIIi Ta 3aBaHTAXXUTH iX BIATIOBIZIHO 10 peajbHUX YMOB eKCILTyaTallii;

3) BcraHOBUTH (aKTH4HI 3HAYECHHS HampykeHb 1 paedopmamii, sKi
BUHHMKAIOTh B XapaKTepHHUX Nepepizax eJeMEHTIB apKh 3a pI3HHX cXeM ii
3aBaHTAXXECHHS Ta KOHCTPYKTUBHHX OCOOJIMBOCTEH, 1 ep(opoBaHOro MpOroHy,
SIKi BUHHKAIOTh 33 PI3HUX KYTIB HAXMITy KOHCTPYKIIIi;

4) BCTaHOBUTH T'PaHUYHY HECYdy 3/IaTHICTh, (popMYy i Xapakrep pyHHyBaHHS
KOHCTPYKIIi apkud 3 pPO3MIPKOI0 3a HYJIbOBOI'O 3HAYEHHS EKCLIIEHTPHCUTETY
3MIIIEHHS 3aTSDKKU 1 3 MONEpeqHIM HATsATOM pO3MipKHu Ta mepdopoBaHoro Z-
noaioHoOro IIPOTOHY, BUI'OTOBJIEHOT'O 3 IIPOKAaTHOT O Benepa
Ne22V/JICTVY 3436-96, 3a palioHaJIbHOT'O KyTa HOro Haxwiy,

5) BUKOHATH TOPIBHSJIBHUI aHaNi3 pe3yNbTaTiB  eKCHEepHUMEHTAIbHIX
JIOCHI/DKEHb 3 Pe3yJabTaTaMU pPO3pPaxyHKIB, BHKOHAaHHMMH 3a pPO3POOJICHUMHU
METOJIMKaMH Ta TEOPETUIHNMU po3paxyHkamu B [1K , Jlipa”.

ExcniepuMeHTalIbHI AOCIIPKEHHS TPOBEACHI 3 JOTPUMAaHHAM BuUMor [1].

OcHOBHA YacTHHA TOCTimKeHHs. [ peaizanii 3a3Ha4E€HOI METH 1 3a1a4
JOCTIKEHDb Y CITeIlialli30BaHill HayKOBO-JOCTIIHIN TabopaTopil kadenpu mpo-
MUCJIOBOT'O, IIMBIJIBHOIO OYAIBHHMIITBA Ta IH)KEHEPHHUX criopyn HamioHanbHOro
YHIBEPCUTETY BOJHOIO TrocrojgapcrBa Ta mpuponokopuctyBanus (HYBITI,
M. PiBHe) Oynu 3ampoekToBaHi, BUTOTOBJIEHI Ta BHIPOOYBaHI KOHCTPYKIii
eKCIIEPUMEHTAJIbHUX 3pa3KiB apKH MPOJIbOTOM 9 M 31 CTpLIOrO migiiomy 2,25 M i
MIPOTOHY Z-ToAI0HOT0 Mpodito qoBxkHHOI0 6 M (puc. 1) [2,3].
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JlocnmiHa KOHCTPYKIISL apKh CKIIQJAEThCs 3 JBOX HAMIBHOSCIB, SIKi
BUTOTOBJIEHI 3 BUXIJHOTO JIBOTaBpa Tizroct 8239-89, B pe3yabTati
nepdopartiii sxoro BUcoTa nepepizy noscy 30iabmmnack Ha 22%; 3aTHKKH, SKa
CKJIAIA€ThCA 3 IBOX CTEPXKHIB JiaMeTpoM 16 MM; po3mipky, IO 3aIpOEKTOBaHA
3 ABox KytukiB L 63x63x6/JICTY 2251-93, ckimageHux TaBpoM. DacoHKH,
(yaHIi Ta OMOPHI BY3JIM apKH BUTOTOBJICHI 3 YHIBEpCAJIBHOI IIMPOKOIMITa00BOT
crani TouHO 10 MM 3a TOCT 82-70* (puc. 1, (a), (B)).

Puc. 1. Jocninui koHCTpyKLii: (a) — 3aranbHa cxema apky; (6) — 3aranpHa cxema IpOroHy;
(B) — HaTYpHUH 3pa30K apKH IPOJIbOTOM 9 M; (I') — HATYPHHH 3pa30K IPOrOHY NPOJILOTOM 6 M

[Iporon BHUrOTOBNEHHII 3 MPOKATHOrO MIBenepa E22Y/I[CTY 343696,
CTiHKa sKoro Oyja po3pi3aHa 3a 3WI3aronoAiOHOI0 JIHIEIO 1 B MOJATBIIOMY
3BapeHa 31 3CyBOM 1 IOBOPOTOM OJHi€ ITOJOBUHHU IIIBEJEpa HABKOJIO CBOET OCi,
IO JTO3BOJIMJIO YTBOPUTH NepPOpOBaHUI MPOroH Z-noAiOGHOro npodimsto (puc.
1, (0), (r)). KoeginienT po3BuTKy BucoTH npodiiro ckias 1.2.

3HavyeHHs (aKTUYHUX MEXaHIYHMX XapaKTepPUCTHK CTali BCiX NpodiniB
BU3HAYAIUCh IIUIAXOM BHUNPOOYBaHHS CTaHAAPTHUX 3pa3KiB y PpO3PUBHIN
MammHi ,,YMM-50”. Ilig 4yac BUnpoOyBaHHS pPO3PUBHOIO MAIIMHOIO OYII0
MoOy/lOBaHO JiarpaMH pO3TATY, SKi JO3BOJMJIM BH3HAYUTH MEXaHI4HI
XapaKTePUCTUKU MaTepiay.
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B excnepuMeHTaNbHUX MJOCHIPKEHHAX BHUKOPHUCTOBYBAJIMCH CTaHAApTHI
NpUIagy Ul CTaTHYHUX BUIPOOYBaHb, a caMe JUI BUMIpPIOBAHHA NEpPEMIICHb
— IPOTHMHOMIpU Ta iHAMKATOPU TOJMHHHUKOBOIO THUILY, a A BUMIpIOBaHHA
nedopmariiii BOJIOKOH Martepiany — TeH30pe3ucTopH 3 6a3oro 10 MM 1 20 mwm, siki
I AKITIOYAINCH EJIEKTPUYHUMH JIpOTaMu 10 BUMiproBaua jaedopmariii ,,CUNT-
37, sxkuil 1 (ikcyBaB MoOKa3HW AATYUKIB (puc.2). Y CBOIO dYepry BUMipioBau
nedopmariiii mepenaBaB JaHi Ha KOMITIOTEp uepe3 OJIOK, SIKHH IIepeTBOPIOE
aHajJoroBuil curHan y nudposuil. Ha Bcix eleMeHTax MOCHIIKYBAHOI apKu
Oyno BcraHoBiIeHO 264 TeH30pe3ucTOpa, a Ha TmporoHi 128 paTyuKiB,
po3Mimienux y 13 xapakTepHUX mepepizax 1o Horo qoBxuHi (puc. 3, 4, 5).

Puc. 2. Anaparypa At BAMIpIOBaHH Puc. 3. Po3mileHHs 1aTIHKIB B epepisi 3 OTBOpaMu
nedopmarii

‘ {0 = I
,__v.jiLv\ v _ Lo

(a) ©6) (8)

=0-0 =R
() (m)
Puc. 4. CxeMH po3MillIeHHs TEH30PE3HCTOPIB HA €IEMEHTaX apKH:

(a) — B mepepi3i nepdopoBaHoro qBoTaBpa 3 0TBOPOM; (6) — B mepepisi mephopoBaHOro ABOTaBpa
6e3 oTBOPY; (B) — Ha KyTHKY PO3MHipKH; (T) — Ha apMaTypi 3aTHKKH; (1) — Ha JIMCTOBUX elIeMEHTax

lE_TJ = —

...... ] o F TA,
(@) ©®)

Puc. 5. Cxema po3MilleHHsI TEH30PEPUCTOPIB y Tepepizax nephopoBaHoro Z-nomaidHoro npodiso
(a) — B mepepi3i 3 otBopoM; (0) — B mepepisi 6e3 oTBOpY
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HamnpyxeHHs B rmosicax apKy BU3HAYaAJIUCh y BCIX Mepepizax 3 OTBOpaMH, sIKi
3HAXOIATHCS ~ MOONW3y  TPHKJIAJAHHSA  30BHIIIHBOTO  30CEPEIHKEHOr0
HaBaHTa)XEHHS, B Iepepizax 1mobyn3y rpeOeHeBOro, ONOPHUX BY3JIIB Ta BY3IIIB
3’€IHAHHS PO3IIPKHU 3 TIOSICOM, a TAKOXK B IIepepizax MOCepeIuHI AIISTHKU TOsCY
MK OIIOPHMM BY3JIOM Ta HAHONMKYOI 30CEPEKCHOI0 CHIIOW IS
BCTaHOBJIEHHS TOYHUX 3HA4YCHb HANpPYKEHb, SKI OOYUCIIOIOTBCS 32
e opMaIliifHOI PO3PaXyHKOBOKO CXEMOI0. B iHIMX eleMeHTaX, OCKUILKYA BOHU
€ OJIHOOCHOHANPY)KCHHUMH, HAINPY)KCHHS BH3HAYaJNHCh Yy HamNpsIMKy Jii
BHYTPIIIHBOTO 3yCHJILIIS.

HopmanbHi HampykeHHs B repepizax nepgopoBaHOro TporoHy Z-
NMoAiOHOro Tepepily BHUMIPIOBAJIHMCS Ha YOTHUPHOX MAUISHKAx: 1) minsHka 3
MaKCHMaJIbHOIO TIONIEPEYHOI0 CHJIOI0 1 MalMM 3TMHAIOYHM  MOMEHTOM;
2) AinsHKA 3 cepelHIMH 3HAYEHHSIMU TTOTIEPEYHOI CHITU 1 3THHAI0YOT0 MOMEHTY;
3) miisiHKa 3 MaKCUMaJbHUM 3TMHAIOYMM MOMEHTOM 32 BiJICYTHOCTI TIOIIEPEYHOT
cuiy; 4) PUOTIOPHi TiNsTHKY. Ha K0XHIN 3 TPhOX XapaKTepHUX AUISTHOK (OKpIiM
MIPUOTIOPHUX ) MOJKHA BUAUIMTH JIBa XapaKTepHi Nepepi3y, B SKUX i BU3HAYAIUCS
HaAIIPY)KEHHS: TIepepi3 3 OTBOPOM 1 Iepepi3 0e3 oTBopy. Bei BOHU 3HAXOATHCS
MOOJIM3Y TOYOK MPUKIIAAaHHS 30BHIITHHOTO 30CEPEIKEHOr0 HABAHTAKEHHI.

Jedopmarii nmosiciB apku BUMIpIOBaJIMCh MporuHoMipamu ,,6 [TAO-JINCU”
Ta ,MakcumoBa”, siki MaroTh 1iHy momginku 0,01 MM, y TUTOIIMHI apku SIK Y
BEPTUKAJIbHOMY, TaK 1 B TOPHU3OHTAJIBHOMY HampsMkax (puc. 6, (a)).
[IporuHOMipH pO3MINIYBaJUCh Yy TpPeOCHEBOMY BY3Ji, By3JaxX 3 €IHAHHS
PO3ITIPKH 3 TOSICOM, @ TAKOXK MOCEPEHHI JUISHKH TOSCY M)XK OIIOPHHM BY3JIOM
Ta BY3JIOM 3’€JHAaHHA pO3MIPKKM 3 TMosicoM. Ha KOHCTPYKIiI mNporony
MIPOTHHOMIPH PO3MILIYBAJIUCh B MICISIX HaHOUIBIIMX IMOBIpHHX Aedopmartiii,
TOOTO TIOCEpEAHHI PONBOTY (pHC. 6, (0)).

Jlns  yroyHeHHS HampsMKy TOJOBHHMX HampyKeHb Y KyraX OTBOpIB
nepdopoBaHuX TPOQLTIB OYJIM BIIAIITOBaHI PO3ETKH 3 TPHOX TEH30IATUHKIB
(muB. puc. 3, 4, 5). Ix 6a3u Gymu opieHTOBaHI 3TiHO 3 HAMPAMKOM AedopMaliii
y BOJIOKHAaX Martepiainy.

(©)

Puc. 6. Po3miieHHs: IpOrHHOMIpIB: (a) — Ha Hosicax apku; (0) — Ha MPOroHi
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Jly1s1 BUBUEHHS AIHCHOT poOOTH PO3pO0IEHUX KOHCTPYKIIN apKu Ta MPOroHy
OyJIH 3aIpOEKTOBaHI Ta BUTOTOBJICHI CIIEIialibHI YCTAHOBKH, SIKI CKJIaJal0ThCA 3
JOCHITHOT KOHCTPYKIii, CHCTEMH 3aKpilUIeHHS JOCHiJHOI KOHCTPYKIii B
MPOEKTHOMY IIOJIOKEHHS, CHCTEMH CTBOPEHHS HABAaHTAXXEHHS, CHCTEMHU
nepenaydi HABaHTAXKEHHS HAa KOHCTPYKIIO 1 CHCTEMH KOHTPONIO 33 CTaHOM
JOCHITHOT KOHCTpYKLii (puc. 7, 8).

BunpoOyBaHHS KOHCTpPYKIi apKd TpPOBOJWIOCH 33 TPbOMa CXEMaMH
3aBaHTA)KEHHS, a cCaMe: CUMETPHUYHIi, HECUMETPUYHIN 1 MOHTaXHIH. CrMeTpruyHa
CXeMa 3aBaHT)XEHHS MOJENIOBalia peajbHe TIOCTIHHE HaBaHTA)KEHHS Ha
TIOKPIBJII0, HECUMETPUYHA — HASIBHICTH CHITOBOTO MOKPUBY TUIHKH Ha IOJOBHHI
MIPOJIbOTY, MOHTA)KHA — Y BUMNAJKY BJIAILITYBaHHS IOKPIBII Iifl 4ac Oy/iBHUITBA
Jimie 3 oxHoro 6oky. KpiM Toro, mist maTBeppKeHHS TOLUIBHOCTI 3aCTOCYBaHHS
PO3po0IIeHOT KOHCTPYKIIii, TPOBOIMIIMCH BUIIPOOYBaHHS apKH 32 KOXKHOIO 31 CXeM
3aBaHTAKEHHS 3a BIJICYyTHOCTI PO3MIPKH, 3 PO3MIPKOIO, 32 DI3HUX 3HAYEHb
EKCLEHTPUCUTETY 3MIILEHHS 3aTSDKKU 1 3 TONMEepeHIM HATSATOM DPO3IMIPKH, IO
JI03BOJIsIa BUKOHATH JIOCITIIHA KOHCTPYKITisL.

HaBaHTa>keHHS B Tpoleci BUNPOOYBaHHS TPHKJIANANOCh CTYNEHSIMHU
piBauMHu 10% Big MakCHMaJbHOTO PO3PAaXYHKOBOI'O HaBaHTAKEHHS, siKe OyIo
MonepeqHbo  OOYKMCICHE TEOPETUYHMMHU  METoAaMHu. Burtpumka micns
NIPUKIIaJaHHs] HaBaHTAXEHHS ISl 3’ACYBaHHS 3aKOHOMIPHOCTEH MPUPOCTY
nedopmariiit craHopmia B Mexax 10...15 XBWIHH.

—— = a =
' B E— - — [ —" '
11I1 ﬂll ﬂ’“ ||I I|| T _H_’-JI L =1 IL_‘_H
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Puc. 7. 3aranpHa cxema eKCIepuMEHTaIbHOI YCTAHOBKHU apKU
1 — mocmizHa KOHCTPYKIIiS; 2 — HEHTPaJbHHUI CTOSIK; 3 — OHOPHHUIT CTOsIK; 4 — B s13eBa Oanka; 5 —
B’sI3€Bi €JIeMeHTH; 6 — OCHOBHA MACJIOCTaHILisl; 7 — JOMOMDKHI MaCJIOCTaHIIii; 8 — KOHTPOJIbHI
JIOMKpaTd; 9 — OCHOBHI goMKpatH; 10 — cucrema mMacionpoBois; 11 — Maciionepekauyrodi BEHTHIII;
12 — tpaBepey; 13 — sru; 14 — onopwi 6anouky; 15 — cunosa miasora; 16 — ankepy; 17 —
nporuHoMipy; 18 — mepepizu 3 TeH3ope3ucTopamu; 19— iHIMKATOP TOAMHHUKOBOrO THITY; 20 —
HPYXKUHHUH IPUCTPIH



ISSN 2410-2547 195

Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 103
HapanTtakeHHs Ha JOCIIOHY KOHCTPYKIIO 3a KOXHOK  CXEMOIO

HaBaHTAXXCHHA JOBOAWJIOCH O PO3PAXYHKOBOT'O 3HAYCHHA, MiciIgs  4Ooro

CKHJAJOCh 70 Hymsa. Ilpu 1[bOMYy Ha KOXXHOMY eTali 3HIMAluCh ITOKa3u
MIPOTMHOMIPIB, IHJWKATOpPIB Ta TEH30METPUYHOI amapaTypu. 3arajoM Oyio
MpoBeneHO 27 3aBaHTaXEHb JOCTIAHOI KOHCTPYKIII Ui Pi3HUX CXeM HOro
NpUKIaJaHHsd, Ta 3a pI3HUX KOHCTPYKTUBHUX ocobimBocTed apku. Ha
OCTAHHROMY CHMETPUYHOMY 3aBaHTaXCHHI 3 TOMEpPEeIHIM HATATOM PO3MipKU
apky Oyllo JOBeNeHO 10 pyHHYBaHHS 3 METOK BH3HAYCHHsS PYIHHIBHOTO
HABAHTAKEHHS. BHUXOMIYH 3 TEOPETUYHMX PO3PAXYHKIB, SIKi 3romoM Oyiu
MiATBEP/DKEHI eKCIIEPUMEHTANBHO, BCTAHOBIICHO, IO JOCTiMHA KOHCTPYKIIiS
apKH 3 PO3MIPKOIO 3[]aTHA BUTPUMATH HaBaHTakeHHs Ha 30% Oinbplie Hixk 0e3

PO3ITPKH.
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Puc. 8. 3aranbna cxema
€KCIIEePUMEHTAJIbHOI YCTAaHOBKHU: (a) —y
H030BXXHbOMY HaIpsIMKY; (0) — y
HONEePEIHOMY HAIPIMKY;

1 — mocmizgHa KOHCTPYKIIiS;

2 — OmopHHH CTOSIK; 3 — B’s13¢Bi
eJleMeHTH; 4 — CHIIOBa MijIora;

5 — cucTeMa 3MIiHH KyTa HaXUIIy
KOHCTPYKIIii; 6 — 60TH KpirieHHs; 7 —
CIIEMEHT, 110 MOJEIIOE 1CHYIOUHH
IPOTOH IOKPIiBIIi; 8 — momepeyHi B’s13i;
9, 10 — onopui 6anouku; 11 —TpaBepcu;
12 — nomkpatu; 13 — Tsru

[NonepenHiit HATAT PO3MIPKK apKK BHKOHYBABCS MEXaHIYHUM CIIOCOOOM 3a

JIONIOMOTr'0K0  TaHKOBOT'O KJIro4da,

a HWoro BeJIWYHHA KOHTpOJIIOBa/JIaChb  3a

JOIIOMOI'OrO TeH30[[aT‘II/IKiB i TCHSOMC’I’pI/I‘IHO.l. arapartypu.
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BunpoOyBaHHS KOHCTPYKILIi IPOrOHy MNPOBOAWIOCS 3a CHUMETPHYHOIO
CXEMOIO0 HaBaHTa)KEHHS 3a Jii YOTHUPHOX 30CEPEPKEHUX CHII, IO MOJAEIIOBAIH
PIBHOMIpPHO pO3IOIiJIeHEe HABAHTAXXEHHS Ha MTOKPIBIIIO (IUB. pHC. §).

CucreMy 3MiHM KyTa HaxXWwiy JIOCHIiAHOI KOHCTPYKLii IpEICTaBIEHO Yy
BUTJISIII ,,0alIMaKiB”, sIKi MlepeatoTh HABAHTAXXEHHsI B1J JOCIIIHOT KOHCTPYKIIT
Ha paMy YCTaHOBKH 1 3a0e3NeuyloTb HEOOXiMHMH KyT HAaXWIy KOHCTPYKIIi.
BoHu BUTOTOBIIEHI 3 IBOX IIBENEPIB, CTIHKU SKUX 3pi3aHi MiJl NEBHUM KyTOM
UL 3a0€3Ie4eHHs IPOEKTHOTO MONOKEHHS KOHCTpYKIii. [lo monuii mBenepa
NPUBapeHO MEeTaJIeBy IJIACTHHY TOBUIMHOI 10 MM. [l HamiiHOTO KpiruleHHs
KOHCTPYKLII 10 €KCIIEpUMEHTAJIbHOI YCTAHOBKH B ,,0alIMaKax” OyJI0 BUKOHAHO
4OTHUpHU OTBOpH Tij Oontu aiamerpom 16 mm (puc. 9).

Puc. 9. Koncrpykuis ,,6ammaxis” (a) — Bursig 300ky; (6) — BUDIIAA criepeny

Po3paxyHKoBe cUMETpUYHE HaBaHTa)KEHHS Ha Iep(OpOBaHUH IPOTOH, SKe
3aJIeKUTh BiJl KyTa HaXWIy KOHCTPYKIiI, BU3HAYaIOCA 3a TPAHMYHUMHU CTAaHAMU
JIpYroi Tpyny i BuXigHoro npokatHoro msenepa 22Y/JICTY 3436-96 [4].

Jlns Bu3HAa4YeHHS PYWHIBHOIO HaBaHTaXEHHS HPOroH Oyslo IOBEJEHO N0
pyiiHyBaHHS 3a Kyra Haxwiy KoHCTpykuii 15°. Takuii kyr Haxwmiy OyB
OpUHHATHA TOMY, IIO caMeé 3a TaKoro HOro 3HAUeHHS CIOCTEepiraeThes
HaAKOUIBIINE 30ir CUJIOBOI IUIONIMHU, TOOTO HANPSIMKY Jii CHIIH, 3 TOJOBHOIO
LEHTPAILHOIO BiCCIO 1HEpILii nmeppopoBaHOro MporoHy Z-moAioHoro npogiiro,
BHUKOHAHOro 3 mpokaTHoro mmBenepa 22VY/JICTY 3436-96. InmmmMu crnoBamw,
Ma€e Micle HaliMeHIIe BIJIXWJICHHS TOJIOBHOI LEHTPaJbHOI OCi iHepIii Bix
CHJIOBOI IUIOLIMHY, 110 3a0e31edye HaiOUIbIly Hecydy 3AaTHICTh KOHCTPYKIIIT,
OCKUIBKM MOMEHTH iHepLii Ta Olopy MaTUMYTh y IIbOMY BUIIAJKy MaKCUMallbHi
3HaveHHs. J[J1s iHmMX BUXIAHUX TPOQUTB Led KyT Haxuiay Oyae MaTH iHIII
3Ha4YeHHs. Po3paxyHKH BUKOHAHI 3 JOTPUMaHHSIM BUMOT [5].

BucHoBkn

1. Po3pobneHo mocniaHi 3pa3ky MONEPeAHbO HANPY)KEHOI apKU MPOIbOTOM
9 M 3 nepdopoBaHUM BEPXHIM HOSICOM, ITep(HOPOBAHOTO NPOroHY Z—TOAiI0HOTO
npoiaro TOBXKHHOI 6 M Ta €KCIHEpHUMEHTANbHI YCTaHOBKH, SIKi JIO3BOJIMIM
3aKpINHUTH KOHCTPYKIT BIAMOBIHO 0 TX PO3PaxyHKOBHX CXEM 1 MPUKIACTH [0
HHX HaBaHTA)XEHHS 3a PI3HUMHU PeabHO MOXIIMBUMHU CXEMaMH 3aBaHTAXKEHHSL.
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2. [IpoBeneHO eKCIepUMEHTANIbHI JIOCHIDKEHHS apKH, SKi JIO3BOJIMIN
oTpuMartu JaHi mpo ii [AificHul HanpyXeHO-IepOpMOBaHHN CTaH y BUIAAKY
BHUKOPHUCTAHHA 1i 03 PO3MIpKH, 3 HEHANPYKEHOI PO3IMIPKOI0, 3 IONEPEIHBO
HAINpPYXEHOIO PO3IIPKOI0, 3 PI3HUMH 3HAYEHHSMH E€KCIIEHTPHCUTETY 3MilleHHS
3aTSHKKHA SIK JUISE CUMETPUYHOrO, TaK 1 Uil HECUMETPUYHOTO 3aBaHTA)KEHHS
KOHCTpyKLii. ExcriepuMeHTanbHO mMiATBEPKEHO TOLUIBHICTh 3aCTOCYBAaHHS B
apui TorepesHbO HANPYXEHOI pO3MIPKH a00 EKCHEHTPUCHTETY 3MIlIeHHS
3aTSDKKH, 10 JIA€ MOXKIIMBICTh BUKOHATH JIOCITiJJTHA KOHCTPYKIIis.

3. BUKOHaHO eKCIepUMEHTaNbHI JIOCTIDKEHHS MpPOroHy Z-1oaioHOro
npodigro MponboTOM 6 M B yMOBaxX IONEPEYHOrO0 Ta KOCOTO 3THHIB 3
MOXIIUBICTIO 3MIHM KyTa Haxwiy B jiana3odi 0°...25° BigmoBigHO O yXHIy
MOKpiBJIi OYZiBIIi 1 B pe3yabTaTi OTpUMaHO HOBI €KCIIEpUMEHTAJbHI JaHi Ipo
IiACHUN HampyXeHo-AehopMoBaHM CTaH MepPOpPOBAaHUX CIEMEHTIB Z—
noAioHoro npo¢ito, MO NPaIoTh B YMOBaX KOCOTO 3TMHY, B XapaKTEPHUX
TOYKAax IIONEPeYHHX Iepepi3iB 3 OTBopaMH 1 0e3 OTBOpiB Ha TPHOX
PO3PaxyHKOBUX AUISHKAX MO JIOBXKHHI IIPOTOHY.

4. BcraHOBNE€HO, IO pYyHHYBaHHA apKu 3 IONEPEAHbO HANPYXKEHOIO
PO3MIPKOIO  BIIOYJIOCH Yepe3 BTpaTy CTIHKOCTI CTHCHYTO-3TUHAILHOTO
neppopoBaHOro MOsICYy 3 HOro IUIONIMHK, a pYyHHYBaHHS Iep(opoBaHOro
MPOTOHY — Yepe3 BTpPATy MICIEBOi CTIHKOCTI MONHUII Ta CTIHKK Ha MiJISHII
KOHCTPYKIIi 3 MAKCUMAJIbHUM 3HAYEHHSM 3THHAI0Y0r0 MOMEHTY, 1110 TPH3BEJIO0
JI0 3arajbHOI BTPATH CTIKOCTI BEPXHBOTO MOSCY IPOTOHY 13 IUIOMMHA

5. 3araioM, TpOBe/EHI EKCIEPUMEHTANIbHI JIOCHTI/PKEHHS —MiATBEpANIIN
OCHOBHI TEOPETHYHI IIEPEeIyMOBH PO3PaXyHKY MOIEPEHHO HANPYKEHOI apKH 3
nepHopoBaHUM BEPXHIM MOSICOM Ta Z—IOAIOHOrO MPOroHY Ta MOXIIUBICTH iX
3aCTOCYBAaHHS Y MacOBOMY OYiBHHUIITBI.

6. BpaxoByroun xapaktep pyHHYBaHHS JOCTIIHUX 3pa3KiB, MEPCIIEKTUBHUM
HANpPSIMKOM TIOJQNBIINX EKCHEPUMEHTAIBHUX 1 TEOPETHYHUX JIOCHIIDKEHb €
BUBYEHHS TUTAHHS CTIMKOCTI CTIHKH Ta MOJMUII NMPOKATHUX MPOQIIiB HA Pi3HUX
PO3paxyHKOBUX IUISHKaxX B Iepepizax 3 OTBOpaMH pi3HOI KoHGirypamii i B
nepepizax 6e3 OTBODIB.
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Romaniuk V.V., Supruniuk V.V.
EXPERIMENTAL RESEARCHES OF FLEXIBLE CONSTRUCTIONS FROM
PERFORATED ELEMENTS AT A COMPLEX STRESS-DEFORMED STATE

The purpose and tasks of experimental researches of steel pre-stressed arches with perforated
upper belt and perforated stringer of Z-like profile are formulated. They consist in establishing the
actual stress-deformed state of constructions for their various design features and for different
schemes of applying a load in characteristic sections on different settlement areas.

For this purpose a double-hinged steel arch with a span of 9 m with a perforated upper belt and
a pre-tensioned arbor and a perforated Z-like stringer of 6 m was designed and manufactured;
experimental installations for the study of steel pre-stressed perforated arches and perforated Z-like
stringer at different angles of the design have been developed, which will allow the fastening of
structures and loading them in accordance with the actual operating conditions; the actual values of
the stresses and deformations that arise in the characteristic sections of the arches elements in
different schemes of its loading and structural features, and the perforated stringer, which arise at
different angles of the design; the boundary bearing capacity, the shape and character of the
destruction of the arch structure with the arrangement for the zero value of the eccentricity of the
tightening displacement and with the preliminary tension of the spacer and the perforated Z-like
stringer made of a rolled channel at a rational angle of its inclination is established; a comparative
analysis of the results of experimental studies with the results of calculations performed on the
developed methods and theoretical calculations in PC "Lira" was performed.

The description of a double-hinged steel arch with a perforated upper belt and a pre-stressed
arbor, a perforated Z-like stringer, as well as experimental installations, that allow fastening the
structures and loading them in accordance with the actual operating conditions are given. The list of
devices and equipment used during the experiment is presented. The locations of the measuring
equipment in the characteristic sections of the structures along their length, which are located near
the application of the external concentrated load, are determined.

The main conclusions from the results of experimental research are presented and the
prospective direction of further experimental and theoretical researches is the study of the stability
of the wall and the shelf of the rolling profiles at different settlement areas in sections with holes of
different configurations and in sections without holes.

Key words: arch; stringer; experiment; test bench; gear; equipment; load bearing capacity;
stress-strain state.
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Pomanrwox B.B., Cynpyniok B.B.

3KCNEPUMEHTAJIBHBIE UCCJAEJTOBAHUA MPOJIETHBIX KOHCTPYKIIUM U3
NEP®OPHUPOBAHHBIX 3JIEMEHTOB IIPU CJI0)KHOM HAINIPSI)KEHHO-
JE®@OPMHUPOBAHHOM COCTOSIHUU

ChopmynpoBanbl  Lelb M 337a4d  IKCIIEPUMEHTAJIbHBIX  KMCCIIENOBAHHUM  CTaJIbHOM
HPEBAPUTENIBHO HANPSKEHHOM apku ¢ nep(GopupoBaHHBIM BEPXHUM MOSCOM U NEPHOPUPOBAHHOIO
poroHa Z-o0pasHoro mnpoduisi, KOTOpbIC 3aKIIOYAIOTCS B ONPEACICHUH [JCHCTBHTEILHOIO
HANPSDKEHHO-Ie(hOPMUPOBAHHOTO COCTOSIHHSI KOHCTPYKLHMH MPH PA3IMYHBIX MX KOHCTPYKTHBHBIX
0COOCHHOCTSIX M IpyA pasjIuYHbIX CXEMax IMPUIIOKCHHSA HArpyskKu B XapaKTCPHBIX CCUCHHUAX Ha
pasHBIX pacyeTHbIX ydacTkax. IIpuBeneHO omnucaHue JBYXIIAPHUPHOW CTaJbHOW apku ¢
nepHOpUPOBAHHBIM ~ BEPXHHM  IIOSCOM M HPEABAPUTEIbHO  HANpPSDKCHHOH — PacIOpKOid,
1epOpHPOBAaHHOrO Z-00pa3HOro MPOroHa, a TAKKE IKCHEPUMEHTAIBHBIX YCTAaHOBOK, KOTOPBIC
MMO3BOJIAIOT 3aKPCIUTh KOHCTPYKIHUH W 3arpy3suTb HUX B COOTBETCTBHU C PEAJIbHBIM YCIOBUAM
aKcIuTyatauuu. llpencrasieH mepedeHb HPHOOPOB M 00OPYDOBAHMS, HCIONB30BAHHBIX B XOIE
IKCIIEPUMEHTA.

HPMBCL[CHH OCHOBHBI€ BBIBOJBI I10 peE3yjbTaTaM 3KCICPUMEHTAIBHBIX HCCJ'IC):[OBaHMﬁ )54
Onpeaci€Ho, qTo NEPCHEKTUBHBIM HarpaBJICHUEM ):laJ'IbHeﬁLLIHX OKCIIEPUMEHTAJIbHBIX )50
TECOPETHICCKUX MCCJ'ICL[OBaHl/lﬁ SABJICTCST HM3YYCHHE BOIIpOCa yCTOﬁqHBOCTH CTECHKHW M IIO0JIKH
HPOKATHBIX HPO(UICH HA PAa3HBIX PACUCTHBIX YYaCTKaX B CEUCHHSIX C OTBEPCTHUSIMH Pa3INYHOU
KOHMHUIYpaLiy U B CEUCHUSIX O€3 OTBEPCTHIl.

KiroueBble ci10Ba: apka, IPOroH, SKCIEPUMEHT, yCTaHOBKA, IPUOOP, 000pyaoBaHue, HECYIIAs
CIIOCOOHOCTB, HANPSHKEHHO-1e(OPMUPOBAHHOE COCTOSIHHE.

YK 624.014.2:624.073.327

Pomaniox B.B., Cynpyniok B.B. ExcniepuMeHTaJIbHI A0CTiIXKEHHS NPOJIBLOTHUX KOHCTPYKUIi 3
nepgopoBaHuX eJleMEHTIB 32 CKJIAHOT0 HANpYyKeHo-AedopMoBaHoro crany // Onip MaTtepiasis
i Teopis copya: Hayk.-Tex 30ipH. — K.: KHYBA, 2019. — Bumn. 103. — C. 189-200.

Chopmyrvosano memy ma 3a0aui eKCNEPUMEHMANbHUX O0CHIONCeHb CMANe80i NonepeoHbo
HANPYJIceHol apKu 3 nepoposanum 6epxXHiM NOACOM ma nepgoposanoco npo2ony Z-nodi6nozo
npoginio, sAKi nonsearomv Y  6CMAHOGACHHI OIICHO20 HANPYIICEHO-0ePOPMOBAHO20  CIMAHY
KOHCMPYKYIU 3a Pi3HUX IX KOHCMPYKMUBHUX O0COOIU60Cmell ma 3a pi3HUX cXeM NPUKIAOAHH:
HABAHMAdICEHHS Y XAPAKMEPHUX nepepisax Ha pisHUx pospaxynkosux oinankax. Haeedeno onuc
KOHCMPYKYILl ma eKcnepumMenmanbHux YCmaHno8oK, sKi 00360.110Mb 3aKPINUmMu KOHCMPYKYii ma
s3aeanmasicumu ix 6i0N0GIOHO 00 PearbHUX YMO8 eKCNayamayii.

Tabun. 0. L. 9. Bibmiorp. 5 Ha3B.

UDC 624.014.2:624.073.327

Romaniuk V.V, Supruniuk V.V. Experimental researches of flexible constructions from
perforated elements at a complex stress-deformed state // Strength of Materials and Theory of
Structures: Scientific-&-Technical collected articles. — Kyiv.: KNUBA, 2019. — Issue 103. — P. 189-
200. Ukr.

The purpose and tasks of experimental researches of steel pre-stressed arches with perforated
upper belt and perforated stringer of Z-like profile are formulated. They consist in establishing the
actual stress-deformed state of constructions for their various design features and for different
schemes of applying a load in characteristic sections on different settlement areas. The description
of constructions and experimental installations, that allow fastening the structures and loading them
in accordance with the actual operating conditions are given.

Tabl. 0. Fig. 9. Ref. 5.
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VK 624.014.2:624.073.327

Pomaniox B.B., Cynpynioxk B.B. JkcniepuMeHTalbHbIe HCCJIE0BAHMS NPOJIETHBIX KOHCTPYKIMIi
u3 nep(OPUPOBAHHBIX 3JI€MEHTOB NPH CJ0KHOM HaNpsiKeHHO-1e(OPMUPOBAHHOM //
CoIpoTHBIICHHE MATEPUAJIOB U TEOPHsI COOPY KeHHii: Hayd.-Tex coopH. — K.: KHYCA, 2019. — Beim.
103. - C. 189-200. — VYkp.

Chopmyruposansl — yeab u  3a0a4u  IKCHEPUMEHMANbHBIX — UCCICO0BAHULL  CMATBHOU
npeosapumenbHo HanpsICeHHol apKi ¢ nep@opupoBanHbIM GEPXHUM NOACOM U NEPPHOPUPOBAHHOL0
npoeona Z-obpasnoco npoguis, Komopvle 3aKuouaiomcs 6 YCMAaHOGIeHuu OeucmeumensHo2o
HANPSIICEHHO-0ePOPMUPOBAHHO20 COCMOAHUS KOHCIMPYKYUTL NPU PAZTUYHBIX UX KOHCIMPYKMUGHBIX
0CO6EHHOCHIAX U NPU PASTUYHBIX CXEM NPUTOJICEHUS. HACPY3KU 6 XAPAKMEPHBIX CCUEHUSIX HA PAZHBIX
pacuemnwix yuacmkax . Ilpugedeno onucanue KOHCMPYKYUll U IKCHEPUMEHMATLHBIX YCMAHOBOK,
KOmopble NO360IAIOM 3aKPEnums KOHCMPYKYUU U 3a2py3umb UX 6 COOMEEMCMEUU ¢ PealbHbM
VCIOBUAM IKCHIYAMAYUU.

Tab6u. 0. Wi 9. bubaunorp. 5 Ha3s.
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OBOJIOHKA — KOMIIO3ULINHU EJEMEHT
APXITEKTYPHOI'O OB’EKTY

JI.I'. BacuiieHko
KaHJ. apX., JOLEHT

Kuisckuil nayionanvnuil ynieepcumem 0yoignuymea i apximexkmypu
THosimpogromcokuii npocn., 31, m. Kuis. 03680

DOI: 10.32347/2410-2547.2019.103.201-207

Posrismaetbest posib 000JIOHKH SIK apXITEKTYPHOI'O €IEMEHTA B 3arajibHiil KOMIIO3HLIT 00’ €KTIB.
Bsipui enoxu Bigpomkenns, CepeqHboBiyus Ta modaTky XX CT. [MOKa3ajid OCOOJMBOCTI BILIMBY
KYIOJIbHHUX (opM Ha 00pa3 00’ eKTy.

Kia04oBi c10Ba: TOHKOCTIHHA MPOCTOPOBA KOHCTPYKIis, OOOJIOHKA, KYyIOJ, CKJICTIiHHS,
KpHBOJIiHilHA popMa, 00’ €KT, KOMIO3HIIIsL.

Beryn. Icropis apxiTekTypu Hajgae TPHUKIAAW TBOPYOTO BHKOPHCTAHHS
KPHUBOJIHIHUX (OpM, a came, KyIoJIiB, 000JIOHOK, CKJIEMiHb — KOHCTPYKTHBHUX
€JIEMEHTIB, SIKi BUKOHYBAJIM €CTeTHYHI (DYHKIIIT Ta BiJirpaBaji MpOBiIHY POJIb Y
3arajbHii KOMIO3UIIT apXiTeKTypHHUX 00 €KTiB [1].

3 TOYKM 30py apXiTeKTypHOI KOMIIO3WII MHTElb IPOESKTYBaB 00 €KT,
BUXOJISIYU 3 TIPUHIUIIB TEKTOHIYHOCTI, IPONOPLIHHOCTI OyAiBII, 3aBepHIalodn
BEPXHIO YaCTUHY KOHCTPYKIIi KyrmojgamMu abo MITMISMH, 4aCTO CHIBCTaBIISIOYH
CBOI i/I€i 3 aHTPOMOJIOTIEI0, CTPYKTYPOIO JIFOAWHH, IPUPOIOI0 Ta 3B’sA3KaMH i3
BcecriToMm. Ile O6yino ocobmuBo mommmpeHo y mepion BiapomkeHHs. 3 gacom,
¢dopMa i ponb KpUBOJIHIKHMX (OPM Y 3arajbHii KOMITO3HMLIHHIA CTPYKTYpi
00’exta 3MiHIOBanucs. [lpukimamu 3 icTopii BITYM3HSHOI Ta €BPOMEHCHKOI
apxITEeKTypH CBiq4aTh mpo 1e ssuie [1].

IMocranoBka 3agadvi. 3amadero cTarTi € MOPIBHSHHSA KOMIIO3UIIHHOI poi
000JIOHKOBUX (hOpM Ha MPUKJIAAI HAHOUIBII BiIOMUX apXiTEKTYpHUX 00 €KTIB B
icTOpii 3a3HaYEHNX MEPioiB.

CtaH HayKOBHX AOCJHiIKeHb. APXiTEKTYpPHO-KOHCTPYKTHBHI OCOOJIMBOCTI
Ta MPOILIEC €BOJIONIT KPUBOJIIHIHHUX (OPM € OHIEI0 3 aKTYaIbHUX MTPOOIeM IS
(axiBLiB, apXiTEKTOPiB, HAYKOBIIB, a TAKOX JUIsl CTYAEHTIB MOYATKIBI[B MpH
BUKOHAHHI HUMH KBaJi(iKamifHUX AWUIIIOMHHX NpoekTiB [2]. CydacHi HayKoBi
BUJAHHS CBiYaTh MpoO IIOSABY HOBOI TeHepalii BYEHHX, apXiTEKTOPiB,
IH)KEHEpiB, MPOEKTYBAJIbHHUKIB, SIKi MPOSIBHJIM 3alliKaBJICHICTh JJO POEKTYBaHHS
0araTonporoHOBUX IPOCTOPOBUX MOKPHUTTIB, M0, 3Ae0UIbIIOro, Oyio
BUKJIMKAHO TOSIBOI0 HOBUX KOMITO3MUTHHX MaTepialiB.

3acTocyBaHHSI KPHBOJIIHIHUX MOBEPXOHBb B apXiTeKTypi Ta B OymiBeJbHil
rany3i BKe JaBHO CTaJO MPEIMETOM yBard (paxiBIiB, BUCHHX. Bimomi, mio ikt
Temi Ta npobieMaM BUKOPHUCTAHHS aHAJTITHYHUX MOBEPXOHb OYJIO MPHCBIYECHO
YUMaNo KHUT, MoHorpadiid, aucepraiiid, JJOBITHHMKIB BITYM3HSHHX Ta
3aKOPJIOHHUX aBTOPIB [3, 4, 5, 6, 7]. [Ipuainsnace yBara BCeOIYHUM acIICKTaM:
FCOMETPUYHUM IapamMeTpaM OOOJOHOK 1 TOHKOCTIHHHX KOHCTPYKIIiH,

© Bacurenxo JLT.
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¢byHKIIOHATbHOMY iX NpPU3HAYEHHIO, XapaKTEPUCTHLI I[OBEPXOHb, METOAAM
PO3paxyHKy O0’€KTiB Ha MIIHICTb, CTIMKICTh Ta JUHAMIKy. BelmuKy KUIbKICTh
B)UTUBHX TPOIO3UILINA MO Cy4acCHOMY 3aCTOCYBaHHIO KPHBOJIHIHHHX (opM
3HAXOIUMO y Oy/iBeIbHO-apXITEKTYpHHUX 30ipHHKAx, 4acomucax i marepianax
HayKkoBUX KoH(pepeHmin [8, 9]. LlikaBuM € iCTOPHKO-apXiTEKTypHHUH acmekT, a
came, KOMIIO3UIIiiHa poiib O0OJIOHOK, SIK IIEHTPAIBLHOTO (TIPOBIHOIO) eleMeHTa
1py (GopMyBaHHI 3araJbHOI KOMIIO3ULT, Ta JOPEYHOCTI IXHBOIO 3aCTOCYBAHHA B
PI3HUX apXiTEKTYpHO-CTHJILOBUX HampsiMKax. Pi3HOOIYHI mpukiamy 3 icropii
OyIiBHUITBA Ta IPOEKTYBAaHHS TOHKOCTIHHHX IPOCTOPOBHX KOHCTPYKIIi, a
TaKOXX JyMKH aBTOPIiB IIPO POJIb LUX €IEMEHTIB y KOMIIO3MII, Janu MOMITOBX
JI0 PO3BUTKY LIbOTO MUTaHHA [1, 7].

IcHye nymka, mo ¢axiBiiB, sIKi HPOEKTYIOTh TOHKOCTIHHI OOOJIOHKOBI
KOHCTPYKIii, 00’€IHy€e MparHeHHsS CTBOPIOBATH HOBI ()OPMH. A Iie NIPUBOIUTH
JI0 HOBUIX IIUISIX1B BUPILIEHHS apXiTeKTYpHO-OyaiBeIbHUX npoodiem [10].

JloBeneHo, 1O KyIOJIbHA KOHCTPYKIUS € OMHIEI 3 HAaHOUIBII JOLUTBHHX
KOHCTPYKTUBHUX (hopM. Kyromnu 3Bomy Ha KpyriioMy IuiaHi, Horo opma € TiioM
00epTaHHs, HIDKHIH Kpall SIKOTrO CIMpaBcs Ha PO3TATHYTE KiIblLe, IO CIpUiMae
po3tsar. bynu BinnpariboBaHi BapiaHTH BEPXiBKU KYIIONA: 3aMKHYTI Ta HE3aMKHYTI, 3
LEHTPAJILHUM OTBOPOM IS CBITIIOBOro 200 aepariifiHoro Jsiixraps [10].

HaBeneHi HIpK4Ye NPUKIAAN POKPHBAIOTH 3MICT Hamol AyMKH. Buirykanum
€ xpam-poroHna Ilanteon B M. Pumi (126 pik H. e., miamerp kynoma 43.2 wm,
Bucota 125 m, puc. 1, [11]), sikuii XapakTepu3yeThCsi JOCKOHAMM BHKOHAHHAM
KOHCTPYKTUBHUX 1 XY[JOXXHbO-€CTETUYHMX 3aJay, CTBOPEHHSA HaMOIIbLIOro i
HeTepeBepIIeHOro 3a po3MipaMu (mo XX CT.)
BEJIMKO-IIPOTOHOBUM ~ KynosnoM. HamiBcdepuuHuii Kymosn BHKOHaHUM 13
TOPU30HTAJILHUX MIapiB OeTOHY 1 OOKIaneHui 1ersior. s monerieHHs Baru
Kymosna Horo TOBIIMHA IIOCTYIIOBO 3MEHIIYeTbcAd A0 BepmmHU. Kymon
CIHPAETHCS HA IWIIHAPUYHY CTIHY TOBIIMHOIO 6 m. Y TmoOmIoci OOOJIOHKH
TOBIIMHA 3MEHINYEThCS 10 1.5 m. €MHe JDKepeno OCBITIEHHS 1€ LIeHTPabHUM
KpYTJIHH OTBIp, 110 00paMiIeHUH OPOH30BUM OOpIropoM miamerpoM 9 w [1].

L{iHHniT BHECOK y BCECBITHIO apXiTEKTYpHY CHAaJIIMHY 3pOOHIM MalCTpu
BizanTii V-XV cT. y BUITISIII KYIOJABHUX 0a3WiIiK: KyNONy Ha BOCBMH OIOpax
(V-VIII c1.) Ta xpecroBo-kynombHoi cucremu (XIII-XV cr.). Kymomu ta
CKJICTIIHHSA BHMKOHYBAJIMCSl OKPEMHMH KiJbIFIMU 3 IOXWIMMH PSAJaMU LETTIH.
[MokpiBinst — yepenuiyt abo cBUHIEBI JucTH [ 1, 7].

Elo =2
A EEYEY

=
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I'pannio3HrM TBOpOM Bi3aHTIHCHKOro 307quecTBa Oyia KymojbHa Oaswmitika
cobopy cBsitoi Codii y Koncrantunomnomni (532-537 pp.), cTBOpeHa rpelbKUMHU
apxitekropamMu AHpimiem Ta IcumopoM. [lns moJermeHHs Kymoly, SKHA
BiJlirpaBaB TOJIOBHY KOMIIO3MIIIIIHY pOJb B 00’€KTi, HOTr0 KOHCTPYKTHBHI
eJIeMeHTH pebpa i 3aIOBHEHHS MiXk HUMHU BUKJIAIAJIUCS 3 TIeM30Boi teryu [1].

VY naBHi yacu nopsia i3 chepuaHrMu GpopmMamu 000JIOHOK TPOBITHY POIJIb Y
KOMITO3MLIHHIH CTPYKTYpi 00’€KTiB: UEpKOB, Oaswiik, BUDI, 3aiiManu
napaboivHi KyIoJIbHI KOHCTPYKLIi [4].

Bigomo, mo mapaGonoin obepraHHs — e CKJIajHa TeoMeTpuyHa (opma, siKa
YTBOPIOETHCSA 06EpTaHHAM Tapabomu X2 =2 pz HaBKOIO Bici cuMerpii z .

IlpuknagoM  BUKOpUCTaHHA  HapaloOmiuHMX  OOOJNIOHOK €  HH3Ka
apxIiTeKTypHUX 00’eKTiB. €Bpormelicbka iCTOpis 3acTocyBaHHS mapabonoiniB
obepTaHHs MOXHa po3MoYaTH 3 ommcy Kynona ceatoro Ilerpa y Barikani
(1506-1626 pp. puc. 2, [12]), sikuii cTaB CBOro pojy €TaJOHOM JUIsi MaiCTpiB
apxiTekTypu. Y mojansiioMy MaicTpu Opanu 3a B3ipeus kynoin csroro [lerpa.

OOononkoBa ¢Qopma cTajga aKTHMBHMM LEHTPOM 3arajbHOi 00 €MHOI
komro3ulii cobopy Canra-Mapist nenms Gpope y ®nopeHuii. 3BeeHHs Kynona
Haj KadenpajibHUM coOopoM BHKOHaHO apxiTektopom ®. Bpynemnecki (1420-
1436 pp., puc.3, [13]). Kymon mnapabGonoinnoi ¢opmu OyB 3BeneHUil 3
IPUPOIHBOTO KaMeHIO 1 mernu 0e3 Kpyxkan niameTpoM 42 m ABTOpOM He
PO3KPHTO CEKpeT 3BeJeHHs Kyroiy 0e3 kpyxai [1].

Ha mouarky XX cT. B icTopii BITUM3HSHOI apXiTEKTYypH TaKOXX 3HAXOIUMO
HPUKIIa 3aCTOCYBaHHS 00OJIOHKOBHX KOHCTPYKIIH.

BrnuB xiacuyHoro crwito OyB BIiOUYTHHH y 3acTOCYBaHHI MOJIOrOro
cepryHOro CKISIHOTO Kymojia mpu OyaiBHUUTBI IlemaroriyHoro mysero B
M. KueBi 3a mpoekrom apxitekropa I1.dD. Anpommua (3Begenuit B 1909-
1912 pp., puc. 4, [14]). Y nanomy npuknani chepuyna GpopMa He € IPOBIAHUM
€JIEMEHTOM 00’ €MHOI KOMITO3MIIi, a JInIlle 3aBepLIEHHAM TEKTOHIKH CIIOPYIH.

Puc. 3 Puc. 4

VY mepuniii TperuHi XX cT. Ha cropiHkax uacomucy «PansHcbkuii Teatp»
IMyOTiKyBaJIMCs Kpallli MPOeKTH 3 MiKHApOJHOr0 KOHKYpPCY Ha TeaTp MacoOBOT'O
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MysukaibpHoro mivictea (M. XapkiB, 1930-1931 pp.) [15]. Lle Oyno TBOpuMM
3MaraHHsM BITYM3HSHUX Ta 3aKkopAoHHHMX (axiBuiB. IIporpama KoHKypcy
00roBOpIOBAIACh y CEPEIOBUILI apXITEKTOPIB, XyI0)KHUKIB, PeXKUCEPIB, (axiBIIiB
CIIeHH,  IHXKEHepiB. Byno  mocraBneHoO — 3aBHaHHS =~ 3alpOEKTYBaTH
OaraToyHKI[IOHaJIBHUI TeaTp, BAKOPUCTOBYIOUHM HOBITHI apXiTeKTypHi ¢popmu. 3
MIPE/ICTABJICHUX TPOEKTIB IiKaBUMHU Oyln BapiaHTH, Jie aBTOPH 3aCTOCOBYBAIIU
KYIOJIbHI OOOJIOHKH JUTS TEPEKPHUTTS OrJIsinoBoi 3ainu. OJHUM 13 HOBaTOPCHKHX
npoekTiB OyB MpoOeKT miJx JeBi3oM «J/lBa KiJblLd, IO NEPETHHAIOTHCS
(apxiTexkropu 6patu O.0., JI.O., B.O. BecHinu, puc. 5, [16]). [Tonora kymonsHa
KOHCTPYKIIiSl CTBOPIOBAJIa OpraHiyHE IOEJAHAHHS YCIX CKIJIAJIOBUX EJIEMEHTIB
00’€eKTy, ajie He OyJ1a ToJI0BHOK (JOPMOIO B KOMITO3HIIIT, SIK 1€ CIIOCTEPIraeThCs Y
BHIIIE PO3TIISIHYTUX TPHUKIAAAX.

Puc. 5

CkiaiHa KymnoJibHa KOHCTPYKIISI TAKOXK Oyiia BUKOpPHCTaHa ISl IEPEKPUTTS
OIJISIZIOBOT 3aJIM B 1HIIOMY ITPOEKTi, aBTOPaMU SIKOTO OYyJTH MOJIOZI apXiTeKTOPH,
sunyckauku KXI  Xomocrenko M.B., IOpuenko ILI. Ix mnpoekr 6yB
BUTPUMAHUHA y pHcax aBaHrapAHOi apxitektypu [15]. 3aramom 1i mpoektu
MOKa3ajM, IO IMOPSI 13 HOBHUMH HOBAaTOPCHKUMH TEHIEHISIMH apXiTEKTOpH
3aCTOCOBYBAJIM KPHUBOIIHIMHI (OpMHU, siKi OyJau OpraHiyHO rapMOHi30BaHi 3i
CTPOTMMHU JIHIHHIUMHU (OpMaMH, XapaKTEPHUMH JIJIsi KOHCTPYKTHUBI3MY.

[TonibHuM npukIagoM 0OONOHKH chepuyHOi (GOPMH € CKISHUA KyHOJ
Oynieni BepxoBHoi Pamm VYkpainm (apxitekrop B.I. 3abonmornuii, 1936-
1939 pp.).

HesBakatoun Ha 3ajekiapoBaHi Te3W (YHKIIOHAJICTIB MPO 3HAYUMICTH
MPOCTOPY TOPH30HTANBHUX 1 BEPTUKAIBHHUX IUIONIMH y (pOpMYBaHHI 00’€KTiB
IHKOJIM apXiTEeKTOPH 3aCTOCOBYBAJIM B €CKi3aX, MPOEKTax 1 MoOyIOoBaHUX
00’eKTax KpUBOJIHIMHI (QOpMH TUIY OOOJOHKOBHX KOHCTPYKIii. ABTOpH
3aCTOCOBYBAJIM HAMOINBII ONTHMajibHy (OpMy OOOJOHKH, IPYHTYIOUHCH Ha
(yHKIIOHAJIBHIH HEOOX1AHOCTI, MIITHOCTI Ta €CTETHIII.

BucHoBok

VY pe3yibTaTi HAIIOO €KCKYpCY B iCTOPil0 KyMoJbHUX cropya Bizadrtii Ta
Pumcpkoi iMmmepii, He NOITUOMIOIYKMCh, B JACTATi3allif0 IHIIMX MEpiomiB i
MOPIBHIOIOYM 3 TOYaTKOM XX CT., CIIOCTEPIraéMo aKTHBHE BHKOPHCTaHHS
KyNoJbHHUX (opM, sKI B JaBHIH icTopii Oyau NPOBIIHUMH, LEHTPaTbHUMHU
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apXITEKTYpHUMH (popMaMu, y sSKHX BTLIIOBABCA 00pa3 BENUYi, CTATHYHOCTI,
BIICBHCHOCTI, Ji¢ JIFOJMHA BiMdyBaja IITICHICTh CEpeIOBHINA. ApXITEKTypHa
MoOBa Oyiia 00yMOBJICHA KYIIOJLHOI (HOPMOIO, SIKa BiJirpaBajia POBiIHY POJIb B
KOMITO3HLIi1, Maike HE3EMHOI0, CIIPSIMOBAHOIO /10 He0a, 1 1M Bpaxkasa JIIo/IeH.
B MicTOoOyAiBHOMY CepeOBHILI I1i 00’ €KTH MajIi 3HAYHUMN aKIICHT.

3 yacoMm, a came moyatky XX CT. KynoibHi (opmu (OKpiM IEPKOBHHX
CHOpYJ) BTPayaroTh CBOIO MPOBIMHY MO3MIII0 — HA TEPIINHA IUIaH BUXOIATH
TeOMETPHUYHI, BEPTUKAJIbHI Ta TOPU30HTAJIbHI TUTONIMHHI (OpMHU, SIKI BiAIrparoTh
MIPOBIIHY POJIb B KOMITO3MLIT Ta opMytoTs 00pa3. B okpemux Bumaakax, Koiu
MOTPIOHO MiJKPECIUTH LEHTPUYHICTh, pPIBHOBAry, CTaTHUKy 1 CHMETpIIO,
3yCTpiYaroThCsl KyHoibHI (OpMH HE3HA4YHOI KpWUBHU3HH. YacoBi, coliaybHi,
(YHKI[IOHAJIBHO-€CTETHYHI Ta MPOrPECUBHO-TEXHOJOTIYHI (DaKTOPH 3MiHUIIU
00pa3 apXiTeKTypHOTO 00’ €KTA.
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Vassylenko L.G.
THE SHELL — A COMPOSITIONAL COMPONENT OF AN ARCHITECTURAL OBJECT

The role of the shell as an architectural element in the overall composition of objects is
considered. The aim of the work is the analysis and comparison of the compositional role of dome
forms using the most famous historical architectural objects as the example.

The history of architecture provides many examples of the creative use of curvilinear forms,
namely, shells, domes, and arch. A brief overview of examples of outstanding objects from the
history of architecture is being carried out. Dome structures of Byzantium and the Roman Empire
are being considered. Without going deep into detailing other periods, the active use of dome forms
in architecture is noted. These forms at that time were the leading, central elements of the
composition. In the urban environment, these objects had a significant emphasis.

Over time, namely from the beginning of the twentieth century, dome forms (except for church
buildings) lose their leading position. Geometric vertical and horizontal plane forms come to the
fore. They play a constructive and leading role in the composition. Moreover, in some cases, dome
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forms are still encountered when equilibrium and static symmetry are required. However, these
elements are subordinate in the overall composition and serve to balance all the elements of the
object as a whole. Temporary, social, aesthetic-functional and progressive-technological factors
have contributed to the new approach to the creation of an architectural object. The language, the
syntax of this object has changed drastically.

Keywords: thin-walled spatial structure; shell; dome; arch; curvilinear form; object;
composition.

Bacunenxo JI.T.
OBOJIOYKA — KOMIIO3UIIMOHHBIN 3JIEMEHT APXUTEKTYPHOI'O OBBEKTA
PaccmarpuBaercst posib OOONIOYKM KAk apXHTEKTYpHOrO 3JEMEHTa B OOILIeHl KOMIIO3ULIUH
o0bexToB. Ilpumepsr o6pa3unoB Bospoxmenus, CpenHeBekoBbs M Hadasa XX B. IOKa3ald
0COOEHHOCTH BIIMSIHHUS KyHOJBHBIX (hopM Ha 00pa3 o0beKTa.
KiioueBble cJIOBa: TOHKOCTEHHAs! IPOCTPAHCTBEHHAS! KOHCTPYKLMS, 000J04YKa, KYIIOJ, CBOJ,
KpHBOJIMHEIHAst opMa, 0O BEKT, KOMITOZHIIHS.
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JOCJIKEHHS MEPIIOI OCHOBHOI 3AJIAUI TEOPI|
MPYKHOCTI AJISI LAPY 3 HUJIHAPUYHOIO ITOPOKHUHOIO

B.IO. Mipomnikos',
KaHA. TeXH. HayK, JOLEHT

T.B. [lenucopa’,
KaHI. TCXH. HAYK, JOLUCHT

B.C. Ipouenxo®,
1-p diz-MaT. Hayk, npodecop

1 . o . o . . . .

Xaprxiscoruil nayionansnuil ynisepcumem 0yoignuymea ma apximexmypu, M. Xapkie
2 . o . o . o . .
Xapkieckuil HAYIOHANbHUL eKOHOMIYHUT YHIGepcumem, M. XapKie

3 . o . . . .
Hayionanvnuii aepokocmiunuii ynisepcumem im. H.€. JKykoecvkozo « XAI»

DOI: 10.32347/2410-2547.2019.103.208-218

Po3B’s13aHO TPOCTOPOBY 3ajiauy TEOPii MPYKHOCTI YIS [IaPy 3 MOB3IOBXHBOK LHIIIHIPUYHOK
HOPOXKHUHOIO, KOJIM Ha MEXax IIapy Ta Ha MEXI TOPOXKHHUHY 33/1aHi HanpysKeHHs. Po3B’s130k 3aqadi
OTPHMAaHO Yy3arajJbHeHHM MerofoM (Pyp’e CTOCOBHO cHUCTeMH piBHsHB JlaMe B LMIIHAPHIHUX
KOOpJIMHATAX, OB SI3aHUX 13 LMJIIHAPOM, Ta JEKAPTOBHX KOOPIMHATAX, MOB’S3aHUX i3 MEXamu
mapy. HeckiHdyeHHI cHcTeMH IHIHHMX anreOpaiuHUX pIBHSHB, SIKIi OTPUMaHi B pe3ysbTaTi
3a/I0BOJICHHS TPAaHHYHHMX YMOB, BHpIIICHO METOAOM 3pi3aHHsi. B pesynbrati Oymm orpumai
HANPY)KEHHS B Pi3HUX TOYKaX HPYKHOro Tija. IIpoBeneHo aHami3 HampyXeHo — Aed)OpPMOBAHOrO
CTaHy IIapy Bix Ail 3piBHOBaKECHOr0 HABAHTAXKCHHS HA HOro Mexax.

KurrouoBi ciioBa: 1uiiHApHYHAa MOPOXKHHMHA B Iuapi; piBHsHHs Jlame; y3araabHEHHH MeTOx
Dyp’e; HECKIHUCHI CHCTEMH JIHIHHUX aareOpaiuHUX PIBHSHB.

Beryn

[Ipu mpoexkTyBaHHI KOHCTPYKIIiH, JeTalleil MalliH Ta CIOPYA JOCUTh YacTo
3yCTpiYaroThCs 3ajadi, KOJMM HEOOXIJHO OWIHUTH MILHICT MPYKHOTO
cepeIoBHUINA B OKONI IMJIIHAPUYHUX [TOPOKHUH UM BKIIOYEHb. B siKOCTI Takmx
3aa4 MOXYTh OyTH 3amadi po Ae(opMallito IPY)KHOTO IIapy 3 MO3I0BKHIMU
LI HIPUYHUMY TIOPOXKHUHAMH 13 33/IaHIMU Ha MEXaX TiJla HABaHTa)KEHHSIMH.

B HaykoBill JiTepaTypi po3risgaroThcs Taki 3amadi. Tak B poborax [1-4]
PO3B’SI3yIOThCS  3ajadi Uil Iapy 3 HEpHeHIUKYISIPHUMH [0 HOro Mex
nopoxHUHAMH. {7151 po3B’si3aHHs 33/1a4 CTATHKH NPOCTOPOBUX MPYXHHUX TUT Yy
BUTJISIII IIApy 3 MO3JOBXHIMU TOPOXKHUHAMHU IIi METOIM HE MOXYTh OyTH
BHUKOPHCTaHI.

IIpocTopoBi (TpuBUMIpHIi) 3a1a4i Teopii NPYKHOCTI IS TiM, sIKi OOMEXeHi
KaHOHIYHMMHU MOBEPXHIMU (LIMIIIHIP, KOHYC, KYJIIsl, €IIICcoil, napadosoin Ta iH.)
BUBYaiHCS B po0Ooti [5]. TouHi po3B’si3ku B 1ili poOOTI OTpUMaHi BHKIIOYHO
METOIOM PO3AUICHHS 3MiHHUX 1 MeTosioM Dyp’e.

3 mapanenbHUMH J0 MEX Iapy T HAPHYHUMH IOPOKHUHAMH PO3TJISIAI0-
ThCsI CTalllOHApHI 3a1a4i Au(pakiii NpyKHUX XBWIb B podoTax [6—8], ne BUKO-
PHUCTOBYETHCS y3arajgbHeHni MeToa Dyp’e B MOEAHAHHI 3 METOIOM 300paKEeHb.

Jns mpyXHHX TUT 3 JEKIJIbKOMa TPaHWYHHMH TOBEPXHSIMH aBTOpaMH
po6otu [9] po3BuHYTO y3aranbHeHUN MeTon Dyp’e, KUl 6a3yeThcs HA OCHOBI
TEOpeM J10J[aBaHHsI 0a3MCHHUX PO3B’s3KiB piBHAHHS Jlame.

© MipomnikoB B.YO., Jlerucosa T.B., [Iponenko B.C.
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3a JOMOMOror BOro METOJy pO3B’s3aHi 3ajadi: Uil mapy 3i cepruuHOI0
nopoxHuHoo [10]; mist miBOpOCTOpy 3 TO3IOBXKHIMH  IMJIIHAPUYHUMHU
nopoxHuHamu [11 —14], mis mpocropy 1 wwimiHIpa 3 WITHIPUYHUMHU
MOPOXKHUHAMHU 1 BKJIIOUECHHAMH B podoTi [15]. 3amauy mis mapy 3
LWWIHIPUYHOIO TOPOKHUHOIO Ta 3aJaHAMH Ha TPAHUYHHUX TOBEPXHSIX
NepeMillieHHSIMHU PO3TIISIHYTO B poOoTi [16], Ast miapy 3 Npy»KHUM BKIIIOUEHHSIM
B po0oTi [17], 3 MOB3I0BKHBOIO TOBCTOCTIHHOO TPY0OI0 B podoTi [18].

Jis mapy 3 UWIIHAPUYHOI MOPOKHUHOIO Ta 3aJaHUMH Ha T'PaHHYHUX
MOBEPXHAX HANpPYKEHHSMH TOTOBUX alrOPUTMIB B HPOCTOPOBOMY BapiaHTi
HeMae, TOX MpodJieMa po3paxyHKy TaKHX 3aJlad € aKTYyaJbHO0.

Meroro 11i€i poboTH €:

— po3po0Ka aHaJIITHKO-YMCIOBOTO METOJY PO3PaxyHKY IMepIIoi OCHOBHOI
3aja4i Teopii MpyXHOCTI (Ha YCiX TPaHMYHUX MOBEPXHSX 3alaHi HaNpyKECHHS)
JUId apy 3 LWIHIPUYHOIO IOPOKHUHOIO, SKa pPO3TAllOBaHA MapaJiellbHO
MIOBEPXHSM 1IapYy;

— TIPOBECTH aHaji3 HampyXeHo-1e(hOpMOBAHOIO CTaHy Tijna Bim mii
3piBHOBa)XKEHOTO HOPMAaJIbHOTO HABAaHTA)KEHHsI, MPUKIIAZEHOTO Ha MeXax Liapy,
TIPY BUIBHIH BiJl HABAaHTA)XEHHS MEXi IIOPOYKHUHH.

ITocTanoBka 3amaui

B mpyxHoMy omHOpiiHOMY IIapi po3TamioBaHa KpyroBa NWIIHAPHYHA
MOpOXKHUHA paniycoM R (puc. 1), Bich cuMmeTpii sSIKOI mapayielibHa TPaHuYHUM
MIOBEPXHSM IIapy.

[opoxxHuHy OyZAeMO pO3TIIsAaTH
y ONWITIHAPUYHIA CUCTEMI KOOPIUHAT Y
(p,P,z ), mIap y IeKapToBiil cucremi M

KOOpAHMHAT (X, y, z), sIKa& OJHAKOBO p
Opi€HTOBaHa Ta  IIOEJAHAHA 3 — (0}
CHUCTEMOI0 KOOPIWHAT  IIWIIHIpA. (0]

Bepxus Mexa 1mapy po3TamoBaHa Ha R x T
BiICTaHI y=h, HWKHI MeXa Ha

=

Bigcrani y=—h . IlorpibHO 3HaiiTh

PO3B’ 130K PIBHSHHS Jlame
- IR

AU +(1-26)'VdivU =0 3a ymo,

II0 Ha MeXax Iapy Ta Ha Mexi

LWTHIPUYHOI IOPOXKHHUHY 33JaHi HaIPY)KEHHSL:

FU(x Z)‘y h_Fh (x,2), FU(x z)‘ ~—F (x,2), FU((p,z)‘p R—FR((p,z)

Puc. 1. [llap 3 UMIiHADUYHOKO TODOKHHUHOKO

Jc
Fh (x,2)= T(h) (1)+G(h) ()+r(h) 3() ,

FOx,2)=tPe® +6Mad 4 1M | (1)

E(9,2) = 605 410 4 1Bz
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BiJloMi yHKIIIT; éj(-k) (j=1,2,3) — optu nexaptoBoi (k=1) i murinapryHOi (k=2)

CHCTEM KOODJMHAT, FU|= 2G[l o ﬁdiVU+ail7+%(7t x rotU)],
-26 n

=———; 0, E —xoediuienr [TyaccoHa i Moynb IPYy>KHOCTI mapy.
2(1+0)

[Ipu upOMy, BUXOISYU 3 YMOB CTATHKH, NTOBUHHI BUKOHYBATUCH PiBHSHHS
piBHOBaru

HF M)do=0, [[7xF(M)ds=0, )
(o)

e 6= {c] +0, +03}, 0) — IUIOLIMHA Ha y=h, G, — IUIOIIMHA Ha y=—l~z , O3 —
ﬁho (x,2) Ha O,

MTOBEPXHS IWIIHIPa P=R, F(M)= ﬁ'ﬁo (x,z) Ha 6, , F — pamiyc BekTop T. M.
F, 1(e) (9,2) Ha O

VYeci 3agani BekTopH i QyHKHii OyqeMo BBaKaTH IIBUIKO CIIAAl0OYUMHU 10
HYJIS Ha JAJIEKUX BiJCTaHSX BiJl MOYAaTKy KOOPAMHAT 10 KOOPAMHATI z JUIsi
LIJTIHPa Ta TI0 KOOPMHATAX X 1 Z U1l MEX MIapy.

Po3p’a30k 3amaui

Bubepemo 0asucHi po3B’si3ku piBHSAHHA JlamMe Ui 3a3HAYCHUX CHCTEM
KOOpJMHAT y BUIIS [9]:

ﬁ/;i (x: y.z, 7\1, H) = N](cd)el'(AZ-%—px)iyy;
Ren(0:0,5:0) = NP1, ) *0); )
gk,m (p:(PsZ)\') = ngp) |:(Slgn 7\1)me (|7\,|p) . ei(}\'z+m(9):|’ k — 1’2’ 3’

) _ 1 (d) _ =(1) (d) _ =D »_lyg.
M@ =V NS x(cs nelh + L V(y) N krot( ) NP =4V

(»_1 9 _ »(2) d (p) _ i ~(2)
N; —x{V(pap)+4(c 1)(V az)} N3 xrot( ),

Y=yA2 42, —co <A U < oo,

Je o — xoediuient Ilyaccona; 1, (x), K, (x) — MomudixoBaHi GyHKIi

Beccens; Ry, S

tm> k=1, 2, 3 — BiANOBIOHO BHYTpIiIIHI Ta 3O0BHIilIHi

7(5) =)

PO3B ’SI3KA plBHHHHH Jlame JJIA HI/IJ'IIHZ[pa up -, ﬁk — pOSB’HSKI/I piBHHHHH

Jlame mia mapy.
Po3B’s130K 3a1a4i MpencTaBUMO Yy BUIIISAIL [16]

3 oo
A:ZJ‘ z Bk,m(}\')'sk,m(paq’az;}\f)dk*'

k=1 —co m=—cc
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3 oo oo
[ [ (H o) (v 200+ ()-8 (3, 9,23 0,10)) dudh, (4)

k=1 —co—co
e S’k’m(p,(p,z;?\.), ﬁ,ff)(x, V,Z; A, u) i ﬁ,ff)(x, y,z;k,u) 0asucHi po3B’sA3KM, SKi
samani popmynamu (3), a mesimomi dymkmii H, (A,p), ﬁk(k, ) i Bk,m(k)

HEeOoOX1THO 3HAWTH i3 KPaHOBUX yMOB.

Jns  mepexomy ©Oa3MCHHX PpO3B’SI3KIB MK CHCTEMaMH KOOpJAWHAT
CcKopucTaeMoch popmymnamu [18].

Jlns BUKOHAHHS T'paHMYHMX YMOB Ha BEpXHIH Mexi mapy y=h, BEKTOpH

Sk’m B (4) 3a nonomoroto Gopmyna nepexony [18, popmyna (7)] mepenumemo y
JIEKapTOBIM CHCTEMi KOOpAWHAT 4epe3 O0a3uCHI pPO3B’SI3KU il Hns
OTPUMAHOrO0 BEKTOPY 3HAMIEMO HANpYXEHHs Ta MpupiBHsAeEMO (mipu y=h)
3a1aHOMY F ho (x, z), NIPE/ICTaBIICHOMY Yepe3 MoABiHHMI iHTerpan dyp’e.

JIns BUKOHAHHS TPAHUYHUX YMOB Ha HIDKHIM Mexi mapy y=—}~1 , BEKTOpH
Sk’m B (4) 3a nonomoroto Gopmyna nepexony [18, popmyna (7)] mepenumemo y
JIEKapTOBIM CHUCTEMI KOOpOWUHAT uepe3 Oa3uCHI PO3B’SI3KU ii,(:). Hns

OTPUMAHOTO BEKTOPY 3HAWIEeMO HANMpYXEHHs Ta MpupiBHAEMO (Tpu y=— h )
3aaHOMY 17“;0 (x, z), MIPE/ICTaBICHOMY Yepe3 MoABiHHuM iHTerpan dyp’e.
Cucrema 3 6 piBHIHb Ma€ BU3HAYHHUK
643 .48 . 56 ~((3/4+x2)~(1—ezx)+l/4~e6x —1/4)
24

) (&)

ne x="Yy(h+ h).
3 oTpumaHux piBHSHb 3Haiiemo Gymkuii H, (A,u) i H,(A,u) depes
Bk,m O\') .

JIys BUKOHAHHS TPaHUYHUX YMOB Ha IWJIIHApI P=R, npaBy 4acTuHy (4) 3a
moromororo  popmyn  mepexomy  [18, dopmyna (8)] mepemummemo y

LWATHAPUYHIN CHCTeMi KOoOpauHaT uepe3 GasucHi po3s’ssku R, ., S . Jus
OTPUMAHOrO0  BEKTOPY  3HAiIeMO  HalpyKeHHS Ta  HPUPIBHIEMO
3a7aHoMy F ,(e) (p,z), mpexacraBneHoMy iHTerpaiom Ta psgom Dyp’e. B

pe3ynbTaTi OTPUMAEMO CYKYIHICTH TPhOX CHUCTEM JIHIHHHX anredpaiuyHux
PiBHSHB 171 BU3HA4YEHHs HEBIOMUX B, ,, (A) .

Busnaunuk miei cuctemu [11]:

ans m=0  |Ag|=8(1-0) x* K (x) K, (x),

s m 2 1 |A,|>4m K, (0K, (0K, (x), x=[|p, L#0.
3ualineni pauiwe yepes By, (M) dynkuii Hy(A,p) i H, (A1) BUKIIOYHMO

(6)

3 CUCTEMU piBHSIHb. B pe3ysibraTi 0OTpuMaeMo CYKYIHICTD i3 TPhOX HECKIHYEHUX
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cUCTeM JIHIMHMX anreOpaiyHuX pIBHSHb JPYroro poay sl BH3HAYEHHS
HeBimomux By ,, (L) .

Jns orpumaHux cucreMm, BHKopHcToBYOuUM (5) Ta (6), OOBemeHO iXx
OHO3HAYHY PpO3B’S3HICTh. BUTBII TOro, i CHCTEMHU MOXKHA pPO3B’SI3yBaTH
METOJIOM 3pi3aHHs i Ma€ MiCTO 301KHICTh HAOIM)KEHHUX PIlLIEHb JI0 TOYHOTO.

3HalizieHi 3 HECKIHYEHHOI CUCTeMH PiBHSAHb QyHKUIT B, ,, (L) miacraBumo y
BUpasu 111 Hy (A1) i Hy (A,1). LuM OyayTe BU3HaUeHI BCi HEBiOMI 3a/adi.

YucaoBi 1ocaigKeHHs] HANPY:KEHOT0 CTAHy

Maemo omHopimauii i3otpornnuii map (beron kimacy B30) 3 mumiHApHYHOIO
nmopoxHuHOK (puc. 1), koedimient Ilyaccona 6=0,16, Momynb NPYKHOCTI
E=3250 xH/cM”. Paziyc mumiHApHIHOI MOPOXKHUHE R=5 cM. BepxHs Ta HUKHS
MeXa [Iapy poO3TalloBaHI BiAHOCHO IIGHTPY TOPOXHUHHM Ha BiJCTaHi

h=h =15 cm.
Ha BepxHili Mexi miapy 3aaaHi HalpyXeHHs G(yh) =-F-6(2)-0,(x),
T%’C) = Tg,hz) =0, ne F=1 xkH/em? — pO3TOiJICHE HABAHTAKCHHS,
|z|2b/2+c, c](z)=0
b/2+c— |z|

c](z)= b/2£|z|£b/2+c, c](z)z
c

|z|£b/2, c](z)zl
|x|2a/2+c, 6,(x)=0

cz(x)= a/2£|x|£a/2+c, Gz(x)=a/2+—c—|x|’
c

|x|£a/2, ,(x)=1

b=18cm, a=6cM, ¢=2cM. Ha HwkHIH Mexi mapy 3agaHi HaNpyKeHHs
c}“:—(%.cl (z)-(cz(x—ls)+<52(x+15))), b=18 cm, a=6cM, =2 cM,

T(y@ = T(yhz) =0. Ha moBepxHi NOPOXHWUHHM  3aJaHi  HaNpPYKEHHs
(R) _ (R) _ (R) _
Gy =Tpp =Tpz =0.
YMoga (2), mpu 3aJaHuX HANPYKEHHSX, BAKOHYETHCS.

HeckinuenHa cucrema piBHAHb Oyia 3BeAeHa JO KiHIEBOI — m=6.
OOuuciieHHs IHTErpaliB BHKOHAHO 3a JOMOMOrOK KBaApaTypHUX (opmyi
®inona (mist komuBHUX ¢GyHKuii) 1 Cimmncona (st QyHKuili 0e3 KOIMBaHb).
TouHiCTh BUKOHAHHS TPaHUYHAX YMOB TIIPU  BKa3aHWX 3HAYEHHSX
reoMeTpUYHIX mapamerpis 107,

Ha pwuc.2 mnpeacraBneHuil HamnpyKeHH CTaH Ha MepeldidKax Bij
LWTHIPUYHOI TIOPOXKHUHH 10 BepXHBOI (puc. 2,(a)) Ta HWKHBOI (puc. 2,(0))
MesKi mapy B310BK oci y, mpu z=0, B kH/cm®.
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Ha BEPXHHOMY HepeH.IPIﬁKy, Ipu 3aaHuxX G, Ha HOBerHi IOPOXXHUHU Ta

p

BepxHiil Mexi wapy (puc. 2,(a), minis 1, y=0cm., y=15¢M.), HaNpyxeHHst G, i

o, (puc. 2,(a), minii 2 Ta 3 BiANOBiAHO) OIMKYE 10 NOPOXKHUHU MAIOTh JOAATHI

3HAYEHHs1, OJIIKYE JI0 BEPXHBOI MEXI Iapy — BiJ'€MHI.
Ha wmwxHbOMY mepemmiiky (puc. 2,(0)) Bci HampyXeHHs MaloTh JOIATHI

3HAYEHHs, BKIIOYAIOYM G, sSK€ Ha HIKHIA MOBEPXHI IIapy Ta Ha MOBEPXHi

p’
MOpPOKHMWHU 3aaHO HYJb, aJIC Ha CaMOMY nepemI/If/'IKy Ha6yBae HCHYJIBOBUX

3HA4YCHb.

5 7 9 11 13 15 5 7 9 11 13 15
1,0 0,15
M 2 2 ,/'
05 I 010 k Y
'-\\' y \ /
0,0 ,...__“\ > \‘ //
. 3 0,05 oy /
\\-."./. ) .._\m#-"’r
0.5 N S 3 y
10 1 NN 000 T T e, 13
-1, 1

-1,5 -0,05
(2) 6
Puc. 2. HanpyxeHuii ctaH Ha nepemmiikax: (a) — B LHUIIHAPUYHOT HOPOXXHIHH 0 BEPXHBOT MEXI

3-0C

wapy; (6) — Bi LHMIIHAPUYHOT HOPOXKHUHY 10 HIDKHBOI Mexi 1mapy; 1 — Gp: 2 - Gy: -

Ha puc. 3 npencraBieHi HanpyXeHHsS Ha BEPXHIH MeXi mapy BIOBXK OCi z,
npu x=0, B kH/cM”.

HampyxenHs G, Ha -30 20 10 0 10 20 30
BEpXHI MeXi mapy B3IOBXK 04 3
oci z (puc. 3, miHisg 3) MawTh 0.2 Tl z
Bif’eMHI 3HAYeHHA B MexKax 0 psstr— T e
HaBaHTaxeHHs (puc. 3, mimis  -0.2 B ,/’
1), 32 MeKaMu — JIONATHI. 04 -2 k't ¥

[pu IIUPHHI -0,6
HABaHTA)KEHHS b=18ceMm. o8 .
HalpyXeHH: o, -1 AT
(puc. 3, miHis 2)  AOCATAIOTH -1.2 1

3HAa4YCHHA  HaIl CHb (¢ - .
PyX y Puc. 3. Hanpy>xeHHs Ha BEpXHiil Mexi 1apy B3J0BXK

npu z=0. ociznpux=0:1- G,;2- G ;3- G,
Ha puc. 4 BimoOpaxeHi
HATIPY)KCHHS, 10 BHHHKAIOTH Ha MOBEPXHI mopoxkuuau mpu z=0, B kH/cm?.

MakcumanbHi Bil'€MHI HAlPY)XKCHHS G, Ha MOBEPXHI MOPOXHUHA (puc. 4,

miHist 2) BuHuHKaooTe npu @©=0,39 Ta ©=2,75, nomatHi mpm @=1,57.
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0 n/d n/2 3n/4 n 5n/46m/47n/4 2n ~ MaKCUMaNbHI HAIPYKEHHS G,

(puc. 4, miHig 3) BUHUKAIOTH B
/T BEPXHIH YacTUHI MOPOKHUHU
0,5 TV ’
|3 mpu ¢ =1,57.
- \‘ ‘. R s T :
0 / \ 7 . HopmanbHi  HampyKeHHS
/ -~ .
05 H \\ / ‘\‘ npu y=—h Ta JOTHYHI TpHU
3 1 .
h ,‘I \\ "/\2 k y=0 B3moBxk oci x, npu z=0,
N ~ MPEJCTaBlICHI Ha pHUC.S5 B
kH/em?.
-1,5 Ha HwxHili Mexi mapy
Puc. 4. Hanpy>xeHHsI Ha IOBEPXHI MTOPOXKHUHU: HaNpyXXEHHsA G, B3JI0BXK ocl x

2-04;3-0; (puc. 5, nmimis  2)  MaoTh

BiI’€MHI 3HAYE€HHI B MeEXKax

-30 20 10 0 10 20 30 HABAaHTA)KEHHS, 33 MEXKaMH

0.4 ) : HABAHTAXKEHHS  HAIPYKEHHS
02 NS o, HaOyBalOTh  JOJATHHX
_,J'-‘ T .f'-' =08 j4 s . 3HayeHb. MK HaBaHTaXEH-

0,0 ’ = T - = HSIMH JIOJaTHI HANPYXEHHS G,
02 - ? ‘ 30UIBIIYIOTBCSI,  ane  Hix
b k\__,‘ MOPOKHUHOK CIIOCTEPIracThes

0,4 HEBEJIMKE iX 3HMKEHHA. TakuM
06 "-—‘“‘1 L YUHOM MaKCHUMaJIbHI J0JaTHI

Halr CHHA O BUHHUKAIKOTh
X

Puc. 5. Hanpy»eHHs Ha HUXKHIN MeXi apy B310BXK Misk HABAHTaKEHHAMH, OIIHKIE

ocix:1— Gy 1pu y= —171 32— G, npuy= —1’~l; 0 MiCIJjI 30CCPECIKCHHA LUX
HaBaHTA>XCHb.

3-0O npny=—l'~l;4f Ty npu y=0
HamnpyxeHHs ©, B310BX

z

OoCi X Ha HIDKHIH MeXi Imapy

(puc.5, miHist 3) TakoX MalOTh BiJ’€MHI 3Ha4eHHS B Me)KaX HaBaHTa)KEHHS,
HATOMICTh Mi)K HABaHTAXXEHHSIMU OTPUMYIOTh HYJIbOBI 3HAUEHHSL.

Haiibinpii [OTHYHI HanpyKeHHS T,, B3IOBX oci x (puc.5, uyiHia 4)

y
TpaJULIiHO 3HAXOMATHCS Ha OchoBil JiHIT x ()=0), Ta € MakCUMaIbHUMU OLJIs
TIOPO>KHUHHU.

BucHoBkn

Po3pobnennit aHai THKO-YMCIIOBHI aJITOPUTM PO3PaxyHKY IEPIIOi OCHOBHOT
MPOCTOPOBOI  3a/adi Teopii MPYKHOCTI Juid mapy 3 [UIIHIPUIHOIO
MOPOXHHUHOIO, fKa PO3TAIIOBAaHAa IApaJIeNIbHO IIOBEPXHAM IMIapy. 3agada
3BEJICHA JI0 CYKYITHOCTI HECKIHUEHHX CUCTEM JIHIHHUX anreOpaidyHuX piBHSHb.

Ha ocHOBI YHMCIOBHX JOCHI[DKEHb aireOpaidHOl CHUCTEMH MOXKHA
CTBEPJKYBATH, 110 PO3B’S30K IIi€i cucTeMu Moxe OyTH 3 Oy/Ib SIKOIO CTYIIHHIO
TOYHOCTI 3HaWJIeHO MeTomoM penykumii. Lle miaTBepmKyeThCS BHCOKOIO
TOYHICTIO BUKOHAHHS TPAHUYHHUX YMOB.
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HaBeneni rpadiku AaloTh KapTHHY PO3MOALTY HAIPY)KEHb HA MEXax Iapy
Ta TOBEPXHI IIWIIHAPUYHOI TOPOKHMHU, a TaKOX Ha Nepelmmikax Mix
MOPOXKHUHOIO 1 MeXaMH Imapy. MakcuMmaibHI HanpyKeHHS BHHUKAIOTh Ha
MOBEpXHI IWJIIHAPUYHOI TOPOKHMHU Ta HA BEepXHIM Mexi mapy, e
po3TalIoBaHe HABaHTAKEHHSI.

[Nomanpun moCHiPKEHHS LBOTO HANpsSMKY aKkTyajbHI Juii I[apy 3
TIO3/JOBXKHBOIO IMJIIHAPUYHOIO TPYOOIO 13 33JaHMMHU Ha TPAaHUYHUX TOBEPXHSIX
HaNpyXEHHIMHU.
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Miroshnikov V.Yu., Denisova T.V., Protsenko V.S.
INVESTIGATION OF THE FIRST MAIN PROBLEM OF THE THEORY OF ELASTICITY
FOR A LAYER WITH A CYLINDRICAL CAVITY

An analytic - numerical algorithm for solving a substantially spatial problem of the theory of elasticity
for a layer with a longitudinal cylindrical cavity and the conditions of the first principal problem, given on
the boundary surfaces, is developed.

The solution is based on the generalized Fourier method applied to the Lame equation system. The
cavity is considered in the cylindrical coordinate system, the layer - in Cartesian. By satisfying the
boundary conditions and using special formulas for the transition between coordinate systems for basic
solutions, we create infinite systems of linear algebraic equations, which are solved by the method of
cutting. The numerical study of the determinant gives reason to claim that this system of equations has a
single solution. As a result, stresses were obtained at different points in the elastic body.

Cutting parameters were chosen so that the accuracy of the boundary conditions reaches 10-2. As the
cutoff parameter increases, the accuracy of boundary conditions increases, but the duration of the
calculation increases.

The numerical solution of the problem is performed for a layer with a cylindrical cavity and a normal
balanced load at the boundary of the layer. The analysis of the stress state gives grounds to state:

1. The solution of the algebraic system of equations can be found with any degree of accuracy by the
method of reduction, which is confirmed by the high accuracy of boundary conditions.

2. The presence of a cavity gives rise to a redistribution of stresses, in which maximum values occur
on the surface of the cavity, and tensile stresses occur at the top of the layer (which is compressed without a
cavity).

This method can be used in the calculation of structures, the calculation scheme of which is a layer
with a cylindrical cavity, under given boundary conditions in the form of balanced stresses. Stress analysis
enables the selection of geometric characteristics at the initial design stage.

Keywords: cylindrical cavity in a layer; Lame's equation; generalized Fourier method; infinite
systems of linear algebraic equations.

Mupowmnuxoe B.FO., /lenucosa T. B., IIpoyenxo B.C.
HCCJEJTOBAHUE IEPBOI OCHOBHOWM 3AJAYM TEOPUU YHOPYIOCTH ]IS
CJIOSI C HUJIUHAPUYECKOM MOJOCTHIO

Pemiena mpocTpaHCTBEHHas 3ajauya TEOPUM YNPYroCTH UL ClOSL € IPOJOJIBHOM
Lll/lJ'll/lHLlpl/l‘-leCKOi;l IIOJIOCTBIO, KOr'Zla Ha rpaHULax CJI0s U Ha 'PAaHULC ITOJOCTU 3a/laHbl HAITIPSKCHUS.
Pewenne 3agaun nosyueHo 0000LIEHHBIM MeTooM Dypbe OTHOCHTENIBHO CHCTEMbI YPaBHEHHM
.HaMe B HUJIHMHIAPUYCCKUX KOOpAWHATaX, CBA3AHHBIX C HUWJIMHAPOM, U ACKAPTOBBIX KOOpAWHATAX,
CBSI3aHHBIX C IpaHULAMHU C10s. bBecKOHEe4YHble CUCTEMbl JIMHEHHbIX anreOpauyeckux ypaBHEHHH,
IOJTYYCHHBIC B PE3YJIbTATE YAOBJICTBOPECHUA I'PAHUYHBIX yCJ'IOBMﬁ, pPE€WIEHO METOAOM PEAYKIHH. B
pe3yibTaTe ObUIM MOJIYYCHBI HANPSDKEHHS B PA3IMYHBIX TOYKaX yHpyroro Tena. IIpoBeneH aHamu3
HANPSDKEHHO - 1e(OPMHPOBAHHOIO COCTOSIHUS CJIOSI OT BO3ICHCTBHS yPaBHOBCILICHHON Harpy3Ky Ha
€ro rpaHuLax.

KiroueBble cJIOBa: IMIMHIPUYECKAsl MOJIOCTh B cj10€, ypaBHeHuUs Jlame, 00001IEHHbBI METO
Dypbe, 6ECKOHEUHbIE CHCTEMBI JIMHEIHBIX aIre0pandeckux ypaBHCHHH.
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Tabu. 0. L. 5. Bi6miorp. 18 Ha3s.
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theory of elasticity for a layer with a cylindrical cavity // Strength of Materials and Theory of
Structures: Scientific and technical collected articles. - Kyiv: KNUBA, 2019. - Issue 103. - P. 208-
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The stress - deformed state of a layer with a cylindrical cavity is investigated, when stresses are
specified at the boundaries of the layer and at the boundary of the cavity.
Tabl. 0. Fig. 5. Ref. 18.
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JE®OPMAIIMHUIA PO3PAXYHOK TPOCTOPOBHUX
3AJIIBOBETOHHUX PAM MCE
3 YPAXYBAHHSM BIGPOIIOB3YUYOCTI BETOHY

C.0. C1060a51HIOK,
JI-p TEXH. HayK, npodecop

A.Il. BypaTuHcbKui,
KaHJl. TEXH. HAYK

JIBH3 «lIpuoninposcvka 0epoicagna akademisi 6yoisnuymea ma apximekmypu», M. Aninpo

DOI: 10.32347/2410-2547.2019.103.219-234

Posrisigaerscst 3aada po3paxyHKy HPOCTOPOBOI 3alli300€TOHHOI paMH METOAOM CKiHYEHHHX
enemenTiB (MCE) 3 ypaxyBaHHsM J1e)OpPMOBaHOI CXEMHU Ta TPUBAJIKX MPOLECIB — YCAJIKH, OB3Y4OCTI
Ta BiOporoB3ydocti GeroHy. Po3paxyHOK 3 ypaxyBaHHsM jaeopMOBaHOi cxeMH abo aedopmariit
H03J0BXXHBOT0 3T'HHY HAa3UBAIOTH I1e AeGOopMALiiiHIM po3paxyHKoM. OTpHMAaHO MAaTPHLI XKOPCTKOCTI
TPHOX THIIB CKIHYCHHOIO €JIEMEHTa B MICLEBiil CHCTEMi KOOPIMHAT, MATPHULIO JKOPCTKOCTI BCi€l
CHCTEMH, PO3B'SI30K BUpiLTytodoro piBHsHH: i anmroputM MCE. Haseneno nponosuuii mo dopmysiam
ABTOMATH30BaHOTO PO3PAXYHKY, @ TAKOXK IPUKJIAJ PO3PAXYHKY IIPOCTOPOBOI PaMH.

Kiaro4oBi cjioBa: npocTropoBa pama, MaTpPULS >KOPCTKOCTi, METOJ CKIHUYCHHHMX CJIEMEHTIB,
aJITOPHUTM, yCaJlKa, ITOB3y4icTh, BIOPOMOB3yUicTh OETOHY.

Beryn. EdektuBHICTH TPOCTOpPOBHX paM a00 CTEp)KHEBUX 3ai300€HHHX
cUCTeM, SIKI 3HAWNUIM ITUPOKE 3aCTOCYBaHHS SK B IMBUIBHOMY Tak 1 B
MIPOMHUCIIOBOMY OYHIBHUITBI, B 3Ha4YHId Mipi 3aJeXHUTh BiJ IPaBUIEHO
pO3paxoBaHOI KOHCTPYKTHBHOI CXeMH. SIKIIO KOHCTpYKTHBHa cxema (pama)
BUKOHAHa 3 3aJi300€TOHY, TO TPH PIZHOMAHITHUX TPHUBAINX CTATHYHUX 1
JTUHAMIYHUX HaBaHTQKEHHSX B paMax MPOSIBISIETHCS TaKe XapaKTepHE SBUILE 5K
MOB3YUicTh 1 BiOpomoB3ydicTh OeToHy. KpiM IbOro B IpOCTOPOBUX pamMax
HeoOXimHO BpaxyBatu jnedopmaiii IMO3JOBXKHBOIO 3rHHY. Po3paxyHOK 3
ypaxyBaHHAM JedopMalliid MMO3JI0BKHBOTO 3rHHY abo nedopMoBaHOI CXeMH
OUTBII KOPOTKO HA3WMBaIOTh Iie AcopMamiiHuM pospaxyHkoM. Tomy s
neopMaIliifHOrO  pO3paxyHKy CTEp)KHEBHX  3alli300€TOHHHX CHCTEM 3
ypaxyBaHHSIM IIOB3Yy4OCTi 1 BiOpOIOB3Yy4OCTI MOTpPiOHA pO3poOKa METoxy, L0
JIO3BOJISIE BpaxyBaTH 1IIi SIBUIA 1 aBTOMATU3yBaTH IIPOLEC PO3PaXYHKY.
Po3poOka Oyab-IKOrO METOAY 3 IIOBHUM ypaxXyBaHHSM sIK 30BHIIIHIX
HaBaHTa)XeHb, TaK 1 BHYTPINIHIX 0coOIMBOCTE poOOTH Marepiany € 3aBKiu
aKTyaJIbHOIO 1 TpobsieMHor0. Hamu mist BupinieHHs 1iei npodiemu OyB oOpaHuii
OCHOBHMH MeTOJ Oy/iBENbHOI MEXaHiK1 - MeToA cKiHueHHUX eneMeHTiB (MCE)
3 peanizauiero B MmateMatinaHoMy makeri (MIT) «MathCady.

1. IlocranoBka 3amaui. AHami3 mnyomikamiid. Po3poOutn anroputm
PO3paxyHKy n-pa3 KiHEMaTH4YHO HEBU3HAYEHUX IMPOCTOPOBHX 3aJi300€TOHHUX
paM 3 ypaxyBaHHAM Je(opMalliii MO3I0BXHHOIO 3THHY, ITOB3Y4OCTI 1
BiOporoB3yuocti Ha ocHoBi MCE Tta pexypeHTHUX (oOpMy, sKi 03BOJSIOTH
CIPOCTUTH 1 aBTOMAaTH3YBaTH PO3PaxXyHOK CTEP)KHEBUX CHUCTEM Ha TPHBai
TIPOLIECH - YCAJKY, TOB3YUICTh 1 BIOPOIOB3y4icTh OETOHY.

© CrnoGomsmiox C.O., Byparuncekuii A Il
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Po3paxyHKy TpOCTOPOBHX CTEP)KHEBUX CHUCTEM B TPYXKHIH IOCTaHOBII
TIPUCBSTMEHO TOCUTH Oarato poOiT. Tyr 3ramaemMo Tibku nesiki 3 HUX. CTymiHb
CTaTUYHOI HEBU3HAUEHOCTI MPOCTOPOBUX PaM HACTUIHKU BUCOKA, I1I0 PO3PaXyHOK iX
3BUYaiHUMHU METOJaMH BEJIbMU CKJIAJHHHM, a B 0araThbOX BHIA[KaX IMPaKTUYHO
He3aificHenanid. Y kuusi J[.B. BaiinOGepra i B.I'. UymHoBckoro [1] Ha ocCHOBI
aHatizy 0coOJIMBOCTEH, IO BHUIUIMBAIOTH 3 T'€OMETPUYHOI KoH(pirypamii pamu i
BI/INOBIZIHOTO TIEPETBOPEHHSI HAaBAHTA)KEHHS, BUKJIAAIOTHCS PO3PAXyHKH paM Ha
MIIHICTB, CTIMKICTb i KOJMBAaHHS METOJIOM IEPEMillleHb. PO3ITISIHYTO MpsIMOKYTHI 1
KOCOKYTHI, @ TAKOX IUKJIIYHO CUMETPH4HI POCTOPOBi paMu. Po3polbiieHi aHaorii,
JIO3BOJTAIIM BCTAHOBHTH 3B'I30K MK 3aJauyaMH CTIMKOCTI, JUHAMIKH 1 CTATHKH
CTEp)KHEBHX CHCTEM 1 o00'€aHaTH 1 3a7adi OJHMM CHUIBHUM PO3B'SI3KOM.
Hpoznoe I1.®. [2] po3pi3Hse TUCKPETHI, KOHTUHYAIBHI 1 JUCKPETHO- KOHTUHYAJIbHI
PO3paxyHKOBI MOJIEII MPOCTOPOBUX HECYUMX CHCTEM 0araToIOBEPXOBUX OYIHHKIB.
BruiuB 1mo30BKHBOr0 3rUHY (Tak 3BaHHH PO3paxyHOK 3a e(hOPMOBAHOIO CXEMOIO)
sl Mozened 3 aOCONIOTHO JKOPCTKMMH  3B'SBKAMH  3CYBY, BPaXOBYETHCS
MHOXKEHHSIM 3HAUeHHs CYMapHUX 3THHAJIBHHX MOMEHTIB 1 OIMOMEHTIB Ha
KoeillieHT TO3M0BXKHBOro 3runy ¢=1/[1-(v/v,,)], e v - mapamerpy MO3I0BXKHIX
cwt. Hemunnos 0.1 [3] po3poOHB MeTON CKIHUEHHHX €JIEMEHTIB JUIsl pO3PaxyHKy
MPOCTOPOBUX KOHCTPYKIiH. [CTOTHa €KOHOMisi TPU PO3PAaxyHKY ITPOCTOPOBHX
TOHKOCTIHHUX CHCTEM JIOCSTAETHCS IIUISIXOM BBEACHHS TPOCTOPOBHX CKIHYEHHUX
CJICMCHTIB 1 IOOYIOBM MATpPHUINl JKOPCTKOCTI, 3acCHOBAHOI Ha IIO€IHAHHI
BapiamiiiHoro merony BracoBa-KanropoBuua B matpuuniii ¢opmi ta MCE B
KJIacHYHIif mocTaHoBIH. [laHO BHBeHEeHHS OCHOBHHMX criBBigHOmEeHs MCE st
TOHKOCTIHHOI IPOCTOPOBOI CUCTEMH, PEKOMEHJIOBAHOI /ISl PO3PaxyHKy LIHPOKOro
KJIacy KOHCTPYKIIii. HaBeqeHO MaTpuIli )KOPCTKOCTI CTUCHYTO-3ITHYTHX OalloK Ha
0cHOBI TouHOro po3B'si3ky. I1lo crocyethbes kiracuunoro MCE, To BiH qocuth 100pe
po3pobiieHuit B podotax [4, 5, 6, 7] Ta iHIIHX.

[Muranns HemedopmaiiiHoro pospaxyHky cucteM MCE 3 ypaxyBaHHSIM
TpHUBaJIUX TporieciB Oy po3risiHyTi [Ipokonouyem 1.€. i Spemenko O.0. [§],
€p3eposum L.JI. [9]; Kybanemmini A.C., Menarapimeiai 3. P., Tymimsim 3.1.
[10]; Suenxko €.A., KopuinoBoro C.B., Bosinum A.A. [11] Ta iHIIHME.
JlocmiKeHHIO CTIMKOCTI CTEp)KHS B yMOBaxX MOB3ydocTi 3a gornomororo MCE
npucesyeHi podotu Komesa I1. [12], Benkina B.I1. i Kanenina B.O. [13] Ta
IHIIIKX.

I[Mo nedopmarniiiHOMy pO3paxyHKYy TIPOCTOPOBHX CTEP)KHEBUX 3aJi30-
6eronnux cucreM MCE 3 ypaxyBaHHSM ycaJlKH 1 TOB3Yy4OCTi MPUCBSYEHI TepIi
pobotu [14, 15], a 3 ypaXyBaHHSAM BiOpPOITOB3YUOCTI NaHWUX B JIiTepaTypi He
BUSIBJICHO.

2. MaTpunsi KOPCTKOCTi ejJieMeHTa B MicleBili cucTeMi KOOpPIMHAT.
Po3risiHeMo TpsIMOITIHIHUE CTep)KEeHb TOBIJILHOIO MEPETHHY, L0 CKIaJaeThCs
3 OETOHY TUIOHIEIO A4, TOYATKOBUM MOJYJIEM IpYXHOCTI OeToHy Eyie=1,2, ...,
S CTEp)KHIB 3BHYAMHOI 1 NOMEPEAHHO HANpPYKEHOI apMarypu 3 IUIOLICO
MepeTuHy KOXXKHOTO e-To CTepkHs A, 1 momyneMm mnpyxHocti E,. Hexail B
3araJbHOMY BUIAKy CT€P)KEHb CIIpHIIMAE BCI BUIM HAaBAaHTaKEHb - 3THH Y IBOX
IUTOLIMHAX, PO3TAT-CTHCK 1 KpydeHHs. Bysnum i, j eneMeHTa po3MilleHi Ha
KiHIpIX. MicleBy cucTeMy KOOpIMHAT BHOEpPEMO Tak, o0 Bick X 30irajacs 3
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MO3/IOBXXKHBOI0 BICCIO CTEpXHs, a ocl y 1 z 30iraiucs 3 TOJOBHUMH
LEHTPAIBHIUMH OCSIMU HOT0 IPUBECHOTO TIOMEPEYHOr0 Mepepisy.

Y KOKHOMY BY3Ji OyZIeMO po3riisazaTd 6 KOMIIOHCHT MEepeMillieHb: 3 JIHIHHUX
(v) 1 3 kyroBux (@ ) BIIHOCHO JI0 BIMOBITHUX OCEH, a TAKOX BIJIIOBIIHI IM CHIIOBI
¢dakropu V' i M. KiHemaTuuHi i CTaTH4HI XapakTEPUCTHKU CTEPXKHSI OyaeMo
BiZ[3HAYATH HIDKHIM MMOMBIMHMM 1HIAEKCOM, Ji¢ MEpIni iHIeKe Oyae BKa3yBaTH Ha
BY30JI, a JPYIWii - Ha BiChb MICIICBOI CHCTEMH KOOPIMHAT CTepXHs. [l03WTHBHI
KIHEMAaTUYHI Ta CTATHYHI XAPaKTEPUCTHKHA CTCPXKHS 3 YypaxXyBaHHAM HOro
MPOCTOPOBOI POOOTH 1 MO3/I0BXKHBOTO CTUCHEHHS (P) roka3aHi Ha puc. 1.

[obynyemo MaTpHIIO
xopcrkocti I tumy. Hexaii
Ha JIiBOMY (i) KiHII CTepXHs
Oyne mapHip, a Ha MPaBOMY
(7) - 3amemnenns. [lapuipHe
oOmMpaHHs CTepKHS Oyne
TaKUM, 110 JOIYCKAa€e BUTHH Y
JIBOX B3AEMHO IEpPIEHANKY-
JSPHUX IUIONIUHAX XY 1 X,
aje KPYYeHHIO IIOJ0 T03-
JIOBXKHBOI OCI XX Tepe-
mkomkae. Ilpu  moOymoBi
MaTpHIli BpaxyeMo Tol (axT,
oo B OUIBIIOCTI BHIAJKIB
TO3JIOBXKHI CHJIM 1 KpPYTHI
MOMEHTH TIOCTi¥HI y Mexax
CKIHUEHHOTO €JIEMEHTA.
Tomy y By3max i Ta j
CTEp)KHS III CHJIM OJIHAKOBI,
aje B pi3HI OOKM CIHpsSIMO-
BaHi. [lo3uTHBHI HampsMKH
KiHEMAaTUYHHUX Ta CTATHYHUX
XapaKTepPUCTUK CTEpXKHSI 3
ypaxyBaHHAM Horo mnpocto-
poBoi poOoOTHM 1 IO3/10BXK-
HBOT'O CTHCHeHHs (P) moka-
3aHi Ha puc. 2. Bci xapakre-
PUCTHKH € (QYHKLISIMHU Yacy
(apryMeHTH ¢ OITyIIeHi).

IIpunyckaemo, 1mo y
BUOpaHii MiCIEBil CUCTEMI KOOPIMHAT BY3JIOBI CHJIM PO3MANIAIOTHCS HA YOTUPHU

nan

TPyNH, SIKi MOKHA PO3INIANATH He3aJeKHO OUH BiJ oxHoro. I'pyma "a" sBise
coboro By3noBi cuwm (V,,V;,,M ;. ), sKi BU3UBAIOTb BUIMH CTEPXKHs TUIBKH B

Puc. 2. XapakrepucTiku npoctopoBoro crepxHs 11 tumy

mwiowwmHi xy (vy,,v,,.0;.). I'pyna “b” (V,.,V;.,M ) — BUrMH B ILIOLWHI XZ

Vive
6 _9

(Viz»V}2,05,), tpyna “c” (V) — nosposxkHi nepopmauii (v, ), a rpyna “d’
(M, )- nedopmaLtii KpydeHHs (ij ). Takuii rpynoBuid MiAXiJ A0 pO3TaIIyBaHHS
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KOMIIOHEHTIB 3yCWIb § 1 TepeMillieHb J/ J03BOJISIE MATPHIFO YKOPCTKOCTI
MIPOCTOPOBOTO CTEPKHS () CPOPMYBATH B OJIOUHO-TIarOHAIBHOMY BHTJISIL.

KokeH OOk Ha TOJNOBHIH JiaroHalli MaTpHIi SBJsiE COOOIO MiIMATPHIIO
OKpeMOI I'pyIy, sKa XapaKTepu3ye IUIOCKHN HampykeHui cral. [lmocki 3amadi
JIAHUX YOTUPHOX IPYIT HaMU BUpimieHi [16] i IX pe3ynbTaTi HACTYIHI:

36,0, | M0 | Tm0) | a0
a = 13 ) (V(x) m (V(x) _(01(‘}0()1 F(x(t)a (1)
a0l | 00 | g0
3E,, | M ) | —mOy) | el
= 73 - (vp) m () —o )l | T ®; )
@1 (vp)l - (vp)l o (vb)l2
e = #-Fc OF 3)
1
= GOZ P F, (1) @)

B nigmaTpursx r, ta I, nosHaueno: E /1 Eyl , - 3THHAIOYa XOPCTKICTH

TPUBEJIEHOTO MEpepi3y CTEPKHA W00 oci z i y Bianosiano; ¢, (v)Ta n,(v) -
crieliaNibHi  TpUroHoMeTpuuHi  (QyHKWii, 1O BpaxoBylOTh nedopmarii

NO30BKHBOIO 3TMHY @pU  aprymeHrax v, =1/ / E(I:IZ i v=I f E(I)D[y ;

F,(t)=L,-1 # Fy(t)=L,-1 - TumuacoBi (yHKILil BIUIUBY MOB3Yy4OCTi-

BiOpONOB3y4OCTi GETOHY MpM 3TUHI B IUIOMMHI Xy i Xz. B migmMaTpunsax 7, Ta
¥, mosHadeHo: E,A i Gyl,, - TO3/IOBXKHS HKOPCTKICTh 1 JKOPCTKICTh NPH
KpydeHHI TpHBEIEHOTro Tepepisy CTepxkHsA BianosigHo; F,(H)=L,-1 1
F;(#)=L;-1 - TtuMyacoBi (yHKLii BINUBY MOB3Yy4OCTi-BiOPOMOB3YUOCTI
OeToHy mpH 0ChOBilt Aedopmanii i kpydenHi. Tyt L, = F;lKa , Ly = Fb_le ,

L, =Tc_1Kc i Ly= A_le - y3arajgbHEHi OIEpaTopu  IOB3Y4OCTi-
BiOpPOIOB3YUOCT] BIAMOBIMHUX IiMATPUIb, SKi MOXKYTh OYTH iHTErpaJbHUMHU,
nmrdepeHIianbHIMEI a00 MAaTPHYHUMH.

®opmynu (1) - (4) BU3HAYAIOTH MaTpPHILIO KopcTKocTi 11 Ty mpocropoBoro
3aJ1i300€TOHHOTO CTEPXHsI TOCTIHOI JKOPCTKOCTI B MicCHEBill  cHucTeMi
KoopauHaT. Martpuui xopcrkocti crepxkHiB I tuny Tta III (3 mapHipHUMH
KIHIPIMHA) TUIy 1 J€TaJbHUM ONHMC METOo/a HayalbHUX [apamerpiB
BiOpOMOB3y4OCTi OCTOHY HaBeCHI B poOoTax aBTopiB [161 17 ].

3. Marpuus :kopctkocti Beiei cucremMu. PiBHSHHA piBHOBaru BY3IIB
PO3paxyHKOBOI MOJIeNli CTep)KHEBOi cucreMu B MaTpuuHii ¢opmi MCE
MIPE/ICTABISIETHCS Y BUTIISII:
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RZ-P=0, ®)
ne R - kBajjpaTHa CHMETPUYHA MAaTPHUIIS )KOPCTKOCTI BCiel cuctemMu; P - BEKTOP-
CTOBIIEI[b 30BHIIIHHOI'O HABAaHTAXXEHHS. ICHYIOTH pi3Hi criocoou (opmyBaHHs
Matpuni R. OnpHuM 3 HEX € crocid ¢opMyBaHHS i1 Yepe3 MaTpHIli KOPCTKOCTI
OKPEMUX CTEp3KHIB 7, y BUTIIAIL:

K
R=Y 185 18 = Ar Ay + Mgy + AT A+ Aglydg = Agly Py (6)

g=1
Jlis IpSIMOKYTHHX CHCTeM 0e3 MOXWIMX CTEP)KHIB MaTpHIl MepeTBOPEHHS
KOOpAUHAT lg BEIbMHU HEpalliOHaJbHI NPU PO3MIISAAL CUCTeM 3 OaratbMma

napamMeTpamMH IepeMillieHb, TaK SIK B OCHOBHOMY HAIlOBHIOIOTBHCS HYIISIMH i
TIJIBKH B JISIKUX OCEpeKax CTaBIISTh ONMHHUII. TOMy 3aMICTh IIMX MaTpHIb
3aCTOCOBYIOTh OUTBIII KOMITAKTHI TaOJNUIN 1HAEKCIB, CKIaJaHHs SKUX 0a3yeThcs
Ha HACTYITHUX MipKyBaHHSX.

Martpuris /lg BXKUBAETHCS B TIO€THAHHI lgrg Ag , i€ Ty - MATPHLIS KOPCTKOCTI

Te
CKIHYCHHOTO eJIeMEHTa B MICIICBill (JIOKaJbHIM) CHCTeMi KoopAuHAT. B maHomy

CIIONTyYEHHI TIPOIIeypa TEPEMHOXKCHHS BHABIISIE B MATPHITI A Ti €JIEMEHTH, SKi

BI/INIOBIIAIOTh HOMEPY CTOBIIIIS MaTpPUII l; 1 HOMepy psiIKa MaTpuIli lg ,B SIKHX

CTOATh OAuHMLY. L1 HOMepH CTOBILS 1 psifika MATpPHLL 7, - € IHACKCH €EeMCHTIB

i€l Marpuil. TakuMm YuHOM, U1 HAC BaXKTMBHMH € IHICKCH CJIEMCEHTIB MaTPHIT
Ty ,aHe cami Matpuili. CaMe 11l iHICKCH 3aHOCATHCS Y BiIOBIAHY TaOJIHITO.

CTpykTypHO TaONHIl iHIEKCIB CKIANA€ThCs 13 CTOBIIIIB, HOMEP SIKOT'O
30iraeTbcss 3 IApaMETPoOM IIEpeMIllleHHS CcHCTeMH Z,, 1 psAIkiB, IO
BIMOBIIAIOTh HOMEPY CKIHYEHHOTO elieMeHTa g mnpu g=x=1,2, ..., n. 11{o6
3aIOBHUTH PS/IKH TaONHI, HEOOXIHO OKpEeMUil eJIeMEeHT IepeHEeCTH Ha Micle

€JIEMEHTa g CHUCTEMH 1 MPOCTESKUTU 33 THM, SKi MapaMeTpu Vg 30IraroTecsa 3

napamerpaMu Z, 1 IX CTaBIATh Y BIINOBIJHI KIITMHKM pAaka. Skmo 306iris
HEMae, TO B TaOJIUII 1HAEKCIB CTaBJIATh HyJi. KpiM Toro, TabmuIs iHIEKCIB 1ae
MOMKJTHBICTh TIEPEBECTH 3arajibHi (17100aibHi) NMEpeMillleHHs Z B MicLeBy
(JloKaNbHY) CUCTEMY KOOPIUHAT Y BiJIOBIIHOCTI 3 OPMYIIOF0 I7g = lgf .

TakuM 4yMHOM, TaONIUIS IHAEKCIB J03BOJSE 3BECTH KUIBKICTH MaTPUYHHX
oreparii 10 MiHIMyMy.

4. Po3B's3ok Bupimyodoro piBusinasa. Aaroputm MCE. Bupimyroun
piBustHHs MCE (5) 3 ypaxyBaHHSIM TpUBAJINX IIPOIECIB Ta MPOCTOPOBOI pOOOTH
€ CKJIQJIHUM pIBHSHHIM 1 HOro uucesnbHa peainizauis ycknajgnena. CrpaBa B
TOMY, IO €IIEMEHTH MaTPHII KOPCTKOCTI BCI€l CHCTEMH BKJIIOYAIOTH SK YUCIIa,
TaK 1 pi3Hi OepaTopy IMOB3y4OCTi-BiOpomoB3y4octi. Tomy moTpiOHO crodaTky
BUDIIIMTH 1€ DIBHSHHA B YHIBepcajJbHi oOnepaTopHid Qopmi, oTpuMaTH
peKypeHTHi ()OpMYIH 1 TIJIBKH IO HUX OZIEP)KATH YUCENbHUI Pe3yIbTaT.
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Ha#Oipi miagxoasimM METOIOM, Ha Hall MOV, JJIs BHPIIICHHS IHOT'0
CKJIaJHOTO 3aBjaHHA € Merox Xajeupkoro [18] abo Tak 3BaHMH MeTOn
KBaapaTHOro KopeHs. CyTh HOro Mojsira€ B HACTYITHOMY.

KokHy MaTpuIlf0 MOXKHA TPEACTABUTH Y BUTIIAAI AOOYTKY JABOX MaTPHIIb:
R=L-M, ne L Ta M - HWKHA 1 BepXHS TPUKYTHI MaTpUIl BimnoBigHo. J{is
CUMETPUYHOI MaTpuli R MaTpuis L NOpIBHIOE TPAaHCIIOHOBaHIW Matpuili M,
10610 L =M7T . Skmo Bupimyioue piasuus MCE mnpexcraBuTd y BHrmsi
RZ =P, 10 3rigHO 3 MeTOIOM XaJelbKOr0 HOro MOYKHA 3aMIiHMTH PiBHSIHHIM

MTMZ =P i po30uTH HOro pilllcHHs Ha aBa piBHAHHA. J[)s mepinoi cucteMu
PIBHSIHB pEKypEHTHi ()OPMYJIH MAIOTh BUIJISIA:

P s=n-1
1

=1 P, -
B2 m ayn mnn[ bz] mmyb b N= 23 (7)
a i1 Apyroi —
In .
Z,==". 7 =—[yl Z mZ.1, i=(n-1),(n-2),..1. (8)

nn s=i+1

[Nomanpmie BupimeHHs 3aaavi 32 JaHUMU PEKYPEHTHUM (OpMyJIaMH BKe He
BUKJIUKA€E YCKJIQHEHb.

Knacnunmit MCE  3aranbHoBiomuii, a  OJOK-CXeMa  alTOPUTMY
nedopmariitnoro po3paxynky MCE y npykHili TOCTaHOBIN 1 3 ypaxXyBaHHIM
TPHUBAJIMX MPOLIECIB HACTYITHA!

V. Hedopmaniiinuit
[TyHkTH O670K-CXEMU Heq)ncg)yhf;;;gfmn PO3PaxyHOK 3 ypaxyBaH-

anroputmy MCE 03DAXVHOK HSIM IIOB3Y4OCTI Ta
PO3paxyH BiOpOIOB3Y4OCTI

1. ®opMyBaHHS BUXITHIX Z,P,S¢, Se, Z(0), P@1), Sg(),
MAaTpHIlb r,.ag Sg(0), 1, (1), a,

2. Matpuiii )KOpCTKOCTI g-

ro KE B rio0anbHin ré = Aglglgy r8(t) = agrg (Nag

CHCTEMI KOOp/IMHAT

3. MaTpwuui )OpCcTKOCTI

Bciel cucreMu

k
R(t)=Y,r8(t)

HaBaHTa>XCHHs

g=l1
4. BekTop By370BUX 7 _RP S0\ < R(AY1T
TnepeMilleHb CHCTEMH = (1) =R(t)" P(1)
5. Bekrop By310BUX 3Y-
cuib g-ro KE B Micrie-Bii s - - <* - =
CHUCTEMI KOOpAUHAT BCHOT'O Sg =14, Z+ Sg Sg (t)_rg (t)ag Z(t)"'Sg (0

3aranpHuit anroput™M MCE Takux KOHCTpYKWi# #ae Big mpocTroro 1o

CKJIQJTHOTO:
e opMariiHuA

MPYXHUH

po3paxyHok (3

1) wnenedopmauiiinuii pospaxyHok (kimacuunuii MCE); 2)
ypaxyBaHHAM  nedopmarii
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MTO3/I0BKHBOI'0 3TMHY CTEP)KHIB CHUCTeMH); 3) nedopMariiiiHuii po3paxyHOK 3
ypaxyBaHHsAM ycaJku 1 moB3ydocti; 4) nedopmaniiHuii po3paxyHOK 3
ypaxyBaHHSIM BiOpPOIOB3y4OCTi OETOHY.

5. BusHaueHHsl Hanpy:keHb MO 3ycWIsiM i nepexia 10 ¢opmya ABH. 3a
00YUCIICHUMH BHYTPIIIHIMU 3YCHIUISIMH MOKHA BH3HAYHMTH 3HAYEHHS MOTOYHHX
HaIpyXXeHb B apMaTypi i OeToHI B OyIb-SIKMii MOMEHT 4acy f. YMOBHO OyJIeMo
BBa)KaTH, 1110 IPH AePOpMaIliifHOMY PO3paxyHKy METOJIOM CKIHUYEHHHX €JIEMEHTIB
HAWOUIBbII 3ycHIUIs OyIOyTh y BY3JaX CKIHYEHHHMX EJIEMEHTIB 1 BiJIIOBIIHO
HalOuTBIN HanpyxeHHs. Y pamkax MCE mporo jerko M0OHTHCS BiIIOBiTHOO
PO30MBKOIO CTEPKHEBOI 3113006 TOHHOT CHCTEMH Ha CKIHYCHHI €IIEMCHTH.

BusnaueHHs1 popMyI Uil HAallpy)KeHb B OETOHI Ta apMartypi MpOCTOPOBOTO
eleMeHTa. BBaXkaeThCs CIPaBEIMBOIO y3arajibHeHa Ui 3ai1i300€TOHHHUX
MIPOCTOPOBHX CTEPIKHIB TiNOTe3a IUIOCKHUX MEPETHHIB, SKa B OyIb-IKHH MOMEHT
Yacy BUPAKAETHCS CITIBBIIHOIICHHSIM:

86 :8+Zzy+ZyZ;

B )
E=EX XV T %yze’
d? y
ne €=&(x,t) - mo3noBXKHA AedopMariis oci eneMeHTa; ). = ¥, (x,t)z—g;
_ &%z . . .
Xy =Xy(x,0)= _? - KPUBM3HM BHUTHUHY €JIEMEHTa BIJHOCHO oOcel z i y

BimnoBigHO. Ilo3momkHA ochoBa Jnedopmariis 1 KPUBU3HHM BHTHHY - II€
nmapaMeTpH, SAKi MOBHICTIO BH3HAYAIOTh IOJOXKEHHS IUIOIIMHH IIOMEPEYHOrO
mepepizy CTEPXKHEBOrO IPOCTOPOBOrO  €IEMEHTa TP TPUBAJIOMY HOro
neopmyBaHHi. BHyTpimHI 3ycHiis poO3NOAUIAIOTBCS MK —OETOHOM i
apMaTyporo, SKi 3aMUIIEMO Y PO3TOPHYTOMY BUIJISIIL:

N
N= j O dA, + Y 0 Ay;
A, e=l
S
M, = | 0,zd4,+Y 0,4, (10)
A, e=1
N
M, = [ o,ydd,+Y 0,4,
A, e=1

JeranpHuii xifg oTpuMaHHs Bcix (opmyrn omyckaemo (quB. [16]) i mokaxemo
3pa3y CIIiBBIJHOIIECHHS MK KOMIIOHEHTaMH Ae(opMalliii i 3yCHIb MPOCTOPOBOIO
eJIeMeHTa:

Ke=AToe + Ko 2o+ Telty)+V (Tt + K Jos + Telly )
Ky,=AT,e +XK, . +1I'x,)+V(T¢g, + }I(y;(; + Fy;(:y),

ne nedopmarnii TpyXKHOTO 3aii300€TOHY BiJ 30BHIIIHBOI'O HABAHTAXKCHHS 1
YMOBHOTO yCaJIOYHOTO HABaHTa)KEHHS PiBHI:
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*ZN‘Z*ZMZ’Z*ZMJ/’

EgA’ %2 T Bl M T Byl a2
gzﬁ.z*zMuz,Z*:Mu)’
T By A T Bl A T Bl

a y3araJbHEeHi OlepaTopy MOB3Y4OCTi-BiOPOMOB3YUOCTI MalOTh BUTJISL;

3
KZE,LlE/IzE/ly ()“zy)“yzB +eyny5/lz zan/ly)W +(esznyl +esynz z)W

>

T ZE/IZB/I)/ A A W }K (e A W— Ely)W’

zy/tyz sy/vyz
(esz zy esyElz)W ; Tz = (nylzyW - nzB),y)W 5
XK, =Eﬂ5/1y —esynyW (esy yz eSZEAy)W;

Tyz(nzlyZW—nyb“,lz)W s K, =(n, e W—A, B, W ;T =5,B;.~e.n.W
(13)

Jlyis BU3HAYEHHS] HOPMAJIBHUX HAMpy:KeHb B OCTOHI Ta apMaTypi OTPUMAEMO
bopmyu:

KAo, = V(O'gp +o,,—-Ko,); Ko,= Oy T 0y (14)
pu
Oy =EgA(Hy o€ +Hox.+ Hy2)) 30, = E,A(H e +Hy 2o+ Hy X)) s
o u = EOV(Hssgz; +ngZz;z +HsyZ;y) 3 Oy = EeV(H 8 +H Zuz +H¢y7(uy)
o, =Ey¢,, (15)
Jc
Hye=To+yT. +z1,; Hpe=Te+y T .+21,; Hy, =K.+ K, +2K,;

H, =Ky K. +z, K, Hy=I'o+yl +zI',; Hp =4y I +z,I", . (16)

IIpu po3paxyHKy CHMETPHYHO apMOBAHHUX CTEPKHEBUX IPOCTOPOBHUX
€JIEMEHTIB BI/IH_IeHaBeI[eHl (l)OpMyJ'II/I UIA HaIlpY>XCHb p13KO CIIpOUIYIOThCA,
ocKinmbkHU 1pH S, =S,.=0 ta J; .,=J;,.=0:

772—77y—0s esz_esy_ﬂ’zy_ﬂ’yz_(); SsyZSGZZO; Muszuzzo‘

TakuM 4MHOM, HOpMalbHI HamlpyXKeHHs B apMatypi o,(¢) i OeToHi O, (f)

MIPOCTOPOBOT'O €IEeMEHTa BU3HAYaIOThCs 3a (hopmynamu (14 - 16) mpu Bimomux
3TMHAIOUMX MOMEHTaX M(f) 1 MO3M0BXKHIX cunax Ny(?).

Jlani mpo mNOTOYHI HOpMallbHI HAmNpyXeHHS B apmarypi 1 OeroHi
BUKOPHCTOBYIOTBCS JJIsl BHU3HAUEHHS BTPAT IIONEPEAHHOTO HANPYXKEHHS B
apMaTypi, SKi y BIINOBIZHOCTI 3 TEOpPI€I0 BJIACHUX HANPYXEHb aKaj.
€.A. Sluenko [19] Bu3HaUaIOTHCS 32 (HOPMYIIOLO:

Oppss2e(t) =0, ()=, (1) -0, (x,,1), X=p,z. (17)

VY naniit dopmyni o,(t) i 0O,(x,,t) - cyma 30iIblIEHh HANPYKEHb B
apMaTypi 1 OETOHI, BUKIMKaHHUX JI€I0 3YCHJIb IIONEPEIHBOr0 HAIPY)KEHHs
apMmatypu, ycamkd (HaOyxaHHs) OCTOHY 1 TPHBAJIOrO 30BHIIIHBOTO
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HaBaHTaXeHHs; o, (t)=E,/E (x,,t) - BIIHOWEHHS MOIYIB MPYKHOCTI
apMaTypH 710 OETOHY B PO3paxyHKOBHIH MOMEHT 4acy f.
PiBHozitoua BiacHux Hampykenb P(f) 1 ii excueHtpucuretn e, (1) Ta

€p,- (1) BH3HAYAIOTECS 32 bopmynamu:
S
P(t) = z[o-conl + Oloss2e (t)]Ae;
e=1

2[0-00711 +O—lossZe(t)]Aeye
€op,y (D)= P0) ; (18)

s
2[0-007!1 + GlossZe(t)]AeZe
=1

€p,z (t) =4

P(t)

3a ¢opmynamu (18) 3iHCHIOETBCS TIEPEXiJT BiJl pO3PaXyHKIB IIOTOYHUX 3HAYCHD
BHYTDIIIHIX 3YCWJIb 1 HalpyXeHb CTEp)KHEBHX 3ali300€TOHHUX CHCTEM 3
ypaxyBaHHAM MPOCTOPOBOI POOOTH, AehopMarliii T03I0BKHBOIO 3TUHY 1 TPHUBAIHX
TIPOIIECIB IO PO3PaXyHKOBHX (hOPMYIT iepykaBHHUX OyaiBenbHUX HOpM [20].

6. Ilponosumii mo d¢opmyaam st aBTOMaTH3allii PO3PaxXyHKIB.
AHaNoriuHui pe3ysbTaT pO3paxyHKY CTEPIKHEBOI CHCTEMH MOXKHA OTpHMATH,
BUKOPHUCTOBYIOYHM (DOPMYNIM JUIsi aBTOMATH3alil 1 CIPOINEHHS LWX CKJIAJIHHX
PO3paxyHKIB, SIKi MU Ha3BaIu peKypeHTHUMH Gopmynamu. Lli popmynun orpumani
Ha OCHOBI mpuHIWIY BombTeppa 1 Takoi poOo4oi TiMOTE3W - y BUPILICHHS
TPHUBAJIOTO MepeMimeHHs (3ycwursi) (yHKIis Yacy TOBHHHA BXOAWTH SIK
MHOKHHK TIpM BHPXEHHI TPYKHOro mepemileHHs (3ycwuis). TpuBami
TIepEeMIiILICHHS:

z()=zF(t), i= 1,2, ... n— HeBinomux, (19)
nie zj - TpyXHe i-e¢ TepeMilleHHs, a F;(t) - dyHKUiA yacy ang i-ro

nepeminieHHs. s QyHKIisS BpaxoBye NMOB3Y4iCTh-BiOpOMOB3y4iCTh CHUCTEMH i
BU3HAYAETHCA 32 TAKOIO PEKYPEHTHOIO (hOpMYIIOLO:

D*

-1
F(n="=[D0] [D®], (20)
D;
xe D -IPY)KHUA BU3HAYHUK CHUCTEMH, [D(t)]_1 - 3BOPOTHa MaTpULs
BHU3HAYHMKA CHUCTEMHU B 4Yaci, Dl-* - TpYyXKHUH BHU3HAYHUK UIg i-TO

nepeMilleHHs, [Dl- (t)] - MATPUYHHUIN BU3HAYHUK JUIS i-T'O TIEPEMIIEHHSB Yaci.
TpuBauni 3ycusus:
S;()=8,T;@1), (21)
ze T;(t) - dyHKUis yacy Juis j-rO psiika BEKTOpY By3i0BHX 3yciib g-ro CE. Bona

BpaxoBy€ IOB3Yy4iCTb-BIOPOMOB3YYICTh CHCTEMH Ta BH3HAYA€THCS 3aTAKOIO
PEKYPEHTHOO (hOPMYJIIOH0:
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T(1)=(1-

e S; - 3YCHWUISA TPYKHOTO ;[e(bopMauiﬁHoro pospaxyHKy, S

Puc. 3. JTo npuknazny: (a) - po3paxyHKoBa cXema;
(6) - ocHOBHA cHCTEeMa METOY MePEMiLLICHb;
(B) - CKIHUCHHHI €JIeMEHT

S”O Wm

(22)
J Sj
i - 3yenms
MIpYy)XHE BiJl HEBY3JIOBOT'O

HABAHTAKEHHS, S;’ (t) - TumMyacose

3yCHIIIA Bif HEBY3JIOBOTO
HaBaHTa)XEHHS, Ta MPUPOLICHHS
3yCHILIA BiJ MOB3Yy4O0CTi-

BiOpOIIOB3YUOCTI, SIKE 3HAXOJHUTHCS
3 PO3B'I3Ky MAaTPHUYHOTO PiBHSIHHS:
—Az * -
ASg () =rya,L,Az(t), (23)
Jie TI03HAYEHO
Az(t) =z (F()-1).

IIpu po3paxyHKy BHXOAMMO 3
TOro, L0 BCI TPYXHI pPO3B’SI3KU
MCE Bxe oTpuMaHi i HaM BiIOoMi
BCi BEKTOPH MEPEMIILEHb Ta 3YCHIIb
HenedopmariiiHoro i gedopma-
LWIHOIO MPYXHUX  PO3paxyHKIB.
IMomanpmmii po3paxyHoOK 3 ypaxy-
BaHHSM TPUBAJIUX IIPOIIECIB MOXKHA
BUKOHATU OUIBII MPOCTO, BUKOPHC-
TOBYIOUHM peKypeHTHi ¢opmymu (20
— 23). Ha ui dQopmynmn nHamu
OTPUMAaHO aBTOPCbKE  CBIJOLTBO
Ne 52720 Bin 20.12.2013p.

7. Ilpuxknag  po3paxyHKy.
PosrmsineMo  mpocTopoBy  3aii3o-
OCTOHHY paMy 3 CHMETPHUYHO
apMOBAaHUMH eJIEMEHTaMHU IpH il
Ha Hel TOCTIMHMX y  yaci
npocropoBux cwit: g = 10 kH/M -
PIBHOMIPHO  pO3IMOJIIEHOTO  Ha-
BaHTaxeHHs 1 P = 500kH -
BY3JIOBUX CTHUCKAIOUHMX CHJI, Ta 0e3
yTBOpeHHs TpiumH. Po3paxyHkoBa
cXeMa 1 OCHOBHAa CHCTEMa METONy
repeMilleHb paMH Ipe/ICTaBIeHa Ha
puc. 3.

Hexaii momepeuni mepepizu |

ckinuenHoro enemenTa i I, 11 enemenrta OyayTh BUKOHaHi 3rifHO puc. 4,(a) i

puc. 4,(0) BiAMOBiAHO.
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[Nonepeuni mnepepizu =200 F-200
BHUKOHaHi 3 6ETOHY Kiacy 22 F2z
C55/60  (B6O) 3 g O T
Ho4yaTKOBMM  MoayneM S| ] . + 8 T N
Ey=36TTla, Gy=15Tmai < . 8 _L b
apMaTypy, IO CKJIajae- ) 4.1 1=
TbCI 3  CHMETPUYHO ﬁ_uy;lgo ' < ’ T
po3TalioBaHuX 4-X crep- *y ‘%
KHIB 22 MM,  KIacy i
A240 (A-1II) 3 mMoxynem o e s
E.=200TITla, G,=80I'ma 44| nglsg Z
i 3aFaJ'IBHO_I§) . IUTOIIEI0 @ ©)
4.=0,152'10"m Puc. 4. ITonepeuni nepepizu I (a) i
PO3anyHOK 6yz!eMo 1L, IIT (6) ckiHYEHHHX eJIEMEHTIB
BUKOHYBAaTH 3TiHO

cxemu anroputMy MCE nedopmariiiHOro po3paxyHKy 3a1i300€TOHHHX
CTEP)KHEBHUX CHUCTEM 3 ypaxyBaHHSM TPUBAJIUX mporueciB (auBuch 1. 4) B MII
«MathCad».

PozpaxynkoBa cxema MCE nipencraBieHa Ha pUCyHKY 5.

Jeranpauit PpO3paxyHoOK JlaHO1
MPOCTOPOBOi  pamMH 10  BHIIEHABEJCHOMY
aITOPUTMY TIPECTaBIeHUH Y poOOTi aBTOpIB [ A )Z
[16], a Tyr mnokaxemo 3pa3y pe3yabTaTH
PO3paxyHKIB Yy BHIVIS/I €MIOp BHYTPILIHIX ’}[ (i Z)F/-\‘
3YCHIb paMu (puc. 6). %_

[Iporpama, anroputM Ta  pe3ynbTaTH
PO3paxyHKy pamu 3 HIICThMa HEBIIOMUMH MO Z
pekypenTHuM dopmynam (20 — 23) Takox ' 1‘ 7
Oymu peanizopani B MIT «MathCady. Ilo mum
(opmynam OyB BUKOHaHHH PO3PaxXyHOK paMH i @
pe3yibTaTu MTOBHICTIO 30irHcs 3
pe3ynbraTamu orpumanumu o MCE, a tomy ﬂ'ﬁﬁ'ﬁ'
MH PEKOMEHIYEMO BHKOPHUCTOBYBATH Il Puc. 5. Pospaxykosa cxema MCE
peKypeHTHI (opMyaH Ui CHPOIIEHHS Ta
aBTOMaTH30BaHOTO  PO3PaxyHKy IPOCTOPOBHX  CTEPKHEBHX  CHUCTEM 3
ypaxyBaHHSIM TPHBAJIMX TIPOLECIB - YCAJKH, ITOB3YYOCTi 1 BiOpPOMOB3Y4OCTi
OeToHy.

AmHamniz po3paxyHKy 3alli300€TOHHOI IIPOCTOPOBOI paMu II0Ka3aB, IO
BpaxyBaHHSA JedopMalliii TO3M0BKHBONO 3TUHY CTEPXHIB 1 IOB3Y4OCTi-
BiOpOIOB3y4OCTI OETOHY 3HAYHO BUIO3MIHIOIOTH HANpPYKEHO-IePOpPMOBaHHIA
CTaH IIPOCTOPOBHX cHCTeM. Tak, Hampukial, JAesdKi MepeMilleHHs paMu
3pocTaroTh y yaci Ha 135-348%, a 3MiHa 3yCHUIA KOMUBAEThes Bin +88% 1o -
231% B TOpIBHSAHHI 3 TPYKHHUMH 3HA4YCHHSIMU He JAedopMaliifHoro
po3paxyHky. Ha 3pocraHHs mepemillieHb OCHOBHHI BIUIMB MAa€ IOB3YUiCTh Ta
BiOpOIIOB3YUICTh, YacTKa SAKHX cKiaaae BianosimHo: 135% - 184% Ta 228% -
338%, a Ha 3pOCTaHHSA 3yCUIIb — IehopMallil MO30BKHBOTO 3THHY, YaCTKa SIKUX
cknaina Big +10% no -228%.
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M, J©)=33,0

M) =33,0|( M
M 28,5

M,:28,5
M=22,1

M?*(e0)=11,7
M:6o)=10,3

M= 87
M2 10,2

Me0)=11,
Moo= 10,3
M =87
P 102

[ Ny f=)=501,
| Mfec)=500,8

v

” Eg‘..e

3
Jel

=3
A1

WO

T

‘ui

NP (0)=125,8

kH /‘1/-(‘*7= 124,9
M= 123,8
(= 123,8
Puc. 6. Entopu BHYTpILIHIX 3yCHIJIb HPOCTOPOBOI paMH
BucHoBkH

1. BuxoHaHI JOCTIUKEHHS JO3BOJMJIM OTPUMATH MAaTPUIO YKOPCTKOCTI
TPHOX TUIIIB 3a1i1300€TOHHOTO MPOCTOPOBOTO CKIHYCHHOTO €JIEMEHTA B MiCIIEBil
cHCTEMi KOOpAMHAT 3 ypaxyBaHHSAM JedopMaliiii MO3J0BXHBOTO 3THHY i
TPHUBAJIMX MPOLECIB - YCAJIKH, IIOB3Y4OCTi 1 BiOpPOIOB3y40CTi OETOHY.

2. OTpuUMaHO MATPHIIIO MKOPCTKOCTI BCI€l 3aTi300€TOHHOI CTEPIKHEBOI
CHCTEMH 32 JIOIIOMOTOI0 TaOJIUIII 1HAEKCIB 1 PO3B'SA30K BHUPINIYIOUOTO PiBHSHHS
MCE Ha 6a3i MeToxy XajepKoro.

3. Bce me mo3BoimMIO BheEpiie PO3POOMTH  aJrOPUTM  PO3PaXyHKY
3aJ1i300€TOHHUX CTEP)KHEBMX CHUCTEM 3 YpaxyBaHHSM IPOCTOPOBOI pPOOOTH,
nedopMaliiii  Mo3JI0BXKHLOIO 3THUHY, YCaJKH, IMOB3Y4OCTI 1 BiOPOMOB3y4OCTI
0EeTOHY METOJIOM CKiHYEHHHX EJIEMEHTIB.

4. Bynu po3po0JieHi i BUKOPHUCTaHI peKypeHTHI (POPMYJIH AJIsl pO3paxyHKy n-
pa3 KiHeMaTHYHO HEBU3HAUEHUX MMPOCTOPOBUX 3al1i300€TOHHUX paM Ha TPUBAJI
MIPOLIECH, SIKi 3HAYHO CIIPOIIYIOTh 1 aBTOMATH3YIOTh 11l CKJIaJHI po3paxyHKu. Ha
X OCHOBI MOXYTh OYyTH pO3pOOJIEHI MiIPOrpaMu JJIsl BETUKUX PO3PaXyHKOBUX
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KOMIUIEKCIB (10 aHajorii, sk 1e Oyno 3po0jeHO B MaTeMaTHYHOMY MaKeTi
«MathCady) a1 po3paxyHKy IPOCTOPOBHX paM.

5. BuxoHaHMI NPHKIA] PO3pPaxyHKY 3alli300€TOHHOI MPOCTOPOBOI paMu
MOKa3aB, IO BpaxyBaHHA JcopMaliii MO3M0BXKXHBOIO 3THHY CTECP)KHIB 1
MOB3Y4OCTi-BiOpOIIOB3Y4OCTI OETOHY 3HAa4YHO BHUIIO3MIHIOIOTH HAIPYKEHO-
neopmMoBaHHMii CTaH MPOCTOPOBUX cHcTeM. Jleski TepeMilleHHs pamu
3pocTaroTh y yaci Ha 135-348%, a 3MiHa 3yCHiUIA KOJMUBAEThes Bing +88% 1o -
231% B TOpIBHSAHHI 3 TPYKHHUMH 3HA4YCHHSIMU He JaedopMaliifHoro
po3paxyHky. Ha 3pocraHHs mepeMillieHb OCHOBHHI BIUIMB MAa€ IOB3YUIiCTh Ta
BiOpOIIOB3YUiCTh, YacTKa SKUX CKJIaAae BinmoBimHo: 135% -184% ta 228% -
338%, a Ha 3pOCTaHHSA 3yCUIIb — ehopMallil MO30BKHBOTO 3THHY, YaCTKa SIKUX
cknaia Big +10% no -228%.

6. 3a3HaueHi 0COOIMBOCTI Ta BIJICOTKM 3MiHHM Y 4aci MepeMillleHb i 3yCHIb,
MIEPEKOHIUBO TOBOIATH HEOOXiIHICTh BUKOHAHHS PO3PaXyHKIB 3aJ1i300€TOHHUX
CTEpP)KHEBHX CHCTEM 3 YpaxyBaHHSIM IPOCTOPOBOI poboTH, Hedopmariii
TO3/TOBXKHBOT0 3TMHY 1 MOB3Y4O0CTi-BiOPOITOB3y4OCTi.

7. HebopmarriiiHi po3paxyHKH CTEPKHEBUX 3al1i300€TOHHHX CHUCTEM CIIi[
BUKOHYBaTH HE TUIBKH Ul BCTAHOBJICHHS 3MIHM KapTHHU BHYTPIIIHIX 3YCHIIb
Ta MEepeMIlleHb Yy Yaci, a ¥ HeoOXiMHO B HAaWHEOE3MEUHIMINX MICIIX CHCTEMHU
BH3HAYaTH HANpYKEHHS B apMaTypl i OETOHI Ta MPOTHHH, 100 HE AOMYCTUTH
TIEPEBUIICHHS PO3PaXYHKOBHUX OIOPIiB MaTepiajiB Ta HOPMAaTHBHUX IIEPEMIILIEHb
3a BECh Mepioj] eKCIuTyaTalii Copy/Iu.

8. B ninomy nodymoBaHo Teopito AehopMaIiitHoro po3paxyHKy CTep)KHEBHUX
3ali300€TOHHUX CHCTEM 3  YypaxyBaHHSAM TpPUBAJIUX IPOIECIB,  sKa
PEKOMEHAYEThCS JUIs BIIPOBA/DKEHHS B MPAKTHUKY MPOEKTYBAaHHS IPOCTOPOBUX
CTEP)KHEBUX 3aJ1i300€TOHHUX KOHCTPYKIIiH.
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Slobodianiuk S.O., Buratynskyi A.P.
DEFORMATION CALCULATION OF SPACE REINFORCED CONCRETE FRAME BY
FEM WITH ALLOWANCE FOR VIBROCREEP OF CONCRETE

The efficiency of the reinforced frameworks depends to a large extent on a properly framing
scheme. If the framing scheme is made of reinforced concrete, the frame displays at various long
static and dynamic loads such a characteristic phenomenon as the creep and vibrocreep of concrete.
In addition, the space frame must take into account the buckling strain. An algorithm for the
calculation of n-times kinematicly indeterminate space reinforced concrete frames has been
developed, taking into account buckling strain, creep and vibrocreep based on finite element analysis
and recursion formulas, which makes it possible to simplify the calculation of bar systems for long
processes. Recursion formulas can be used to develop programs for calculating space frames. The
article presents the research and obtained a stiffness matrix of three types of reinforced concrete
space finite element, taking into account buckling strain and long processes. An algorithm for
calculating reinforced concrete bar systems was developed taking into account the space work,
buckling strain, vibocreep of concrete by finite element method. An executed example of the
calculation of a reinforced concrete space framed structure showed that taking into account the
buckling strain of the rods and the vibrocreep of concrete significantly alter the stress-strain state of
space systems. Some frame motions increase by 135-348% over time, and the force variation varies
from + 88% to -231% in comparison with elastic non-deformation values. The increase in
displacements is mainly influenced by creep and vibration creep, which account for 135% —184%
and 228% - 338%, respectively, and for the growth of efforts — buckling strain, the share of which
ranged from + 10% to -228%. Deformation calculations of framed reinforced concrete systems
should be performed not only to establish a change in the pattern of internal forces and time
motions, but in the most dangerous places of the system to determine the stresses in reinforced and
concrete and deflections to prevent the excess of calculated resistances of materials and normative
motions.

Keywords: space frame; stiffness matrix; finite element method; algorithm; shrinkage; creep;
concrete vibrocreep.
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Cnoboosmwox C.A., Bypamunckuii A.11.
JE®OPMALIMOHHBIA PACYET NIPOCTPAHCTBEHHbIX KEJE30BETOHHBIX PAM
MK?3 C YYETOM BUBPOIIOJI3YYECTU BETOHA

PaccmarpuBaercst 3amada pacdera MPOCTPAHCTBEHHOH JKeIe300€TOHHOM paMbl METOLOM
KOHeuHbIX dneMeHToB (MKD) ¢ yderoM nedopMHpOBaHHON CXEMBI M JUIUTENIBHBIX MPOLECCOB —
yCaaKu, MOI3ydecT U BHOpomomsydecTu 6eToHa. Pacder ¢ ydetoM 1ehOpMHPOBAHHOH CXEMBI HITH
nedopmaiii  PoOI0JIbHOIO HM3rKba Has3bIBAOT elie JAe(OopMalOHHBIM pacueToM. IloiydeHo
MaTpuIbl )KECTKOCTH TPEX TUIIOB KOHCYHBIX 3JIEMCHTOB B MeCTHOﬁ CUCTEME KOOpAWHAT, MaTPUILY
JKECTKOCTH BCEH CHUCTEMBI, PElleHHe paspelaroiiero ypasuenus u anroputm MKD. Pacecmorpeno
npefokeHne Ho (GopMylaM aBTOMATH3UPOBAHHOIO pacdyera, a TakkKe MpHMEp pacdera
HPOCTPAHCTBEHHON paMbl.

KiioueBble cJIOBa: MPOCTPAaHCTBEHHAs pama, MaTpULAa JKECTKOCTH, METOJ KOHEUYHBIX
9JIEMEHTOB, AJITOPUTM, YCaJIKa, 0NI3y4eCcThb, BUOPOIIOI3ydecTh OeTOHA.

VK 624.046.012.45: 539.376

Cnoboosmiok C.O., Bypamuncoxuii A.11. Hedopmaniitnmi PO3paxyHoOK NPOCTOPOBHUX
3aiizo6eTonnnx pam MCE 3 ypaxyBanHsiM BioponoB3y4ocTi 6eTony // Omnip mMaTepiaiiB i Teopis
cropyn: Hayk.-Tex. 30ipH. — K.: KHVYBA, 2019. — Bumn. 103. - C. 219-234.

Poszensadaemovcs 3a0aua po3paxyHky npocmoposoi 3aniz006emonnoi pamu mMemooom CKiHYeHHUX
enemenmie (MCE) 3 ypaxysauwusm O0eqopMOSaHOi cxemu ma Mpueamux npoyecie — ycaoku,
noezyuocmi i 6i6ponoe3yuocmi 6emony.

In. 6. Bi6niorp. 20 Ha3s.

UDC 624.046.012.45: 539.376

Slobodianiuk S.O., Buratynskyi A.P. Deformation calculation of space reinforced concrete frame
by FEM with allowance for vibrocreep of concrete // Strength of Materials and Theory of
Structures: Scientific-and-technical collected articles — Kyiv:KNUBA, 2019. — Issue 103. - P. 219-
234.

The article discusses calculation of space reinforced concrete frame by the finite element
method with allowance for deformed model and long processes, such as shrinkage, creep and
vibrocreep concrete.

Fig. 6. Ref. 20.
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BIIJINB TEOMETPUYHUX XAPAKTEPUCTHUK KOHIYHUX
OBOJIOHOK HA iX TUHAMIYHY CTIMKICTh

O.M. Mauniii,
CTapluuii BUKJIaaa4y

0.0. JIyk’siH4eHKo,
KaHJl. TeXH. HAYK

Kuiscokuil nayionanbhuil ynisepcumem 6yoienuymea i apximexkmypu
Iosimpopromcokuii npocn., 31, m. Kuis. 03680; e-mail: paliy.oxana@gmail.com

DOI: 10.32347/2410-2547.2019.103.235-242

JlociifkeHO BIUIMB TI'EOMETPHYHMX XapaKTePUCTHK KOHIYHHMX OOOJOHOK Ha CTIHKIiCTh
yCTAJICHUX KOJMBAaHb IPH il MEepiOAMYHHX 32 YacOM PIBHOMIPHO PO3IMOIINEHHX MOB3JOBXKHIX
HaBaHTaXEHb. 3ajaya CTIHKOCTI HENiHIHHMX BHUMYIIEHHX KOJHMBaHb OOOJIOHOK c(OpMOBaHA Ha
OCHOBI MOAM(IKOBAHOIO KIHIIEBO—PI3HHLIEBOrO METOAY KPHBOIIHIMHHX CITOK, SIKUi /1O3BOJHB
3IIHCHUTH Iepexil Bi BEKTOPHUX 3BHYANHMX IuepeHLiaJbHUX CIIBBIAHOLICHb 10 HETiHIHHOT
cucTeMu anrebpaldHuX piBHsAHb. PO3B’s30Kk cucTeMH MOOYIOBaHO 3a [OIMOMOIOK METOAY
IPOJOBKEHHSI PO3B’SI3KY 10 Hapamerpy B moeaHani 3 meromoMm Heiotona—Kaxroposuua. Ha
KOXXHOMY KpoLi peasizaiii 0041 CIIFOBaIbHOIO AJITOPUTMY BUKOHAHO aHalli3 3HaYCHHS BU3HAYHUKIB
MaTpHili JIiHEapU30BaHUX PIBHSAHb, IO BIAMOBIAAOTH CHMETPHYHUM a00 LMKIIYHO CHMETPUYHHM
¢dopmam konuBanb. Kpurepiit BTpaTn JUHAMIUHOI CTIKOCTI KOHIYHHX OOOJOHOK IOJSraB y 3MiHi
3HAKy BIIIOBIIHOrO BH3HAYHHMKA a00 3MIHM KIIBKOCTI JOJAaTHHX Ta BiJ'’€EMHHX JiaroHajJbHHX
€NIEMEHTIB MAaTpHL JiHeapH30BaHHX DPiBHAHb. KpHTHYHE 3HAYCHHS AMHAMIYHOTO HABAHTAXKCHHS
XapaKTepHU3yBaJIO PiBEHb HOr0 IHTEHCHBHOCTI IIPH BTPATi CTIHKOCTI 0O0IOHOK.

BusiBiieHO 0COOIMBOCTI KOJMBAJIBLHOIO PyXy Ta (GOpM BTPATH CTIKOCTI KOHIYHHX OOOJIOHOK.
Bu3HaueHO KPUTHYHI 3HAYCHHS IOB3/IOBXKHIX HaBaHTaXeHb. J{OCIIPKEHA 3aJIOKHICTh KPUTHUHHX
3Ha4YCHb IHTCHCHBHOCTI HAaBaHT@)XCHb BiJ YaCTOTH YCTaJCHHX KOJHMBAaHb I[IPU BapirOBaHHI
reOMETPUYHHX TTapaMeTpiB KOHIYHUX 00OIOHOK.

Kiaro4oBi cjioBa: BiacHI 4acTOTH, BHMYIICHI KOJMBAHHS, JAMHAMIYHA CTIHKICTh, KOHIYHA
000JI0HKA, METOJ KPHBOJIHIMHHMX CITOK, METOJ HPOMOBXKEHHS DPO3B’A3Ky IO IapamMeTpy, METOX
Herorona—KanToposuua.

Beryn

Oco0uBy yBary B JOCTI/DKCHHI IMHAMIYHOI CTIMKOCTI KOHCTPYKIIIH
MIPUBEPTAIOTH BUMAAKH, KOJIM YaCTOTAa BUMYILIEHUX KOJIMBaHb HAOIMKAETHCS 10
OJHi€l 3 BJACHUX YacTOT KojiuBaHb KoHcTpykuii [1-3]. Lle mpu3Bomuth m0
pi3koro 30unblIeHHS 11 aMIUITyAd KOJMBaHb, IO € HENPUHHATHUM 3
eKCIUTyaTaIliiHol TOYKH 30py. B Tol e uwac i mpu (HiKCOBaHIH dYacTOTI
KOJIMBaHb 30UIBIIEHHS AaMIUNTYAM NEepIOAMYHOTO HABAaHTaXKEHHS MOXe
MIPUBECTH JI0 PI3KOro 301IbLICHHS aMILUTITYAH KOJIMBaHb KOHCTPYKLIi abo
3MIHUTH 11 (HOPMHU KONHBAHB.

Mera paHoOi poOoTH TmonArae y MJOCHIKEHHI BIUTUBY T'€OMETPHUYHHX
XapaKTePUCTUK KOHIYHUX OOOJIOHOK Ha CTIHKICTh IX yCTaJ€HUX KOJIHMBaHb MPH
nii  TMepiogMYHMX 32 4YacoM PpIBHOMIPHO pO3NOAIICHHX ITOB3IOBXKHIX
HaBaHTa)keHb. KonuBaHHS OOOJOHKM BinOyBaeThcsi mpu (piKCOBaHIN 4acToTi,
sIKa BIJIMOBIJA€ YACTOTI MEPIOJUYHOTO HABAaHTAXKCHHA. Bimomo, mo mpu il
MepiIOAMYHOr0 HABAaHTA)KEHHS HEBEJIMKOI IHTEHCHMBHOCTI KOJIMBaHHS OOOJIOHOK
BiIOYBAIOTHCS 110 CUMETPUYHKUM BiJTHOCHO OCi (hopMaM KOJIUBaHb. 3OLTbIICHHS

© Taniii .M., Jlyk’sruenxo O.0.
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IHTEHCHBHOCTI CHJIOBOTO 30yproBaHHs Tpu (DIKCOBaHIM 4YacToTi MOXe
MIEPEBOAUTH CUMETPUYHI (JOPMH KOJNMBAHb B IUKJIIYHO CUMETPHYHI. 3a MEBHUX
YMOB, 3aJIMIIAIOYUCh CHUMETPHYHMMH, KOJUBAHHS OOOJOHOK MOXYTh Pi3KO
30UIBIINTH aMIUTITYly 1 3MIHUTH CUMETPHYHY OpMY KonuBaHb. [lepepaxoBaHi
SIBHIIA XapaKTEPU3YIOTh BTPATY CTIHKOCTI YCTAJICHOTO PyXy 000JOHOK [4-6].

1. UncenbHa MeTOIMKA

BumyiieHi KonuBaHHS OOOJIOHKM ONHUCYETHCS CHCTEMOIO HENHIMHMX
nudepeHIiaabHIX PiBHSHbD

277 - -
aalej+F(U)+7w]=0, (1)

ne U={U,Uy,Us}={U,V,W} — Bextop nepemimenus; F ={F, F), F}-
HeJiHIfHA BEKTOp-QYHKIIs, $Ka XapaKTepusye IKOPCTKICHI BIIACTHUBOCTI
oGomonkH; §=1{q'.q>.g°} — BEKTOp 3OBHILIHBOrO HABAHTAKCHHSI, A —

rapameTp iHTEHCUBHOCTI HAaBaHTAYKEHHSL.

Jis po3B’s3aHHSA 3a7avi CTIHKOCTI BUMYIIEHHMX HEJTIHIHHUX KOJIMBAaHb
000110HOK AudepenniiiHi piBHIHHS (1) JUCKPETH3YIOThCS B HANPSIMKY TBIpHOT
00OJIOHKH 32 JIONOMOToK MOH(}iKOBAHOIO KIHIIEBO-PI3HUIIEBOIO METO/a
KpUBOJIHIMHUX ciToK. Lleii Merom 103BONsSE 3MIMCHIOBATH Tepexin Bif
BEKTOPHUX 3BHYAHHUX AU(EPEHIIIHNX CITIBBIIHOLIEHD /10 HEJIHIHHOI CHCTEMH
anreOpaiyHUX piBHSAHb. B KpyroBoMy HampsMKy KOMIIOHEHTH BEKTOpa
NepeMillieHb eJleMEHTa CEPEJUHHOI MOBEPXHI OOOJOHKH aIlPOKCUMYIOTHCS
TPUTOHOMETPUYHHUMU psiiaMu [4, 5]. Po3B’ 5130k OTpUMAaHOI CHCTEMH HENHIHHUX
anreOpaiyHUX pIBHSIHb OYyAyeTbCS METOJOM TIIPOIOBKEHHS PO3B’SI3KY IO
mapaMmeTpy B moemHaHi 3 MeromoMm Herorona-Kantopoeuua [3]. Ili Metomm
JIO3BOJISIIOTH  PO3B’SI30K HEJIHIWHOI KpaioBOI 3agaui 3BECTH JO PO3B’S3KY
TIOCITIJIOBHOCTI JIIHEAPH30BaHUX KpaloBHX 3a/ad. Ha koxkHOMY Kpolli peanizatii
00YHUCITIOBAILHOTO aJITOPUTMY aHAIi3YIOTHCSl 3HAYeHHsSI BU3HAYHHKIB MaTpHII
JIiIHEApU30BAHUX PIBHSAHB, IO BIAMOBINAIOTE CHUMETPUYHUM a00 IUKIIIYHO
cuMeTpuuHiM (opmaM KkonmuBaHb. Kpwurepiii BTpaTH CTIHKOCTI KOJIMBaHb
O00OJIOHKHM TOJsira€ y 3MiHI 3HaKy BIANOBIAHOIO BH3HAYHHWKA, a pIBEHb
IHTCHCUBHOCTI HaBaHTa)XCHHS, IO BIAMOBIJAa€ IIbOMY CTaHy, XapaKTECpU3YeE
KPUTHYHE JTUHAMIYHE HaBaHTaxeHH: [3-5].

2. Po3paxyHkoBa Moe/ib KOHIYHOI 000J10HKH

PosrisiHyTa KOHIYHAa O0OJIOHKA, SIKA BUTOTOBJICHA 31 CTaJi 3 BiAIOBIIHUMHU
MeXaHIYHUMHU XapakTepucTukamu: koedimient Ilyaccona W =0,3; momynb

npyxuocti £=2,06-10"" H/M?; minbicts y =7800 kr/m’. ToBuIMHEA 06ONOHKH

HaOyBaya 3HadeHHs 0,001 m ta 0,002 M. Posrmsmanuck BapiaHTH 31 CTaIMMU
paniycamu R=0,20 m; r=0,15 M Ta pi3HOIO BHCOTOH 000JOHKH L, sika HaOyBaia
3naveHHs1 0,48 m ta 0,72 M. ['paHUYHI YMOBH NPUAMAIINCS TAKUMH: Ha OTHOMY
KiHII 000JIOHKA KOPCTKO 3aKpiIUIeHa, a Ha IHIIOMY — 3a/IaHO KOB3HE KPIIUICHHS
B3I0BXK TBipHOI. TBipHY KOHIYHOI OOOJOHKH pO30HMTO Ha 44 YaCTHUHH, B3JOBXK
konma — Ha 40 ywactuH. Ha oOonoHKy Ji€ mepioAnyHe 3a 4acoM piBHOMIpHO
pO3IIOAiJIeHe TIOB3JOBKHE HABAHTAXKEHHS ¢=¢;COS®t 3 1HTEHCHBHICTIO
¢, (xH/m) Ta KpyroBoro 4acToroo @ (pax/c).



ISSN 2410-2547 237
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 103

3. BnuiuB reoMeTpMYHMX NapaMeTpiB KOHIYHOI 000JIOHKH HA CTiliKicTh

il ycTajeHUuX KOJIUBaHb

CTilKiCTh yCTaJI€HUX KOJIMBAHb JOCIIIPKYBAIACh JJIsl KOHIYHOT OOOIOHKH 31
CTaJIUMHU TeoMeTpuYHuMHU mapamerpamu: h=0,002 m; R=0,2 m; r=0,15 M, Ta
BHCOTOIO, sIKa TpuiiMana 3Hauenus L=0,48 m ta £=0,72 m. B Tabn. 1 HaBeneHi
KPUTHYHI 3HAYECHHS AMIUTITYJl HABAHTA)KEHHA ¢, TPH BiANOBIIHMX YacTOTAX

KOJIMBaHb ( KOHIYHOI OOOJOHKH, a TaKOX HOMEpPH TapMOHIK 7, SKi
XapaKTepU3ylOTh HUKIIYHO CUMETPHYHI POPMH BTPATH CTIHKOCTI.

Tabmuus 1
0] n q] 0] n q] 0] n q]
1 2 3 4 5 6 7 8 9
h=0,002m R=02m r=0,15m L=048m

0 9 3650,045 | 3100 5 2385,045 | 3545 4 0,045
500 9 3650,045 | 3200 5 2025,045 | 3600 6 3375,045
700 9 3645,045 | 3400 5 855,045 3650 6 3300,045
1000 8,9 3645,045 | 3410 5 720,045 3800 6 2925,045
1400 8,9 3645,045 | 3438 5 0,045 4000 6 1800,045
1700 9 3600,045 | 3450 4 1350,045 | 4080 6 810,045
2300 9 3555,045 | 3500 4 945,045 4090 6 540,045
2500 8,9 3555,045 | 3510 4 810,045 4099 6 0,045
3000 5 2700,045 | 3520 4 675,045

h=0,002m R=02m r=0,15m L=0,72m

0 10-14 2300,025 | 2000 4 1700,025 | 2650 3 600,025
100 10-14 2300,025 | 2200 4 925,025 2667 3 0,025
300 |9 2300,025 | 2250 4 525,025 2670 5 1375,025
500 | 9-14 2300,025 | 2274 4 0,025 2680 5 1300,025
700 | 9-14 2300,025 | 2300 | 9-15 | 2275,025 | 2700 5 1125,025
1000 | 9-14 2300,025 | 2400 3 2250,025 | 2750 5 525,025
1400 | 10-15 2300,025 | 2500 3 1825,025 | 2760 5 250,025
1700 | 12-13 2275,025 | 2600 3 1175,025 | 2763 5 0,025

B Tabn. 2 HaBeneHi pe3yabTaTH OOYHMCIEHh KPUTHYHUX 3HAYEHb aMILTITY
HABAHTAKEHHS ¢, TA HOMEPU FapPMOHIK N JUT KOHIYHMX OGOJNOHOK 3i CTATMMH
reoMeTpuuHuMH mapamerpamu: R=0,2 M; =0,15 m; L=0,48 M mpu BiOBIAHUX
3HAYEHHSX KpyroBoi dactotu. IIpu 11bOMy TOBIIMHA OOOJOHKM /i TpuiimMaia
pizni 3Hauenss 0,001 m ta 0,002 m.

Tabmums 2
0] n q] 0] n q] 0] n q]
1 2 3 4 5 6 7 8 9
h=0,001m R=02m r=0,15m L=0,48m

0 12 880,01 2300 6 570,01 2580 7 800,01
100 12 880,01 2500 6 50,01 2600 7 780,01
300 12 880,01 2501 6 0,01 2700 7 630,01
500 12 880,01 2510 5 290,01 2750 7 530,01
700 12 880,01 2520 5 250,01 2800 7 400,01
1000 12 880,01 2540 5 170,01 2840 7 230,01
1400 8,9 880,01 2550 5 100,01 2850 7 160,01
1700 9 880,01 2555 5 0,01 2858 7 0,01
2000 6 840,01 2570 7 810,01
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h=0,002m R=02m r=0,15m L=0,72m

0 9 3650,045 | 3100 5 2385,045 | 3545 4 0,045
500 9 3650,045 | 3200 5 2025,045 | 3600 6 3375,045
700 9 3645,045 | 3400 5 855,045 3650 6 3300,045
1000 8,9 3645,045 | 3410 5 720,045 3800 6 2925,045
1400 8,9 3645,045 | 3438 5 0,045 4000 6 1800,045
1700 9 3600,045 | 3450 4 1350,045 | 4080 6 810,045
2300 9 3555,045 | 3500 4 945,045 4090 6 540,045
2500 8,9 3555,045 | 3510 4 810,045 4099 6 0,045
3000 5 2700,045 | 3520 4 675,045

3 Tabmune 1 1 2 0aummo, IO ICHYIOTH YacTOTH KOJIMBaHb KOHIYHOI
OGONOHKH, TpH SAKUX KPUTUYHI 3HAYEHHS aMIUTITY/l HABaHTAXEHHS ¢,

HAOJDKAIOTHCS 10 HYJA. Y BHIIQJAKY, KOJH TOBIIMHA OOOJOHKH 301IBINYETHCS
BIIBiYi, TIPU OJHAKOBHMX 3HAYCHHAX BUCOTH Ta PajiyCiB KOHIYHOI OOOJIOHKH,
3HAYCHHS HIKYMX BJIACHMX YACTOT Ta KPUTHYHE HABAHTAXKCHHS 3POCTa€, a
KUJIBKICTh TAPMOHIK B KOJOBOMY HAamNpsMKY 3MeEHIIyeTbcs. [lpu 30inblIeHHI
BHCOTH OOOJIOHKH BJIBiUi Ta OJHAKOBHX 3HAYCHHAX TOBIIMHHA Ta PaJiyciB
3HAYCHHS KPUTHYHOTO HABAHTAXKCHHS Ta HIDKYMX BJIIACHUX YaCTOT 3HHXKYETHCS,
a KUTBKICTh TAPMOHIK B KOJIOBOMY HANpPsIMKY 3MEHIITYEThCS.

3ayIe)KHOCTI KPUTHYHUX 3HAYCHb aMIUTITYJl HABaHTa)KCHHS Ta BiIITOBIIHI
YaCcTOTH KOJIMBAaHb O0OJIOHKHU IOJIAHO y BUIVIAII KpUBHX Ha puc. 1, 2. [ koHi-
YHHUX OOOJIOHOK 31 CTAJIMMHU TeOMeTpuuHuMH napamerpamu: 7=0,002 m; R=0,2
M; 7 =0,15 M Ta pi3HUMHU 3HAYCHHSIMHU BUCOTH L, ska HaOyBae 3Ha4yeHb L=0,48 M
(a); L=0,72 m (0) mi

4000% K 3aJIEKHOCTI  Bif00-
3500 paxeHi Ha puc. 1.
3000 N \ Ha puc. 2 Bigo-
2500 X \ OpakeHl 3aJIekKHO-
2000 \ CTi KPUTHYHUX 3HA-
1500 W YeHb aMIUITy] Ha-
L ggg Yl BaHTAXKEHHA ¢ ,
il 110 MepioIUIHO
0 1000 2000 3000 4000 o, pan/c 3MIHIOETBCS 3 Ya-
2wt @) COM, BIJ HacToTH
2500 KOJIMBaHb KOHIYHUX
™\ 000JIOHOK 31 cTa-
2000 JUMH  TE€OMETpHUU-
1500 \ \ HAMHM TapaMeTrpa-
1000 mu: R=0,20 w™;
\ r=0,15 ; [=0.48
500 ‘ M. Ilpu upomy h
HaOyBae 3HAYCHb:
0 500 1000 1500 2000 2500 o,pan/c h=0,001m (a),
© 1=0,002 m (6).

Puc. 1. 3anexHICTh KPUTUYHOIO 3HAYCHHS aAMILTITYIH HaBaHTAKCHHS
qr Big yacroru: (a) h=0,002m; R=0,20 m; r=0,15 m; L=0,48 wm; (6)
h=0,002 m; R=0,20 m; r=0,15 m; L=0,72m
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~ Bunmo, o 45, KH
ICHYIOTh YaCTOTH 1000
30BHIIIHLOTO HaBaH- 800
TaXXCHHS, TNPH SKHUX \
MPEJCTABIICHI KPHUBI 600
MEPETUHAIOTh  BICh \ \
400
yactor  (puc. 1, 2). \ \
3HaYeHHs TaKuX 200
YacTOT BiJAIOBIAIOTEH t
BIACHUM  YacTOTam 0 1000 2000 3000 o pane
BiIbHUX KOJMBaHb 1 @
q1, kH/m

XapaKTepU3yIOTh 4000
BTpaty CTIMKOCTI 3500
YCTaJICHUX BHUMYIIIC- 3000 N
HHX KOJIMBAHbL KOHIY- 2500 [\
HOI 00OJIOHKHU. 2000 \\ \

Takoxx  Gauumo, 1500 \ \
1o pu CTaJ'II/Df 1000 \ \
3Ha‘.IeH.I> TOBIIUHU 1 500 h ‘
pafliycis  0BONIOHKH 0 1000 2000 3000 4000 o, pave
(rabm. 1, puc. 1) (6)
301JIbIIIEHHS 11 BUCOTH Puc. 2. 3aNexXHICTh KPUTHIHOTO 3HAYEHHS aMILTI Ty 11
TIIPUBOJUTH o HABaHTaXEHHS qr Big yacroru: (a) h=0,001m, R=0,20 m, r=0,15 M,
HOHMKEHHS L=0,48 n; (6) h=0,002 M, R=0,20 m, r=0,15 M, L=0,48 m

aMILTITYId
KPUTUYHOTO HaBAHTA)KEHHS Ta BIIACHUX YacCTOT KOJNMBAaHb OOOJIOHKH. B 1pomy
BUIAJIKy BTpaTa CTIHKOCTI PO3IIITHYTMX OOOJIOHOK BiJIOYBA€THCS IO LUKIIYHO
cumerpuyHuM  opmam. Ilpm QikcoBaHMX 3HaYeHHSX pajalyCiB Ta BHUCOTH
KOHIYHOI OOOJIOHKH 30UIBIICHHSA ii TOBIIWHM TNPHUBOTUTH O ITiJBHIICHHS
3HAYEHHS HIDKYUX BJIACHUX YaCTOT Ta KPUTUYHHX HaBaHTaKeHb (Talul. 2, puc. 2) i
TaKOXX BTpaTa CTIHKOCTI peali3yeThCsl O MUKIIYHO CHMETPUYHIM (opMam.
BucnoBok. IlpencraBiena uyucenbHa METOIWKA JIO3BOJIMJIA JIOCHITUTH
CTIHKICTh yCTaJICHUX KOJHMBAaHb KOHIYHHX OOOJOHOK TpH [ii MepioguyHuX 3a
4acoM pIBHOMIPHO pO3NOAUIEHUX TOB3JOBXKHIX HaBaHTa)XeHb. BusBiIeHa
3aJICKHICTh (OPM BTpAaTH CTIHKOCTI KOHIYHHUX OOOJOHOK Ta KPHUTHYHOTO
3HAYEHHsI aMIUTITYM HAaBAaHTA)XEHHS BiJl TEOMETPUYHUX MapaMeTpiB 00OJIOHOK,
IHTEHCHBHOCTI 30BHIIIHHOTO BIUTUBY Ta YaCTOTH YCTAJICHUX KOJIMBAHb.
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Palii O.M., Lukianchenko O.O.
INFLUENCE OF CONIC SHELLS GEOMETRIC CHARACTERISTICS ON THEIR
DYNAMIC STABILITY

The influence of geometrical characteristics on the stability of established oscillations conical
shells under the action of uniformly distributed longitudinal loads periodic in time is studied. The
stability problem of nonlinear forced vibrations shells is formed on the basis of a modified finite-
difference method of curvilinear grids, which allowed the transition from vector ordinary differential
relations to a nonlinear system of equations. The solution of the system is constructed using the
method of continuation the solution by parameter in combination with the Newton-Kantorovich
method. At each step the implementation of the computational algorithm, the values of the
determinants the matrix of linearized equations corresponding to symmetric or cyclically symmetric
vibration modes are analyzed. The criterion for the conical shells loss of the dynamic stability was a
change in the sign of the corresponding determinant or a change in the number of positive and
negative diagonal elements of the matrix of linearized equations. The critical value of the dynamic
load characterized the level of its intensity with the loss of stability of the shells.

The features of the oscillatory motion and loss forms of conical shells stability are revealed.
The critical values of the longitudinal loads are determined. The dependence of the critical values of
the load intensity on the frequency of steady oscillations with varying geometric parameters of the
conical shell is investigated.

Keywords: natural frequencies; forced oscillations; dynamic stability; conical shell; curvilinear
grids method; parameter continuation method; Newton-Kantorovich method.
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IHanuit O.H., Jlykesanuenxo O.A.
BJIUAHUE TEOMETPUYECKUX XAPAKTEPUCTUK KOHUYECKUX OBOJIOYEK HA
UX JUHAMHUYECKYIO YCTOMYHABOCTD.

VccnenoBaHo BIMSHHE T€OMETPUYECKHX XapPAaKTEPUCTUK Ha YCTOWYMBOCTb YCTAHOBHMBIIMXCS
KOJIeOaHHH KOHHYECKHX OOOJIOYEK NpU JACHCTBHM MEPHOAMYECKHX IO BPEMEHH DPaBHOMEPHO
pacupeesieHHbIX TMPOAOIBHBIX HAarpy3oK. 3ajjaya YCTOHYMBOCTH HEJIMHEWHBIX BBIHYKACHHBIX
KosebaHuii 000704YeKk CHOPMHPOBAHA HA OCHOBE MOIM(MHIHPOBAHHOIO KOHEYHO-PA3HOCTHOTO
METOA KpHBOHMHCﬁHle CETOK, KOTOpblﬁ IIO3BOJIMJI OCYIIECCTBUTE IIE€PEXO0A OT BEKTOPHBIX
OOBIKHOBEHHBIX AU(depeHInaIbHbIX COOTHOECHHH K HENMMHEHHOM cucteMe ypaBHeHHH. Penrenne
CHCTEMBI ITOCTPOEHO C MOMOIIBI0 METO/A MPOJODKEHHs PEIEHUsS MO MapaMeTpy B COYETaHHHU C
METOJI0M HblOTOHa—KaHTOpOBl/l‘-la. Ha KaXXJIOM Iary peaau3alydyd BbIYUCIMTCIBHOIO ajJropurma
BBIIIOJIHEH ~ AHAJIM3 3HAUEHUS  OINpEAENUTENeH  MaTpulbl JMHEApPU30BAHHBIX  ypPABHEHUA,
COOTBETCTBYIOIIHE CHMMETPHYHBIM WM LUKIMIHO CHMMETPUYHBIM (opMaM KoneOaHuil 060109eK.
Kpurepuii norepu 1MHaMU4eCKOH yCTOHYMBOCTH KOHMYECKMX 000JIOUEK 3aKIIFOYaJICs B U3MEHEHUU
3HaKa COOTBETCTBYIOLIECTO ONPECACIUTENA HWIM HU3MEHCHUS KOJWYECTBA IIOJOXHUTCIBHBIX U
OTPULATCIIBHBIX JUArOHAJIbHBIX 3JIEMEHTOB MaTPHUILbI JIMHEAPU30BAHHBIX ypaBHeHMﬁ. KpMTVl'-{CCKOC
3HAQYEHHE JIMHAMHYECKONW HAarpy3KM XapaKTepU30BaJI0 YPOBEHb €r0 MHTEHCHUBHOCTU IIPU IOTEpE
YCTOHUMBOCTH 000JI0UEK.

BousiBiieHbI  OCOOEHHOCTH  KOJICOATENBHOrO JBMKEHUS U (HOpPM IOTEPH YCTOHYMBOCTH
KOHHUYCCKHX 060.]'10‘-16](. Ol'lpeLlCJ'ICHbl KPUTUYECKUEC 3HAYCHHUA TMPOIAOJIBHBIX MNEPHOAUYCCKUX
Harpy3ok. MccienoBaHa 3aBUCUMOCTb KPUTHYECKMX 3HAYEHMH MHTEHCHBHOCTH HAarpy3ok OT
YacTOTHl YCTAHOBHMBIUMXCS KOJICOAHMH IpH BapbUPOBAHMH TIEOMETPHYCCKUX IapaMeTpOB
KOHHYECKOH 000JIOUKH.

Kﬂm‘leBLle cJI0Ba: COﬁCTBeHHb[C 4aCTOTbI, BBIHYXICHHbBIC KOJ'ICGaH]/lﬂ, JUHaAMHYCCKas
YCTOMYMBOCTh, KOHHYECKash 000JI0YKA, METOJA KPUBOJMHEHWHBIX CETOK, METOZ IPOJOJDKECHUS
peleHus 1o napamerpy, meroq Herorona-Kanroposuua.

VK 539.3

Ianii O.M., JIyk anuenxo O.O. BIUIMB reOMeTPHYHUX XapaKTEPHUCTHK KOHIYHMX 000JOHOK Ha
iX quHaMivyHy cTifikicTh / Omip MmarepianiB i Teopis crnopyxa: Hayk.-Tex. 30ipH. — K.: KHYBA,
2019. — Bun. 103. — C. 235-242.

Locniooceno eniue ceomMempuuHux XapaKxmepucmuKk KOHIYHUX 00O0JOHOK HA CMIUKICMb
ycmanenux Koaueanv npu Ol nepioOUYHUX 3d YACOM PIGHOMIPHO PO3NOOINIEHUX NOB3006IICHIX
Hasawmasicensv. 3adaua OUHAMIYHOI CcmIUKOCcmi 000IOHOK COPMOBAHA HA OCHOBI Memoody
KPUBOMIHITIHUX CIMOK | P36 's3aHA 3a O0NOMO20I0 MemMOoOy NPoO0GIUCEHHS. PO38 3Ky NO napamempy
6 noconani 3 memooom Hviomona —Kanmoposuua.

Tabun. 2. In. 2. Bibmiorp. 6 Ha3B.

UDC 539.3

Palii O.M., Lukianchenko O.O. Influence of conical shells geometric characteristics on their
dynamic stability // Strength of Materials and Theory of Structures. — 2019. — Issue. 103. — P. 235-
242.

The influence of conical shells geometric characteristics on steady oscillations stability under
periodically distributed longitudinally distributed loads is studied. The problem of shells dynamic
stability on the basis of the method of curvilinear grids is formed and is solved by the method of
parameter continuation in combination with the Newton-Kantorovich method.

Tab. 2. Fig. 2. References 6 items.

VK 539.3

Ianuii O.H., Jlykeanyenko O.A. BansiHMe reoMeTpuYecKHMX XapaKTePHCTHK KOHMYECKHX

000/109eK HA MX AMHAMHYECKYI0 ycToiiumBocTh // CONPOTHBICHHE MATEPHAJIOB M TEOPHS

coopyskeHuit: Hayd.-tex. coopH. — K.: KHYCA,, 2019. — Beim. 103. — C. 235-242. — Vkp.
Hccenedosano — enusinue  2eomMempuyeckux — Xapakmepucmuk —KOHUYecKux 060704ex Ha

YCMOUNUBOCHb  YCMAHOBUGWIUXCSL  KOAeOanuil  npu  Oeticmeuu  NnepuoOuyecKux pasHOMEpPHO

pacnpeoenenvix NpoOOIbHbIX  HASPY30K. 3adaua OUHAMUYECKOU yCmouyueocmu 000104eK

cpopmuposana na ocHoge Memood KpUGOIUHEUHbIX CEMOK U peuleHa MemoooM NpoOOadICeHUs]

peuwienus no napamempy @ covemanuu ¢ memooom Heilomona-Kanmoposuua.

Tab6un. 2. Y. 2. bubauorp. 6 Ha3s.
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YK 539.3

JOCIIIKEHHSA TOYHOCTI MOAUPIKOBAHOI'O METOY
NPAMUX ITPU PO3PAXYHKY BICECUMETPUYHUX TIJI

J1.B. JIeBKiBChKMid,
KaHJl. TeXH. HAyK

K.O. KasepuH,
KaHJ. TeXH. HayK

10.B. CoBuu

Kuiscokuil nayionanbnuil ynisepcumem 6yo0isHuymea i apximexkmypi,
Kuis, Ilogsimpogromcokuii npocn., 31, m. Kuis. 03680

DOI: 10.32347/2410-2547.2019.103.243-252

VY nmaniif po6OTi MOKa3aHO 3aCTOCYBaHHS MOAM(IKOBAHOTO METOAY IPSIMHUX IJI1 BH3HAYCHHS
HarnpyXeHo-1e(pOPMOBAHOr0 CTaHY TiJl 0OEPTaHHS B LMIIHAPUYHIN CHCTEMI KOOPIUHAT. SHUKEHHS
BUMIPHOCTI BHKOHYETHCSI MPOCKLIHAM METOJOM IO KOOPAWHATI Z , 3@ JOMOMOrOK JIOKAJIbHUX
GaszucHux ¢yHKUiH. PenykoBaHa cucTeMa piBHSHB Ta IPAaHMYHI YMOBH PO3B’SI3YIOTHCS YHCEIBHUM
MerogoM auckperHoi oproroHamizauii C.K. 'omyHoBa. J{oCHifKeHHsT TOYHOCTI IMPOBEACHO Ha
HPUKIALl BiCECHMETPHUYHOI KiJbLIeBOI IUIACTHHU DI3HUX TOBLIMH. Pe3ynabTaTd MOpIBHIOIOTBHCS i3
3HAYCHHSIMHA Teopi'l' TOHKHX IJIACTHH Ta OTPUMaHUMH METOAOM CKiH‘leHHl/lX eJ'leMeHTiB.

Kutio4oBi ciioBa: TOBCTI IUIACTHHH, BiCECHMETPHYHE TiJO, TEOPis HPYKHOCTI, MPOEKLiHHMIT
MeTod, MoaudikoBaHMHM MeTon HpsMHX, OasucHi (YyHKUI], METOA IHMCKPETHOI OPTOroHai3arii
C.K. T'ogyHosa.

Posrmsinemo  BicecumerpuuHe Tino  (puc. 1). Ilo koopauHati 6
BPAaXOBYETbCSI OChOBA CHMETpif, TOMY 3ajada 3BOIUTbCA [O IUIOCKOI Ta
posrisiIaeTbes B cucteMi koopauHat r0z (puc. 2).

i z
Z
I
"
h\
. N
0 g Lo
[ Ry R g r
. L -
Puc. 1. Huninapugse Tino Puc. 2. Iliiocka BicecumerpuyHa 00J1acTh

Jus nocnimxendss HAC BUKOPUCTOBYIOThCSI PIBHSHHS TeOpii MPYKHOCTI B
IWTIHAPUYHINA cucTeMi koopauHaT [1].
V piBHAHHAX O,, O,, O,, T, - KOMIOHEHTH TEH30pa HAMPYXKEHb. u , W -

TiepeMillieHHs BiAMIOBIJHO B HANpPsMKY oci 7 Ta z; A, M - koediuientu Jlsame.

JLnist 3pydHOCTI YMCEbHUX PO3PAaXyHKiB IIpoBe/IeHa 3aMina [ = 1 f .

© Jlesxinchuii JI.B., KaBepun K.O., CoBuu 10.B.
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a0, +ar,z +O-f_o-9+R:0,
or oz r
97, +E+E+Z:O,
or  dz r
(l+2,u) du ldw lu
U dr U dz /1 r’ (M
_(l+2,u)u ﬂ,du ﬂ,dw
uor y dr u &
_(A+2w) dw+l du +iz
U dz opudr ur
I'panuyHi yYMOBHM MOJETIOIOTHCS 32 JOIOMOIOI0 CTCPXKHIB  3aJaHOi
YKOPCTKOCTI, 10 Ja€ MOXKJIMBICTh BpaxyBaTH JOBLIbHI YMOBHU B3a€MOJII Tijna 3

OTOYYIOUMM CEpeloBHUIEM ()KOPCTKUI KOHTAKT, IIApHIp, MPYXHY B3aEMOIIIO).
Ha puc. 3-6 nmpuBeneHi rpaHu4Hi YMOBH [0 KOHTYPY Tija:

z

npu » =R, :
c,(0,z)+q,(0,z) - K" -(u(O,z)—A (O,z)): ; )
t.(0,2)+q.(0,2)- K" - (w(O z)—A,_(0, z)): ;

npu =R, :

U,,(l,z)—qrr(l,z)+K1 (u(l z)—-A, (1, z))

3

t.(Lz)—q.(L,2)+ K. -(w(l,z)-A,_(1,2))=0; ®)
z=0:

UZ(I”,O)+qZZ(I’,O)—K1 (w(r 0)—-A_(r, O)): ; @

z',,z(i",0)+qzr(r,0)—Kl (u(r 0)—-A_ (r, O)): ;
z=h:

Uz(r,h)+qzz(r,h)+KN (w(r h)y—A_(r, h)): ; )

T (r,h)+q,, (r,h)+KZ’Z -(u(r,h)—Azr(r,h)) =0.
5 q,.(0,2) z

A, (0, z)/_\f}<K 0,2) T,z(i,Z)/ u(] Z))" A, (,2)

N w(0,2) //T 05) o.0.2) L‘ /\ 9,02

N

4—1* 7 N 0,2) \Ikw(l z)
A,,(o,z)/ j A —

KTZ
K,(0,2) 772, (L 2)

0 , i ~4.0,2) ;

Puc. 3. Ilepepiz r=R, Puc. 4. Tlepepiz 7 =R,
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Z iz
0.(r,0)

q..(r.h)
f/
LELL
A (rh)~
A (x, h)
w(r.h) A u(r.h)
e D)
I i

N
KZZQ e »'R
53

\ J—x /1
rrz(r,hl\ﬂ’k v

zr

o.(r.h)

”

Puc. 5. lepepiz z=0 Puc. 6. Ilepepiz z=h

3HMWKEHHSI BUMIpHOCTI AudepeHialbHuX piBHSAHD (1) Ta TpaHUYHHUX YMOB
(2)-(5) BuUKOHYETBCS 3a TONOMOTOI0 MpOEKIiitHOro Meroay. Tino po3ouBaeThCs
NPSMUMHM Ha CMYXKH 3 KpokoM A (puc. 7).

A: 1

h

1 1

@(2)

| e 6 00 4@ 9 L
| -

Puc. 7. basuchi QpyHKIii

Y

Ha mnpsmux obupaeTbest cucreMa OasucHux QyHkniit ¢,(z). Hlykani

(GYHKIIT pO3KIaIaloThCS 3a AOMOMOTOI0 JIHIHHOI KoMOiHamii (6), 3HIKYEThCS
BUMIPHICTb TI0 KOOPAMHATI Z :

f(r2)= (1) g;(2)
f(r,2) = f;(N¢'(2)

Ockinbku 0a3ucHi (QyHKIIT yTBOPIOIOTH KOCOKYTHY CHUCTEMY, HEOOXiTHO

(6)

BpaxoByBAaTH B3aeMHHMil Gasuc. ITosHaummo ¢,(z)- ocHoBHuil Gasuc, ¢'(z)-
B3aeMHUN Oasuc. [l BUKOHAHHS MEPETBOPEHb BUKOPHCTOBYETHCS IHIEKCHA
¢dopma 3anmcy ta MeTpuuHi TeHzopu (7), HETaIbHO MPOIEC PENYKYBaHHS
onucaHo B poborax [2]-[5].

{g,}={0.0,}. {"}={o" 0"} {0/} ={o 0} = E. ()

Ha wHacrtynHomMy erami QoOpMyeTbcsi pelyKoBaHa 3ajada, BiJHOCHO

KoopAuHaTH ». YucenbHE po3B’s3aHHs MOCTABJICHOI 3a/1a4i BiIHOCHO (yHKIIH

u, w, o,, O, MIPOBOIUTHCS METOJIOM JIUCKPETHOI OpTOroHai3amii

C.K. T'ongyHoBa. PenykoBani qudepeHiiaibHi piBHIHHS 3alUCYIOTHCS Y BUTIISIII
Koe(illieHTIB 110 BiAIIOBia€ 3HAYEHHAM IIyKaHUX (QYHKIIH Ha TEeBHIH MpsMiii:
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du _ p . A

i

= o, - bu’,
dr  A+2u "’ l+2,ug v
dw® L
dr :gmb‘.ju/—TZ ,
do? 12 24 1 ' 22 1 ®
—L=—g¥[tN -1 J+g"b,T. K 5oy g“b,u’ “—R",
dr - T A2u Ae2ur” U A+2ur
Toi ajr I N ai i 4(ﬂ,+lu) i B * ¢
—2=g%[0.-0. +———g"b 0/ +————g"b . g""b, w'——2-Z".
d}" g [ z z ] l+2ﬂg Jilr l‘i‘zﬂ g .Ilg Br 7
PenykoBaHi rpaHUYHI YMOBU MalOTh BUIVIAL:
npu » =R, : npu =R, :
Ory+ = K, (ug — A7) =0, o5 =+ K, - = A7) =0,
T+ g — K- (Wi =A%) =0, T = qn K (W= AT =0,
mpu z=0: mpu z=h:
or=K.-(w'-AL)-q., ol =—ql-KI-(w'-AL),
7. =K, (' -AL)-q.,, To =Kt =AD) - gl

[lix wac penykyBaHHs BUXigHI IUQepeHIiaabHi PIBHAHHA 3BOAATHCS 0
CHCTEMH 3BUYANHMX NU(QEPEHIaATbHUX PIBHSHb NEPIIOTro MOPSIKY, 3alHCaHnuX
y ¢dopmi Komri, HeBimomi ¢QyHKIIT 3amexaTh JHIIE BiJA KOOpJAMHATH F.
Po3pobneHo uncenbHUN aNropuT™M po3paxyHKy TOCTABJIEHOI IpaHMYHOI 3aadi,
moOyI0BaHUI Ha OCHOBI MeTony muckperHoi optoronamnizamii C. K. 'onyHOBa
[2]. InTerpyBanHs piBHSHb BHKOHYeThcs MerofoM Pynre-Kyrra Mepcona 4
mopsiaky TouHocTi. B cepemoBumii  Visual Fortran mnpoBemeHo dHCENbHY
peasizalito OIMCaHOrO ANTOPUTMY.

Pesyabratn  po3paxynky. JlocmipkyeTbesi HampyxeHo-aedopMoBaHUH

CTaH CTaJICBOI0
z HWIIHAPUYHOTO  Tija
‘ (puc. 8), E=210%«Ila,

e [TTTTTT] 552
g h  bymt  posrmanyri
».  TiNa pI3HUX TOBIIMH:
RO:O,IL‘?T\ I i h=0,02L, h,=0,04L,
~ R =1L ' h=0,06L , h,=0,08L ,
Puc. 8. Kinbiesa miactiua hy=0,1L - BimHOCATBCA
0 TOHKHMX IUTACTHH, BiJIITOBiZae yMOBI Lo h 1 g he=0,2L,

80 "R, —R, 10
hy;=0,4L , hg =0,6L, hg=0,8L, I, =L - TOBCTi INIACTUHHU Ta MAacHUBHi Tina,

L> L. [TopiBHIOIOTECS MaKCUMAaJIbHI TEPEMIIICHHS
R, —R, 10

Ta HanpyXeHHs B nepepizax » =0,5L .

BiJIMIOBiIa€ YMOBI
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OTpUMaHO YHCENbHI pe3yNbTaTh IMPU PIZHOMY KpOIl PO3OUTTS, OLIHEHO
30DKHICTh Ta TOYHICTH METOXY. Pe3ynbTaTH MOPIBHIOIOTHCS 3 pe3yIbTaTaMHu
OTPUMaHUMH B TeOpil TOHKHX IUIACTUH. BCTaHOBIIEHO, IO ONTUMAJIBHUI KPOK
PO30OUTTS PSIMUMHU TI0 BUCOTI ckiaanae A =0,01L.

VY tabn. 1 npuBeneHi pe3ynbTaTd pO3paxyHKy TOHKMX KUIBLIEBHX IUIACTHH 10
kinacuuHid Teopii wiactuH (TII) Ta mMommdikoBanuM meromom mnpsiMux (MMII).
[pu 30ibIIEHH] TOBIIMHM TijNa, pe3y/IbTaTH JBOX METOIIB BiIPI3HSIOTHCS aiue B
JIOIYCTUMUX Mexax, 10 5%. Takox B Teopii IUIaCTWH 30BHIIIIHE HaBaHTAXKEHHS
TIPUKIIAIAETHCS 10 CEPEIMHHOI IUIOMMHY IUIACTHHY, HE BPaxOBYIOUHM ITOMEPEYHi
nedopmaltii BOJIOKOH Ta o0THCHEHHsT HopMadti. [Ipy 11boMy HOpMalibHI Halpy)KeHHS
0, =0 .Y MonudpikoBaHOMY METOAI IPSIMUX MOXKHA 3a/laBaTH JIOBIIbHI CTaTHYHI

Jla KIHEMaTHU4Hi BIUIMBH Ha Tito. ToMy B MojielTi HaBaHTaXXEHHSI ¢ TPHKIAJICHO J10

BEPXHBOI IUIOMIMHU TiJla, 10 TaKOX 30UIBIIYE BiHOCHY IOXHUOKY OTPHMAaHHX
maHux. Y MMII MonemoBaHHS KOPCTKOTO 3allleMJIEHHS BUKOHYEThCA 3a
JIOTIOMOT'OI0 JIBOX CTEP)KHIB 3a/IaHOI YKOPCTKOCTI, IO PO3TAIlOBaHI Ha KOXKHiH
npsmiit. {1 pospaxyHKy Gyimo TpuitHsTo skopeTkicTs & =10 . Tlpu 36inbienni
KUIBKOCTI TIPSIMHX 3arajibHa XOPCTKICTh 3’ €IHAHHS 30UIbIIYEThCS.

Y Tabn. 2 mnpuBeneHi pe3yiabTaTH pPO3PaxXyHKY TOBCTHX IUIACTHH Ta
MacuBHUX TiJl. OTpUMaHi JaHi MOPIBHIOIOTHCS 3 KIACTHYHOIO TEOPIEI0 TOHKUX
IUIACTHH, TOMY ITOKa3yIOTh BENUKY po30ixkHicTh 50-100%.

1. Pe3ysabTaTi po3paxyHKy TOHKHX MJIACTHH

Tabmums 1
ax 0,(0,5L) | 0,(0,5L) | o (L,LIL) | 7,_(0,5L)
q-10° q q q q
h, =0,02L
TII 2,59 721,2 217,15 11573 3,076
MMII, A=0,01L 2,59 720,9 217,61 1158,5 2,35
s % 0 0,05 0,21 0,1 23,6
h, =0,04L
TII 0,3 180,306 54,287 289,325 1,538
MMII, A=0,01L | 0,328 | 180,653 54,919 337,405 1,738
s % 9,3 0,19 1,16 16,6 13
hy =0,06L
TII 0,932 80,136 24,13 128,589 1,025
MMII, A=0,01L | 0,993 80,597 24,777 167,881 0,979
s % 6,55 0,58 2,68 30,56 4,49
h, =0,08L
TII 0,38 45,077 13,572 72,331 0,769
MMII, A=0,01L | 0,431 45,584 14,225 103,97 0,771
S % 13,42 1,12 4,81 43,74 0,26
hy =0,1L
TII 0,194 28,849 8,686 46,292 0,615
MMII, A=0,01L | 0,229 29,381 ,34 72,535 0,581
% 18,04 184 753 56,69 553

>
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2. Pe3yJbTaTi po3paxyHKy TOBCTHX IUIACTHH Ta MACHBHMX TiJI

Tabmurs 2
o 0,(0,5L) | 0,(0,5L) | o (LIL) | 7,_(0,5L)
q-10’ q q q q

hy =0,2L
TII 0,259 7,212 2,171 11,573 0,3075
MMII, A=0,01L | 0,368 7,788 2,809 25,939 0,263
5 % 42,08 7,99 29,39 124,13 14,47

h, =0,4L
TII 0,323 1,803 0,543 2,893 0,154
MMII, A=0,01L | 0,858 2,392 1,133 11,548 0,092
5 % 165,6 32,67 108,66 299,17 40,26

hy =0,6L
TII 0,958 0,801 0,241 1,285 0,103
MMII, A=0,01L | 4,399 1,419 0,797 8,364 0,041
5 % 359,1 77,15 230,71 550,89 60,19

hy =0,8L
TII 0,404 0,451 0,136 0,723 0,077
MMII, A=0,01L | 2,875 1,11 0,678 7,19 0,017
5 % 611.,6 146,12 398,53 894,47 77,92

hy=1L

TII 0,207 0,288 0,087 0,463 0,062
MMII, A=0,01L | 20,88 0,99 0,629 6,673 0,004
5 % 9987 243,75 622,99 1341,25 93,55

VY Tabn. 3 npuBeneHi HampyxkeHHs B mepepidi r =0,5L pmnsa Tina 3

CHiBpO3MipHUMH Tabaputamu /= L, 3aBaHTaxxeHOro mo cxemi (pwuc. 8).
3anponoHoBaHol0 Meroaukoro (MMII) Ta

Pesynapratn  Oynu  oTpuMmaHi
TIOPIiBHIOIOTHCS 3 PE3YJIbTaTaAMU METONY CKIHIIEHHUX €JIEMEHTIB.

Tabmuus 3
A o.-q, r=0,5L o.-q,r=0,5L c,-q,r=0,5L

MMII | MCE |6 % | MMII | MCE | 6 % | MMII | MCE | 6 %
L -0,992 | -0,877 13 -1,004 | -0,939 | 6,9 | -0,629 | -0,519 | 21
0,9L | -0,592 | -0,617 4 -0,978 | -0,964 | 1,4 |-0,503 | -0,514 | 2,2
0,8L | -0,379 | -0,369 2,7 | 0,886 | -0,882 | 04 |-0,401 | -0,405 | 1,0
0,7L | -0,219 | -0,225 2,8 | 0,758 |-0,759 | 0,1 | -0,306 | -0,311 1,8
0,6L | -0,158 | -0,146 8,2 | -0,619 | -0,620 | 0,2 | -0,234 | -0,232 | 0,9
0,5L | -0,098 | -0,099 1,0 | 0,473 | -0478 | 1,1 |-0,166 | -0,166 | 0,1
0,4L | -0,066 | -0,064 3,6 | -0,346 | -0,343 | 1,0 | -0,112 | -0,109 | 2,4
0,3L | -0,024 | -0,023 6,6 | -0,212 | -0,220 | 3,7 | -0,054 | -0,050 | 7,2
0,2L | 0,049 0,045 8,9 | -0,116 | -0,113 | 2.4 | 0,004 | 0,008 49
0,1L | 0,157 0,170 7,7 | -0,019 | -0,037 | 48 0,073 | 0,079 | 8,0
0 0,394 0,316 25 -0,003 | -0,042 | 93 0,155 | 0,086 80
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Ha puc.9 mnokazana TteHaeHuis 30ikHOcTi pe3ynbratiB. MMII  mpu
301IBIIEHH] KIJIBKOCTI mpsMUX Bix 3 no 11, mo BixnoBigae KpoKy po3OUTTs
BignoBimHo A =0,5L-0,01L. Byno BcTaHOBIEHO, WO KPOK pPO3OUTTS
A =0,01L npsMUMU IO KOOPAUHATI z € ONTHMAJILHHUM.

10

0,9

h

h=I 04T
nepepis r=0,5L "\\ :

10 -09 08 -07 06 -05 -04 -03 -02 -01 00 01 02 03 04 05

------ 3 NpAMKMX  =====50pAMKUX — — — 7 NPAMKX I NPAMMY e 1] IDAMMHX

Puc.9 Panianibne HOpMasbHE HAaNPYKEHHs O, * ¢ TpH Pi3Hil KiTbKOCTI NpAMUX

BucHoBku. Y naniit poOoTi BpoBapkeHo MOAU(DIKOBAHUI METON NPSMHUX
0 3HW)KEHHS BHMIPDHOCTI JU(EpeHIalbHAX piBHSIHb, 3alMCaHUX B
HWIHAPUYHIA  CHCTeMi  KOOpAWHAT. BusBIeHI OCHOBHI  OCOOJHBOCTI
peIyKyBaHHs BHUXIIHUX IU(PEPEHIIAIPHUX PIBHAHb Ta TPAaHUYHUX YMOB IO
KOOpJHHATI z . TOYHICTH METOAY PEryJiro€ThCsS KUIBKICTh MPSIMUX, ajle TaKOX
3aJIeKHUTH Bifl KpoKy po3outrts. [Ipu A< 0,01 mpu3BOAMTH 10 BTpaTH CTIHKOCTI
obuucioBaIbHOTO Tiporecy. Ilig yac mocmipkeHHs MOAH(IKOBAHOTO METOIY
MPSIMUX BU3HAYEHO MEXIi, NPU SIKMX PO3B’A3KH JAI0Th HAOIMKECHUH Pe3ysbTaT
JI0 aHANITUYHOrO 3Ha4yeHHs (Ki1acTu4Hoi Teopii mactud). [lpu TOBIIUHI
h/L>0,08 BimHocHa moxubka MMII ta xnacudHoi Teopii TOHKHX ILUIACTHH
Oimpme 5%, 1O TOB’SA3aHO 3 OOMEXKEHHSM 3acCTOCYBaHHS TeOpil TOHKHX
riactud. Ha npukiiani MacMBHUX TiJT TIOKa3aHO, IO TOYHICTh 3aIIPOIIOHOBAHOTO
METOAYy HE HIKYA 3a METOJ CKIHUCHHHMX eJleMeHTiB. [Ipu omHakoBiii ciTii
PO3OUTTS pe3yabTaTH BiIPi3HAIOTECA B Mekax 5%. 3 tan.11 Buano, mo MCE
Jla€ TOXWOKY Ha BEpXHIH Ta HIDKHIM T'paHMI, IO IOB’S3aHO 3 CHEHU(IKO0
Meroxy. OTpuMmaHi B JHaHiii poOOTI pe3yabTaTH € OCHOBOIO IIOJAJIBIIOTO
BripoBapkeHHss MMIT nnst po3paxyHKy 3afad TEpMONPYXKHOCTI, TUHAMIiKU (B
JIBOBUMIPHI# Ta TPUBUMIpPHIH IIOCTaHOBII) JUIsi 00’ €KTIB IO BITHOCATHCS JIO TilT
obepTaHHs.
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Levkivsky DV, Kaverin KO, Sovych Yu.V.
RESEARCH OF THE ACCURACY OF THE MODIFIED METHOD OF LINES IN THE
CALCULATION OF AXISYMMETRIC BODIES

This paper shows the application of a modified method of line for determining the stress-strain
state of bodies of rotation under the static load. Differential equations of the theory of elasticity
recorded in the cylindrical coordinate system are used for this purpose. Given the axial symmetry,
the problem is reduced to plane and considered in the coordinate system 0z , circular coordinates
of the desired functions do not change. In the first stage of the method, the dimensionality of initial
differential equations and boundary conditions is reduced by the Bubnov-Petrov projection method
by z coordinate, using local basis functions. As a result, the system of equations is reduced to a
system of plain first-order differential equations that depend on the » coordinate. On the second
stage of the method, the reduced system of equations and boundary conditions are solved by
S.K. Godunov's numerical method of discrete orthogonalization in combination with the Runge-
Kutta method of Merson.

The study revealed all the main features of reducing initial differential equations and boundary
conditions. The limits at which the solutions give an approximate result to the analytical value
(classical plate theory) are determined. The example of massive bodies shows that its accuracy is not
lower than the finite element method. The results obtained in this work are fundamental for further
implementation of MML for calculation of thermal elasticity, dynamics problems (in two- and three-
dimensional formulation) for objects pertaining to bodies of rotation.

The accuracy study was performed on the example of an axisymmetric annular plate of different
thicknesses. The results are compared with values of the theory of thin plates and the finite element
method.

Keywords: thick plates; axisymmetric bodies; theory of elasticity; projection method; modified
method of lines; local basis functions; method discrete orthogonalization S.K. Godunov; boundary
conditions.



ISSN 2410-2547 251
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 103

Jesxiscokuil /[.B., Kasepun K.O., Cosuu FO.B.
JOCJLUKEHHSA TOYHOCTI MOAU®IKOBAHOI'O METOAY NIPSAMUX ITPU
PO3PAXYHKY BICECUMETPUYHUX TIJI

VY nmaniif po6OTi MOKa3aHO 3aCTOCYBaHHS MOIAM(IKOBAHOTO METOAY IPSMHUX IJIS BH3HAYCHHS
HarnpyXeHo-1e(pOPMOBAHOr0 CTaHy TiJl 0OEPTaHHS MPH Aii CTATHYHOrO HaBaHTaKeHHs. [y 1boro
BHKOPUCTOBYIOTbCSL H(epeHmiaabHi pPIBHAHHSA Teopii NPYXKHOCTI, 3alMCaHi B LMIHAPHYHIN
cHCTeMi KOOpOMHAT. BpaxoBylouwm o0cCbOBY CHMETpil0, 3ajada 3BOOUTHCSA [0 IUIOCKOI Ta
pO3rILIAAlThCsT B cucreMi koopaunHat r0z , 1O KOJIOBIH KoopauHATi InykaHi ¢yHKOii He
3MmiHIOIOThCs. Ha mepiiomy erami MeTOQy BHKOHYETHCSI 3HIDKCHHS BHMMIPHOCTI BHXIIHHX
nudepeHniaTbHUX PIBHSAHb Ta TPAaHHYHHX YMOB IpoekuifiHuM MmerogoMm by6nosa-IlerpoBa mo
KOOpAMHATI z , 332 JONOMOIOI0 JIOKaJIbHHX OasucHHUX ¢yHKUii. B pesympraTi cucrema piBHSAHB
3BOAUTHCS 40 CHCTEMH 3BHYaWHHX AU(epeHUiaIbHIX PIBHAHB IIEPIIOTO HOPSAKY, IO 3aJIeKATh Bix
xoopauHatu r . Ha npyromy erami MeToqy pefykoBaHa CHCTEMa PIBHSHb Ta TPaHUYHI YMOBH
PO3B’S3yIOTHCS YUCEILHUM METOIOM JuckperHoi oproroHainizauii C.K. ['oxyHoBa B moeaHaHHi 3
meronoM Pynre-Kyrra Bapiant MepcoHa.

Ilin wac pmocmiKeHHs BHSBICHI BClI OCHOBHI OCOONHBOCTI PEAYKYBAaHHS BHXITHHX
nudepeHnianbHUX PIBHSAHb Ta TPAaHUYHHX yMOB. BH3HaueHO Mexi, NPU SKHX PO3B’SI3KH IAIOTh
HaOIMOKEHUH pe3yabTaT 0 aHANITHYHOrO 3HAYeHHs (KiIacTuyHoi Teopii miactuH). Ha npukiani
MaCHBHHUX TiJI TIOKa3aHO 110 HOro TOYHICTh HE HIKYA 332 METOJ CKIHUCHHHUX elIeMEeHTIB. Pe3ynbraTn
OTpUMaHi B JlaHiii poOOTi € OCHOBOI MOAANBLIOro BrpoBapkeHHs MMII 11t po3paxyHKy 3a1adq
TEPMOIPY)XHOCT], IHHAMIKH (B ABOBHUMIPHIH Ta TPHUBHUMIpHIH MOCTaHOBLI) A1 00’€KTIB IO
BIJIHOCSITBCSI 10 TiJI 0OEpTaHHSL.

JlociikeHHsT TOYHOCTI MPOBEACHO Ha NMPUKJIA/l BiCECHMETPHUYHOI KiJIbLEBOI IIACTHHH Pi3HUX
TOBIIMH. Pe3ynbTaTé MOPIBHIOIOTHCS 13 3HAYCHHSAMM TEOpii TOHKHMX IUIACTHH Ta OTPUMAaHUMU
METOJIOM CKIHYCHHHX €JIEMCHTIB.

KurrouoBi ciioBa: TOBCTI IUIACTHHHM, BiCECHMETPHYHI Tijia, TEOpis NMPYXKHOCTI, MPOCKLiHHMI
MeTojl, MOAW(IKOBAHWN METOJ TNPSIMUX, JIOKalbHi OGasucHi (QyHKIii, METOJ JUCKPETHOI
oproronaiizanii C.K.I'onqyHoBa, rpaHn4Hi yMOBH.

YK 539.3

Jlesxiscokuil /I.B., Kasepun K.O., Cosuu FO.B. locjinxKeHHs1 TOUHOCTi MoaupikoBaHOro MeTOLY
NPSIMUX NPH Po3paxyHKy BicecuMeTpHYHUX TiJ / Onip mMaTtepiaiiB i Teopis cHOpyA: HayK.-TeX.
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YV po6omi noxazano 3acmocysanns moougikoeanoco memooy npsmux Onsi GUIHAUEHHS
HANPYAHCeHO-0ehopMOBaH020 cmany min 00epmanHs 6 YULIHOPUHHILE CUCEMI KOOPOUHAM.
3HudicenHs UMIPHOCMI BUKOHYEMbCA NPOEKYIUHUM MEMOOOM NO KOOPOUHAMi Z , 3a 00NOMOZ2O0I0
noKambHux 6asucnux @yuxyit. Pedykoeana cucmema pieHsHb ma epaHuyHi yMogu po3e s3yionvces
yucenvHum memooom ouckpemnoi opmoeonanizayii C.K. I'ooynosa. Poboma micmume eeauxy
KIIbKICMb YuceabHux pezyabmamis. Jocniodcenns mouyHocmi npoeedeno Ha npukiaodi Kilbyesoi
naacmuHnu pisHux moguwjun. Pe3yiomamu nopisHoiomscs i3 3HAYEHHAMU Meopii MOHKUX NAACMUH
ma ompuManumMy MemoooM CKiH4eHHUX eleMeHmie.
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This paper shows the application of a modified method of lines for determining the stress-strain
state of rotation bodies in a cylindrical coordinate system. Dimension reduction is performed by the
coordinate z by the projection method, using local basis functions. The reduced system of
equations and boundary conditions are solved by the numerical method descrete orthogonalization
of S.K. Godunova. The work contains a large number of numerical results. The accuracy study was
performed on the example of an annular plate of different thicknesses. The results are compared
with the values of the theory of thin plates and the finite element method.
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OIITUMAJIBHE ITPOEKTYBAHHS HUJIITHAPUYHUX PE3EPBY APIB
3 ’KKOPCTKUMHU OBOJTOHKAMMU ITOKPUTTSI.

0.0. Komesuii,
acmipaHT

Kuiscokuil nayionanbhuil ynisepcumem 6ydisnuymea i apximexmypu, Kuie
IHosimpopromcokuii npocn., 31, m. Kuig 03680
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PO3risiHyTO JOCHIPKEHHS MapaMeTpuyHoOi ONTHMIi3alil MaJIMBHUX LMIHAPUYHHUX pe3epByapin
3 JKOPCTKMMH 00OJOHKaMH MOKpUTTA. OTprMaHi HampyxeHHs o Misecy i 3arajibHi HepeMilleHHs
IPOCTOPOBUX KOHCTPYKLIHM Micisi po3paxyHKy onTumisawii Ta moOymoBaHi miarpamu LiIboBOL
¢yHKIil, Ta 3po0IeHI BUCHOBKH HO AaHOMY aociiukeHHio. [Ipy mpoexkryBaHHi i OymiBHHULTBI
IPOMHCIIOBUX pe3epByapiB s 30epiraHHs Ha(TOBHX 1 XIMIYHHX IPOAYKTIB B perioHax nue
IPUCYTHE CelCMIiuHE HABAHTAXKEHH JyXe BOXKIIMBO IPOAHANIZyBaTH BCi KOMOIHALl HaBaHTAXEHb,
SIKi JIIOTH Ha CHOPYAY, a TAKOXX BUOPATH ONTUMAJIBHE PILlICHHs IS TaKol KOHCTPYKLil. SIk npasuiio,
TaKi pe3epByapH MOAUIAIOTHCS Ha: Mig3eMHi i Hax3eMHi. Hag3eMHi HOAIAIOTECS B CBOIO Yepry Ha:
pe3epByapd 3 IUIABAIOYMM JIaXOM 1 3 JKOPCTKUM IOKPUTTAM. B naHiii poOOTI po3risaaroThes
LMTIHAPHYHI pe3epByapH 6e3 MiATPHMYIOUHX pPeOp 3 KOPCTKUMH 00O0TOHKAMH ITOKPUTTL.

Jlnst BUpIIICHHs 3a7ad MapaMeTpUyYHOl ONTHMI3alil pO3rIAA€ThCs MaTeMAaTHYHHH METOX
IPAJIEHTHOTO CIyCKy, sKuil OyB 3ampomoHoBaHuM PoszeHom. Mera Metomy — 3a [JOIOMOIOO
BUXIIHUX JJaHUX LUIIXOM iTepaliii 3HaXOAUTH ONTHMAJIbHE PILICHHS [JIsi KOHCTPYKIT IIPH 3aJaHUX
3MIHHHX TIPOSKTYBaHHS 1 OOMEKCHHSX, SKi HAaKJIaJaloThCsd Ha BIATYK KOHCTPYKUii. Merox
IPaiEHTHOrO CIycKy nependavae Oe3 monepeanix miaoopiB MONepeYHOro nepepizy KOHCTPYKIi Ta
1l MOJENIOBaHHS, LIO HPOBOIUTHCS 3 ypPaxyBaHHSAM BHUXIIHMX [aHHUX Ta CIOCOOM 3’€JHAHHS
KOHCTPYKILII 3 JKOPCTKUM [HCKOM 3eMili a00 IHIIMMH KOHCTPYKLISIMH, a TaKOX BpaxXyBaHHS
00’€KTHBHHX IPUYUH.

Bynu nmoGynoBaHi fBa BapiaHTa po3paxyHKOBHX IIPOCTOPOBUX MOJENICH MaIUBHUX pe3epByapin
3a JIOMOMOIOI0 METO/ia CKIHYEHHHX eJeMEHTIB. By npukiazeHi 30BHIMHE CTaTHYHE 1 JUHAMIYHI
HABAaHTAXKCHHS Yy BHUMLIAL ceiicMiku, Tak sK OymIBHHLTBO pe3epByapiB pO3IIIAETHCS B
CEiCMOAKTUBHHUX pailoHax YKpaiHH. 3a JOMOMOroX HOBOI METOAMKH OyiM BH3HAYEHI 3MiHHI
[POEKTYBaHHsI, @ CaMe TOBIIMHA 000JI0HKH OT 1 10 100 MM i 0OMeXeHHs HanpyKeHb 110 Misecy 260
MIla i nepemimennst mo ocsim X,Y,Z, 15 mm. LlinboBa (QyHKLisS — Maca NAJMBHOIO pe3epByapy.
Bapianty pesepByapiB BiApI3HSIOTBCS T€OMETPIEI0 JKOPCTKOI OOOJOHKH MOKPUTTS. [lyist mepiioro
BapiaHTy — JKOPCTKa KOHYCHa OOOJIOHKA MOKPUTTS, IS iHIIOrO BapiaHTy — OPCTKAa CErMEHTHA
000JI0HKA HOKPHUTTA. Bci iHII reomMeTpuyHi mapaMerpu, KiIbKiCTh i BUA CKIHYCHHHX CJICMEHTIB,
YMOBH KpIiIUICHHS 1 BHJM HABaHTaXCHb OJHAKOBi. L[MKJiB omTuMi3alii Ui pO3paxyHKy B JIBOX
Bapiantax — 20. bBynu moOynoBani nimboBi ¢yHKUIl Mo nuKkIaM ontuMisanii. JliarpamMu moxasan,
II0 Bara MaJIMBHOTO pe3epByapy 3 JKOPCTKOIO KOHYCHOIO OOOJIOHKOIO IMOKPUTTS € 155.2 ToHwm.
[TanuBHUIT pe3epByap 3 CErMEHTHOI JKOPCTKOI O0OJIOHKOIO MOKPUTTs Mae Bary 187.5 tonu. Takum
YUHOM, NAJUBHUH pe3epByap 3 )KOPCTKOI0 KOHYCHOIO ODOJIOHKOIO MOKPUTTS Ha 32.3 TOHU Mae Bary
MEHIIIe, 33 Pe3epByap 3 CErMEHTHOIO JKOPCTBOIO OOOJIOHKOK MOKPHUTTS, IPU LBOMY MaKCHMAJbHI
HanpykeHHs 1Mo Misecy i nepemiiueHHs mo ocsaM X,Y,Z, 3HaXOmsATbCS B MeXaxX MOIYCTHMOIO
3Ha4YeHHSA. MOXXKeMO 3pOOMTH BHCHOBOK, IO NAJMBHUH pe3epByap 3 IKOPCTKOI KOHYCHOIO
000JIOHKOIO TIOKPUTTSI € OiJIbII ONTHMATIEHUM PILICHHSIM.

KumrouoBi cioBa: Meton ckindennux enementisB (MCE), uminboBa ¢yHKLis, mapameTpuyHa
ONTUMI3aLis, WIIIHAPUYHHI MaTMBHUH pe3epByap 3 )KOPCTKOI OOOJIOHKOI IOKPUTTS, CTATHYHE
HaBaHTaXCHHS, Lll/lHaMi‘-lHe HaBaHTaXXCHHA.

Beryn. Ilpu mpoektyBanHI i OymiBHUITBI MPOMUCIOBUX PE3EPBYapiB ISt
30epiraHHs Ha)TOBHX 1 XiMIYHHX MPOAYKTIB B PETiOHAaX Jie IPUCYTHE CEUCMIYHE

© Komennii 0.0.
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HaBaHTAXEHHS Jly)Ke Ba)XJIMBO MPOAHAJi3yBaTH BCI KOMOiHallil HABAHTa)KEeHb, SIKi
IIIOTh HAa CIIOPYLy, a TaKOX BHOpaTH ONTUMAJIbHE pIOIEHHS UL Takol
KOHCTpYKWii. Sk mpaBuio, Taki pe3epByapu IONUISIOTBCS Ha: TMiI3eMHI i
Ha/j3eMHI. Haa3eMHi MOIIISIOTHCS B CBOIO Yepry Ha: pe3epByapH 3 IUIaBalOulM
JIAXOM 1 3 )KOPCTKUM TMOKPUTTSAM. B maHiii poOOTI po3risialoThesl Ui HAPUYHI
pe3epByapu 0e3 MATPUMYIOUHX pedp 3 HKOPCTKUMU OOOJIOHKAMH TIOKPHUTTS, 11100
OLIIHHTH, SIK BILTUBAE )KOPCTKE KPIIUICHHS HAa 3arajlbHi HarpyxeHHs no Misecy, Ta
3araJlbHi  TMepeMillleHHs, 1 SK Tpd aBTOMAaTH30BaHOMY ONTHMAJILHOMY
MIPOCKTYBaHHI 3MIHIOETHCS TOBIIMHA OOOJIOHKH, BIQNOBiNHO, 1 1i Maca
KOHCTPYKIIii.

OpHUM 13 TOJOBHHMX €TalliB IpHM IIOCTAHOBII 3a7a4yl mapaMmeTpUYHOl
onTUMizamii Uil [OWIIHAPUYHUX pe3epByapiB 3 JKOPCTKUMHU OOOJOHKAMHU
MOKPUTTS € BHOIp MaTepiaidy, moOyJoBa CKIHYEHO-EIIEMEHTHOI MoJeni Ta
BUKOPDHCTaHHS Pi3HMX BHIIB CKIHYEHHHUX €JIEMEHTIB, TaK fAK IX MOXHa
MOJICTIOBaTH 3a JIOIIOMOIOI): CTEP)KHEBHUX, IUIACTHHYACTUX, OOOJOHKOBHUX,
0o0’emHnM TimoM. lle Bce BIUIMBa€ Ha MakKCHMalbHE IO peabHUX YMOB
MOJICITIOBAHHS 3aJa4 TapaMeTPUYHOI ONTHMIi3allil, MPaBWIBHICTE 1 TOYHICTH
pe3ynbTary, a TAKoXK Ha CKJIaHICTh POOOTH.

[Migxonm no BUpilIeHHs 3a/7a4i NapaMETPHYHOI ONTHMI3allil BaXJTUBHX 1
CKJIaJIHUX KOHCTPYKUiHM, MJOCBiJ OyHiBHMUITBA 1 IPOEKTYBaHHA SKUX —
OOMEXEHUIl, a aHaIOriYHi MPOEKTH MOXYTh BIAPI3HATUCA  PIZHUMH
OCOOJIMBOCTSIMU AY)K€ BaKJIMBUH, TakK SK, KOXKHA HOBA 3ajlaya 3 ypaxyBaHHSIM
MOCTAaHOBKH Ta TIOIIYKY ONTHMAJIBHOTO PIllIeHHS Ma€ HayKOBY IIHHICTH LIS
PO3KPHUTTS MPOOJIEMH TapaMETPHYHOI 1 TOMOJIOTTYHOI ONTUMI3aIlii TPOCTOPOBHX
KOHCTpYKLiH. Takok Lie CTOCYeThCsI KOHCTPYKIIH MacoBOro BHPOOHUIITBA, 3a
JIOTIOMOT'OF0 TAKHX 3aJ[ad € MOKIIMBICTh 3MEHIIEHHSI MacH KOHCTPYKIii, BUTpaT
MaTepiaJiB 1 CHpPOBHHM Ta MiA0ip paliOHANBHOI TEXHOJOrl MOHTaXY
KOHCTPYKIIi 3 ypaXyBaHHSIM apXiTeKTypHOI BUPa3HOCTI Oy/IiBIII YK CHOPY.IH, Ta
PI3HUX T€OMETPUYHHX MapaMeTpiB KOHCTPYKIIi.

Jns  BupimeHHs 3a7ad  MapaMeTpu4yHOl  ONTHMI3alil  PO3TIIsIaeThes
MaTeMaTU4YHUA METONl TPAJIEHTHOTO CHYCKY, SKHHA OYyB 3ampOrOHOBAaHUM
Posenom. MeTa MeTomy — 3a JOMOMOTOK BHXITHHX JAHHX IIIIXOM ITepartiit
3HAXOIUTH ONTHMAalIbHE PIMIEHHS JUIi KOHCTPYKLIi NpW 3aJaHuX 3MiHHHX
MPOEKTYBAaHHS 1 OOMEXEHHSX, SKi HAKIaJaloThC HA BIATYK KOHCTPYKIIII.
TpaguuiiHuii MeTox TPOEKTYBaHHS KOHCTPYKWIi Tmepeadauvae 3aJaHHA
MOTIEPEHIX PO3MIpiB, MOOYIOBa CKIHUCHO-EJIEMEHTHOI MOJIENi Ta BUKOHAHHS
CTaTUYHOTO 1 JUHAMIYHOTO PO3paxyHKy 3a JBOMa I'paHUYHUMH cTaHamu. [loTim
BUKOHYETBCS ~KOPETYBaHHS IapaMeTpiB  KOHCTPYKLii, 3 ypaxyBaHHAM
PO3paxyHKy 1 mepexij 1o Oe3mocepeHbOro MPOSKTYBaHHS KOHCTPYKIIi Ta 1l
BY3IIiB 3’€JHaHHS 3 IHIIMMH KOHCTPYKIISMH. METON TpaJieHTHOTrO CITYCKY
nependavae 0e3 MonepeaHix miIoopiB MONEPEeYHOro nepepizy KOHCTpyKii Ta ii
MOJICTFOBaHHSI, 10 TPOBOJUTHCS 3 YpaxyBaHHSAM BUXIIHUX HAaHUX Ta CIOCOOH
3’€¢[JHAHHS KOHCTPYKIIT 3 JKOPCTKMM JUCKOM 3eMji a0o  iHIIUMH
KOHCTPYKIISIMH, a TAKOX BPaxyBaHHS 00’ €KTUBHHX MPUYKH.

KnacnunuM npukianoM BUpILIEHHS 3a/1a4i ONTUMAaJbHOTO IPOEKTYBaHHS
MaTEeMaTHYHHUM METOJIOM TPai€HTHOrO CIYCKY € MiA0ip MOMepeuHoro nepepisy
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CTEP)KHBOBOI KOHCTPYKIIIT Mif| Ti€r0 KOMOiHAIl{ 30BHIIIHIX HaBaHTa)KeHb. J[i1s
CKJIaIHUX KOHCTPYKINH, abo Iiiux OyaiBedb i CIOpy[, NPH 3alaHi CKiHUEHO-
eJIEMEHTHIN MoJiei miadip MonepeyHoro nepepizy KOHCTPYKIII 3BOMUTHCS 10
migoopy ii 4acTWH, BUXOJSMYM 13 PiBHSHb CTATHKH, IO BHPAXKAIOTH 3aJIEKHICTh
BHYTPIIIHIX 3YCHJIb BiJl 30BHIIIIHIX HABAHTaXXCHb.

Jlis craTHYHO HEBM3HAYEHUX KOHCTPYKIIH MPU BUKOPHUCTAHHI KJIIACHYHOTO
MiAX0y TPOEKTYBaHHS HEOOXIJHO 3a/JaHHS JKOPCTKOCTI OKPEMHUX EJIEMEHTIB
KOHCTPYKIIi Ta PO3paxyHOK KIaCHYHMMHU METOAaMU OyIiBesbHOI MexaHiku. B
LOMY BHIIQJIKy PO3MOAIT 3yCHJIb B KOHCTPYKLii a0o ii 4acTWH BW3HA€EThCA
YMOBaMHU CyYMiCHOI JedopMarllii YaCTUH KOHCTPYKINI 1 MPaBHIBHOCTI 3aaHHS
BUXIJHUX JaHHX, 00 OTPUMATH peajibHi pe3ynbTaTi. Takoxk HeoOXiAHO Biaie
3alaHHsl PO3MIpIB Mepepi3y KOHCTPYKINI, TaK SK Ii¢ BIUIMBAE Ha >KOPCTKICTH
KOHCTpyKii. [Ipy BUKOpHCTaHHI MaTEMAaTHYHOT'O METOAY I'PaiEHTHOTO CITYCKY,
LILOr0 MOJKHA YHUKHYTH TaK SIK JIOCTATHBO NPaBHIIBHO MO0y TyBaTH IPOCTOPOBY
CKIHYCHO-EJIEMEHTHY MOJIEIb 1 3aIJaHHS KOMOIHAI[I1 30BHIIIHIX HABAHTA)KCHb.

IIpu po3B’s3yBaHHS 3ajadi MapaMeTPUYHOI ONTUMI3allii, CIiJ TPHIIIUTH
yBary Merofly ii BHpIIICHHsA, a TaKOX IPAKTHYHOTO HOr0 BHKOPHCTAHHS.
BpaxoByroun, 110 pe3ynbTaT IMOBUHEH BpaxoBYBaTH Oe3iid (hakTopiB 1 BUXIiJHI
JIAaHUX, 100 JOBECTH PO3PaxyHOK /IO pe3yJbTaTy, HEOOXiTHO MaTH TEOPETUUHY
YacTHHY, sika Oyne copMoBaHa i MPUIHHSATA B CyJacHIH MPaKTUIll TIPOSKTYBaHHS 1
3aJI0BOJILHATH METO/IM PO3PaxXyHKy KOHCTPYKIiH Oy/liBebHOT MEXaHIKH.

[lpu HeniHiiHOMY pO3paxyHKy OOOJIOHKOBHX KOHCTPYKIIH,  Cif
BpaxoBYBaTH, IO BCi OOOJIOHKOBI KOHCTPYKINI IiJAKOPIOIOTBCS 3aKOHAM
NiHilHO-IeOpMOBaHUM  cHCTeMaM. IX (i3MYHOI0 HENMiHiHHOCTIO MOXHa
3HEXTYBaTH 3a PaxyHOK JeTaiizalii Ta XapakTepy poOOTH CTaJbHUX
KOHCTPYKIIiH, TaK sSIK aBTOMaTH30BaHE ONTHUMalIbHE MPOSKTYBaHHS KOHCTPYKIIii
MU pO3IIISAAEMO TUTBKU B MEKaX MPYKHOI pOOOTH CTaJIi.

Buxinni gaHi Ta mpocTopoBa po3paxyHKOBa MOJEIb KOHCTPYKLIi onmucye ii
HaNpyXeHO-1epOpPMOBaHHA CTaH, el CTaH MO)KHA BHPAa3UTH 3a JIOIIOMOTOI0
piBHAHB a00 HepiBHOcTel. OO’eqHAHI €IMHOI (QYHKINE il OOMEKEHHS,
MOXIIUBOCTI pIllIEHHS, € MaTeMaTHYHOI MOEIUTIO 3a/adi, sSKa B OYyAb-sIKOMY
BUIIAJKy - HEJiHIMHA, TaK SIK Ma€ HENiHIHHY 3aJeXHICTb B3a€MO3B 53Ky MIX
mapaMmeTpaMu 00’€KTa, IO MPOCKTYETHCS, B 3aJICKHOCTI Bifl TOrO, sKi 3 HHUX
NPUHHATI, 1 SIKI MOXKYTh 3MiHIOBaTHCs. HaBiTh y BIZIHOCHO BY3bKHX 3ajiadax
mig00py ONTHMAIBHOTO IMOMEPEYHOro Iepepizy OOOJOHOK, SKi OMHCYIOThH
TIOIIYK PO3MIpiB Mepepi3y € HeMiHIHHIM BiJIHOCHO HEBIIOMHUX HIapaMeTpiB.

Amnani3 myosikaniii. Ha Tenepinsiii yac B ramy3i OyJiBelbHUX KOHCTPYKIIH 1
OymiBeNbHIN MEXaHIKM € BEIUKWN JOCBIJ TMOCTAHOBKHM 1 BHpINICHHSA 3a1ay
MapaMeTpu4HOi  ONTHMi3amii 3 BHKOPHCTaHHAM MAaTeMaTHYHOIO METOAY
IPaJi€HTHOTO CIYCKY MPH TMOOYIOBI PO3PaXyHKOBHX MOJIEICH 3a JIOMOMOIOIO
METOJly CKIHYEHHHX €JIEMEHTIB Ta aHAITUYHUX METOJIB OYIIBEbHOI MEXaHiKH.
Moan}ikoBaHUX METOA TPAAIEHTHOTO CIYCKY JUISl ONTHMAJIBHOTO NPOSKTYBaHHS
Oy/iBETbHUX KOHCTPYKIIH BUKOPUCTOBYEThCS B poOOTI [1]. ABTOMaTH30BaHa
napaMeTpudyHa  ONTHUMI3allis 3a  JIONOMOTOK  MaTeMaTHYHOTO  METOAy
IPaJi€HTHOTO CITYCKY JJIs OOOJIOHOK 3 ypaxyBaHHSIM CTATHYHHX 1 JUHAMIYHUX
HaBaHTa)XeHb, a00 ONTHMI3allisl BIACHUX YacTOT KOJIMBAHb DPO3IISIAETHCS B
poborax [2-4]. B OGinmbmiocti, y3arajdbHeHHs BapialiiHux MmeroziB Jlarpamxka i
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KacrinbsiHO, SIKi BHKOPHCTOBYIOTHCS JO 33/1a4 ONTHMAJIBHOTO IPOEKTYBaHHS
CTEpP)KHEBUX CHUCTEM NPHUBOIUTHCS Yy poOoTi [5]. Bukopucranns wmeromy
CKIHYEHUX €JIEMEHTIB JI0 BHpILIEHHSA 3aJad y Cy4acHOMY Oy/IiBHHITBI
BHKOPHUCTOBYETHCS B pOOOTI [6].

Merta crarri. [locnmipkeHHs TapaMeTpUyYHOI ONTHMI3alii MaJUBHUX
pe3epByapiB 3 KOPCTKMMHU 00OJIOHKaMU MOKPHUTTS C YpaxyBaHHIM CTaTHYHUX i
MUHAMIYHUX HABaHTa)XCHb, MMOOyAOBa MiIIBOBOI (GYHKIII IO  IMKIAM
onTuMizaii. 3p0OUTH BUCHOBKH 10 IAHUM JOCITiDKEHHSIM.

Teoperuuni  Bimomocti. B  onrumizaumii manMBHHX — pe3epByapiB
BUKOPHCTOBYETBCS MaTEeMaTHYHHH METOJ TPOEKUil rpajieHTa mpu 1o0ynoBi
PO3PaXyHKOBOI MOJENI METOAOM CKIHYCHHMX €JIEMEHTIB IUIS BUPIIICHHS 3a7ay
napamerpudHoi ontumizanii [1]. B Teopii onTuManbHOrO NPOEKTYBaHHS
PO3IIISIAIOTHCS 3a/1a4i BU3HAUSHHS (POpMH, PO3paxyHKOBOI MOJEN1, BHYTPIIIHIX
BJIACTHBOCTEH 1 yMOB POOOTHM KOHCTPYKIIii, SIKI IPHBOIATH IO EKCTPEMYMY
(MIHIMYM YH MakCHMyM) BHOpaHOI XapaKTEpUCTUKH KOHCTPYKIIl Mpu
JIOAATKOBUX OOMEKEHHSIX.

Konm BuOpaHi 3MiHHI POEKTYBaHHSI, 3a7a4y ONTUMAaJIbHOI'O NMPOEKTYBaHHS
MOXHa c(hOpPMYJIOBaTH Yy BUIVIAII, MIO TpeAcTaBieHi B poOorax [2-4].
OCHOBHUI1 eran npu pillleHHI 3a7a4i ONTHMAaJBHOTO NMPOEKTYBAHHS CHCTEMHU,
sika 1eopMyeThCs, € BUOIp MaTeMaTH4HOI MOJEN caMoi CHCTEMH, MaTepiaiy 3
SKOr0O BOHa BHMKOHaHa. B 3aJeXHOCTI BiJ CHIBBIJHOLIEHh OCHOBHHX
TEOMETPUYHHUX MapaMeTpiB, pO3MipiB, MOBa MOXKE WTH IpPO OOOJOHKOBY
cucTteMy. BaxuBuM erarmoM € TakoX BHOIp MoOjeni Marepially CHCTEMH
(IpyXHHH, MPYKHO-IUIACTHYHUH, MKOPCTKO-IUIACTUYHUK U T.4.) KpiMm Toro,
MaTtepiaj Moke OyTH i30TpOIHUM, OPTOTPOITHUM abo aHi3oTpormHuM. Haperri,
MaTeMaTu4Ha MOJENb KOHCTPYKIIT MOke OyTH JIHIHHOI0, 200 TEOMETPUYHO YU
¢iznuHO HemiHiWHOW. BaxinBe 3Ha4YeHHS pIZHUX TEXHIYHUX BHMOT,
MIPOITOHOBAHUX J0 KOHCTPYKII, IO MPOEKTYETHCS, BUPAKAETHCS B 0araTthbox
KPHUTEPIsX ONTUMAJIBHOCTI 1 OOMEXeHb, HEOOXIIHHUX NpPU ONTHMAIBHOMY
MPOEKTYBaHHI KOHCTPYKIii, [0 MPUBOIUTH /IO BEIMKOrO Pi3HOMAHITTS 3a/ad
OIITUMAJBHOTO ITPOEKTYBAHHSL.

3naiiTi Takwmii poekt S (BexTop X, %), 1O

JJ;C{SJ =0mpn k=12 ... &k,
g;(8) = 0mpu j =1:25 v - (1.1)

@ynk1ig (5} MiHiManbHa. Yepe3 S mo3HaueHa Jeska TOYKa B IIPOCTOPi
NPOEKTYBaHHS, sIKa BU3HAYA€THCS IEBHAUMH BHOpaHMMH 3MiHHUMHU. B
OinbLIOCTI  3a7ayax yMOBM Ha (QyHKUioHanun hy 1 g; BU3HAYAOTHCA

OOMEXEHHSIMH Ha TIOBEIIHKY KOHCTPYKIII MiJ HaBaHTa)KEHHIM, aine AesKi i3
HUX MOXYTh BiZOOpakaTH 3aaHi pO3ALIH MiANPOCTOPY MPOSKTYBAHHS.

[MuraHHs B TOMY, Ma€ 3a7a4ya, BU3HAYEHHS B 3arajibHOMY BHIJISAI YMOBH
(1.1) pimeHHsl, 3aTAMIAETHCS BIIKPUTHM 1 JIUII B OKPEMHX BUIIAJIKaX MOXe OyTH
BUpillleHa Ha OCHOBI (hi3u4HOI iHTYiWii. Tex came MOXKHA CKa3aTu 1 BiZHOCHO
€IMHOTO PIllIeHHSI.

I3 (1.1) BunTMBaE, mo SAKIO S € ONTUMAIBLHUM PIIICHHSIM, TO MaJli Bapiamii
&5 BcepeyHI iANPOCTOPY MPOEKTYBaHHS 33JOBOJIBHSIOTH BUMOTH.
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5h.(5) =0 mpu k= 1;2; .. .k,
.Egj-{.ﬁ'] =10 OJIR BCIX f, IpH AKHX
6g;(51 =0 gj(s) = 0. (1.2)

Ie xkmacuyHa BapiamiliHe (HOPMYIIIOBAHHS SBISETHCA HEOOXITHOI YMOBOIO
OINTHUMAJIBHOTO PIIIEHHSI.

YmoBy (1.2) MOXXHa TpENCTaBUTH B iHIIIHA, 4acTo OULIbII 3py4Hild (opMi.
JIJ1s IpOCTOTH NMPUIYCTUMO, IO 3MiHHI MPOEKTYBAaHHS BU3HAYarOTh N IiHCHUX
YHCeN, TaK, MIO IMPOCTIp MPOEKTYBaHHS MOXKHA MPEACTaBUTH K N-BUMipHE
€KBIBaJICHTHE MPOCTOPY.

[Toznaunmo vepes S nesike TOIMyCTUME PillieHHs, a Yepe3 55 HOro J0BUIBHY
Bapiallilo B MeKax IiANpocTopy MpoekTyBaHHs. SIkwo f;, (5} = 0, To Bapiauii
§S TeprneHAuKyIsIpHa 10 BCiM Bektopam Whi (S} k = 1;2;....k), Ac HaOma-
omeparop V o3Hawyae rpamieHT. [logiOHUM YHHOM OOMEKEHHS y BHUIJIAL
aKTHBHUX HEpiBHOCTEH g {5) = 0 notpebyroTs, mOO6 Bapiamis 55 He Mana
KOMIIOHCHT B TIO3UTUBHOMY HampsMKy ¥ g; (5)

3BijicH MOKHA 3pOOUTH BHCHOBOK, IO 71 OyAb-KMX AiMHUX uncen A; = O
i ¥ =0 MpoeKIii &S Ha BEKTOp

=1 Vi (5) + X5 v;Vg;(5) (1.3)
He mo3utuBHHUA. CHMBOI EJ’.- MO3HAYa€e, 10 cyMa OOMEXKEHa JHII TUMH
3HAYEHHSIMH j, JUIS KOTPHX g; {5) = 0. Inmmmu cinopamu, Oyb-AKUii HATIPAMOK,
KM Mae KOMIIOHEHTY B Oyap-skoMy i3 HampsMmkiB (1.3), Beme 3a Mexi
BU3HAYEHOT0 IPOCTOPY.

11106 3MEHIMTH LiNbOBY (YHKIIO @@, HEOOXiJHO PyXaTHCS B HANpPAMKY,
AKUH Ma€e Oyab-AKy MO3UTUBHY KOMIIOHEHTY B HETaTUBHOMY HaNpsAMKY Vg, aje
AKIIO IIefl HampsAMoK —Wg € Oyab-skuM i3 HampsmiB (1.3), To Higkuit pyx
BCEPENUHY IOMYCTUMOIO MPOCTOPY HE MpHBEAE [0 3MEHIIEHHS LiIbOBOI
¢oynkmii. Otxe, B Oyab-sKii i3 ONTHMAaJbHUX TOYOK —WVg € OAHHMM i3
HanpsiMkoM (1.3). BukopucToByroun 110 00CTaBUHY, MOKHA 3pOOHTH BUCHOBOK,
SIKILO S € ONTHMAIIBHUM PILICHHSM, TO iCHY€ Psi TakuX AifiHuX ducen ; =0 i
JOMATHUX YHCEN A, 110

—p(5) = TE_, 4,V (5) + ) v Vg; (5). (1.4)

®opmyna (1.4) Bupaxkae ymoBy onrumizanii Kyna-Takkepa. Konu Hemae

aKTUBHHX OOMEXeHb — HEpiBHOCTEH, BEIMUHHY 1 ; MOXHA iHTEPIPETYBATH K

MHOXHUMKHM Jlarpamka. [l 3amaui Oe3 oOMmexxenb ymoBH KyHna-Takkepa
3BOAUTLCA 10 yMoBU Voo = 0.

Ockinbky BimHomeHHs 1.2, 1.3 3a10BosbHsIE OyIb-5IKi CTalliOHAPHI PillIeHHS,
BOHH caMi 1o co0i He MOXKYTh 3a0€3MeUUTH INI00aTbHY ONTHMI3allilo, aje BOHU
CTBOPIOIOTh OCHOBY, Ha Ky OyIyTh IMOCHJIATHCS OUIBIIICTH JOCIIIKEHb IO
OINITUMAJHHOMY TIPOEKTYBaHHIO.

1106 BreBHHTHCS B TIIO0AIBHOCTI OYAb-SIKOTO i3 NOCSATHYTHX MIHIMYMIB,
HEOOXiTHO TPOBECTH NOJATKOBI JOCIHIDKEHHS. 30Kpema, SIKIIO IOMYCTUMHIA
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MIPOCTIp MPOEKTYBaHHS BUIYKIWH, IIJIOBUHA (QYHKIIOHAN abo BHUITYKIIHi, abo
BBITHYTHH, TO JESKi TeOpeMH HEJIHIHHOro IMpOrpaMyBaHHSI MOXYTh JaBaTH
BaXUTUBY 1H(OpMalilo, BiJHOCHO TJ00aJbHOCTI, @ TaKOX IPO CTAHOBUILE
MOJKJIMBOTO pilieHHs [7].

S0 HinboBa (QyHKIA @@ € yHIMOJANBHOIO (MAlOUH OJUH €KCTPEMYM), TO
MOIIYK ONTHMANBHOTO pIilIEHHS CIPOIIYEThcs. MynbTUMoAambHi  QyHKIIT
MOXXYTh MaTH JEsIKi ONTHUMalbHI pimieHHA. J[is Takux (yHKINN TiI00ambHE
ONTUMAallbHE DillleHHs Hagae co0Ol0 HailiMeHIe 3Ha4yeHHA @(5), Tomi K
JIOKANbHI ~ ONTHUMAaJbHI  pIIIEHHS  IPEACTAaBISIOTH COOOK  HaliMeHIe
3HAueHHs @ (X;) B OKONHMII ONTHMAIBHOTO TPOEKTY 5L, Sk s rioGampHOro,
Tak i Uil JIOKAIBHOrO MiHIMyMY g@{5%) =< @(5), age i 1I06anbHOro
ONTUMAJIBHOTO PIllICHHS II€ BIAHOIICHHS BHKOHYETHCS JJISA BCIX f;_. B E™, Toni
JUISL JIOKAJIBHOTO ONTHUMAJIBHOIO PIIIEHHS Lell MPOCTIp Mae MiCIe TiJIbKH JJIs
JIeSIKOT OKOJIHITI.

Ha mnpaktumi npumymieHHs 0Opo Te, IO JIOKaJbHUH EKCTPEMyM €
rJ00aJbHUM, MOXKE€ OYTH TEepeBIpeHO NUIIXOM BHKOPHUCTAHHSA JESKUX
MOYaTKOBUX BEKTOPIB, ajieé HaBITh SKIIO 3HAHIEHO OJHE HaIMEHIe JIOKaJIbHEe
pillleHHs, B 3araJlkHOMY BHIAJKy, HEMOXIIMBO IIOKa3aTH, IIO e pillleHHs
000B’SI3KOBO € TJIO0ANBHUM ONTHMANbHUM mpoekToM. llinpoBa ¢QyHKIIS €
TIO3UTHBHOIO 1 BOJIOJIE €JMHUM eKcTpeMyMoM. Lleit ¢akT BcTaHOBIIOETHCS Ha
OCHOBI TIOHSITH BUITYKJIOCTI 1 YBIPHYTOCTI (pyHKIIi.

Oyukuis (¥, ) HasuBaeThcs BHMYKIOI B 00macTi R, SKIIO [T THOGHX
BEKTOPIB Xz i Xjw € R

o688y + 0 - 0%, ) < 80(F,) + 0 — e (). (1.5)

SIk1i0 Mae MicIie HepiBHICTh, 10 3BopoTHA (1.5) To QyHKIliSA HA3UBAIOTHCS
BBITHYTOIO.

JudepeHuianpHa BUITyKIa (GYHKIISI BOJIOAI€ HACTYITHUMH BIIACTUBOCTSIMHU

L o(%ie) = 9% ) = V(R ) (B = Ko ): sonn moix Koy 1 Ko

a¢
dxdx;

2. MaTpuI ( matpu 'ecce ) MO3UTHBHO HaIliB BU3HAYCHA,;

3. B obmacri R dynkuis @ X, ) Mae Tinbkn oun excTpeMyM.

3 TMOHATTS BHIIYKJIOCTI BUTIKAE BaXIMBUH pe3ylbTaT MaTeMaTHYHOTO
nporpamyBaHHsi. SIKio MiHiMizawis pYHKIIT @ BUITYKIa | KOKHA QYHKLis g; I[,}(7 ;_.]I,
sKa 3a]a€ OOMEXKEHHs y BUIIIS/II HEPIBHOCTI — YBIrHyTa (DYHKILis, TO JIOKAIbHUI
MIHIMyM SIBJISIETbCSI TaKOK 1 TJIOOATBHHM MIHIMyMOM. | aHayoriyHO JIOKaIbHUI
MaKCHMYM YBITHYTOI (DYHKII SIBISETHCS TII00IBHUM MakcuMyMoM [1].

PesynbraT 4ymMcaoBHX AocigxeHb. BakiuBuil eneMeHT MNOCTaHOBKU
3aa4l ONTHMAJIBLHOTO ITPOEKTYBaHHS — BUOIP MEXaHIYHOI MOJENi IpoLlecy
nedopMyBaHHS, sKa BimoOpakae (i3MYHI 3aKOHH TOCIITHOTO MPOIIECY 1 peasibHi
BJIACTHBOCTI MaTepialliB, MATEMaTUYHO BUPAKEHUX y BUIIISAJI PIBHSIHHS CTaHYy.
KoeginieHTH 4YyTIMBOCTI, $SKi BHKOPHCTOBYIOTHCS B IIbOMY IIOIIYKOBOMY
MPOLIEC], PO3PaxXOBYIOTHCS B XOJl aHai3y YyTIMBOCTI MiA0OpY TOBIIUHU
00O0JIOHOK TTaJIMBHUX pe3epByapiB.
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[MapamerpuyHa onTUMI3alis 103BOJISIE 3HAWTH ONTUMYM KOHCTPYKINT B X0
MiHiMi3amii abo MakcuMizalii npu3HaueHol miapoBoi (yHKIii. B mporeci
ONTHMi3amii TNaNMBHUX pe3epByapiB MijOMparoThcs (i3W4HI mapamerpu
MOIIEPEYHOr0 TMepepi3y OO0OJOHOK, IO € MPOSKTHUMHU 3MiHHMMHU. [Ipu 3MiHi
MPOEKTHUX HEBIJIOMUX TOBUHHO BHKOHYBAaTHCS OOMEXKEHHS, /ISl HAIIOro
BUNAJKy, IIeé MaKCHMalbHI HalpYKeHHS 1 MepeMillleHHs, sSKi HaKIaJeHl Ha
BiJI'yK KOHCTPYKIIT 1 Ha 3MiHHI IIPOEKTyBaHHL.

B xoni aHaii3y 4yTIMBOCTI pO3paxOBYEThCS BiJHOIIEHHS, KOJIU HEOOXITHO
Moau(DiKyBaTH KOHCTPYKLilO, sKka HeedexkTuBHa, 100 MoxHa Oyio
3alpoNOHYBaTH BapiaHTH Ul 3MEHIICHHS 1i IIOIEepPEeYHOro Imepepi3y, Mo
NpUBeNe 10 3MEHIIEHHS Macu. ['0JIoBHa Liib ONTHMI3alli — aBTOMAaTU3yBaTH
JUTS TaHOi 3ajadyi Mpolec Miadopy MOMEpEeYHOro mepepizy, BHKOPUCTOBYIOUH
JUTSL 3HAXOJKEHHSI KPAIloro BapiaHTy KOHCTPYKIIIT YHCETbHUX METOIB.

MaremaTtuuHe  TIpeACTaBIEHHS  3aJadi  NPOSKTYBAHHS  HA3WUBAETHCS
3araJlbHOI0 (POPMYJIIOBAHHSAM 3aladi ONTHMi3allii MO)KHA 3alucaTH Tak:
F(¥) = min, ge ¥= (X, X%..... X, ) - 3viaHi npoexryBanus. [Ipu 1pomy
MOBHHHI BUKOHYBATUCS HEPIBHICTD Ty = Opdm-

O0’ekToM onTHMi3awlii € JBa BapiaHTa NaJMBHOTO pe3epByapy. lleprmit
BapiaHT, KOJM JKOPCTKOI OOOJIOHKOIO TIOKPUTTSI € KOHYC, IPYIHi BapiaHT, KOJIH
JKOPCTKOIO OOOJIOHKOI0 TOKpUTTSL € cdepa. Po3mipyu, KUIBKICTh CKIHUEHHHX
€JIEMEHTIB, KIJbKICTh YHIKQJbHUX BIIACTHBOCTEH IS KOXXHOTO CKIHYEHHOTO
€JIEMCHTHOT'O €JIEMEHTa, 3MiHHI MPOEKTYBaHHS 1O ToBHIMHI Bix 1 10 100 MM i
oOMexeHHs 1o HampykeHHsM 260 MIa i 15 MM Ha TpOTHH 10 KOXHIN 13 oce
X,Y,Z, ¢ omnakoBumu. ToBiuHa 10 omnTtumizaiii obomonok 15 mm. Bara
KOHCTPYKILiH oxHakoBa. L{ukiu ontumizariii uist 000X BapiaHTaX cTaHOBUTH — 20.

HapaHTa)xeHHs Ha MAMBHI pe3epByapH 3amaBaiocs 3rinHo [2]. bynu 3amani
HACTYIHI HABaHTA)KEHHS: BJacHAa Bara HECY4Oro Kapkacy, CHITOBE, BIiTPOBE,
TEXHOJIOTIYHE HABAHTAXKCHHS BiJl JIFO/ICH, CelicCMiuHe HaBaHTa)XEeHHS. byna oOpana
cama HeOe3reyHa KOMOIHaIlisi HAaBaHTa)XEHb 1 32 Ii€l0 KOMOIHAI€I0 BUKOHYBaBCS
0e3mocepeIHFO PO3PAXyHOK Ha MapaMETPUYHY ONTHMI3alli 000JIOHOK MATMBHHUX
pe3epByapiB. MeTa 1Oro po3paxyHKy MiHIMI3yBaTH Bary MaTepially MajMBHUX
pe3epByapiB IpH 3aJaHOMY KOMOIHOBAHOMY HAaBaHTa)KCHHI.

3arajbHi BHCHOBKH. B CTaTTi pO3rIsHYTO MOCIHIPKEHHS MapamMeTpUYHOl
ONTHMi3amii MPOCTOPOBHX KOHCTPYKIIHM, a camMe IWIIHAPUYHUX NaJTHBHUX
pe3epByapiB 3 IKOPCTKMMH OOOJIOHKAMH ITOKPHUTTS, PO3PaxyHKOBI MoOAENi
mpeacTaBieHi Ha puc. | Ta 2. Po3rimsmanocs aBa BapiaHTa JOCIIIKEHHS
MAJIMBHUX pe3epByapiB, a came: 3 KOHYCHOIO YKOPCTKOIO 00OJOHKOIO TTOKPUTTS i
CErMEHTHOIO JKOPCTKOIO OOOJIOHKOIO MOKPUTTS. MaKkcuMallbHI HANpY>KEHHS 110
Mizecy i UMTIHAPHYHOTO MajJMBHOTO PE3EPBYapy 3 YKOPCTKOK KOHYCHOIO
00OJIOHKOIO TOKPUTTS CcTaHOBUTH 262.3 MIlla, mo MeHIIe HiK IOMyCTHMI
HanpyxeHHs o Misecy, IpeNCcTaBIeHO Ha PHC. 3, JUIs MaJMBHOIO pe3epByapy 3
JKOPCTKOIO CErMEHTHOI0 OOOJIOHKOI MOKPHUTTS cTaHOBUTH 260.5 MIla, mio
MEHIIe HiX JOMyCTHUMI HampyxeHHS 1o Misecy, mpencraBieHO Ha puc. 4.
3aranpHi  TEpeMillleHHs Ul IWUTIHAPUYHOTO pe3epByapy 3 KOHYCHOIO
JKOPCTKOIO OOOJIOHKOIO TIOKPHTTS CTAHOBHUTH 53.26 MM, IO MEHIIE HiX
JIOIYCTAME TIEPEMIILIeHHS, TPEACTaBIEHO Ha PUC. 7, Vsl TAJIMBHOTO Pe3epByapy
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Puc. 1. Po3paxyHKoBa CKiHYEHO-EIEMEHTHA
MO/IeIb ITAIMBHOTO PE3epPBYyapy 3 JKOPCTKOIO
000JIOHKOIO TTOKPUTTSI KOHYC

LTI 777 7T 777 7777
VIIIITIEIITIIIIEIIIIETIEIEIENT

Puc. 2. Po3paxyHKOBa CKiHYEHO-EIEMEHTHA
MO/IEIb ITAJIMBHOTO PE3epPByapy 3 JKOPCTKOIO
CErMEHTHOIO 00O0JIOHKOIO MOKPUTTS

000JIOHKOIO TIOKPHUTTA.

3 AKOPCTKOIO CErMEHTHOIO
OOOJIOHKOI0 NIOKPHUTTSA CTaHOBUTH
51.54 mm, 110 MEHILIE HIK
JIOITyCTHME HepeMilleHHS,
npencraBieHo Ha  puc. 8. Ilpu
OJIHAKOBUX T'€OMETPUYHUX PO3Mipax
KOHCTPYKIIiH, OIHAaKOBIH KIJIBKOCTI
CKIHYEHHUX €JIEMEHTIB, OIHAKOBUM
30BHIIIHIM CTaTUYHUM i
JUHAMIYHUM HaBaHTA)XEHHAM MaeMO
HACTYNHI pe3yabTaTU: IaJIUBHUI
LT HAPUYHUN pe3epByap 3
KOHYCHOIO  OOOJIOHKOIO ~ ITOKPHUTTS
Mae Bary micis ontumisamii 155.2 1,
JUI1  IWIIHAPUYHOTO  HaJIMBHOTO
pesepByapy 3 JKOPCTKOIO
CEIMEHTHOI OOOJIOHKOIO ITOKPHUTTS
187.5 T, ue npexcrasieHo Ha puc. 9 i
10. TakuM 4YMHOM LWJIIHAPUYHHUIHA
NaJMBHUN pe3epByap 3 KOHYCHOIO
KOPCTKOI0  OOOJNIOHKOI0  ITOKPHUTTS
micnst onTUMizanii Mae Bary Ha 32.3
T MeHume. MoxHa 3poOMTH BHCHO-
BOK, L0 IPH AAHOMY 30BHIIIHHOMY
CTaTUYHOMY i JTUHAMIYHOMY
HAaBAaHTA)XKEHHI NAJUBHUN pe3epByap
3 JKOPCTKOIO KOHYCHOIO OOOJIOHKOIO
HOKPUTTS € OLbIl ONTHMaJbHUM
BapiaHTOM HIXK MAJIMBHUH pe3epByap
3 AKOPCTKOIO CErMEHTHOIO

262,3
246.8 I

Puc. 3. 3araybHi Hanpy)KeHHI TAJUBHOTO pe3epByapy no Misecy B MIla miciist ontumizanii 3
)KOPCTKOIO 00OJIOHKOIO TOKPUTTS KOHYC
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55,63
39,87
24,11
8,352

Puc. 4. 3araybHi Hanpy)KEHHI TAJUBHOTO pe3epByapy no Misecy B MIla miciist ontumizanii 3
JKOPCTKOIO CErMEHTHOIO 0O0JIOHKOKO ITOKPHTTS

81,26
76,22 l

(98]
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Puc. 5. Po31ozisn TOBIMHY [AIIMBHOTO Pe3epByapy 3 >KOPCTKOK 000JOHKOK MOKPHUTTS KOHYC ITiCiIst
onTuMizauii B MM

69,87
65,55 .

|

N,
S
[=))
e}
EEEEEE R

Puc.6. Po3moais TOBIMHN NAJIMBHOTO PE3EPBYapy 3 )OPCTKOK CErMEHTHO 000IOHKOK TIOKPHTTS
miciist onTUMi3anii B MM
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53,26
49,94 =

36,65
3333
30,0

26,68

16,72
13,39
10,07
6,749
3,427
0,105

EEEEEE O

Puc. 7. Po3mozin 3arajapHUX MepeMillieHb AIMBHOIO Pe3epByapy 3 KOPCTKOK 00OIOHKOKO
MOKPHUTTS KOHYC MICIS ONTHMI3aLil B MM

51.54 1

4834

W
[V

O N
EArRD

EEEEET

w W
W

I NN
93
\O

19,54
16,34
13,14
9937
6,737
3:537
0,337

Puc. 8. Po3mozin 3araipHuX MepeMillieHb aIMBHOIO Pe3epByapy 3 )OPCTKOK0 CerMEHTHOIO
000JIOHKOIO TIOKPUTTSI ITiCiIs ONTHMI3aLii B MM

160
155.1155.2
155 52_5153.8

151.2
1485 —

=0 145 8145—21469147'31482
143_9144_5144.9 b

145 142.2142.8

1401

140 137.5

135 133

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18 20

B kA onTiMmisauii  ®3Ha4YeHHR MECHM BT

Puc. 9. [liarpama 301/1b1ICHHsI MACH ITAJIMBHOTO Pe3epBYapy 3 )OPCTKOIO 000IOHKOI ITOKPUTTS
KOHYC I10 [IUKJIaM ONTHMI3aLi1
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199.6
) 1882 195.7192.8190 3157 5

1713 169.1176'8

1625 162.9

1638
1505 1586153 4151 9154.2155.9
150 | 133 6

100

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

B UMKNK onTUMi3auil M 3Ha4YeHHA MacH BT

Puc. 10. diarpama 361JIb1I€HHS MACH NTAJIMBHOTO Pe3EPBYapy 3 CErMEHTHOO )KOPCTKOIO 00 0IOHKOIO
HOKPHUTTS 110 [MKJIaM OITHMI3aLii
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Koshevyi O.0.
OPTIMAL DESIGN OF CYLINDRICAL TANKS WITH HARD SHELL COVER.

The article considers parametric optimization of cylindrical fuel tanks with hard coating shells.
In the designing and constructing of industrial tanks for the preservation of oil and chemical
products in the region where seismic loading occurs, it is very important to analyze all combinations
of loads that affect to the structures, and it is important to choice the optimal solusion of such
conctraction. As a rule, such reservoirs are divided: underground and ground. Ground tanks are
divided into: tanks with a floating lid, and with a lid that is rigidly fixed. Tanks are considered only
shell structures, without additional stiffening ribs.

To solve the problems of parametric optimization, we consider the mathematical method of
gradient descent, which was proposed by Rosen. The purpose of the method is to find the optimal
solution for the structure using the input data through iterations design variables, and constraints that
are superimposed on the response of the construction. The gradient descent method involves without
preliminary selection of the structural cross-section of the construction and its modeling, which,
taking into account the incoming data, leads to methods of connecting the structure to the hard disk
of the earth or other structures, as well as to objective reasons.

Two versions of the calculated spatial models of fuel tanks were constructed using the finite
element method. External static and dynamic loads in the form of seismic were set, since the
construction of reservoirs is considered in seismically active regions of Ukraine. Using the new
technique, design variables were set in the form of a shell thickness of 1 to 100 mm and Mises stress
limits of 260 MPa and displacements along the X, ¥, Z, 15 mm axes. The objective function is the
mass of the fuel tank. Tank options differ in the geometry of the lid. For the first option - conical, for
the second option - segmented. All geometric parameters, the number and type of finite elements,
fixing conditions and types of loading are the same. The optimization cycles for calculating in two
variants are 20. The objective function was built on the optimization cycles. The diagrams showed
that the weight of the melted tank with a conical cover is 155.2 tons, for a fuel tank with a segment
cover 187.5 tons. Thus, the fuel tank with a conical cover weighs 32.3 tons less than with a segment
cover, and the maximum stresses by Mises and displacement along the axes X, Y, Z, is inacceptable
limits. We can conclude that a fuel tank with a conical cover of rigid fastening is a better option.

Key words: Finite Element Method (FEM); objective function; parametric optimization;
cylindrical fuel tank with a hard coating shell; static loads; dynamic loads.

Kowesou O.0.
OIITUMAJIBHOE NPOEKTUPOBAHUE NUJINHAPUYECKUX PE3EPBYAPOB C
KECTKUMHU OBOJIOUKAMMU ITOKPUTMUSI.

B cratbe paccMOTpPEeHO HCClIENOBaHUE HAapaMEeTPUUECKOH ONTUMM3ALMM LIMIMHAPUYECKHX
TOILUIMBHBIX ~PE3ePBYyapoB C IKECTKMMHU 00OJ0YKAaMHM TOKpbITHA. B  npoekTtupoBaHue u
CTPOMUTENBCTBO IPOMBILUICHHBIX PE3E€PBYapoOB Ul COXPAHEHUS HE(PTAHBIX M XUMHUYECKHX
HPOAYKTOB B PETMOHE, I'le BOZHUKAET CeliCMUYecKasi Harpy3ka O4eHb BaXKHO IIPOaHAIM3UPOBATh BCE
KOMOMHAI[MN HArpy3oK, Kakue ACHCTBYIOT Ha COOPYXKEHHUs, a TaKkkKe HNPUHTH K ONTHMAIbHOMY
pelIeHHI0 Ul TakoW KOHcTpykuuu. Kak mpaBuiio, Takue pe3epByapbl pasIeisioT: MOA3EMHbIE U
Ha3eMHble. HazemHble pe3epByapbl pas3[eisioTCs Ha: pe3epByaphbl C IJIaBAIOILEH KPBIIIKOH, U ¢
KpBILIKOH, KOTOpas MECTKO 3aKperuieHa. PesepByapbl paccMaTpuBarOTCs 0€3 JIONMOJHUTEIbHBIX
péOep KECTKOCTH, TOJILKO 000JI0UEUHBIE KOHCTPYKIHH.

Jlns pelieHust 3ajad MapaMeTpPUYECKOW ONTHMM3ALUM PAacCMaTPUBACTCS MaTEMaTHUECKUN
METOJ] TPaJHeHTHOr0 CIycKa, Kakoi ObLI mpenioxeHHbIM Posenom. Llens meroma — ¢ mMOMOIIBIO
BXOAAIIMX MaHHBIX IIYTEM m"epauni?l HaxXo4WTb ONTHUMAJbHOC PCIICHHUE [UIA KOHCTPYKUHUU IIPU
3alaHHBIX TICPEMEHHBIX IPOCKTHPOBAHUA U orpaaneHnﬁ, KaKM€ HaKJIaABbIBAKOTCSI Ha OTKIIMK
KOHCTPYKLIMU. MeToJ, TpaJiMeHTHOro CIycka Mpearnoiaraer 0e3 NpeaBapUTEeNbHbIX [10100poB
MONEPEYHOro CCYCHUS KOHCTPYKIHH Ta eé MOICIMPOBAHUE, YTO MPUBOAUT C YYETOM BXOIALIUX
JaHHBIX Ta Cl'lOCOGbl COCAMHEHUS KOHCTPYKHHUHM C XKECTKUM [JHUCKOM 3€MJIM WK APYTrUMHU
KOHCTPYKIHUAMH, a TAKKE YICTOM OG'LCKTI/IBHHX IIPUYUH.

Bblﬂl/l IIOCTPOCHBI [Ba BapuHaHTa PaCUYCTHBIX IMIPOCTPAHCTBCHHBIX Moneneﬁ TOIIJIMBHBIX
pe3epByapoB € IOMOILBIO METOAA KOHEYHBIX 3JIEMEHTOB. BbUIM 3aJaHbl BHEIIHUE CTATHYECKUE U
JIMHAMHMYECKHE HArpy3Ku B BUJE CEHCMUKH, TaK KaK CTPOUTEIBCTBO PE3EPBYapOB PaCCMaTPUBACTCS
B CEHCMOAKTHBHBIX paiioHax YkpauHbl. C MOMOIbIO HOBOM METOIUKH OBLIM 33aJaHbl 1EPEMEHHbIC
HPOEKTUPOBAHUS, @ UMEHHO TOJIIIMHA 000s104KkK OT 1 10 100 MM M OrpaHMYEHMs HANPSKEHUH 1O
Musecy 260 MIla u nepemenieHus no ocsam X, Y, Z, 15 mm. LleneBast pyHKIUSI — Macca TOIMIMBHOTO
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pesepByapa. BapuaHTbl pe3epByapoB OTJIMYAIOTCS Fe€OMETpHel KpblKU. [l nepBoro BapuaHTa —
KOHYCHasi, /Il BTOPOrO BapHaHTa — CerMeHTHas. Bce reomeTpuueckue napaMmeTpbl, KOJIMYECTBO U
BUJI KOHEYHBIX 3JIEMEHTOB, YCJOBMS 3aKpEIUICHUS M BHUJbl HArpy30K OAMHAKOBbI. Llukios
ONTUMH3ALUH IS pacyeTa B AByX BapuaHTOB — 20. Bbuti nocTpoeHsl 1enesas GyHKLUS 110 LUKIaM
onTUMHU3aLUK. JluarpaMmbl MOKa3aJid, YTO BEC TOIUIMBHOIO pE3epByapa C KOHYCHOH KpBILIKOH
aBisiercs 155,2 TonH. TOIUIMBHBIA pe3epByap ¢ CErMEHTHOM Kpbllikoi Becut 187.5 TonH. Takum
00pa30M, TOIUIMBHBIN pe3epByap ¢ KOHYCHOM KPBIMIKOM Ha 32.3 T BECUT MEHbIIIE, YEM 3 CErMEHTHOM
KPBILIKOH, NPU 3TOM MaKCHMallbHble HANpsHKeHHs 10 Musecy u mnepemeuieHus no ocsim  X,Y,Z,
HaXOJIUThCS B Npejenax NOMyCTUMOro. MoxeM cleiaTh BbIBOJ, YTO TOIUIMBHBIN pe3epByap c
KOHYCHOM KPBIIIKOH jKECTKOr0 3aKpeIIeHHUs ABISIETCs G0Jiee ONTHMAIbHBIM BapPHAHTOM.

KimroueBble ciaoBa: Meron koHeunbix anemeHToB  (MKD), wmeneBas — dyHkums,
napameTpuyeckas ONTHMHU3ALMs, LHIMHIPUYCCKUI TOIJIMBHBIA pe3epByap 3 KECTKOW 000I0UKOi
HOKPBITHS, CTATUYECKUE HATPY3KH, IMHAMUUYECKUE HArPy3KH.

YK 539.3
Kowesuii O.0O. OntumalibHe NPOEKTYBAHHSA UWIIHIAPUYHUX pe3epByapiB 3 KOPCTKUMH
o6osionKkamMu mokputTs // // Onip marepiainis i Teopis copyn. — 2019. K: KHYBA, 2019. — Bum.
103. - C. 253-265.

Poszenanymo docniodcenns napamempuynoi Onmumizayii naiueHux yuriHOPUYHUX pe3epeyapis
3 oicopemrumuy 06ononKkamu nokpumms. Ompumani nanpyoicenns no Mizecy i 3azanvni nepemiujenns
npoOCMoposUX KOHCMPYKYIU Nicls pO3PAXyHKy onmumizayii ma no6ydosani diacpamu yitbo6oi
ynryii, ma 3p0OaeHi BUCHOBKU NO OAHOMY OOCIIONCEHHIO.
Tab6um. 0, L. 8, iar. 2 BiGuiorp. 6 Ha3B.

UDC 539.3
Koshevyi O.0. Optimal design of cylindrical tanks with hard shell cover // Strenght of materials
and theory of structures. - 2019. To: KNUBA, 2019. - Vip. 103. - P. 253-265.

The article describes parametric optimization of fuel cylindrical tanks with hard shell cover.
Stresses by Mises and the general displacements of the spatial structures after optimization
calculation were obtained, and the diagrams of the objective function were constructed. The
conclusions were made.

Tabl. 0, Fig. 8, Diag. 2, Ref 6.
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nepemewenuss nPOCMpPaHCMEEHHbIX KOHCMPYKYUll Nocie paciema OnmuMu3ayuu u NoCmpoeHsl
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