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Molding processes are among the most important in the manufacture of reinforced concrete
structures. Vibration and shock-vibration technologies for concrete mixtures compaction and
concrete products molding have the greatest distribution in the construction industry. Therefore,
the issues of optimizing vibration modes, correct choice of vibration equipment do not lose their
relevance. The article discusses the dynamical behavior of a shock-vibrational low-frequency
resonant machine. Its mathematical model corresponds to a two-body 2-DOF vibro-impact system
with a soft impact, which is simulated by a nonlinear interactive contact force in accordance with
Hertz’s quasi-static contact theory. Changing the control parameters can, on the one hand, improve
the compaction process, but, on the other hand, lead to unwanted vibrational modes. The article
discusses such control parameters as the exciting frequency, the technological mass of the mold
with concrete, and the stiffness parameters of elastic elements. Decreasing the exciting frequency,
the mold mass, the vibro-isolating spring stiffness and increasing the Young’s modulus of
elasticity of the rubber gasket provide an increase in impact acceleration, which improves the
compaction process. However, with such changes in the parameters, coexisting regimes arise,
many of which are undesirable. These are modes with a large periodicity and several impacts per
cycle, chaotic modes, and transient chaos. The regime diagnostics is performed by traditional
numerical means, namely, by constructing time series, phase trajectories, Poincaré maps, Fourier
spectra, and the largest Lyapunov exponent. We hope that this analysis can help avoid unwanted
platform-vibrator behaviour during design and operation. The presentation is accompanied by
many graphs and a table.

Keywords: platform-vibrator, vibro-impact, mold with concrete, technological mass,
coexisting modes, control parameter, stiffness parameters

1. Introduction

Molding processes are among the most important in the manufacture of
reinforced concrete structures. Vibration and shock-vibration technologies for
concrete mixtures compaction and concrete products molding have the greatest
distribution in the construction industry. This priority is likely to continue in
the future. Therefore, the issues of optimizing vibration modes, correct choice
of vibration equipment do not lose their relevance [1].

Nowadays, the opinion has been established that low-frequency
compaction modes have undoubted advantages; it is they that make it possible
to obtain high-density concrete with a shorter compaction time. The low-
frequency resonant platform-vibrator with shock use this technology. Their
employment is quite effective; it significantly improves the quality of the
products front surfaces and the degree of their factory readiness. The

© Bazhenov V.A., Pogorelova O.S., Postnikova T.G.
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efficiency of the concrete mixture compaction in machines with vertical
vibrations is achieved by the shocks on the mold directed upwards.

Despite the wide application of the already developed platform-vibrators,
the increase of their operational efficiency, the choice of parameters, and the
effect on the machine dynamics of the concrete mix (first liquid and then
gradually hardening) and other problems are still being discussed at present [2-
4]. The efficiency of the vibrational molding of concrete products depends on
the rational vibration modes and the selected parameters of the equipment.
Effective compaction modes can be realized by choosing the parameters of the
oscillating system “working body — elastic element — mold with concrete” [2].
The gasket stiffness is one of the most important parameters of this system. It
is determined by the shape, sizes and elasticity modulus of the gasket material
[5, 6]. In [2], the influence of the gasket stiffness on the system dynamics was
experimentally investigated in a particular case of a shock-vibrational
machine. In [7], the author considers the stiffness of the vibro-isolating spring
as the most “convenient” parameter for creating a poly-frequency oscillatory
mode. A complex process of interaction between the concrete mixture particles
takes place under vibration influence. Many aspects of this process are not well
understood. The proposed models and the corresponding equations of the
concrete mixture state, the criteria for the compaction effectiveness and the
front surfaces quality remain debatable [8]. Many experiments have been
carried out to study various aspects of the concrete compaction process. In [9],
the interaction of a building concrete mixture and a working body of a shock-
vibrational machine during compaction is studied.

Thus, the investigation of the influence of both its parameters and the
parameters of external excitation on the machine dynamics is relevant.

We have created a mathematical model of a platform-vibrator with shock.
It is the two-body 2-DOF vibro-impact system. It is strongly nonlinear non-
smooth discontinuous system. The mold with concrete is the upper body, the
platform table with an attached rubber gasket is the lower body. The electric
motors are under table. The mold with concrete, which has a huge mass m,, is

not fastened. When the motors start their work, it breaks off the limiters, and
then collides with blocks in oncoming motion. Because of this, accelerations of
different magnitudes arise when the mold moves up and down, that is, the
accelerations are asymmetric. The mold acceleration in the uppermost position
is the upper acceleration wy, , the mold acceleration in the lowest position is

the lower acceleration w, . Their ratio w, /w, is the coefficient of the
asymmetry. Exactly the lower acceleration w; is considered as acceleration
that realizes the mix compaction. The prevalence of w; over w, accelerates
the compaction process. The maximum acceleration of the mold with concrete
in the lowest position w; , that is, at the moment of collision with the platform

table, is one of the main criteria for the technical assessment of the vibration
machine efficiency. The asymmetric vibrations use makes it possible to
increase the value of this compaction acceleration up to several g (2...4...62);
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g is the acceleration due the gravity. The process of concrete mixture
compaction is intensified due to such asymmetric vertical mold vibrations.
Accelerations wy; that tear off mixture from the form pallet become smaller,

and the pressing accelerations w, become larger with such oscillations. These

asymmetric vibrations can be obtained precisely in shock-vibration
compaction machines [10, 11].
Fig. 1 (a)-(c), (e)-(g) show that the impact acceleration w;, increases with a

decrease in the exciting frequency w, the technological mass m,, the stiffness

of the vibro-isolating spring, which improves the compaction process [12].
Fig. 1(d, h) show that it also increases with increasing Young’s modulus of
elasticity of the rubber gasket.

However, in these cases, other, possibly unwanted modes arise. In
particular, with such a change in the control parameters, coexisting regimes
occur under different initial conditions. This should be borne in mind when
operating the platform-vibrator.

The model exhibits coexisting regimes with different initial conditions
when the control parameter is varied. This phenomenon is observed with
different control parameters, namely, exciting frequency, technological mass,
and stiffness parameters of vibro-isolating spring and rubber gasket. The zone
of coexisting regimes, i.e., the hysteresis effect (jump phenomenon) is defined
as follows. The dynamical systems in general and nonlinear systems in
particular may typically have the coexisting solutions at certain fixed
parameter values. A jump phenomenon is simple example of crisis or saddle-
note bifurcation, while the process of different patterns of response for
increasing and decreasing parameters is called hysteresis [13].

The goal of this article is to show the emergence of coexisting modes for
different initial conditions when the control parameters change. Some of these
regimes may be undesirable.

2. Brief model description

The creation of mathematical model for platform-vibrator with shock was
described in detail in [14]. A detailed description of the model and its
verification were made in [12,15,16]. Therefore, only a brief model
description is given here in order to understand the analysis of its dynamic
behavior.

The accepted simplified design scheme of the platform-vibrator with shock
is shown in Fig. 2.

The platform table with mass m, is attached to the base by linear vibration

isolating spring of stiffness & and a linear dashpot with damping factor ¢, .
Exciting external periodic force F(¢) is generated by electric motors (vibration

exciters) mounted under the table. Elastic rubber gasket with thickness % and
stiffness k; is attached to the table. A linear dashpot with damping factor ¢, is

placed between the table and the mold. The mold with concrete with mass m, is
placed on the gasket but is not fastened either to the gasket or to the table. The
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platform table is equipped with limiters that prevent the mold from sliding and
rotating; therefore, the movement is only vertical. For volumetric compaction,
this machine uses vertically directed mold vibrations.

130 140 150 160 170 180 (o,rad-S'l

(©

10000 12000 14000 16000 mz,kg

T

1,E+06 1.E+07 1.B+08 k;, N-m!

(2

.

, 0 I I )

0
50 bV kN geiss 3.5E06 3,5E+07 3,5E+08 3,5E+09

1. E;, N-m
(d) (h)
Fig. 1. Acceleration of the mold with concrete for different values of (a) the exciting frequency w = (1
—130,2—157,3—170,4—190) rad's™ ; (b) the technological mass of the mold with concrete my =(1
- 8000, 2 - 10000, 3 — 15000, 4 - 18000) kg; (c) the vibro-isolating spring stiffness k; = (1 - 1.0-10°,
2-2.610°3-2.6107,4—2.0-10% N-m"; (d) Young’s modulus of elasticity of the rubber gasket
E, =(1-3510°%2-3.510",3 -3.5-10%, 4 — 3.5-10°) N-m”. Dependence of impact acceleration

w; on (e) the exciting frequency ; (f) the technological mass of the mold with concrete m, ; (g) the
vibro-isolating spring stiffness &, ; (h) the elastic modulus of the rubber gasket. The impact

acceleration w; increases with decreasing the control parameter in (e), (g), (f) and with increasing
the elastic modulus of the rubber gasket in (h)
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The machine starts their v
movement when the electric motors | e B s
begin their work. First, the table and  fyy) s 2
the mold move vertically together. hl e ko, R EH G ¥
Then the mold with a huge mass lm"E"U' Y

1

“bounce”, that is, comes off from the
gasket for a very short distance. The
table and the mold are moving
separately until the mold falls down
onto the rubber gasket. An impact
occurs; it is soft due the softness and
flexibility of the rubber gasket. The
bodies move together again until the
mold comes off the gasket and so on.

PR . 0
ky |=|E|C'1

Fig.2. Design scheme for platform-vibrator
with shock. Platform table with attached
rubber gasket is attached to the base with a
linear vibro-isolating spring. The mold with
concrete is installed on the gasket without
fastening. The platform table is equipped
with limiters that prevent the mold from

. sliding and rotatin,
The calculation schemes of & ¢

resonant vibration machines are based on assumptions that are common for
most applied problems in vibration theory. The main moving masses are
assumed to be absolutely rigid. The masses of elastic bonds are not taken into
account due to their relative smallness. The conditions guaranteeing single-
axis motion are also fulfilled. Such assumptions turn out to be quite acceptable
and do not introduce significant errors into the final results of resonant
vibratory machines calculating.

This model of the shock-and-vibration machine corresponds to the two-
body 2-DOF vibro-impact system. In the two-body model, the masses are
concentrated in the mass centers of both bodies. The parameters y;, and y,

represent the coordinates of these centers for the lower body (a platform table)
and the upper body (a mold with concrete) respectively in the selected
coordinate system. The origin of y coordinate is chosen in the table center in a
state of static equilibrium.

Vibro-impact movement of the platform includes both joint movement
during impact and separate motion between impacts. The equations of this
movement are:

. . 1
M =g;(—w]2y, =203, +ﬁF(f)+
1

+H(Z){2§ow2?()"1 _wgl[h—(h_Y1)]_mLIFcOn(Z)}, 0

Py =—g-26m,7, +
. 1
+H(Z){w§ [h_ (» _)ﬁ)]_ 280w, +m_2Fcon (Z)}

The exciting force is periodic F(¢) = Pcos(@t+¢,); its period is T =27/®.
The initial conditions are:
At t=0 we have

0=0, y=0, =0, y,=h—4y, y,=0. (2
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The static deformation of the gasket is: A, =m,g/k, , g is the acceleration

due to gravity.
Here the standard notations are introduced:
ky > ko 2 C < ) m,
— =, —=w,, —=25,0,, —=25w,, ==25,w0,, —==x.(3
m, "m2 2m2 éozm] f]]m2 ézzm] x-3)

H(z) 1is Heaviside step function relatively bodies’ rapprochement
z=h—(y,—»). F,,(2)is contact interactive force that simulates an impact

and acts only during an impact.
The damping forces are taken to be proportional to the first degree of

velocity: in the rubber gasket Fy,,,,=¢cy);, in the vibro-isolating spring
Flyamp1 = 131 - The influence of the concrete mixture can be taken into account
as some additional damping Fj,,,» =¢,), .
The interactive contact force F, ,(z) simulates a soft impact and is taken as
a nonlinear contact Hertzian force in accordance with the quasistatic contact
Hertz’s theory [17, 18].
2 2
4 q 1-v 1-v;
Fon(2)=K[2(0)]%, K = e (4
36,+6,Wa+B = Em’ T En

Here z(¢) is the rapprochement of the bodies, as before, z=(y, —y,)-#,

when (), —)3)<h; v; and E, — Poisson’s ratios and Young’s moduli of
elasticity for both bodies; 4, B, ¢ — are constants characterizing the local
geometry of the contact zone. The gasket surface is flat, but it is expediently to
consider it as a sphere of the large radius R. Then in the collision of a plane
(mold) and a sphere (rubber gasket) A=B=1/2R, qg=0.318.

The model numerical parameters are listed in Table 1.

Table 1

Numerical parameters of platform-vibrator with shock
Mass of table m1; , kg 7400 Damping ratio of dashpot in spring af] 0.5
Mass of mold with con. 71, , kg 15000 Damping ratio of dashpot in gasket afo 0.02
Stiffness of gasket K, N-m™' 3.0-10° Damping ratio in concrete mixture &, 0.03
Stiffness of spring k2 ,N-m™ 2.6:107 Elastic modulus of mold E2 ,N-m™ 2.10"
Poisson’s ratio of gasket v 04 | Elastic modulus of gasket B ,N-m™ 3.5.10°
Poisson’s ratio of mold V, 0.3 | Amplitude of exciting force P, N 2 44-10°
Thickness of gasket #, m 0.0275 | Frequency of exciting force o, Hz 25
Radius of gasket R, m 5
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3. Coexisting regimes with different initial conditions

3.1. Exciting frequency o is a control parameter

When the exciting frequency changes, the amplitude-frequency responses
are constructed. They show the dependence of vibration amplitudes of both
bodies on the exciting frequency. Amplitude is half the peak-to-peak distance
on the displacement plot.

After direct numerical integration the movement equations (1) the
oscillatory amplitude for non-harmonic vibrations is calculated by the simple
— Ymax = Vmin
- 2
platform table (Fig. 3 (a)) and for the mold with concrete (Fig.3 (b)) are
depicted in Fig. 3. The curves AC (A’C’) and BD (B’D’) are obtained for
different initial conditions. The coexisting modes occur in range between B
and C. It is marked with vertical dashed lines with arrows. The dynamical
system at these points “jumps” from one regime to another with a further
change in the control parameter.

formula A4, . The amplitude-frequency responses for the

6,E-03

Apax1y M

a5 b w, rad-s°

3.E-03

1.E-03 D

x,(#) at Poincaré
points

Az, M

0,E+00

70 110 ®, rad-s! 0 110 w, rad-s!
(b) (d)
Fig.3. Amplitude-frequency responses for: (a) the platform tableand (b)the mold with concrete;

(c)the dependence of the largest Lyapunov exponent Ay.x on the exciting frequency w;
(d)bifurcation diagram for the platform table

=

The graph of the largest Lyapunov exponent A.x (Fig. 3 (c))and bifurcation
diagram (Fig. 3 (d))confirm the presence of coexisting regimes in this range.
The negative sign of A, corresponds to the periodic modes, and its positive
sign hints at chaotic dynamics. This means that chaotic regimes probably exist
in a narrow range of the control parameter (the exciting frequency). The
bifurcation diagram also determines the mode type — it shows regime
periodicity. One point (black or red) corresponds to 7-periodic regime, two
points on the same vertical — 27-periodic one, solid vertical line — to chaotic
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mode. These graphs show that chaotic motion may be realized in the frequency
range 94 rads”’ < w < 103.5 rad-s”. Chaotic motion in the frequency range 98
rad's’ < w < 103.5 rad's” can be realized in the zone of hysteresis along with

periodic (1,1)-regime, when the initial conditions are different.
Note. The notation (n, m)-regime means that regime is n7-periodic with m impacts per cycle.
The chaotic movement at the exciting frequency @ = 100 rad-s” (15.9 Hz)
with An.x—=11.88 is shown in detail in Fig. 4.

-0,11
0.22

Vith

0029 ¢ e A o "%
f AW 4 /! I £
« YV
e 1265 )2 s R YoM 00014 9.IE-06 yLm 9.6E-04
(a) © ()
i 0.2
LE+03 _
3E02134 264 Y ts 02 03
TN 00255 y,m 00285 002842 Yo, 002852
(®) (© ®
1000 1.0
S 100 S
05
G) 10 I ‘ G)
1 -
0 100 200 300 400 firad-s! 0 100 200 300 400 frad-st
(€3] (h)

Fig. 4. The movement picture of chaotic regime for @=100 rads”, An.=+1.88. (a) Time series for
both bodies. Their penetration into each other is very large due a soft impact. (b) Graph of Hertz’s
contact force and exciting force. (c), (¢) Phase trajectories with Poincaré maps in red for
(c)platform table and (e) mold with concrete; (d), (f) Poincaré maps in a larger scale for
(d)platform table and (f) mold with concrete; (g) Fourier spectrum in logarithmic scale; (h) the
lower part of spectrum on a large scale shows that it is broad and continuous

The right border of the hysteresis corresponds to the frequency w=111rad-s™
(17.6 Hz). The characteristics of the regime implemented at this frequency are
presented in Fig. 5. Time histories and contact force are shown in Fig. 5 (a),
(b). The large penetration of bodies into each other due to a very soft impact is
clearly visible. The graph of contact force and exciting periodic force shows 4
impacts per cycle. Phase trajectories with Poincaré maps for platform table and
mold with concrete are given in Fig. 5 (¢), (d). The period of this movement is
2T: the phase trajectory for one period of the external load is not closed; it
becomes closed only for two periods. But the movement in each half of this 27
is very similar. The two dots on the Poincaré maps have almost merged and
look like a cloudlet. The Fourier spectrum in Fig. 5 (e) is typical for periodic
movement. It shows the main frequency w=111 rad's™, superharmonics 2w,
3w, and harmonics that are multiples of w/2, which confirms 2 7-periodicity.
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0,15
0,029 / wi+h
= VYAV 2
0,025 22 , 015
114 1145 1.5 -0,0009 y;,m 0,0009
(@) (c)
F, 0,21

0,0255 y»,m 0,0281

(d)

=
=

0 100 200 300 100 ’u-ud_\-i
©
Fig. 5. The movement picture of periodic (2,4)-regime for w=111 rad-s™”, Any=-8.37. (a) Time
series for both bodies. Their penetration into each other is very large due a soft impact. (b) Graph
of Hertz’s contact force and exciting force shows four impacts per cycle. (c), (d) Phase trajectories
with Poincaré maps for (c)platform table and (d) mold with concrete; (e) Fourier spectrum shows
the main frequency w=111 rad-s”, superharmonics 2w, 3w, and harmonics that are multiples of
/2, which confirms 2 T-periodicity

Thus, oscillatory regime at =111 rad-s™ with Ay=-8.37 is a periodic (2,4)-
regime with a period of 27 and 4 impacts per cycle.

3.2. Technological mass of the mold with concrete mz is a control
parameter

The picture of movement when the control parameter is the technological
mass of the mold with concrete and it varies is shown in Fig. 6. The curves AD
(A’D”) and BC (B’C’) are obtained for different initial conditions. The
coexisting modes occur in range between B and C. The zone of hysteresis
(jump phenomenon) is extending in the narrow range of the control parameter
6400 kg > m, > 5550 kg. These different regimes are realized in the hysteresis
zone when the control parameter is kept constant, but initial conditions are
different.

Fig. 6 (c) and (d) show that the kinds of regimes obtained with the same
initial conditions along the AD ( A’D”) curve are different. Among them there
are periodic modes with different periodicity and chaotic ones. The negative
sign of the largest Lyapunov exponent A, indicates a periodic regime, and its
positive sign hints at a chaotic one. The number of points on the same vertical
on the bifurcation diagram determines the regime periodicity. Four dots (or
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two dots) on the same vertical indicate periodicity 47 (or 27). And only for
large values of mold mass m, (m, =7500kg) T-periodic regime becomes
stable and steady-state. This fact should be known when light molds can be

used to better concrete compaction.
\ny

10p0 4000 B Joo
B D

3.2E-03

Apaer» M

1000 4000 7000 mykg oY N

(@) (c)
1v1|:|

\"“D' | |l“|| o

5,E-04 . "
1000 4000 7000 my kg C

L
&
s
g

.‘

/

-

Apaxz, M
[}
xy(f) at Poincare
poits
A

1000 4000 7000 my, kg

(b) (d)

Fig. 6. Dependence on the mold mass m;: the oscillatory amplitudes 4n.x for (a) the platform table
and (b) the mold with concrete. The curves BC and B’C’ correspond to coexisting modes; (c) the
largest Lyapunov exponent Ama; (d) bifurcation diagram for the platform table. Red curves and
lines in (¢) and (d) show the characteristics of coexisting regimes

Fig. 6 (c) shows a frequent change in the sign of the largest Lyapunov
exponent Am.x in coexisting regimes (the red curve). That is, the modes
alternate many times in this narrow range of the control parameter. The
alternation of coexisting regimes in this zone is shown in detail in Table 2.

Table 2
Alternation of the coexisting regimes in hysteresis zone

Mass m,,kg | 5550 | 5575-5600]5650 - 5750[5800 - 5850|5900 - 5950(6000 - 6350| 6400
Regime (8,8) (3,2) chaos (6,4) (3,2) chaos 2,2)

Fig. 7 shows the characteristics of coexisting modes, which are
implemented at the same control parameter value m,=5700 kg, but under
different initial conditions. The periodic (4,4)-regime is realized when the
initial conditions correspond to the 4D curve, the chaotic regime is obtained
with the initial conditions corresponding to the BC curve.

A broad continuous spectrum on the right side of Fig. 7(c) and the
undefined set of dots on the Poincaré map on the right side of Fig. 7(d)
correspond to a chaotic regime.
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(c) Fourier spectra; a broad continuous spectrum for chaotic mode; (d) phase trajectories with
Poincaré maps in red; the undefined sets of dots (smears) for chaotic mode

3.3. Stiffness parameters are the control parameters
The parameters of the stiffness strongly affect the platform-vibrator
dynamic behavior. The stiffness of vibro-isolating spring &, and Young’s

modulus of elasticity of the rubber gasket E, are those stiffness parameters,

the variation of which allowed observing the coexisting modes in the
hysteresis zone.

Stiffness of vibro-isolating spring £, is a control parameter
The stiffness of the vibro-isolating spring k; determines the partial

frequency a)12 (3) and enters with it into the motion equations (1).
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Four branches of coexisting regimes in hysteresis zone were obtained at
very low values of the spring stiffness under different initial conditions
(Fig. 8). In Fig. 8 (c) and (d), the black curve, lines and points correspond to
the branch A, the red ones — to the branch B, the blue — to the branch C, the
green — to the branch D. Some curves in Fig. 8(c) practically coincide. Fig.8
(d) shows that only T-periodic regime without coexisting modes is established
only at k; 2 3.7-10° N'm™". The largest Lyapunov exponent A,y is positive in a
very narrow range of small control parameter values; a chaotic motion may
occur in this range.
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Fig. 8. Dependence on the stiffness of vibro-isolating spring ; in fourd, B, C, D branches of

coexisting regimes: the oscillatory amplitudes Ama for (a) the platform tableand (b) the mold with
concrete; (c) the largest Lyapunov exponent An.x; (d) bifurcation diagram for the platform table.
The black curve, lines and points in (c¢) and (d) correspond to the branch 4, the red ones — to the
branch B, the blue — to the branch C, the green — to the branch D

The arrows in Fig. 8 (a), (b) show that dynamical system at this point
“jumps” from one regime to another with a further increase in the control
parameter.

As an example, four different regimes for small value &, = 2.6:10*N'm™ in
A, B, C, D branches are shown in Fig. 9. The phase trajectories are very close
one to another at each period of the external force and almost merge in the
(3,1)-regime in the D branch. But the contact force graph clearly shows that
the regime has a periodicity of 37 and 1 impact per cycle. The external force
F(¢) is shown on a reduced scale. The red dotes on the phase trajectories are
Poincaré sections: n dots for an nT-periodic mode, and an undefined set of dots
(smear) for a chaotic signal. Fourier spectra have frequencies that are multiples
of @/n for nT-periodic regime. A chaotic signal produces a broad continuous

spectrum.
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signal produces a broad continuous spectrum

Young’s modulus of elasticity for rubber gasket E, is a control

parameter

Fig. 1 (g, h) shows an increase in the impact acceleration w, with an
increase in the elastic modulus of the rubber gasket. However, an increase in
the elastic modulus may lead to hysteresis phenomenon, where some of
coexisting regimes can be undesirable.

Fig. 10 shows a general movement picture with a change in the elastic
modulus of the rubber gasket.

The curves AB (A’B’) and CD (C’D’) are obtained for different initial
conditions. Coexisting regimes occur in a very narrow range of the control
parameter. In points B(B’) and C (C’) the dynamical system ‘“jumps” from
one regime to another with a further increase in the control parameter. The
CD-curve modes that occur when the control parameter is increased are likely
to be undesirable. Fig. 10 (¢) shows that they all have the positive largest
Lyapunov exponent, that is, they are chaotic. The bifurcation diagram in
Fig. 10(d) confirms this fact. The amplitude of the platform table vibrations

decreases but the oscillatory amplitude of the mold with concrete is greatly
increased.
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Fig. 10. Dependence on the elastic modulus of the rubber gasket E; the oscillatory amplitudes

Amax for (a) platform tableand (b) mold with concrete; (c) the largest Lyapunov exponent Apax; (d)
bifurcation diagram for platform table

In the hysteresis zone between points B and C at E, =1.2-10'° N-m™, there

is aT-periodic regime on the 4B branch, when zero initial conditions are taken
from the resting state. On the CD branch there is a chaotic mode, more
precisely, transient chaos. Its lifetime depends on the initial conditions. Fig. 11
shows these modes for the platform table.

M’ A %) AR Wﬂ)l\ \WlJ!HM\\')h'.'%)JM('A\')/)JJ").\\\W)Jﬂl\\'» NN W)JWWJJ)WM‘

@
Il

AR

0.004
E 0 %‘»WMWWWMm‘\a"wNPWr'«r“'-WM’Vr"WWM\-Mr‘ﬂM‘l‘l*’W1WW

-0.004

(b)

3 w«»»~nwwwwmwwwww~»-ﬂ+w~w~w«w't)U.\\'MWl\'))lﬂ')).kﬂ'/}.\%‘!/.l\‘!Ll\UM!

186
©
Fig. 11. Coexistingregimes in hysteresis zone at £} =1.2- 10" N-m? . Time series for platform

table: (a) T-periodic regime when zero initial conditions are taken in resting state; (b) short

transient chaos when initial conditions are taken in chaotic motionat £} =1.7- 10" N-m?; (c)

long transient chaos when initial conditions are taken in chaotic motion at £, =1.3- 10" N-m?
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The transient chaosis a very interesting phenomenon. In [15], we described
it in detail. When a transient chaos occurs, a dynamical system that was in a
chaotic movement abruptly turns into a periodic one with the same value of the
parameter! (Or, on the contrary, it suddenly goes from the periodic movement
to a chaotic one.)The lifetime of transient chaos depends both on the control
parameter value and on the initial conditions [12, 15, 16].

4. Conclusions

The mathematical model of a platform-vibrator with shock corresponds to
two-body 2-DOF nonlinear non-smooth discontinuous vibro-impact system
with soft impact. It exhibits coexisting regimes when changing the control
parameters, which were the exciting frequency, the technological mass of the
mold with concrete, and the stiffness parameters of elastic elements. On the
one hand, a decrease in the exciting frequency, the mold mass, the vibro-
isolating spring stiffness and an increase in Young’s modulus of elasticity of
the rubber gasket provide an increase in impact acceleration, which improves
the compaction process. On the other hand, such changes in the parameters
lead to arising of the coexisting regimes, many of which are undesirable. These
are modes with a large periodicity and several impacts per cycle, chaotic
modes, and transient chaos. Both permanent and transient chaos may often be
dangerous and unwanted states. Therefore, when operating the equipment, it is
desirable to avoid the control parameter range in which these states can occur.
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Bascenos B.A., [locopenosa O.C.,I[locmuixoea T.I.
CHIBICHYIOUYI PEKUMH B 30HAX I'ICTEPE3ICA Y BIBPOYJAPHOMY
MANJAHYUAKY

Ipouecn QopmyBaHHS € OJHUMH 3 HAWBAKIMBIMMX y BUPOOHHUITBI 3a1i300€TOHHUX
KOHCTpYyKUiil. BibpauiitHi Ta ynapHo-BiOpauiiiHi TexHOIOrii yIMinbHeHHs OETOHHHX cymimieil Ta
(hopmyBaHHsI OCTOHHMX BHPOOIB MAIOTh HaiOiNblIe MOMMPEHHS Yy OyAiBEIbHIH IPOMHCIOBOCTI.
ToMy HHMTaHHS ONTHMI3aLil pexuMiB BiOpauii, mpaBUIbHOr0 BUOOPY BiOpawiiiHOro 00IaxHAHHS
HE BTPA4yaloTh CBOEl aKTyaJbHOCTI. Y CTaTTi OOrOBOPIOETHCS AMHAMIYHA IOBEAIHKA YAApHO-
BiGpALiiiHOi HH3BKOYACTOTHOI PE3OHAHCHOI MAIMHM — BIGpOyZapHOro Maiizanumka. Moro
MaTeMaTH4Ha MOJeNb BiANOBigae JBOX MAcCOBiH CHCTeMi 3 JBOMa CTYNHSIMH BUIBHOCTI 3 M’SIKMM
yIapoM, SIKMHA MOJEIIOEThCA HENiHIHHOK IHTEPAaKTHBHOK KOHTAKTHOK CHIIOK BiMOBIIHO 10
KBa3iCTaTUYHOI KOHTAaKTHOI Teopii ['epra. 3MiHa MPOBIAHHMX MapaMeTpiB MoXe, 3 OAHOro OOKY,
MOKPAIIMTH MPOLEC YUIIBHEHHS, ajle, 3 IHIIOro OOKY, MPUBECTH 10 HEOa)KaHMX KOJMBAIBHUX
pexuMiB. Y cTaTTi OOrOBOPIOIOTHCS Taki MpPOBIIHI MapaMerpH, sIK dYacToTra 30YMKCHHS,
TexHojoriyna maca ¢GopMu 3 OCTOHOM Ta MapaMeTpH JKOPCTKOCTI MPYKHUX EJICMCHTIB.
3MeHIIEeHHST 4acTOTH 30yMKEHHS, MacH (OpMH, JKOPCTKOCTI BiOPOI30JI0I0YOI MPYXKHUHH Ta
301IbIIeHHsT MOAYJIs1 py)XHOCTI FOHra rymMoBoi npokiaaku 3a6e3nedyroTh 301IbIIeHHS yapHOro
HPUCKOPEHHSI, L0 IIOKpally€e Impouec yuiabHeHHs. OIHaK Mpd TakUX 3MiHAaX I[1apaMeTpiB
BHHHUKAIOTh CHIBICHYIOWI pexuMHu, Oarato 3 skuX € HeOaxkaHumu. lle € pexumMu 3 BEIHKOIO
HEPIOAMYHICTIO Ta KUIbKOMa yJapaMH 3a LUK, XaOTHYHI POKMMH Ta MNepexigHuil Xaoc.
JliarHocTHKa PEXHMY HPOBOAMTHCS TPAJULIMHMMH YHCEIbHUMHU 3aC00aMH, a came Mo0yI0BOO
4acoBHX psAiB (peanizawiii curnany), gasoBux TpaekTopiii, nepepisis Ilyankape, cnektpis Dyp'e
Ta OOYHMCICHHAM HaWOUIbLIOro mokasHuka JlsnyHoBa. CrioaiBaeMoch, IO LeH aHa3 MOXe
JIONIOMOI'TH YHUKHYTH Heba)kaHol MOBEAIHKM BIOPOyJapHOro MalaaH4YMKa IiJ 4ac MPOEKTyBaHHSI
Ta eKcrutyaratiii. Bukiag cynpoBoukyeTbest 6ararbma rpadikaMu Ta TabiInIeto.

KuarouoBsi ciioBa: BiOpoyaapHuii Maiiian4duk, popma 3 OETOHOM, TYMOBa IIPOKJIa/(Ka, YaCTOTa
30yKCHHSI, TEXHOJIOTT4HA Maca, IapaMeTPH JKOPCTKOCTI, CIIBICHYIOU] PeKUMH.
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Baocenos B.A., Ilocopenosa O.C., [locmuikoséa T.I'. CniBicHy104i pe:kuMu B 30HaX ricrepesica
B yAapHo-BiOpauniiinomy maiinanmunky// Onip MartepianiB i Teopis CHOpyn: HayK.-TeX. 30ipH. —
K.: KHYBA.2021. — Bum. 107. — C. 3-19. — Aura.

Mamemamuuna moodenv yoapHo-6ibpayitinoeo ManoaHyuka, wo WUPOKO 3ACMOCO8YEMbCIL Y
OyOisenbHill 2any3i 05l YWIbHeHHs. Ma (OPMYSAHHS OeMOHHUX 8UPOOI8, NPU 3MIHI KOHMPOIbHUX
napamempie 0eMOHCMPYE HU3KY HeNIHIUHUX SA6UWY, 30Kpema make yikaee ma “npumxiuee”’ seuuye,
SIK nepexionull Xxaoc.

Tabu. 2. Puc. 11. Bi6niorp. 18 Ha3s.
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Bazhenov V.A.,Pogorelova O.S., Postnikova T.G. Coexisting Regimes in Hysteresis Zone in
Platform-Vibrator with Shock// Strength of Materials and Theory of Structures: Scientific-and-
technical collected articles. — K.: KNUBA. 2021. — Issuel07. — P. 3-19.

The article discusses the dynamical behavior of a shock-vibrational low-frequency resonant
machine, which is widely used in the construction industry for compacting and molding concrete
products.Its  mathematical model corresponds to a strongly nonlinear nonsmooth
discontinuoustwo-body 2-DOF vibro-impact system with a soft impact.When changing the control
parameters, coexisting oscillatory regimeswere observed in the hysteresis zone, many of which
may be undesirable and sometimes dangerous. These are modes with a large periodicity and
several impacts per cycle, chaotic modes, and transient chaos.

Tabl. 2. Fig. 11. Ref. 18.
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Thin-walled shell-type structures are widely used in various branches of technology and
industry. Such structures under operating conditions are usually exposed to various loads,
including thermomechanical ones. Real shell structures, as a rule, have a complex shapes. To
increase reliability, reduce material consumption, for technological reasons, they are designed as
inhomogeneous systems in thickness. This causes a great and constant interest of engineers and
designers in the problems of investigating the behavior of elastic thin-walled shell structures.

The work is devoted to the method of analysis of geometrically nonlinear deformation,
stability, post-buckling behavior and natural vibrations of thin elastic shells of complex shape and
structure under the action of static thermomechanical loads. The unified design model has been
created on the basis of the developed universal spatial finite element with introduced additional
variable parameters. The model takes into account the multilayer material structure and geometric
features for structural elements of the thin shell. The shells can be reinforced with ribs and cover
plates, weakened by cavities, channels and holes, have sharp bends in the mid-surface.

Such a uniform formulation made it possible to create a unified finite element model of the
shells with an inhomogeneous structure. It is shown on a number of problems that the method
presented in this article is an effective tool for analyzing geometrically nonlinear deformation,
stability, post-buckling behavior and natural vibrations of thin elastic shells of an inhomogeneous
structure under the action of static thermomechanical loads.

Key words: thin inhomogeneous shell, universal space finite element, geometrically nonlinear
deformation, buckling, vibration, thermo-mechanical load.

Introduction. Thin-walled shell-type structures are widely used in modern
construction, mechanical engineering and instrument making, rocket and space
technology, and many other industries. Such structures are usually exposed during
operation to various loads, including thermomechanical ones. These circumstances
are the reason for a great and constant interest of engineers and designers in the
problems of analyzing the behavior of shell systems. There are many numerical
methods suitable for efficiently solving particular problems [1-8]. Recently, the
finite element method has been recognized as one of the most frequently used and
effective numerical methods, due to its versatility, physicality and unlimited
applicability to complex structures under arbitrary loading,.

© Krivenko O.P., Vorona Yu.V., Kozak A.A.
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Real shell designs are usually not limited to the classical canonical forms.
They are often structures of complex shapes. To increase reliability, reduce
material consumption, for technological reasons, such structures are designed
in the form of inhomogenecous systems: smooth and stepwise-varying
thickness, reinforced with ribs and cover plates, weakened by holes, cavities
and channels, faceted, multilayer. Shells are often subjected to mechanical and
thermal stress. In this case, temperature fields can cause significant
deformations and affect the shape of buckling and critical loads quantity.

The work is devoted to the method of analysis of geometrically nonlinear
deformation, stability, post-buckling behavior and natural vibrations of thin
elastic shells of complex shape and structure under the action of static
thermomechanical loads.

1. Problem statement and method of its solving. The static problems of
the stress-strain state (SSS), stability and post-buckling behavior of a wide
class of thin inhomogeneous shells under the action of external mechanical
loads and uneven volumetric heating are considered. Determination of natural
vibrations of inhomogeneous shells is carried out at each stage of
thermomechanical loading, taking into account the prestressed state. This
approach allows, within the framework of one algorithm, to determine the
critical loads of the shells using both the static and dynamic criterion of
buckling. By the inhomogeneity of a shell is meant that (i) its thickness is
continuously or stepwise variable and (ii) it consists of combinations of
multilayer stacks along the thickness and in plan.

The method for solving static problems of nonlinear deformation and
buckling of various shells subject to mechanical and thermal loads has been
developed on the basis of the unified methodological positions of the 3-D
geometrically nonlinear theory of thermoelasticity and the use of the moment
finite-element scheme (MFES). Detailed outline of the method, justification of its
reliability, solution of a variety of problems is given in [9, 10]. The shell is
modeled by a nonlinear elastic continuum subject to large displacements and small
strains whose components are linear functions of stresses. The layers of the shell
are considered linear elastic and described by the generalized Duhamel-Neumann
law. To develop a finite element model of the shell, we approximate a thin shell by
one spatial FE throughout the thickness, which is an efficient approach. So we use
the so-called one-layer FE approximation throughout the shell thickness. The
difficulties of describing the combined behavior of structural elements with
different dimensionality in an inhomogeneous shell are overcome by using the 3-D
FEs of the same type to model sections with stepwise-varying thickness. The
universal FE is based on an isoparametric spatial FE with polylinear shape
functions for coordinates and displacements. Additional variable parameters are
introduced to enhance the capabilities of the modified FE.

Two hypotheses are used to describe the SSS of a thin inhomogeneous
shell. The nonclassical kinematic hypothesis of deformed straight line: though
stretched or shortened during deformation, a straight segment along the
thickness remains straight. This segment is not necessarily normal to the mid-
surface of the shell. The static hypothesis assumes that the compressive
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stresses in the fibers of the # -th layer are constant throughout the thickness.
The use of this hypothesis does not deprive the stress state of an
inhomogeneous shell of its three-dimensional properties. Finite element
models, constructed on the basis of the developed modified element and the
use of the FEMS, have stable indicators of convergence of solutions, both for
thin shells and shells of medium thicknesses.

In the problems of natural vibrations of the shell, the presence of prestress
in the deformed structure from the action of various static loads is taken into
account [11, 12]. The presence of shell prestressing significantly affects the
spectrum of natural vibrations. This approach makes it possible to analyze, at
each step of thermomechanical loading, small vibrations of the shells relative
to the reference deformed state, caused by an arbitrary static load, taking into
account large displacements and the presence of a pre-stressed state. Thus, the
adopted approach allowed to develop a universal methodology for studying the
stress-strain state, stability, post-buckling behavior and vibrations of shell
structures of various classes. Their list is determined by the type of structural
elements characterizing the shell: constant, smoothly or stepped-variable
thickness, ribs, cover plates, inserts, cavities, channels, holes, fractures of the
middle surface, multilayer material.

2. Analysis of stability and post-buckling behavior of inhomogeneous
shells. The versatility of the developed method requires proving the reliability of
solutions for various classes of problems falling within the scope of its
application. Justification of the reliability of solutions by studying the
convergence of the results and their comparison with known nonlinear solutions
has been proven on a number of specially selected problems [9, 10]. The
effectiveness and versatility of the method is demonstrated below on several
problems of nonlinear deformation and stability of shells of different classes.

2.1. Conical panel in a nonuniform temperature field. The convergence
and accuracy of nonlinear solutions are analyzed for a clamped axisymmetric
shallow conical panel subject both temperature and mechanical fields. The
numerical solution of this problem has been obtained with the use of a
variational method by B.Ya. Kantor [3]. The effect of the thermomechanical
load on the panel consists of two stages: (i) the SSS of the shell is perturbed by
the temperature field 7'(¢,7), whose parameter ¢ increases to a set value ¢,

and (ii) the panel is subjected to pressure, the temperature field remaining
constant. Three options of temperature field that is constant throughout the
thickness /# and uniform or nonuniform along the radius » are examined:

() T(t,7)=t(1-7%); (i) T(t,?):%; (i) T(t,7) =172
The results are presented in dimensionless form: k=H/h=35,

f =ta(a/h)* =5 (a — radius of support boundary, 4 — thickness, H — rise,
o — coefficient of linear thermal expansion, the material is isotropic).
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Good agreement of the solutions for the value of the upper critical load g.”

is obtained. The upper critical load g,/ is in good agreement with the
axisymmetric solution [3] (error is 2,86+3,75%, Fig.1). A complete
coincidence of the diagrams "¢ —u " up to the upper critical point and their
gradual divergence in the supercritical area (Fig. 1,a) have been obtained when
heating was uniform (variant (i)). Comparison of solutions gives their complete
coincidence when only pressure is present (variant 7 =0). The heating causes
deformation opposite to that induced by pressure. Therefore, in all the cases of
preheating, the stiffness of the panel increases considerably and g7 increases
by a factor of 1.75 to 2 compared with the nonheated shell (7 = 0) (Fig. 1,b).

a k=3

_ g
12424FE k=3 10

g
40

10 a0

Fig. 1

2.2. Shells of revolution with linearly varying thickness. The issue of
more rationally distributed material over the volume of the structure is
considered. The stability of spherical shallow panels with linearly varying
thickness clamped at the edge and subjected to pressure ¢ is analyzed. The

effect of thickness variation parameter %(r) on the stability of panels is
examined using three linear dependencies:

() h(F) =1+, -r, () h(F)=1+(b, -D(1-7), (i) A7) =by,
where b, =h;:1/h*, b, =h;:0/h* and by =h,//h* are parameters of
dimensionless thickness & = h/ h" along the radius 7=r/a. The value
b, =b, =b, =1 corresponds to a panel of constant “base” thickness #* and
volume 7" . In the 1st case, the thickness in the center of the panel takes the

“base” value (f_ = n ) and at the edge it is given by b, . In the 2nd case, the

thickness at the edge is of the “base” value (/- = h*) and in the center it is



24 ISSN 2410-2547
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2021. Ne 107

given by b,. In the 3rd case, the thickness 7/, is determined through the
volume of the panel V : h, =V /(2nHR) .

¢ 9
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100 F WS 17s ma 2r - F
I 4 ,’\_
1.5
0.75% =
g0 [JOLEN e 125 :
1 o
0.5 -=ee-
— MFES
.|
0 1 1 1 1 1 1 1 1 1 —'I" D
] -2 -4 -B -H u
Fig.2 Fig. 3

Comparing the results for panels with the (i) law of variation in thickness
with the results from [3] reveals an insignificant difference between the upper

g.p critical loads (2.4-3.3%) and between the lower c?f;v critical loads (0.2—
5.8%) and complete agreement between the curves "g—u" on all sections
(Fig. 2). For the (i) law, g_.” depends nonlinearly on b, (Fig.4,a). When
1<b, <175, an increase in the mass of the panel does not lead to an increase
in g,7 . This nonlinear effect is due to the dependence of the buckling modes
on the parameter b, (Fig. 5-6). For the (ii) law, the dependence of ./ on b,
is nearly linear (Fig. 4,b). For the (iii) law, g. depends nonlinearly on b, in
a similar manner when 1,05<b, <1167 (Fig. 4,c). The material is more
rationally used in panels that are thicker in the middle (Fig. 3).
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2.3. Effect of heating on the buckling of smooth and faceted panels.
Curvilinear shapes are what make the manufacturing of shells difficult. In
practice, this problem is solved by changing the smooth curvilinear shape with
a faceted one, the flat elements of which are made from an assortment of
standard sheet products. Let us consider the above-considered spherical panels

of constant thickness (4 =0,01; 0,013; 0,02m). The shell heated to 7°C
(-10°%,0°, 20°,100%) is loaded with pressure. The dependences of the relative
values §'¥ and V are shown in Fig. 8, where ¢“/(h",T=0") is the

maximum load of a smooth unheated panel with a thickness h.
The replacement of the curvilinear shape mm with a faceted one ™ causes

a minor alteration of the SSS and g.” (Fig.8, curve 7=0°C), which

increases by 1% as the volume decreases by 2.5% because the panels are
shallow. The effect of preheating on the stability of smooth and faceted panels
of constant thickness is examined (Fig. 8). In all cases, the critical loads of
faceted panels are slightly greater than those of the smooth panel: the upper
loads by 3—-13,1% and the lower loads by 2,4-7,4%. The investigation of the
stress state of the panels shows that the transition to a faceted structure is
characterized by a qualitative redistribution of stress fields: from axisymmetric
to cyclically symmetric in accordance with the location of the edges.
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2.4. Behavior of ribbed shells under the various thermomechanical
loadings. The stability of shells, reinforced by ribs, is considered in this
paragraph. The object is a shallow square spherical panel with a curvature
parameter K = 24? / (Rh) (where K =32, thickness of the casing 4 =0,01m,
panel size a = 60/ , radius R =225h). The panel is hinged at the edges.

Consider panels reinforced, from inside, with two cross ribs (height
h,=3h without casing thickness /&, width b, =2k, length a=60/) and

subjected to pressure and heating (the casing is heated by 7, and the ribs by

T. degrees). The heating of the casing and ribs by 40°C is terminated at

q=9q.r O which is the critical load of the ribbed panel subject to pressure

alone (T =0°C). Four cases of thermomechanical loading are examined:

(i) g, T,=0°C, T, =0°C - only pressure (for reference);

(i) g, T, =0°C, T. =40°C — heating only the ribs;

(iii) ¢, T, =40°C, T, =0°C —heating only the casing;

(iv) ¢, T, =40°C, T. =40°C — heating the casing and the ribs.

The pressure causes the ribbed shallow panel to snap through in the middle
(Fig. 10, (1)). In all cases with heating the stiffness of the panels increases and

there is no buckling. The panel becomes the stiffest when both casing and ribs
are simultaneously heated (Fig. 10, (iv)) and least stiff when only ribs (Fig. 10,

(ii)) are heated. The instant the terminated heating (g =g, 0) is represented

by the salient point “e” on the curves. With further loading by pressure, the
deformation process stabilizes — the curves "g—u" merge (Fig.9).

Deformation of heated shells occurs with an insignificant predominance of the
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membrane component of the deformation energy in comparison with its
bending component (Fig. 11).
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2.5. Effect of the way of thermomechanical loading on the behavior of
shells with channels. The effect of the weakening parameters (channels) on
the stability of the considered above panels under thermomechanical loads is
investigated. Consider a shallow panel (K =32, a = 604 ) weakened with four
identical cross channels (width b, =2h, h,, =03h). The panel is hinged at

the edge.

Examination of the eccentric positions of the channels relative to the
middle surface of the casing shows a greater weakening effect when they are
located on the outer surface “mam” (Fig. 12). A dash-dotted line marked with
“mm’ is the solution for a smooth panel, for comparison.

Tree cases of thermomechanical loading are examined for the panel which
casing weakened from inside “w®” (Fig. 13):

(i) pressure (for reference), T =0°C;
(ii) preheating by 7 =40°C followed by pressure at constant temperature;
(iii) simultaneous pressure and heating (7 = 40°C) until the upper critical

point of the 1st case g =g,/ % is reached.
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With heating, g.” increases by 17.7% (i) and 68.3% (ii), respectively, in

7

all the cases. When heat and pressure ((iii) case) act simultaneously, g.~
increases by 43.0% compared with the case ((ii) case) where they act

sequentially. In this case, c?cl;v increases by a factor of 12. These effects are

due to the increased stiffness of the heated shell.
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3. Modal analysis of shell structures. It is known that static loads
significantly affect both the stress-strain state of the structure and the dynamic
characteristics, which include the frequencies and mode shapes of natural
vibrations. Investigation of the effect of static load on vibrations of shells, even
of constant thickness, is a complex and insufficiently studied problem of
structural mechanics. The results of the study of buckling and vibrations of
thin shells of constant and stepped-variable thickness under the action of
thermomechanical loads are reproduced below.

3.1. Effect of static loads on natural vibrations of ribbed shells.

Consider the rib-reinforced shallow spherical panel square in plan
(K=32,a=60h,R=225h), hinged at the edges, and subject to pressure.
The panel is reinforced, from inside, with two cross ribs (height 4. =3h

without casing thickness 4, width b, =24, length a = 604 ).

The dependences of the characteristics of natural vibrations on the growth
of the static load are obtained.
Comparison the curves “load — deflection” (“g —u ) (Fig. 14) and “load —

frequency” (“¢ — o, ”) (Fig. 15) for smooth (“=mm) and ribbed (“™F ") panels
shows the following. The panel mass increase by 19.3% due to the setting of
two ribs increases the critical load value g.? by 1.5 times in comparison with
a smooth panel and leads to a decrease of the vibration frequency ®, in the
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initial state by 7.5%. The frequency w; for the ribbed panel becomes higher
than for the smooth one when the load parameter value g > 80.
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The vibration mode of the ribbed panel corresponding to the frequency
has a simple form (Fig. 16,a) in the prebuckling domain. The vibration mode
near the critical load is characterized by skew-symmetric deformation with a
maximum amplitude in the center of the quarters (Fig. 16,b).

Fig. 16

3.2. Effect of thermomechanical loading on buckling and vibrations of
a panel with a hole. Consider the shallow spherical panel square in plan
(K=32, a=60h, R=225h), hinged at the edges. The panel has a central

square hole of width b;; =124 . The effect of three cases of preheating

(T'=-20°,0°, 20°C) on the stability and vibrations of the shell is analyzed.

The result of a smooth panel calculations (“mm) serves as the basis for the
analysis of the influence of the hole geometric features (“m:m”) on the behavior
of a shallow shell. The deflection of the smooth panel is calculated at its center
where as the deflection of the panel with a hole is determined at the point 4 .
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The accuracy of calculations in solving static stability problems has been
determined by a comparative analysis of the two solutions. The first one has
been obtained by the authors using the MFES while the second one has been
obtained using the LIRA software [13] (Fig. 17). Under the pressure alone

(T =0°C), the weakening of the smooth panel reduces the critical load g7

by 19.5%. (Fig. 17,a). Pre-cooling and pre-heating leads to a change of the
critical load g, by -9,97 and 9,78% compared to the corresponding unheated

panel (T =0°C) for the shell with the hole (Fig. 17,b).

q

150

100

50

The “g — o, ” curves look similar for smooth and perforated panels subject

T=0°C K=32 q o K=32
- o 20°c T=0%C
| 180 |
100
— MFES 50 ©
—— LIRA
........ [‘-1]
1 1 1 . U
-0.5 -1 1.5 i’
(@) (b)
Fig. 17

to pressure alone (7 =0°C) (Fig. 18,a). Load quantities at which natural
vibrations are calculated, shown in the figure by circles. For all heating cases,

the “ g — o, ” curves look similar as well (Fig. 18,b).
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In the initial state (7=0°C, g =0) the frequencies ®; and ®, are
double for a smooth shell, and frequencies ®, and ®; are double for a panel

with a hole. Therefore, the mode shapes differ for the respective shells
(Fig. 19). So, the mode shapes that correspond to double frequencies ®; and

®, of the smooth panel are conjugate, and the mode that corresponds to the
frequency ®; is characterized by the oscillation of its central part. The

opposite nature of the mode shapes is observed for a panel with a hole. The
applied pressure causes a restructuring of both the frequency multiples and the
vibration modes. During loading, the vibration modes are transformed in
accordance with the change in multiple frequencies [12].

Conclusions.

The method for analysis of geometrically nonlinear deformation, stability,
post-buckling behavior and natural vibrations of thin elastic shells of complex
shape and structure under the action of static thermomechanical loads is
presented. It is based on the geometrically nonlinear equations of 3-D
thermoelasticity, the finite element formulation of the problem in increments,
and the use of the moment finite-element scheme. The prestressed state of the
deformable shell is taken into account at each stage of thermomechanical
loading when carrying out modal analysis of the shell.

We show that the method presented in this article makes it possible to
analyze effectively the behavior of a wide class of thin elastic shells of an
inhomogeneous structure under the action of various static thermo-force loads.
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Kpueenko O.I1., Bopona FO.B., Kosax A.A.
CKIHYEHHOEJIEMEHTHUM AHAJII3 HEJIIHIMHOTO TE®OPMYBAHHSI,
CTIAKOCTI TA KOJIUBAHb ITPYKHUX TOHKOCTIHHUX KOHCTPYKIIIA
AKTyalIbHiCTh. TOHKOCTIHHI KOHCTPYKILIi 000JIOHKOBOTO THITY IIKPOKO BHKOPHCTOBYIOTHCS
B OyIIBHHLTBI Ta Pi3HHX raiy3sX TexXHiKH. B yMoBax ekcmuiyaTarii Taki KOHCTpYKLil 3a3BHuaii
HiUIaI0THCS BIUIMBY PI3HUX HABaHTaXXCHb, B TOMY YHCIi i TEPMOCHJIOBHX. PeanibHi 000J0HKOBI
KOHCTPYKLIi, SIK IPAaBHJIO, € KOHCTPYKLISIMH CKJIagHOI GopMH, sKi ISl IiJBHUILNCHHS HAAIHHOCTI,
3HIDKGHHSI MAaTrepialloMiCTKOCTI, 3 TEXHOJIOTIYHHX MIpPKyBaHb IPOCKTYIOTBCS Yy BHIJIAAI
HEOIHOPIHUX IO TOBIUKMHI 000JIOHKOBUX cHcTeM. Lle 00yMoBIoe BeNMUKUi 1 MOCTIHUI iHTepec
iHOKeHepiB 1 KOHCTPYKTOPIB 10 3a7ad JOCITI/DKCHHS [OBEMIHKH IPY)KHUX TOHKOCTIHHHX
000JIOHKOBUX KOHCTpYKIiii. MeTa po6oTH. PoGoTa mpucBsiueHa METOIHLI aHANI3y FeOMETPHYHO
HeNiHiHOro aedopMyBaHHS, CTIHKOCTI, 3aKPUTHYHOI MOBEIIHKMA 1 BJIACHUX KOJIMBAHb TOHKHX
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IPYKHUX OOOJOHOK CKJIamHOI (OpMH 1 CTPYKTYypH HPH Ail CTATHYHUX TEPMOCHIIOBHX
HaBaHTaXeHb. Ha 6a3i po3po0JieHOro yHiBepCalbHOr0 MPOCTOPOBOrO CKIHYCHHOIO €IEMEHTa 3
BBEICHUMHU [OJATKOBHMH 3MIHHMMH I[1apaMeTpaMH HOOy[OBaHa PpO3paxyHKOBA MOJIENb, sKa
BPaxoBy€ I'€OMETPHYHI OCOOJIMBOCTI KOHCTPYKTHBHHMX €JIEMCHTIB 1 HEOIHOPIAHICTh MaTepiamy
TOHKOI 00O0JIOHKH (3MIHHICTh TOBIIMHH, 3JIaMHU 1 rpaHOBaHUI OOIIMBKY, peOpa, HAKJIAJAKH, BUIMKH,
OTBOpH, BCTaBKM, 0araTolmiapoBy CTPYKTypy Marepiany). Pesyiabrarn. 3acrocoBaHuii
yHi(iKOBaHMH MiAXiA J03BOJIMUB CTBOPUTH €AUHY PO3PAXYHKOBY CKIHYCHHO-CIEMEHTHY MOJeENb
000JIOHKH HEOIHOPIAHOI cTpyKTYpy. Ha HU3LI NpHKIIaaiB MOKa3aHo, 110 METO/, HABEACHUHN Y il
cTaTTi, J03BOJISIE ePEKTUBHO JOCIIPKYBATH FE€OMETPHYHO HeEMiHiliHe nedopMyBaHHs, CTIHKICTb,
3aKPUTHYHY MTOBEIIHKY 1 BIACHI KOJIMBAHHS TOHKUX MPYXHHX 000JIOHOK HEOJHOPIAHOI CTPYKTYPH
IpH Jii CTAaTHYHUX TEPMOCHIOBUX HABAHTAXKEHb.

KuriouoBi ciioBa: ToHKa HEOJHOpigHA 00O0JOHKA, YHIBEPCAIBHUI MPOCTOPOBUIl CKiHYEHHHI
CIIEMEHT, TIEOMETPHYHO HenmiHiiiHe aedopMyBaHHs, CTIMKICTh, KOJMBAHHS], TEPMOCHIIOBE
HaBaHTa>XXCHHI.

Kpueenko O.I1., Bopona FO.B., Kosax A.A.
KOHEYHO-3JIEMEHTHBI AHAJIA3 HEJJMHEMHOI'O TE®OPMUPOBAHUS,
YCTOMYUBOCTHU Y KOJEBAHUM YIIPYTUX TOHKOCTEHHBIX KOHCTPYKLMI

Axmyansnocms. TOHKOCTEHHbIE KOHCTPYKIMH 000JI0YEUHOTO THIIA IIHPOKO UCIIONB3YIOTCS B
CTPOUTEJIBCTBE U PA3JIMYHBIX OTPAC/IAX TEXHUKH. B YCIIOBHUAX 3KCILJIyaTallUH TaKME KOHCTPYKILHUA
06bl‘lH0 moABEPraroTCsA BOSﬂeﬁCTBMm pa3JIM4YHBIX HArpy3okK, B TOM YHCJIC U TEPMOCHUJIOBBIX.
PeanbHble 000J104CYHBIC KOHCTPYKLUH, KaK [PABUIIO, SBJIIOTCS KOHCTPYKLMSMH CJIOXKHOM
(opMBI, KOTOpBIE JUI TIOBBIIICHWS HAJCKHOCTH, CHIDKCHHS MAaTEPHUaJOEMKOCTH, IO
TEXHOJIOTUYECCKUM COOGpa)KCHl/lﬂM MNPOCKTUPYIOTCA B BHUHAEC HCOAHOPOAHBIX II0 TOJIIUHE
000JI0YCYHBIX CHCTEM. OJTO 00yCIaBIMBaeT OOJNBIIOH M IMOCTOSHHBIA HHTEPEC HHXEHEPOB U
KOHCTPYKTOPOB K 3aJa4yaM HMCCICIOBaHUA IOBCACHHUSA YHNPYIUX TOHKOCTCHHBIX 060J'IO‘-IC‘-IHI>IX
KOHCTPYyKUMA. Ilens padomel. PaGora mOCBslEHa METOAMKE aHAJIW3a T'EOMETPUUYCCKH
HEJIMHEWHOro J1e(hOPMHUPOBAHUS, YCTOWYHBOCTH, 3aKPUTHYECKOrO IMOBEACHUS M COOCTBEHHBIX
KOJIeOaHUH TOHKHX YHPYTHMX OO0OJIOUEK CIOXKHOH (OpMBI M CTPYKTYphl NpPU JeHCTBHU
CTATUYECKUX TEPMOCHJIOBBIX Harpy3ok. Ha ©0a3e pa3pa0OTaHHOrO  YHUBEPCAJIBLHOIO
MPOCTPAaHCTBEHHOI'O KOHEYHOI'O JJIEMEHTAa C BBCIACHHBIMH [OIIOJHUTCIBHBIMH NEPEMEHHBIMA
HapaMeTpamMy IOCTPOEHA PacueTHast MOJIENb, KOTOPAsk YYUTHIBAET I'€OMETPUUYECKHE OCOOEHHOCTH
KOHCTPYKTUBHBIX 3JIEMEHTOB M HEOJHOPOIHOCTb MaTepuasla TOHKOH 000JI0YKH (II€pPeMEHHOCTh
TOJIILMHBI, U3JIOMbl W T'PAHEHOCTh OOIIMBKH, peOpa, HAKJIAIKH, BBIEMKH, OTBEPCTHS, BCTaBKH,
MHOTOCIIONHYIO CTPYKTYpy Marepuaia). Pezyasmamul. IlpuMeHEHHbIH yHUDUIIMPOBAHHbIH
HOAXOJ IO3BOJIMJI CO3aTh E€IMHYIO pAacUETHYI0 KOHEYHO-JIEMEHTHYIO MOJENb O00O0JIO0UYKH
HEOJIHOPOJHOM CTPYKTYpbl. Ha psie npuMepoB 1oka3aHo, YTO METO/, IIPUBEACHHBIN B HACTOSILICH
cTaThe, MO3BOJSIET I(P(EKTHBHO HCCICAOBATH I'COMETPUYCCKH HEIHMHeiiHoe nedopMHupoBaHHue,
YCTOHYMBOCTb, 3aKPUTHYECKOE TIOBEACHHE M COOCTBEHHBIE KOJIEOaHNsI TOHKHUX YIPYTUX 000104 eK
HEOJHOPOAHON CTPYKTYPBI IIPU I€HCTBUU CTATHYECKUX TEPMOCHIIOBBIX HAIPy30K.

KarodeBble cj10Ba: TOHKas HEOJHOPOJHAs 000JIOUKA, YHUBEPCAIbHBIH MPOCTPAHCTBEHHbINH
KOHEUHBIH 3JIEMEHT, TeOMETPUUCCKH HEeNMHEitHOe 1e(GOpMHPOBAaHHE, YCTOHYMBOCTD, KONEOaHNS,
TEPMOCHJIOBAst Harpy3Ka.
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DEFORMATION UNDER THE ACTION OF POWER AND NATURAL
FACTORS

LI Solodei,
DSc, Department of Structural mechanics

E.Yu. Petrenko,
PhD, Department of Geotechnics

Gh.A. Zatyliuk,
PhD, Department of Structural mechanics

Kyiv National University of Construction and Architecture
Povitroflotskyj av., 31, Kyiv, 030370

DOI: 10.32347/2410-2547.2021.107.35-44

On the example of construction of a three-storey cottage on a landslide-prone slope, the
analysis of the operating conditions of existing anti-landslide structures was carried out and their
role in ensuring the slope stability was determined. The efficiency of the proposed calculation
method [6] based on the finite element method (FEM) is shown, taking into account the theory of
reinforced soils.

Keywords: finite element method, semi-analytical finite element method, landslide-prone
areas, slope stability, engineering protection of the territory.

Construction planning in complex engineering and geological conditions,
which include landslide-prone areas, requires a detailed analysis of the existing
state of the slope and the forecast of its behavior depending on changes in
natural and technogenic factors [1]. This possibility can be provided only by
modeling of deformation processes using numerical calculation methods [2, 5].

As an example, consider the unfinished construction of a three-storey
cottage. According to the materials of engineering surveys in the geological
structure of the site are involved the quaternary sandy-clay deluvial, swamp,
aeolian-deluvial, fluvioglacial sediments, covered with the layer of vegetation
and loose soils. The entire thickness of the quaternary sediments is covered
with the spondylar loams and clays of the Kyiv tier. In the upper part of the
section there are loess sands and loams that are sedimentary. The construction
of the slope is made with the insert into the slope. The depth of the
foundations, therefore, is variable. Buildings with external and internal load-
bearing walls can be attributed to a relatively rigid structural scheme.
Additional rigidity is provided by reinforced concrete straps, which are
arranged on the walls within the ceiling above the basement, the first and the
second floor. Foundations are tape, with a monolithic reinforced concrete
foundation slab. The average pressure on the sole of the foundations is
125...150 kPa, which does not exclude the possibility of subsidence when
soaking the base in some parts of the foundations.

© Solodei L., Petrenko E.Yu., Zatyliuk Gh.A.
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Hydrogeological conditions of the exploration site are characterized by the
presence of the sustained aquifer, which is associated with the location of the
thalweg beam. It is confined to sandy-clay soils: EGE-2, 3, 4a, 5, 6, 7, 8-
upper, weathered fractured zone (Fig. 1, Table 2) and was met depending on
the terrain at the depths of 0.5...12.1 m. The flow of groundwater is directed
towards the thalweg. Within the construction site, the groundwater level drops
to 3.5 m, which confirms that these waters are supplied by the plateau. The
general waterproof layer for the aquifer is the not weathered zone of spondylar
clays of the Kyiv tier.

The data of engineering and geological surveys show that during the
construction of buildings the natural moisture of the forest layer at the
appropriate depths (from 2.0 up to 7.0 m) increased from 4...6% in the upper
part of the site to 11...14%. In the lower part of the site at the appropriate
depths (from 7.0 up to 11.0 m) the natural moisture increased from 9...12% to
16... 19%. Therefore, the arrangement in the upper part of the slope of the
retaining wall without drainage and the house itself led to a change in the
natural ways of unloading surface and groundwater on the slope.

The preliminary calculation of the slope stability was performed by the
method of round cylindrical sliding surfaces [3] for soils of natural humidity
and in water-saturated state. The following minimum slope stability
coefficients were obtained: for soils of natural moisture Kst = 1.38, for water
saturation Kst = 1.22.

The method of round cylindrical surfaces is a simplified method of
calculating the slopes stability, which in the conditions of heterogeneous layered
slope leads to the overestimation of its stability. Therefore, to determine the
actual NSDT of the slope, the calculation profile was developed (Fig. 1) on
which several formulations of the above problem were performed (Tab. 1).

Table 1
Formulation Formulation description
1 Net weight (q), natural condition of soils
5 Net weight (q) + RW No. 1 (h = 3.5 m) + structure weight (q2),
natural condition of soils
3 Net weight (q) + RW No. 1 (h =3.5 m) + structure weight (q2) + load

from the road surface and transport (q1), water-saturated soils

*q —is determined by the physical and mechanical characteristics of soils;
ql — is the pressure from the road surface and transport 20 kPa;
q2 — is the pressure from the structure weight 125 kPa.

The calculation was performed on the basis of the developed methodology
presented in the works [6, 7]. The stress-strain state (SSS) of the slope is
considered using the finite element method (FEM) and its torque circuit. The
base is presented in the form of a modified model of fortified soils with the
criterion of the limit state of Mises-Schleicher-Botkin. In numerical
implementation, the slope on the basis of engineering surveys was presented as
a finite-element discrete model with an elemental grid, a fragment of which is
a separate engineering-geological element (Tab. 1).
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Table 2
No Descrinti E ¢
escription > * . >
EGE P MPa v |p* g/lem3| c,kPa grade
la | Bulk layer 6 03 [1.76/1.96 | 25.4/11.7 | 17/10
1 | Vegetable layer 5 0.3 1.46 25.4/11.7 | 17/10
2 | Plastic sandy loam 6 0.32 1.86 5 14
3 | Soft-plastic loam 8 0.35 1.83 6 16
4 | Loess sandy loam, hard 20/9 | 0.32 | 1.6/1.95 | 23.3/9.9 17/8
4a | Loess sandy loam, plastic 9 0.32 1.83 9.9 8
5 | Loess loam, tough-plastic 7.4 | 0.35 1.85 17.7/4.9 13/9
6 Plastic sandy loam, with sand 10 032 1.9 733 18/9
layers
7 Fine sand, 'saturated' with 25 030 1.98 0.01 28
water, of medium density
8 | Semi-hard loam, «Kyiv marl» 11 0.38 1.89 58 15

* natural soil moisture/soils in water-saturated state

Fig. 1. Calculation profile EGE

The supports of the foundations A, B, C, D of the house are sequentially
placed from the top of the slope to the bottom (Fig. 2). At the first stage, the
problem of determining the stress-strain state of the slope from the own weight
of the soil was solved, which was taken as the basic one for further calculations.

On Fig. 2 and 3 are shown the isolines of the intensities of plastic
deformations for soils in the natural state and at their water saturation,
respectively. With it, the horizontal displacements Ul of the control points of
the slope in the natural state (RW No. 1, supports A, B, C and D), which
corresponds to the formulation 2, are in the range of 0.5-0.65 cm (Fig. 4). But
at water saturation (formulation 3), increase by orders and reach 29-30 cm.
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Fig. 2. Isolines of the intensities of plastic deformations 0+0.6%,
natural soil moisture, formulation 2

Fi

g. 3. Isolines of the intensities of plastic deformations from 0% and more 3%,
water-saturated soils, formulation 3
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Fig. 4. Horizontal displacements of supports, formulations 2, 3
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The vertical displacements U2 of the supports are shown on Fig. 5. The
uneven nature of the distribution U2 in the case of water saturation of the slope
is explained by the presence of rotating components of the house as a rigid
whole. With it the vertical displacements RW No. 1 for the natural state are
equal to 3.4 cm, water-saturated — 6.7 cm.

U2,cm
8

7 O

—
4 ——— !
o ] e
3
2
== 2 =O0=3
1
0
A B o D

Supports

Fig. 5. Vertical displacements of supports, formulations 2, 3

Therefore, it is seen that at natural moisture the base soils absorb the load
and are deformed within acceptable limits. At full water saturation, the
deformations of the soil base exceed the allowable normative values. In
addition, the zones of plastic deformations are localized in a fairly narrow area
with access to the day surface. The stability coefficients Kst obtained at the
natural soil moisture (formulation 2) of the slope and at their water saturation
(formulation 3) are 1.15 and 0.9, respectively.

It is seen that even at natural soil moisture the slope does not have a
normative margin of stability (Kst <1.25). Potential sliding lines are localized
on the roof EGE-6, have the beginning in the upper part of the slope and reach
the day surface in the lower part (Fig. 2). When the soil is saturated with water,
the sliding surface is localized above on EGE-5 (Fig. 3) with the beginning in
the upper part of the slope and access to the day surface at its foot.

To overcome these problems, the design solutions were proposed in the
form of replacement of RW No. 1 (h =16 m, d =420 mm) and the installation
of an additional retaining wall RW No. 2 (h =17 m, d = 420 mm) in the lower
part of the slope (Tab. 3, Fig. 6).

Table 3
Formulation Formulation description
4 Net weight (q) + RW No. 1 + structure weight (q2) + load from the
road surface and transport (q1), water-saturated soils.
5 Net weight (q) + RW No. 1 + structure weight (q2) + RW No. 2 +

load from the road surface and transport (q1), water-saturated soils.
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Fig. 6. Isolines of the intensities of plastic deformations 0+0.6%,
water-saturated soils, formulation 5

With it, the horizontal displacements Ul of the supports are recorded
within 0.9 cm for formulation 2, and within 0.6 cm when installing RW No. 2
(Fig. 7). The walls themselves have the displacements of 0.7 cm and 0.35 cm,
respectively. The vertical displacements U2 of the supports do not exceed 3.2
cm in both cases (Fig. 8).
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Fig. 7. Horizontal displacements of supports, formulations 4, 5

The engineering protection of this territory under the project was provided
by the installation of retaining walls made of prefabricated concrete wall
foundation blocks, which rest on a monolithic reinforced concrete slab and
have reinforcing buttresses. This solution can be considered as a measure to
relieve the horizontal pressure of the soil on the basement wall of the house
from the side of the slope to keep the soil of limited volume, which cannot be
considered as a retaining wall that increases the slope stability as a whole.

When installing the retaining walls RW No. 1 and RW No. 2 from a
number of bored piles in the upper and lower parts of the slope, the plastic
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deformations are localized between them (Fig. 6). With it, the supports
displacements of the house during water saturation of the slope soils actually
reproduce the displacement of the existing state at natural soil moisture (see
Fig. 4, 5 and 7, 8).

uU2,cm
35
3 |
2
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el =Om5
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Fig. 8. Vertical displacements of supports, formulations 4, 5

Therefore, the considered example of the method of calculation of the
system «supporting structure-nonlinear base-house» gives the opportunity to
give a reliable assessment of the territory state and offer a number of rational
measures for its engineering protection, which ensures reliable operation of
buildings and structures.
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Conooeir 1., I[lempenko E.FO., 3amuniox I'.A.
JOCJIIKEHHS MAPAMETPIB HEJITHIMHOTO JTE®OPMYBAHHSA CXUAJTY I
JI€I0 CUJIIOBUX TA TIPUPOJHIX ®AKTOPIB

IlnanyBanHss OyQiBHUITBA B CKJIAAHHUX IH)XXCHEPHO-TEOJIOTIYHMX yMOBaxX, M0 SKHX
BIJIHOCSITBCS 1 3CyBOHEOE3MeUHI TEPUTOPIi, MOTPeOye JeTalbHOr0 aHali3y ICHYYOro CTaHy CXUITY
Ta MPOrHO3y HOro MOBEAIHKH B 3AJISKHOCTI Bill 3MiHH IPHPOAHUX 1 TEXHOTeHHHX (hakTopiB. Taky
MOXJIUBICTh MOXE 3a0€3MEUNTH JUILIE MOACIIOBAHHS IIPOLECIB Ae(OPMyBaHHS 3 BUKOPHCTAHHIM
YHCEIIbHUX METO/IB PO3PaxyHKY.

Ha npukiangi OymiBHMITBA TPHUIOBEPXOBOIO KOTEIKY HAa 3CYBOHEOE3NEUHOMY CXHMIII
IPOBEICHO aHAaJi3 yMOB €KCIUTyaTalil iCHYIOUMX NMPOTH3CYBHHX CIIOPYX I BH3HAYeHA iX poib B
3a0e3MeyeHHi CTIHKOCTI CXUITY.

IMonepenHiii po3paxyHOK CTIHKOCTI CXHMJIy BHKOHAHO METOAOM KPYIJIOLMIIHAPHYHUX
IIOBEPXOHb CKOB3aHHS AJIs IPYHTIB IPUPOAHOI BOJOrOCTI Ta Y BOJOHACHYCHOMY CTaHi. Merox
KPYTJIOLHIHAPUYHHUX TTOBEPXOHb € CIIPOLICHMM METOAOM PO3PAaXyHKY CTIMKOCTI CXHIIB, LIO B
YMOBaXx HEOJHOPIJHOrO IIapyBaTOro CXHUJIY MPUBOMHUTH IO 3aBHIUEHH: Horo criiikocti. Tomy s
Bu3HaueHHs aiticnoro HJIC cxumty OyB po3pobiieHuit po3paxyHKOBHUIT IpOQiib, 32 SKUM BUKOHAHI
JIeKiIbKa ITOCTAHOBOK HABEICHOI 3a1a4i.

Po3paxyHOK BUKOHAHO Ha OCHOBI PO3pPOOJICHOI METOIMKH, MPEACTABICHOI B pOOOTaX aBTOPIB
crarti. Hanpyxeno-nedopmoBanuii cran (HAC) cxuity po3risiaeTbesi 3 BUKOPUCTAHHIM METOLY
ckinyennx enementiB (MCE) Ta iioro momentHoi cxemu (MCCE). OcHoBa npecTaBisieTbes y
BUILIAL MO (IKOBaHOI MOJENI 3MIIHIOBAaHUX IPYHTIB 3 KpUTEpieM IpaHHYHOro craHy Miseca-
Ilneiixepa-borkina. Ilpu 4ucenpHiil peami3amil cXuia Ha OCHOBI IH)XCHEPHHX BHILYKYyBaHb OyB
IPEACTABICHHHN SIK CKIHUCHHO-CJIEMEHTHA IUCKPETHA MOJEIb i3 EIEMEHTHOIO CITKOI0, (hparMeHT
SIKOT € OKPEMHM IHXKEHEPHO-TCOJIOITIHUM €JIEMEHTOM.

Po3risiHyTHI B CTAaTTI NpPUKJIAL METOOMKH DPO3PAXyHKY CHCTEMH «IiJMipHa Cropyna-
HeJliHIfiHA OCHOBA-OyIHMHOK» Ja€ MOXJIMBICTh IPH BAapiaHTHOMY NPOEKTYyBaHHI JaTH HOCTOBIpHY
OLIIHKY CTaHy TEPUTOpIii Ta 3alpONMOHYBATH PsiJ PalliOHAIBHHUX 3aXOMAIB LIOAO0 il iHXXEHEPHOIro
3axHMCTy, 110 3a0e3Medye HaAiliHy eKCILTyaTalifo OyiBelb i Copy.

Kiaro4oBi cjioBa: Meroj CKiHYCHHHMX €JIEMCHTIB, HalliBaHAJIITHYHHUM METOJ| CKiHYCHHHX
€IIEMEHTIB, 3CYBOHEOE3MeUHI TEPUTOPIi, CTIHKICTD CXUITY, IHXKEHEPHHI 3aXHCT TEPUTOPIi.

Solodei L1, Petrenko E.Yu., Zatyliuk Gh.A.
STUDY OF PARAMETERS OF NONLINEAR SLOPE DEFORMATION UNDER THE
ACTION OF POWER AND NATURAL FACTORS

Construction planning in complex engineering and geological conditions, which include
landslide-prone areas, requires a detailed analysis of the existing state of the slope and the forecast
of its behavior depending on changes in natural and technogenic factors. This possibility can be
provided only by modeling deformation processes using numerical calculation methods.

On the example of construction of a three-storey cottage on a landslide-prone slope, the
analysis of the operating conditions of existing anti-landslide structures was carried out and their
role in ensuring the slope stability was determined.

The preliminary calculation of the slope stability was performed by the method of round
cylindrical sliding surfaces for soils of natural humidity and in water-saturated state. The method
of round cylindrical surfaces is a simplified method of calculating the slopes stability, which in the
conditions of heterogeneous layered slope leads to the overestimation of its stability. Therefore, to
determine the actual NSDT of the slope, the calculation profile was developed, on which several
formulations of the above problem were performed.

The calculation was performed on the basis of the developed methodology presented in the
works of the article authors. The stress-strain state (SSS) of the slope is considered using the finite
element method (FEM) and its torque circuit. The base is presented in the form of a modified
model of fortified soils with the criterion of the limit state of Mises-Schleicher-Botkin. In
numerical implementation, the slope on the basis of engineering surveys was presented as a finite-
element discrete model with an elemental grid, a fragment of which is a separate engineering-
geological element.

The considered in the article example of the method of calculation of the system «supporting
structure-nonlinear base-house» gives the opportunity to give a reliable assessment of the territory
state and offer a number of rational measures for its engineering protection, which ensures reliable
operation of buildings and structures.

Keywords: finite element method, semi-analytical finite element method, landslide-prone
areas, slope stability, engineering protection of the territory.
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Conooetit U.H., [lempenxo D.F0., 3amvinox ' A.
HCCJEJTOBAHUE ITAPAMETPOB HEJIMHEVHOI'O IE®GOPMHUPOBAHU A
CKJIOHA MOJ JEMCTBUEM CUJIOBBIX U TPUPOJTHBIX ®AKTOPOB

HﬂaHl/lpoBaHl/le CTPOUTEJILCTBA B CIOXKHBIX WHXKXCHEPHO-T'€OJIOTHYECKUX YCIOBUAX, K KOTOPBIM
OTHOCATCSL M ONOJI3HEONACHbIE TEPPHUTOPHH, TpeOyeT IeTaJbHOTO aHAIM3a CYIIECTBYIOLIETO
COCTOsIHMA CKJIOHA M IPOrHo3a €ro mnoBE€ACHUS B 3aBUCHUMOCTH OT U3MEHCHHUS NPUPOIAHBIX U
TEeXHOIeHHBIX (akTOpoB. Takyl0 BO3MOXKHOCTH MOXET OOCCHEYHTH TOJIBKO MOACIHPOBAHHE
HPOLECCOB Ae(hOPMUPOBAHUS C HCIIOJIb30BAHUEM YHCICHHBIX METOIOB pacyera.

Ha npumepe cTpouTeNIbCTBA TPEXITAKHOTO KOTTEIXKA Ha ONOJI3HEONACHOM CKJIOHE IPOBEECH
aHalIM3 yCJIOBUH KCIITyaTalluu CYLIECTBYIOLIMX TPOTUBOOIOI3HEBBIX COOPYKEHUH U ONpesieseHa
UX POJIb B 00€CIeUeHHN yCTOHYNBOCTH CKIIOHA.

IpenBapurenbHbli pacyer YCTOHUMBOCTH CKJIOHA BBIITOJTHEH METOJ10M
KPYTJIOOUJIMHAPUICCKUX HOBCpXHOCTCﬁ CKOJIB)KCHUSA 1JIA TPYHTOB €CTECTBEHHOM BJIAY)KHOCTH U B
BOJIOHACBINICHHOM COCTOSIHHUH. MCTOH KPYIIOHUIMHAPUICCKUX ﬂOBerHOCTCﬁ ABJISICTCA
YIPOIIEHHBIM METOAOM pacyera yCTOWYMBOCTH CKJIOHOB, KOTOPBIH B YCIIOBHSAX HEOAHOPOIHOIO
CJIOUCTOrO CKJIOHA HPUBOAUT K 3aBBILICHUIO €ro YCToWuMBOcTH. [lo3ToMy Ui ompeneneHus
neiictButesnibHoro HAC ckioHa Obutl pa3paboraH pacuyeTHbIi MpoQuiib, 10 KOTOPOMY ObLIM
BBITIOJIHEHBI HECKOJIBKO ITOCTAHOBOK NPUBEIECHHON 3ajauH.

Pacuer BBINOJIHEH HAa OCHOBE Pa3pabOTAHHON METOANKH, IIPEACTABICHHON B paboTax aBTOPOB
cratei. HamnpsbkenHo-nedopmupoBanHoe cocrosune (HJC) cxiona paccmaTpuBaercs ¢
UCIOJIb30BAaHUEM MeTosla KOHeuHbIX aieMeHToB (MKD) u ero momenTtHo# cxembl (MCCE).
OcHOBaHME NPEJCTaBiIAeTCS B BUAE MOAU(GUIMPOBAHHONW MOJAENM YIPOUYHSIOLIErocs I'pyHTa ¢
KpPUTEpUEM IpefesbHOro cocrosHus Museca-lllnelixepa-borkuna. IIpu 4ucneHHol peanusauuu
CKJIOH Ha OCHOB€ MHXCHCPHBIX U3BICKAHMI OBbLI NPEACTaBJI€H KaK KOHCYHO-3JIEMCHTHAs
JIICKPETHAs! MOJIEJIb C QJICMEHTHOM CETKOM, ()parMeHT KOTOPOIl SBIIETCS OTACIBHBIM HH)XEHEPHO-
r€0JIOrMYECKUM JIEMEHTOM.

PaccMoTpeH B cTaThe NpUMEpP METOIUKH pacyeTa CUCTEMbl «IIOANOPHOE COOPYKEHHE —
HEJIMHEHHOe OCHOBaHME — JIOM» JaeT BO3MOXKHOCTh IIPU BAPUAHTHOM IPOEKTUPOBAHUM IaTh
JIOCTOBEPHYIO OLIEHKY COCTOSHHUS TEPPUTOPHHM W NPEAJIOKHUTH P/l PallMOHAJbHBIX MEp IO €€
MHXXEHEPHOH 3allUTe, 4TO 00ECIeUnBAET HAISKHYIO IKCILITyaTallUIO 3laHUH U COOPYKEHHUH.

KaoueBbie ciioBa: METOJ KOHCYHBIX JJICMCHTOB, l'lOJ'IyaHaJ'Il/lTl/l‘-leCKl/lﬁ METOJ KOHCYHBIX
JIEMEHTOB, OIOJ3HEONACHBIE TEPPUTOPHUU, YCTOWYMBOCTb CKJIOHA, WHXKEHEpHAas 3alluTa
TEPPUTOPHHU.

YK 539.3

Conopeit LI, Ilerpenko E.O., 3arumox I.A. [locaixxkeHHss mnapameTpiB HeiHiliHOro
nedopMyBaHHS CXHJIY I Ai€l0 CHIOBHUX Ta NMPUPOHiX akTopiB / Omip MaTepiaiiB i Teopis
crniopy: Hayk.-tex. 30ipH. — K.: KHYBA.2021. — Bun. 107. — C. 35-44. — Anru.

Ha npuxnadi 6y0ienuymea mpunogepxoso2o Komeoxicy Ha 3CY60HeOe3NeUHOMY CXUN NPO8edeHo
amaniz ymos eKkcniyamayii iCHylouux npomu3Ccy6HUxX cnopyo i eusHauena ix poab 6 3abesneyenti
cmitikocmi cxuny. Tlokazana egpexmuenicmos 3anponoHOAHOT MEMOOUKU PO3PAXYHKY HA OCHOGI
memooa cxinuennux enemenmie (MCE) 3 ypaxyeanusm meopii 3MiyHI08AHUX TPYHMIG.

1. 8. Bi6uiorp. 7 Ha3B.

UDC 539.3

Solodei LI, Petrenko E.Yu., Zatyliuk Gh.A. Study of parameters of nonlinear slope deformation
under the action of power and natural factors // Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles. — K.: KNUBA. 2021. — Issuel07. — P. 35-44.

On the example of construction of a three-storey cottage on a landslide-prone slope, the analysis
of the operating conditions of existing anti-landslide structures was carried out and their role in
ensuring the slope stability was determined. The efficiency of the proposed calculation method
based on the finite element method (FEM) is shown, taking into account the theory of reinforced
soils.

Fig. 8. Ref. 7
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VK 539.3

Conooeti UU., [lempenxo D.1O., 3amviniox I'.A. UccienoBaHne napaMeTpoB HeJIMHEHHOIo
negopMHpOBAHMS CKJIOHA T1OJ JefiCTBHEM CHJIOBBIX M NPHPOAHBIX ¢(aKTopoB //
CornpoTuBIIeHHE MAaTEPUAIIOB U Teopus coopyxeHuid. —2021. — Boin. 107. — C. 35-44.

Ha npumepe cmpoumenscmea mpexamasicHo2o Kommeoica Ha ONoI3HEONACHOM CKIOHe NPO6eoeH
ananu3 ycrosuil IKCRIYAmayuu Cyuwecmeylomux npomueoonoa3Hesbix COOPYIICeHUIl U onpedenend
ux poav 6 obecnevenuu ycmouuugocmu ckiona. Ilokaszana s¢gexmuenocms npednodicennoul
MemoOuKu pacuema Ha OCHOBe Memood KoHeunvlx dnemenmos (MKD) ¢ yuemom meopuu
VIPOUHAIOWe20Cs SPYHING.
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The paper has proposed a mathematical model for parametric optimization problem of the
steel lattice portal frame. The design variable vector includes geometrical parameters of the
structure (node coordinates), as well as cross-sectional dimensions of the structural members. The
system of constraints covers load-carrying capacities constraints formulated for all design sections
of structural members of the steel structure subjected to all ultimate load case combinations. The
displacements constraints formulated for the specified nodes of the steel structure subjected to all
serviceability load case combinations have been also included into the system of constraints.
Additional requirements in the form of constraints on lower and upper values of the design
variables, constraints on permissible minimal thicknesses, constraints on permissible maximum
diameter-to-thickness ratio for the structural members with circle hollow sections, as well as the
conditions for designing gusset-less welded joints between structural members with circle hollow
sections have been also considered in the scope of the mathematical model. The method of the
objective function gradient projection onto the active constraints surface with simultaneous
correction of the constraints violations has been used to solve the formulated parametric
optimization problem. New optimal layouts of the steel lattice portal frame by the criterion of the
minimum weight, as well as minimum costs on manufacturing and erection have been presented.

Keywords: optimization, steel lattice frame, nonlinear programming, strength, buckling,
stiffness, gradient projection method, finite element method, numerical algorithm.

Introduction. Over the past 50 years, numerical optimization and the finite
element method have individually made significant advances and have
together been developed to make possible the emergence of structural
optimization as a potential design tool. In recent years, great efforts have been
also devoted to integrate optimization procedures into the CAD facilities. With
these new developments, lots of computer packages are now able to solve
relatively complicated industrial design problems using different structural
optimization techniques.

Applied optimum design problems for bar structures in some cases are
formulated as parametric optimization problems, namely as searching problems
for unknown structural parameters, which provide an extreme value of the
specified purpose function in the feasible region defined by the specified
constraints [1]. In this case, structural optimization is performed by variation of
the structural parameters when the structural topology, cross-section types and

© Yurchenko V.V., Peleshko I.D.
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node type connections of the bars, the support conditions of the bar system, as
well as loading patterns and load design values are prescribed and constants [2].

Kibkalo et al. in the paper [3] formulated a parametric optimization
problem for thin-walled bar structures and considered methods to solve them.
The searching for the optimum solution has been performed by varying the
structural parameters providing the required load-carrying capacity of
structural members and the minimum value of manufacturing costs.

Serpik and Alekseytsev in the paper [4, 5] developed a methodology for the
optimal design of normally operated steel frames considering material and
social losses from the possible failure of structural members. A method for
parametric optimization of steel frame systems during selection of rod cross-
sections and structure reliability levels has been developed. The optimization
problem has been formulated as a structure manufacturing costs minimization
problem taking into account costs on recover the damages caused by any
material and social losses in the event of possible malfunctions and damage.
Constraints on the strength, stiffness, and stability of the frame have been
included into consideration. An iterative procedure for searching for optimum
solution has been also proposed.

Serpik and Averin proposed a computational scheme for the optimal design
of steel flat frames made of thin-walled rods with closed cross sections [6]. The
structural member’ total cost has been minimized by searching for the materials’
grades and the rods’ cross sections sizes on the variable parameters’ discrete sets.
Active constraints on the overall structural system’s stability, local stability of
the rods’ walls, strength and stiffness have been taken into account.

Sergeyev et al. in the paper [7] formulated a parametric optimization problem
with constraints on faultless operation probability of bar structures with random
defects. The weight of the bar structures has been considered as the objective
function. Initial global imperfections have been considered as small independent
random variables distributed according to normal distribution law, as well as
buckling load value has been also considered as a random variable.

The mathematical model of the parametric optimization problem of structures
includes a set of design variables, an objective function, as well as constraints,
which reflect generally non-linear dependences between them [8]. If the purpose
function and constraints of the mathematical model are continuously differentiable
functions, as well as the search space is smooth, then the parametric optimization
problems are successfully solved using gradient projection non-linear methods [9].
The gradient projection methods operate with the first derivatives or gradients only
both of the objective function and constraints. The methods are based on the
iterative construction of such a sequence of the approximations of design variables
that provides convergence to the optimum solution (optimum values of the
structural parameters). Additionally, a sensitivity analysis is a useful optional
feature that could be used in scope of the numerical algorithms developed based on
the gradients methods [10, 11].

In this paper, steel lattice portal frame is considered as research object, which
investigated for the searching for optimum parameters of the structural form. The
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following research tasks are formulated: to develop a mathematical model for
parametric optimization of the considered steel structures taking into account
load-carrying capacities and stiffness constraints; to propose a numerical
algorithm for parametric optimization of the steel structures based on the
gradient projection method; to confirm the validity of the optimum solutions
obtained using the proposed methodology based on numerical examples.

1. Problem formulation for parametric optimization of steel
structures. Let us consider a parametric optimization problem of a structure
consisting of bar members. The problem statement can be performed taking
into account the following assumptions widely used in structural mechanic
problems: the material of the structure is ideal elastic; the bar structure is
deformable linearly; external loadings applied to the structure are quasi-static.

Let us also formulate the following pre-conditions for calculation: cross-section
types and dimensions of structural members are constant along member lengths;
external loadings are applied to the structural members without eccentricities
relating to the center of mass and shear center of its cross-sections; an additional
restraining by stiffeners are provided in the design sections where point loads
(reactions) applied with the exception of cross-section warping and local buckling
of the cross-section elements; load-carrying capacity of the structural joints, splices
and connections are provided by additional structural parameters do not covered by
the considered parametric optimization problem.

A parametric optimization problem of the structure can be formulated as
presented below: fo find optimum values for geometrical parameters of the
structure and member’s cross-section dimensions, which provide the extreme
value of the determined optimality criterion and satisfy all load-carrying
capacities and stiffness requirements. We assume, that the structural topology,
cross-section types and node type connections of the bars, the support
conditions of the bar system, as well as loading and pre-stressing patterns are
prescribed and constants.

The formulated parametric optimization problem can be considered
integrally using the mathematical model in the form of the non-linear
programming task including an objective function, a set of independent design
variables and constraints, which reflect generally non-linear dependences
between them. The validity of the mathematical model can be estimated by the
compliance of its structure with the design code requirements.

The parametric optimization problem of steel structures can be stated in the
following mathematical terms: to find unknown structural parameters

X={XI}T, t=1,N, (N, is the total number of the design variables),

providing the least value of the determined objective function:

f1=f(X")= min /(X), (1.1)
in a feasible region (search space) I defined by the following system of
constraints:

w(X)={y, (%) =01k =T N,c}: (1.2)
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o(X)={p,(X)<0In=N,c+1Nc}: (1.3)
where X is the vector of the design variables (unknown structural parameters);
fs w., @, are the continuous functions of the vector argument; X" is the

optimum solution or optimum point (the vector of optimum values of the structural
parameters); f is the optimum value of the optimum criterion (objective

function); N,. is the number of constraints-equalities v/, ()? ) , which define
hyperplanes of the feasible solutions; N,. is the number of constraints-inequalities
®, ()? ) , which define a feasible region in the design space 3.

The vector of the design variables comprises of unknown geometrical

- T
parameters of the structure X = {XG’Z} » =1, N,; , and unknown cross-

. . . e T
sectional dimensions of the structural members X = {X Cs’a} , a=1LNy

X = (Ko ko) ={{Xe, ) X)) s (1.4)
where N, . is the total number of unknown node coordinates of the steel
structure; N, . is the total number of unknown cross-sectional dimensions of
the structural members, N, ; + Ny s =N, .

The specific technical-and-economic index (material weight, material cost,
construction cost etc.) or another determined indicator can be considered as the
objective function Eq. (1.1) taking into account the ability to formulate its

analytical expression as a function of design variables X .

Load-carrying capacities constraints (strength and stability inequalities)
formulated based on the design code requirements [12] for all design sections
of the structural members subjected to all design load combinations at the
ultimate limit state as well as displacements constraints (stiffness inequalities)
for the specified nodes of the bar system subjected to all design load
combinations at the serviceability limit state should be included into the
system of constraints Egs. (1.2) — (1.3). Additional requirements, which
describe structural, technological and serviceability particularities of the
considered structure can be also included into the system Egs. (1.2) — (1.3).

The design internal forces in the structural members used in the strength
and stability inequalities of the system Eqgs. (1.2) — (1.3) are considered as state

variables depending on design variables X and can be calculated from the
following linear equations system of the finite element method [13]:

K(XGaXCS)XEULS,k=13ULs,k(XG)a k=1LN. (1.5)
where K()? o X CS) is the stiffness matrix of the finite element model of the

bar system, which should be formed depending on the unknown (variable)
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cross-sectional dimensions of the structural members X as well as

cs o

unknown (variable) node coordinates of the structure X ; Duis.i ()? G) is the

column-vector of the node’s loads for k™ design load combination of the
ultimate limit state, which should be formed depending on unknown (variable)

node coordinates of the structure X ; Zysy 18 the result column-vector of the
node displacements for & ™ design load combination of the ultimate limit state,
Zusk = Lygms ()?G, )?CS)z Ziins ()?), N&® is the number of the design
ultimate load combinations. For each ;™ design section of ;™ structural

member subjected to & " ultimate design load combination the design internal
forces (axial force, bending moments and shear forces) can be calculated
depending on node displacement column-vector Z , .

The node displacement of the bar system used in stiffness inequalities of
the system Egs. (1.2) — (1.3) are also considered as state variables depending

on design variables X and can be calculated from the following linear
equations system of the finite element method [13]:

K(XGaXCS)XZSLS,k=13SLS,A»(XG)’ k=LN; (1.6)
where pg, ()?G) is the column-vector of the node’s loads for & ™ design

load combination of the serviceability limit state, which should be formed

depending on unknown (variable) node coordinates of the structure X, ; 7,

is the result column-vector of the node displacements for k™ design load
combination of the serviceability limit state,

Zass = Lapws ()?6, )?CS)zlffESMk ()?), NJZ is the number of the design

serviceability load combinations. For each m™ node of the finite element
model subjected to k™ serviceability design load combination the design
vertical and horizontal displacements can be calculated depending on node
displacement column-vector Zg, .

2. An improved gradient projection method for solving the formulated
parametric optimization problem. The parametric optimization problem stated
as non-linear programming task by Egs. (1.1) — (1.3) can be solved using a gradient
projection method. The method of objective function gradient projection onto the
active constraints surface with simultaneous correction of the constraints
violations ensures effective searching for solution of the non-linear programming
tasks occurred when optimum designing of the building structures [14, 15].

The gradient projection method operates with the first derivatives or
gradients only of both the objective function Eq.(1.1) and constraints
Egs. (1.2) — (1.3). The method is based on the iterative construction of such

sequence Eq. (2.1) of the approximations of the design variables X = {XZ}T ,
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1=1,N, , that provides the convergence to the optimum solution (optimum
values of the structural parameters):

X/Hl =X/t+AA7ta (21)

where )?t ={XZ}T, 1=1,N, is the current approximation to the optimum

solution X~ that satisfies both constraints-equalities Eq. (1.2) and constraints-
inequalities Eq. (1.3) with the extreme value of the objective function

Eq. (1.1); Af( ={AXZ} ,i=LN, N, , is the increment vector for the current
values of the design variables X t is the iteration’s index. The start point of

the iterative searching process X ._, can be assigned as engineering estimation

of the admissible design of the structure.
The active constraints only of constraints system Egs. (1.2) — (1.3) should
be considered at each iteration. A set of active constraints numbers A

calculated for the current approximation X . to the optimum solution (current
design of the structure) is determined as:

v (X)|z 2| n={Notn | 4,(X)2—]. @2)

where ¢ is a small positive number introduced here in order to diminish the
oscillations on movement alongside of the active constraints surface.

A=xuUn, K={K“

The increment vector AX, for the current values of the design variables

X . can be determined by the following equation:
AX, = AX' +AX', (2.3)
where AX' is the vector calculated subject to the condition of elimination the
constraint’s violations; AX' is the vector determined taking into consideration

the improvement of the objective function value. Vectors AX' and AX' are
directed parallel and perpendicularly accordingly to the subspace with the
vectors basis of the linear-independent constraint’s gradients, such that:
— T —
(AX]) AX!=0. (2.4)

The values of the constraint’s violations for the current approximation X,

of the design variables are accumulated into the following vector:
V= (l;/K( )VKeK 9, ( )Vnen)
Let us introduce a set L, L < A, of the constraint’s numbers, such that

the gradients of the constraints at the current approximation )?t to the
optimum solution are linear-independent.
Component AX ' is calculated from the equation presented below:
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AX| =[Vo]a,, 2.5)
v, ¢,

and —, here

1 l

where [Vgo] is the matrix that consists of components

z—l N,, keL, neL; [, is the column-vector that defines the design
variables increment subject to the condition of elimination the constraint’s
violations. Vector fi, can be calculated as presented below.

In order to correct constraint’s violations V, vector AX'| to a first
approximation should also satisfy Taylor’s theorem for the continuously
differentiable multivariable function in the vicinity of point )?t for each
constraint from set L , namely:

-V =[Vo] AX'. (2.6)

With substitution of Eq. (2.5) into Eq.(2.6) we obtain the system of
equations to determine column-vector /i, :

[Vgo]r [Vgo]ﬁl =-V. (2.7
Component AX. ! is determined using the following equation:
AX! =Ex py, =E(Vf -[Voli ), (2.8)

where Vf is the vector of the objective function gradient in the current point

(current approximation of the design variables) X, .5 Py, 1s the projection of
the objective function gradient vector onto the active constraints surface in the
current point X 4, is the column-vector that defines the design variable’s

increment subject to the improvement of the objective function value. Column-
vector [, can be calculated approximately using the least-square method by

the following equation:

[Voli ~Vf, (2.9)
or from the equation presented below:
[Vo] [Veli =[Ve] Vf; (2.10)

where £ is the step parameter, which can be calculated subject to the desired
increment Af of the purpose function on movement along the direction of the

purpose function anti-gradient. The increment Af can be assign as 5...25%
from the current value of the objective function f ()? t) :
&y

af =&(V7) V7, 5—( s

2.11)
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where in case of minimization Eq. (1.1) Af and & accordingly have negative
values. The parameter £ can be also calculated using the dependency
presented below:

Af
S=——F > (2.12)
(pr) vf
that follows from the condition of attainment the desired increment of the
objective function Af on the movement along the direction of the objective

function anti-gradient projection onto the active constraints surface. Step
parameter £ can be also selected as a result of numerical experiments

performed for each type of the structure individually [16, 17].
Using Egs. (2.5) and (2.8), Eq. (2.3) can be rewritten as presented below:
AX, =[Vo] i, +&(V/ -[Ve] i), (2.13)
or
AX, =ENf+[Vo](, ¢ ii.), (2.14)
where column-vectors i, and i are calculated using Eq. (2.7) and Eq. (2.9)

or Eq. (2.10), respectively.
The linear-independent constraints of the system Egs. (1.2) — (1.3) should
be detected when constructing the matrix of the active constraints gradients

[Ve] used by Eq. (2.7) and Eq. (2.9) or Eq. (2.10). Selection of the linear-
independent constraints can be performed based on the equivalent

transformations of the resolving equations of the gradient projection method
using the non-degenerate transformation matrix H, such that the sub-diagonal

elements of the matrix H[Vgo] equal to zero. An orthogonal matrix of the
elementary mapping (Householder’s transformation) [18] has been used to
select linear-independent constraints of the system Eqgs. (1.2) — (1.3) as well as
to form triangular structure of the nonzero elements of matrix H[Ve] [14].

Using Householder’s transformations described above triangular structure
of the nonzero elements of matrix H[V¢] is formed step-by-step. Besides,
Eq. (2.7) and Eq. (2.9) can be rewritten as follow:

([Vgo]T H’ )(H[Vgo])ﬁl -V, (2.15)

H[Vo]i ~HVf . (2.16)

Equivalent Householder transformations of the resolving equations Egs. (2.15),

(2.16) have been proposed by the paper [14]. They increase numerical efficiency of
the algorithm developed based on the considered method.

In order to calculate column-vectors fi, and f, it is required only to

perform forward and backward substitutions in Eq. (2.15) and Eq. (2.16).
To accelerate the convergence of the minimization algorithm presented above,
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h ™ columns should be excluded from matrix H [Vgo] . These columns correspond
to those constraints from Eq. (1.3), for which the following inequality satisfies:

My —Ex ey, >0. (2.17)
As presented by the papers [14, 15], when u ,—&xpu, >0, then the

return onto the active constraints surface from the feasible region J is
performed with simultaneous degradation of the objective function value. At
the same time, in case of u,, —&xu, <0, both the improvement of the

objective function value and the return from the inadmissible region onto the
active constraints surface are performed.

When excluding 4™ columns from matrix H[Vgo] corresponded to those
constraints for which Eq. (2.17) is satisfied, the matrix (H[Vgo])ml with a
broken (non-triangular) structure of the non-zero elements is obtained. The set
L of the linear-independent active constraints numbers transforms into the set
L, respectively. At the same time, the vector of the constraint’s violations

V reduced into the vector V,_, accordingly. In order to restore the triangular

7

structure of the matrix (H[Vgo]) . with zero sub-diagonal elements, Givens

transformations (Givens rotations) [18] can be used.
Considering Givens transformations, Eq. (2.15) and Eq. (2.16) for column-

vectors (i, ), , and ( ﬁr)m] can be rewritten as:

(Vo] B") G'G(H[Ve)) (4., =-V..: @.18)

re

G(H[Ve]) (&) ~GHVS; (2.19)

Equivalent transformations of the resolving equations Egs. (2.18), (2.19)
using Givens rotations (transformations with matrix G ) ensure acceleration of
the iterative searching process Eq. (2.1) in those cases when Eq. (2.17) takes
into account due to decreasing the amount of calculations [14].

The main resolving equation of the gradient method Eq.(2.13) and
Eq. (2.14) can be rewritten as presented below:

AX, =(H[Ve]) (i), +&(V -(u[Ve])  (4),), (20
or

AX, =&V +(H[Ve]) (7)., -¢(i),,)- (2.21)
It should be noted that the lengths of the gradient vectors for the objective
function Eq. (1.1), as well as for constraints Egs. (1.2) — (1.3), remain as they
were in scope of the proposed equivalent transformations ensuring the

dependability of the optimization algorithm [14].
The determination the convergence criterion is the final question when

using the iterative searching for the optimum point Eq. (2.1) described above.
Considering the geometrical content of the gradient steepest descent method,
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we can assume that at the permissible point )?t the component of the

increment vector A)?; for the design variables should be vanish, A)?; —0, in
case of approximation to the optimum solution of the non-linear programming

task presented by Egs. (1.1) — (1.5). So, the following convergence criterion of

the iterative procedure Eq. (2.1) can be assigned:

Ny

S(axh) <e, (2.22)
=1

1=

Ja%:]-

where ¢, is a small positive number. In the paper [14] the convergence criteria

for the iterative procedure Eq. (2.1) has been presented in detail.

3. Mathematical model for parametric optimization of the lattice
portal frame. A parametric optimization task for lattice portal frame of the
steel warehouse framework designed as repository for the granulated sulfur has
been considered. Building object locates in seaport Ust-Luga of Russian
Federation The general building sizes are length 247.25 m and width 69.0 m.
Steel framework of the building consists of portal frames with span 69.0 m
positioned along building length with bay 7.5 m.

Steel portal frames consist of the lattice structural members fabricated from
pipes with steel grade St20 according to design code [12]. Joints in the lattice
structural members were designed using welded connections without gussets.

There is a service platform at the level +28.25 m provided for supporting
the crane-loader and conveyor (see Fig. 3.1). The load-bearing structures of the
platform are suspended to the structural members of the portal frames. Welded
I-beams of this platform were manufactured from the universal steel sheets of
grade S245.

Design scheme of the steel lattice portal frame was assumed as a hinged-
bar structure with hinged column bases. Geometrical scheme of the portal
frame was described using the set of nodes and bars with orientation on
implementation of the finite element method for linear static analysis. Node
coordinates of the design scheme were determined in Cartesian coordinate
system and presented as expressions in dependence of geometrical design
variables of the optimization task.

Dead loads included self weight of the portal frame, roof purlins, roof
bracings, fire escape staircase and mezzanines, profiled panels which is used as
non-warmth-keeping walling as well as service loads on fire escape staircase and
mezzanines. Safety factors for the design loads and effects as well as safety
factor for the building responsibility were defined according to [12]. Live loads
(or technological loads) were accepted according to the target specification.
Calculation the design values for climate loadings has been performed according
to the requirements [12]. So, tree types of snow loads and two types of wind load
have been considered when optimum designing of the steel portal frames.

Design loads and effects have been combined in 16 design load case
combinations taken into account the combination factors according to
requirements of design code [12]. All loads and effects on the structure were
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presented as concentrated loads at the nodes and were determined analytically
depending on the variable parameters of the geometrical scheme.

Fig. 3.1. Assembling process on job site (Photo has been provided by V. Shymanovsky Ukrainian
Research and Design Institute of Steel Construction)

Mathematical model of the parametric optimization task for the steel portal
frame with lattice structural members has been formulated as nonlinear
programming task including the set of design variables, system of constraints
as well as specified purpose function.

3.1. Design variables. Parameters of the geometric scheme of the portal
frames have been considered as design variables. Variable parameters of the
geometrical scheme were building height at the eave node H_, and at the

ridge H_,, distance between upper and lower chords of the lattice rafter at the
eave node hop and at the erection joints 4,, h,, h, i h,, distance between
chords of the lattice column at the eave node bop and parameter b, (see

Fig. 3.2). Start values for the design variables were accepted according to the
design decision of the steel framework developed by Open Join-Stock
Company “V. Shymanovsky Ukrainian Research and Design Institute of Steel
Construction”, namely: H_, =39.58m, H_, =10.63m,

h,=h,=h;=h,=h,=b, =2.6m, b, =0.56 m. Additionally, cross-sectional

sizes of the structural members with circle hollow sections (CHS) for each
stiffness type were considered as design variables (see Table 3.1).
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Table 3.1
Variable cross-sectional sizes for the CHS structural members of the portal
frame
Stiff- | Design Stiff- | Design
Destination and | ness | variables Start ness | variables Start
location of type | name, values, | type | name, values,
structural member| num- | diameterx | mmxmm | num- | diameterx | mmxmm
ber | thickness ber | thickness
1 d, xt, 299x25 7 dg xt, 299x16
2 d xt 299x14 8 dg xt, 299x10
Chords of the N A
lattice 3 dl ><t3 299X10 9 dg ><t9 299X10
structural 4 d, xt, 299x14 | 10 | dxt, | 299x14
members
5 d, xt; 299x14 | 11 d, xt, 180x12
6 dg %t 299x10 - - -
Elements of the 12 dy, 1, 152%38 14 dyy %t 102%5
lattice rafters 13 | d,xt, 121x8 _ _ _
. 15 dis %t 152x8 17 | d;;xt, | 180x12
Frame ridge
16 | dxt, 102x5 18 dgxty | 180x12
Elements of the | 19 | dioxty | 299x10 | 21 | dyxt, | 299x25
lattice columns | 20 | g xz,, | 299x25 | 22 | dy,xt, | 1025
Suspension arm
of the service 23 | d,;xt,; | 180x12 - - -
platform

Hzd

S

traight-line portions
of lower chord

axis of symmetry

S (if service platform leaves out of account)

o
o
S — — —
S

Fig. 3.2. The design scheme of the portal frame
with specification of the variable geometrical parameters
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3.2. System of constraints. The system of constraints Egs.(1.2) —(1.3)
should cover strength and stability constraints formulated for all design
sections of all structural members of the considered steel structure subjected to
all design load combinations at the ultimate limit state. The following strength
constraints have been included in the system of constraints Egs. (1.2) —(1.3),

formulated for all design sections, Vi = 1,_NDS (N, is the total number of the

design sections in structural members), of all structural members, Vj=1,N,
(N, is the total number of the structural members), subjected to all ultimate

load case combination, Vk =1, NV%

Lc >
Amf (X/CS )Ry’j e
— N’ X/
where o, (X) - #(Xcs))
n,j

force Ny, ()? ) acting in i ™ design section of j ™ structural member subjected to

namely normal stresses verifications:

~1<0, 3.1)

is the value of the normal stresses caused by axial

k ™ ultimate load case combination calculated from the linear equations system
of the finite element method presented by Eq.(1.5); 4, ()? CS) is the net cross-

sectional area of ;™ structural member calculated depending on the variable

cross-sectional dimensions of the structural members X ; 7, is the safety
factor [12]; R

., 1s the design strength for steel member subjected to tension,

bending and compression; Ry, are allowable value for normal stresses [12];

O ik ()? ) are normal stresses at the specified cross-section point caused by

internal forces acting in i ™ design section of j ™ structural member subjected to

k ™ ultimate load case combination calculated from the linear equations system
of the finite element method presented by Eq. (1.5). The value of the normal

stresses o, ()? ) at the specified cross-section point has been calculated

depending on the variable geometrical parameters of the structure X, . and

variable cross-sectional dimensions of the structural members X .
The following constraints on slenderness of the structural members have
been included in the system of constraints Egs. (1.2) — (1.3), Vi =1, N, :

le«f,y,j (XIG )

- -1<0; (3.2)
iy,j (XCS ) iuy,j
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real¥e) g, (3.3)
iy (Xes A,

where iy’j()a(cs) and iw.()a(cs) are radiuses of inertia for ;" structural

member’s design cross-section relative to the main axis of inertia and
calculated depending on the variable cross-sectional dimensions of the
structural members X, ; lef’y’j()a(g) and lef’z’j()a(g) are design lengths for
j ™ structural member in the main planes of inertia calculated depending on

the variable geometrical parameters of the structure X, ; A, and 4, . are

the ultimate slenderness for ;™ structural member. Design lengths of the

structural members /,, ()? G) and [, ; ()? G) were defined according to [12]
as: for chords, support diagonals and support columns of the lattice structural
members lef’y’j()a(g)zlj()?s); lef’z’j()a(g) l,;; for other elements of the

lattice structural members [, ()?G) =0.85/; (XG) 5 Ly ()?G ) =0.85/ ;;

here /, is the geometrical length for j ™ bar of lattice structural member; L, is

the distance between out-of-plane restraints of the member from the horizontal
displacements in out-of-plane direction. Ultimate values for the slenderness of
the lattice structural members were specified according to [12] as:
A =, =400 for all tensioned members; A, . =4, =150 for all

w,j uz,j w,j
compressed members.
The following stability constraints have been included in the system of

constraints Egs. (1.2) — (1.3), formulated for all design sections, Vi =1,_NDS,
of the structural members subjected to all ultimate load case combination,

Vk =1,N'= , namely flexural buckling verifications for all structural members

subjected to axial compression force N, ( ) V]—l N, :

= aNﬁk ()?)4 -1<0; (3.4)
Py (XG’XCS )Ai (Xcs )Ry,j?/c
N lX) ~1<0; (3.5)

?.; (‘X/G’XICS )Aj ()?cs )Ry’j)/c.
where 4, ( CS) is the gross cross-sectional area of ;™ structural member
calculated depending on the variable cross-sectional dimensions of the structural
members X ; ?,; (X X, ) and ¢_; ()?G,)?CS) are column’s stability

factors corresponded to flexural buckling relative to the main axes of inertia and
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calculated depending on the design lengths IL,”( G), lq.’z’j()a(g), Cross-
section type and cross-section geometrical properties for the ;™ structural

member [12]. The flexural buckling factors ¢, ; (fg,ics) and ¢_; ()?G,)?CS)

calculated depending on the variable geometrical parameters of the structure X G

and variable cross-sectional dimensions of the structural members X .

The following local buckling constraints have been also included into the
system of constraints:

If’ (yfs) ~1<0; (3.6)
s (X)

L (st)—l <0, (3.7)
iuf J (X)

where A, ( CS) and /1 ( CS) are the non-dimensional slenderness of the
web and flange respectively of the cross-section for ;™ structural member;
/Tuw’j()? ) and /TM’]. ()? ) are the maximum values for corresponded non-

dimensional slenderness for column structural members calculated depending
on the internal forces (ration of the bending moment to the axial force), as well
as depending on the design lengths / qu.’z’j , cross-section type and cross-

section geometrical properties for the j™ structural member [12]. The non-

cfy/’

dimensional slenderness A, ( CS) and /1 ( CS) calculated depending on

the variable cross-sectional dimensions of the structural members X, only.
At the same time, the maximum values for corresponded non-dimensional

slenderness /TWJ()? ) and /TLM ()? ) calculated depending on the variable

geometrical parameters of the structure X . and variable cross-sectional

dimensions of the structural members X, .

The system of constraints Egs. (1.2) — (1.3) has been also covered the
displacements constraints (stiffness inequalities) for the specified nodes of the
considered steel structure subjected to all design load combinations at the
serviceability limit state. The following horizontal and vertical displacements
constraints have been included into the system of constraints Egs. (1.2) — (1.3),
formulated for all nodes, Vim=1,N, (N, is the total number of nodes in the

considered steel structure), of the steel structure subjected to all serviceability

load case combination, Vk =1, N} , namely:
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S (X
L() -1<0; (3.8)
51Lx,m
5. (¥
L() -1<0, (3.9)
51!2,”’[
where 6, ()? ) and 6_,, ()? ) are the horizontal and vertical displacements

respectively for/ ™ node of the steel structure subjected to & ™ serviceability

load case combination calculated from the linear equations system of the finite
element method presented by Eq. (1.6); 6,, and &, , are the allowable

horizontal and vertical displacements for m ™ structural node. Ultimate values
for linear node displacements of the steel lattice portal frame were calculated
according to [12] as 6,,,, = H_, /210 and 5, = L/300 =230 mm.

Additional requirements that describe structural, technological and
serviceability particularities of the considered structure, as well as constraints
on the building functional volume (see Fig. 3.3) can be also included into the
system Egs. (1.2) — (1.3). In particular these requirements can be presented in
the form of constraints on lower and upper values of the design variables,

Vi=LN,:

1-2£<0; (3.10)

X
120, (3.11)

l

where X/ and X' are the lower and upper bounds for the design variable

X, ; N, isthe total number of the design variables.

Additional constraints on cross-sectional sizes of the structural members
with circle hollow sections type have been formulated according to the
requirements of [12]. There were constraints of permissible minimal thickness
and permissible maximum diameter-to-thickness ratio for the structural

members, namely, V/=1,Ng, :

t
1,0-——<0; (3.12)

min,/

Dl
~1,0<0, 1
5 (3.13)

1~ max,/

where / is the number of the stiffness type; N, is the overall quantity of the
stiffness types in the considered steel lattice portal frame; ¢ and D, are

thickness and diameter of the circle hollow section for /™ stiffness type (see
Table 3.1) respectively; ¢ is the minimum thickness of the circle hollow

min,/
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section in accordance with design code [12] as ¢ _,=3mm for chords,

min,/
support diagonals and support columns of lattice structural members and
t . =2.5mm for other lattice elements; &, is the maximum diameter-to-

min,/ max,/
thickness ratio for the structural member with circle hollow section in
accordance with design code [12] depending on the yield stress value

R, =245MPa <295 MPa as &,,, =30 for chords elements of the lattice

BL max,/

=90 for other lattice elements.

structural members and &

max,/

300,3550,
33000

18300
17159

6500

5000

(railhead top)

wer _cable

52% ;1025
4800
2300|3200, 2700

Fig. 3.3. Technological equipments and constraints that describe useful space in the building

B

The following constraints that describe conditions for designing gusset-less
welded joints between CHS structural members formulated according to the
requirements [12] have been also included in the system Egs. (1.2) —(1.3),

q,p=1.Ng:
0,3d,<d, <d,, (3.14)
where p and ¢ are the numbers of the stiffness types of structural members

connected in the joint, here p is the number of the chord’s stiffness type; ¢ is

the number of the lattice stiffness type.
3.3. Objective function. Minimum weight as well as minimum
construction budget has been considered as purpose function. Analytical

expression for the structural weight M()? X CS) depending on the variable

cross-sectional sizes of the members can be written by the following formula:

N Ny
M(X,, X )= gop; Al = 4ﬂgop;tj (D, -t,)1, - min, (3.15)
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where A4, and /; are gross cross-sectional area and geometrical length for j .
structural member respectively; p — steel density, p =7850kg/m’; ¢ is the

factor that takes into account the increment of structural weight due to the
present of the adjunct elements in the structural members and joints (stiffeners,
ribs, end-plates, gussets etc.), ¢ was defined according to the steel specification

mentioned in the source project for the warehouse framework, ¢ [ 1,1.

Construction budget of the steel portal frame with lattice structural
members taken into account construction budget of mezzanines erected at the
level +28,25 can be presented as follow:

et sl wi
K - lezf + lezf + Casm + Cusm + CL‘.p. + Cq.c'. + Cmut >
where C, . is the manufacturing cost of lattice structural members; C, . is the

manufacturing cost of mezzanine’s structural members; C, is the assembly cost

for steel portal frame; C" is the assembly cost for walling; C. is the cost on

asm c.p.

the work package for corrosion protection of the steel framework; C, . is the cost

for the quality control of welded connections; C, . is the material cost for

mat
structural members of the steel portal frame. Analytical expression of the
construction budget for manufacturing and erection of the steel lattice portal frame
depending on the design variables have been presented by the following, UAH:

K =20670M (X, X )+1525D,, (X, )+1300H., +
- (3.16)
+110A, (X, X 5 )+21120 — min,
1

where D, is the half-rafter length, D, = ((0, 5L +(H,-H.,) )E ; L isthe

portal frame span, L =69 m; A ()? o X CS) is the total surface area of the steel

lattice portal frame to be subjected to anti-corrosion treatment.

4. A parametric optimization algorithm based on the gradient
projection method. Let present the following numerical algorithm to solve the
parametric optimization problem for steel structures formulated above.

Step 1. Describing an initial design (a set of design variables) and initial
data for structural optimization.

The design variable vector X, =(X,, X)! has been specified, where k

is the iteration index, k =0. The structural topology, cross-section types and
node type connections of the bars, the support conditions of the bar system, as
well as loading patterns, load case combinations and load design values are
prescribed and constants.

Initial data for optimization of the considered steel structure are design
strength for steel member R, safety factor y,, factors to define flexural

design lengths /, ., [, . for all column structural members; allowable
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values for horizontal and vertical displacements 6, , and J,., of the specified
nodes of the considered steel structure; lower X* and upper XV bounds for

the design variables; as well as specified objective function f(X )

Step 2. Calculation of the geometrical and design lengths for all structural
members.
The geometrical lengths /; of all structural members are calculated based on

the node coordinates of the considered steel structure. The latter depend on the
unknown (variable) geometrical parameters of the structure X - The design
lengths / /
calculated geometrical lengths /; and initial data relating to the design length

of all column structural members are calculated using

of.y.j> ez

factors. The latter are constant during the iteration process presented below.
Variation of the geometrical lengths /, and corresponded design lengths /

l

oy,

..., on the further iterations has been performed based on the current values of

the variable (unknown) parameters X . of the geometrical scheme.

Step 3. Calculation of the cross-section dimensions and geometrical
properties for all design cross-sections.

Geometrical properties of the design cross-sections (areas, moments of
inertia, elastic section moments, radiuses of inertia, etc.), as well as non-
dimensional slenderness for cross-section elements (webs and flanges)

Iw’j(i o) and ZN()? «s) have been calculated depending on the current

values of the unknown (variable) cross-section dimensions X .

Step 4. Linear structural analysis of the considered steel structure.

For each m™ node of the finite element model subjected to k™
serviceability load case combination the displacements and rotations, as well
as the design horizontal o, (X) and vertical 0. 4 (X) displacements can be
calculated using the linear equations system of the finite element method
presented by Eq. (1.6).

For each i™ design section of ;™ structural member subjected to k™
ultimate load case combination the design internal forces can be calculated using
the linear equations system of the finite element method presented by Eq. (1.5).

Step 5. Calculation of the state variables (stresses, buckling factors,
allowable non-dimensional slenderness etc.).

The value of the normal o,
point has been calculated depending on the axial force acting in i ™ design

section of ;™ structural member subjected to k™ ultimate load case

(X) stresses at the specified cross-section

combination as presented by the design code.
The flexural buckling factors (py’j(f( o Xes) s ¢Z’_f()?6,)?cs) have been
calculated depending on the corresponded design lengths, cross-section type
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and cross-section geometrical properties for the structural members according
to the design code [12].
The maximum values for corresponded non-dimensional slenderness

Z M’j()ﬁ( ) and Z i (X) for column structural members have been calculated

o .y.j? !

section geometrical properties for the j ™ structural member [12].

depending on the design lengths !/ cross-section type and cross-

ef.z,j°

Step 6. Verifications of the constraints and construction the set of active
constraints numbers A .

Verification of the constraints Egs. (3.1), (3.4), (3.5) has been performed for
all ultimate load case combinations and all design cross-sections of all structural
members. Verification of the constraints Egs. (3.8), (3.9) have been also
conducted for all serviceability load case combinations and all design structural
nodes. Additional requirements in the form of constraints Egs. (3.10), (3.11) on
lower and upper values of the design variables, local buckling constraints
Egs. (3.6), (3.7), constraints on the member’s slenderness Egs. (3.2), (3.3),
constraint Eq. (3.12) on permissible minimal thickness, constraint Eq. (3.13) on
permissible maximum diameter-to-thickness ratio for the structural members, as
well as the conditions Eq. (3.14) for designing gusset-less welded joints between
structural members with circle hollow sections have been also verified. Set of the
active constraints numbers A calculated for the current approximation X , has
been constructed according to Eq. (2.2).

Step 7. Calculation of the current objective function value (X ), objective
function gradient Vf(X ) and determination of the desired decrement of the
objective function value Af(X o) -

The objective function gradient V/ (X ) can be calculated by the numerical
differentiation with respect to the design variables using the finite difference
approximation. The desired decrement of the objective function value Af(X 0)

can be assigned as 5...25% from the current objective function value f(X )
Step 8. Construction of the constraint’s violations vector V and the matrix
of the active constraint’s gradients [Vgo]. The vector of the values of the

constraint’s violations V and the matrix of the constraint’s gradients [Vgo]
are constructed for active constraints only according to the set of active
constraints numbers A .

Step 9. Construction the matrix of active linear-independent constraint’s
gradients with triangular structure. The set of linear-independent constraint’s
numbers L and the matrix of active linear-independent constraint’s gradients
H[Vgo] with triangular structure are constructed according to the algorithm

presented by the paper [14].



ISSN 2410-2547 65
Omip marepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 107

Step 10. Step parameter £ calculation. Step parameter £ has been calculated

according to Eq. (2.11) or Eq.(2.12) and can be modified on the further
iterations depending on convergence of the iterative process presented by
Eq. (2.1).

Step 11. Calculation the column-vectors z, and fi; which define the design

variables increment subject to the condition of elimination the constraint’s
violations and subject to the improvement of the objective function value. The
vectors f, and jii can be calculated using Eq.(2.18) and Eq.(2.19)

respectively.
If some 4™ component of the column-vectors i, and ji satisfies

Eq. (2.17), the corresponded constraint gradient V¢, has been excluded from
the matrix [V¢], and corresponded violations ¥, has been excluded from the

vector V , as well as the return to step 9 has to be conducted. In contrary case
transition to the step 11 has been performed.

Step 12. Calculation the increment vector for the current design variables
and determination the improved approximation to the optimum solution. The

increment vector AX, for the current design variables values X, has been
calculated according to Eq. (2.20) or Eq. (2.21). The improved approximation

X k+1

Step 13. Stop criteria verification of iterative searching for the optimum
solution. If all constraints Egs. (3.1)—(3.14) are satisfied with appropriate
accuracy, as well as inequality Eq. (2.22) or one of the stop criteria described by
the paper [14] is also satisfied, then transition to the step 13 has been performed.

In contrary case return to the step 1 has been conducted with & < k +1.

to the optimum solution has been determined according to Eq. (2.1).

Step 14. Discretization the optimum solution X , obtained in the
continuum space of the design variables.
Step 15. Optimum parameters of the structure is X . with optimum value of

the objective function (X )

Figure 4.1 presents the flow chart for structural optimization according to the
searching technique describing by the gradient projection method considered
above.
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Step 1. Describing an initial design (a set of design variables) and initial data for structural
optimization. & is the iteration index, £ =0.

(D)—

Step 2. Calculation of the geometrical and design lengths for all structural members.

!

Step 3. Calculation of the cross-section dimensions and geometrical properties for all
design cross-sections.

!

Step 4. Linear structural analysis

|

Step 5. Calculation of the state variables (internal forces, stresses, etc.)

|

Step 6. Verifications of the constraints and
construction the set of active constraints numbers A

|

Step 7. Calculation the current objective function value f()?k) ,

objective function gradient Vf(f(,() and desired decrement Af(X,)

!

Step 8. Construction of the constraint’s violations vector V
and the matrix of the active constraint’s gradients [V o]

O—

Step 9. Construction the matrix of active linear-independent constraint’s gradients
H|[Vg] with triangular structure and vector HVf

Fig. 4.1. The flow chart for structural optimization according to the searching technique
based on the gradient projection method.
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Step 10. Step parameter ¢ calculation

{

Step 11. Calculation the column-vectors z, and z, determining the design variables

increment subject to the condition of elimination the constraint’s violations and subject to the
improvement of the objective function value

Excluding the constraint gradient
Vg, from the matrix [V¢] and

violation 7, from the vector V

Verification the inequality
Eq. (2.12) for all columns
of the matrix [Vo]|

Step 12. Calculation the increment vector AX, for the current
design variables and determination the improved
approximation to the optimum solution X’,H

Iteration index
k<« k+1

Step 13. Stop
criteria verification

Step 14. Discretization the optimum solution X’k

v

Step 15. Optimum parameters of the structure is X’k with optimum

value of the objective function f()?k)

Fig. 4.1 (continuation). The flow chart for structural optimization according to the searching
technique based on the gradient projection method

5. Results and discussion. A parametric optimization methodology
presented above has been realized in software OptCAD [19, 20]. The software
provides solutions to a wide range of problems, namely: (i) linear static
analysis of bar structures; (ii) verification of the load-bearing capacity of the
structural members according to specified design code; (iii) searching for
values of the structural parameters when structure complies with design code
requirements and designer’s criterions; (iv) parametric optimization of the steel
bar structures by the determined criterion.
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Fig. 5.1. The optimum design decision by the criterion of minimum structural weight when lower
chord of the lattice rafter is straight-line.

Table 5.1

Optimal values for variable geometrical parameters of the portal frame’s
design scheme

Optimum values, m, by the criterion of minimum
. costs on fabrication and
. . Start weight .
Design variable value. m erection
’ when lower chord of lattice rafter is
straight-line | polygonal | straight-line | polygonal
H,, 39.58 38.82 39.55 38.74 39.44
H, 10.63 11.92 11.84 12.08 12.03
h, 2.60 - 3.23 - 3.31
h, 2.60 - 3.21 - 3.23
hy 2.60 - 2.68 - 2.70
hy 2.60 2.18 2.68 2.13 2.61
b, 0.55773 1.00 0.56 1.05 0.63
h,, 2.60 3.61 3.72 3.73 3.87
b,, 2.60 3.08 3.02 3.02 2.95
Weight, x10° kg| 30.78 18.98 18.45
Costs, UAH | 786681 534647 524257
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Table 5.2

Optimal values for variable cross-sectional sizes of the lattice structural

members of the portal frame

Optimum values, mmxmm, by the criterion of minimum
. costs on fabrication and
weight .
Start erection
Design value when lower chord of the lattice rafter is
variable m ’| straight- olveonal straight- olveonal
line polye line polye
in the search space
continuous discrete continuous discrete
dl X1, 299x25| 183.4x8.4 | 192.3x8.6 | 194x9.0 | 173.9x9.3 | 172.9x8.6 | 168%x11.0
dl xt, 299x14| 183.4x6.1 | 192.3%6.4 | 194x7.0 | 173.9%x6.9 | 172.9%6.3 | 168x8.0
dl Xt 299x10| 183.4x6.9 | 192.3x6.5 | 194%6.5 | 173.9x7.3 | 172.9x7.4 | 168x8.5
dl xt, 299x14| 183.4x8.5 | 192.3x9.3 | 194x9.0 [173.9x10.7| 172.9x9.3 |168%11.0
dl 1, 299x14| 183.4x6.1 | 192.3%6.4 | 194%6.5 | 173.9x5.8 | 172.9x5.8 | 168%6.0
d6 X1, 299x10( 297.4%9.9 |303.1x10.1{299%10.0 | 298.1x9.9 | 292.3x9.7 {299%10.0
d6 xt, 299x16(297.4x11.3|303.1x11.4{299%12.0 {298.1x11.6 {292.3%11.5{299%12.0
dg A 299x10| 264.4x8.8 | 269.4%x9.0 {299%10.0 | 269.0x9.0 | 263.6x8.8 | 273x9.5
d9 xt, 299x10( 203.0%6.8 | 210.7x7.0 | 194x8.5 | 211.5x7.0 | 202.8%x6.8 | 219%x7.5
dlo X1, 299x14| 143.5%x4.8 | 147.1x4.9 | 152x5.5 | 148.1x4.9 | 143.3x4.8 | 146%5.5
dn X1, 180x12( 183.4x9.7 | 192.3x9.6 | 194x9.5 [173.9x11.5({172.9%11.1|168%13.0
dlz xt, 152x8 | 161.2x4.5 | 165.6%4.6 | 152x5.5 | 164.9%4.6 | 160.8%4.5 | 168x5.0
dw xt,, 121x8 | 110.3x3.9 | 107.4x3.6 | 108x4.0 | 80.7x4.9 | 79.1x5.6 | 83x5.0
d14 xt, 102x5| 89.2x3.5 | 90.9x3.5 | 95x3.5 | 89.4x3.5 | 87.7x3.5 | 95x3.5
dls X1, 152x8 | 143.5x5.2 | 147.1x5.1 | 152x5.0 | 133.5%5.9 | 135.1x5.6 | 133%6.0
dm X1 102x5| 55.0x3.5 | 57.9x3.5 | 60x3.5 | 52.2x3.5 | 51.9x3.5 | 54x3.5
d17 xt,, 180x12( 112.8x4.9 | 116.3x4.7 | 108x5.0 | 90.4x6.1 | 101.8x5.4| 95x6.0
d18 X1 180x12| 143.5%6.3 | 147.1x6.6 | 152%6.5 | 148.1x6.6 | 143.3x6.4 | 146x7.5
d19 X1, 299x10( 297.4%9.9 303.2x10.1{299%10.0 | 298.1x9.9 | 292.3x9.7 {299%10.0
d19 Xty 299x25( 297.4%9.9 |303.2x10.1{299%10.0 | 298.1x9.9 | 292.3x9.7 {299%10.0
d21 xt,, 299x25(297.4x21.0(303.2x21.1{299%22.0 {298.1x22.3 {292.3%22.3|299%24.0
d22 Xt 102x5| 89.2x3.5 | 90.9x3.5 | 95x3.5 | 89.4x3.5 | 87.7x3.5 | 95x3.5
dzz X1y, 180x12| 148.9x5.3 | 151.6x5.3 | 152x5.5 | 79.7x11.4 | 81.8x10.6 | 83x1.2
Weight, ><103,kg 30.78 18.45 18.98 19.70 - - -
Costs, UAH |786681 - - - 534647 524257 | 552368
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Formulated parametric optimization problem for the steel lattice portal
frame has been solved using software OptCAD. Mathematical apparatus of the
software combines the finite element method to perform linear static analysis
of the bar system, as well as improved gradient projection method to solve
parametric optimization problems formulated as non-linear programming tasks
[19, 20]. Task dimensions are: account of design variables is 50, account of
problem constraints is 14000.

Optimization results received using software OptCAD are presented by the
Tables 5.1 and 5.2. Figure 5.1 show optimal design decision by the criterion of
minimum structural weight of the steel lattice portal frame (project with start
values of the design variables is indicated by the red color, optimum project is
indicated by the blue color).

Conclusion. The results of the presented study can be formulated as
follow:

1. The paper has proposed a mathematical model for parametric
optimization problem of the steel lattice portal frame with CHS structural
members. The design variable vector includes geometrical parameters of the
structure (node coordinates), as well as cross-sectional dimensions of the
structural members. The system of constraints covers load-carrying capacities
constraints formulated for all design sections of structural members of the steel
structure subjected to all ultimate load case combinations. The displacements
constraints formulated for the specified nodes of the steel structure subjected to
all serviceability load case combinations have been also included into the
system of constraints. Additional requirements in the form of constraints on
lower and upper values of the design variables, constraints on permissible
minimal thicknesses, constraints on permissible maximum diameter-to-
thickness ratio for the structural members with circle hollow sections, as well
as the conditions for designing gusset-less welded joints between structural
members with circle hollow sections have been also considered in the scope of
the mathematical model.

2. The method of the objective function gradient projection onto the active
constraints surface with simultaneous correction of the constraints violations
has been applied to solve the formulated parametric optimization problem.

3. A numerical algorithm for solving the parametric optimization problems
of steel lattice portal frames with CHS structural members has been presented
in the paper.

4. New optimal layouts of the steel lattice portal frame by the criterion of
the minimum weight, as well as minimum costs on manufacturing and erection
have been shown.
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V]IK 624.04, 519.853
FOpuenko B.B., [lenewxo 1./].
MAPAMETPUYHA ONITUMIZALISA CTAJEBOI PEINITYACTOI PAMHM 3
HECYYUMMU EJIEMEHTAMM I3 KPYI'VIUX TPYB

VY craTri 3amponoOHOBaHA MaTeMaTHYHAa MOJENb Ui 3ajadi IapaMeTpHyHOi ONTHMIi3awil
CTaJIeBOi PEIIITYACTOI MONMEpedHoi paMH Kapkacy OyxiBii, Hecydi €eMEHTH SKOI BHKOHaHI 3
Kpyriux Tpy6. BekTop 3MIHHHX NMPOEKTYBaHHS MICTHTh I'€OMETPHYHI IapaMeTpH KOHCTPYKLIl
(KOOpIMHATH BY3JiB), a TAKOXK PO3MIpPH ITONEPEUHNX IEePepi3iB HECYYHX SIEMEHTIB KOHCTPYKIIIi.
Cucrema OOMEXEHb OXOIUIIOE OOMEXKEHHs Hecydol 3maTHOCTI, copMynbOBaHI AT ycixX
PO3paxyHKOBHUX TEPepi3iB eIEMEHTIB KOHCTPYKIIi, IO Mijsirae Il ycix KoMOiHal[ili HABaHTaKEHb
Hepuioi Tpynu TPaHUYHKMX CraHiB. J[0 cHCTeMH OOMEXEeHb TaKOK 3alydeHi OOMEKEHHs
HepeMillieHb By3J1iB, chOPMYJIbOBaHI Ul BU3HAYCHUX BY3JIiB KOHCTPYKIII, IO migjsrae il ycix
KOMOiHaLiii HaBaHTa)XEHb APYroi I'PyNU IPaHUYHUX cTaHiB. JlomaTkoBi oOMexeHHs y dopwmi
OOMEKEeHb Ha BEPXHIO Ta HIDKHIO MEXI BapilOBaHHS 3MIHHUX IPOCKTYBaHHs, OOMEKEHHS Ha
JOMyCTUMY MiHIMAJIbHY TOBLUMHY Iepepidy, OOMEKEHHs Ha JOINYCTHME MaKCHMalbHE
BIIHOLIGHHS AiaMeTpy 10 TOBIIMHH TPyOH, a TAKOX YMOBH KOHCTPYIOBaHHS 0e3(haCcOHKOBHX
BY3JIIB PEIIITYACTOI KOHCTPYKLIT 3 eJIeMEHTaMH i3 KPYIIuX TpyO Takoxk Oyiu po3risHYTI y cKiaai
cHCTeMH OOMeKeHb MaremMatHyHol Mopenm. Jlmsi po3B’s3ky  cdopmyiaboBaHoi  3amadi
HapaMeTpUYHOl ONTHMi3alil BHKOPHCTOBYBABCS METOH MpOEKUii rpagieHTy (yHKUii MeTH Ha
IIOBEPXHIO aKTHBHHX OOMEXEHb 3a OJZHOYACHOI JIKBifaLii HEB’SI30K y HOPYIICHHX OOMEKCHHSIX.
SIk pe3ysibTaT OTPUMaHi HOBI ONTHMANbHI IPOEKTHI PIICHHS CTAJIEBOI PELIITIACTOI HOMEPEIHOL
pamu 3a KpUTepieM MiHIMyMy MacH KOHCTPYKLIi, @ TAKOXK 332 KPUTEPieM MIHIMyMY KOIITOPHCHOL
BapTOCTI i BATOTOBJICHHS Ta 3BEACHHSL.

KirouoBi cioBa: onTuMizamis, craneBa peliTdacta pama, HENiHiffHE NporpaMmyBaHHS,
MILHICTB, CTIMKiCTh, KOPCTKICTh, IPAJIEHTHUI METOM, METOJ CKiHYEHHHX €JIEMEHTIB, YHCIOBHIA
AITOPUTM.

UDC 624.04, 519.853
Yurchenko V.V., Peleshko I.D.
PARAMETRIC OPTIMIZATION OF STEEL LATTICE PORTAL FRAME WITH CHS
STRUCTURAL MEMBERS

The paper has proposed a mathematical model for parametric optimization problem of the
steel lattice portal frame. The design variable vector includes geometrical parameters of the
structure (node coordinates), as well as cross-sectional dimensions of the structural members. The
system of constraints covers load-carrying capacities constraints formulated for all design sections
of structural members of the steel structure subjected to all ultimate load case combinations. The
displacements constraints formulated for the specified nodes of the steel structure subjected to all
serviceability load case combinations have been also included into the system of constraints.
Additional requirements in the form of constraints on lower and upper values of the design
variables, constraints on permissible minimal thicknesses, constraints on permissible maximum
diameter-to-thickness ratio for the structural members with circle hollow sections, as well as the
conditions for designing gusset-less welded joints between structural members with circle hollow
sections have been also considered in the scope of the mathematical model. The method of the
objective function gradient projection onto the active constraints surface with simultaneous
correction of the constraints violations has been used to solve the formulated parametric
optimization problem. New optimal layouts of the steel lattice portal frame by the criterion of the
minimum weight, as well as minimum costs on manufacturing and erection have been presented.

Keywords: optimization, steel lattice frame, nonlinear programming, strength, buckling,
stiffness, gradient projection method, finite element method, numerical algorithm.

YK 624.04, 519.853
FOpuenko B.B., [lenewixo U.J].
MAPAMETPUYECKASI ONTUMM3ALIUAS CTAJIBHOM PEILIETYATOM PAMBI C
HECYIIUMHU DJIEMEHTAMMU U3 KPYTJIbIX TPYB

B cratbe npemiokeHa MaTeMaTH4YecKasi MOJEIb Ul 3a/1a4d apaMeTPUYECKON ONTUMU3ALUU
CTAJIbHOM pelIeT4aTo IONEpEeYHOH paMbl Kapkaca 3[aHHs, HECylHe O3JIEeMEHTHl KOTOpOH
BBITIOJIHEHBI M3 KPYTJIbIX TPYO. BeKTOp nepeMeHHbIX MPOEKTUPOBAHUS COIEPIKUT I'€OMETPUUECKHE
HapaMeTpbl KOHCTPYKLMHU (KOOPAMHATBI Y3JI0B), @ TAKXKE pa3MepPbI MONEPEUHbIX CEUEHNUH HECyLInX
AIEMEHTOB  KOHCTpYKIMHM. CucremMa OrpaHMYEHMH BKIIOYAaeT OrpaHUYEHHUs  Hecyllel
CrOCOOHOCTH, C(OPMYINPOBAHHBIC IS BCEX PACUCTHBIX CEYCHHI DIEMEHTOB KOHCTDPYKIIHH,
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HOUIeKAILEH NeHCTBUIO BceX KOMOMHALMK HAarpy30K MEpBOI IPYIIIbl IPEAEIbHBIX COCTOsHUIL. B
CHCTEMY  OrDaHMYEHMH  TaKKe  BKIIOYEHbl ~ OrPAaHUYEHUS  IEPEMEIEHUil  y3JIOB,
copMyIMpOBaHHbIC AJS ONMPENCICHHBIX Y3JI0B KOHCTPYKLHMH, HOUIeKAIUeH ACHCTBUIO BCeX
KOMOMHAIIMH HAarpy30K BTOPOIl IPYIIIbI PEAeIbHBIX COCTOSHHUMN. [lOMOIHUTEIbHbIC OrPaHHYCHUS
B (opMe OrpaHHYCHHH Ha BEPXHIOID W HIKHIOI TPAHUIBI BapbUPOBAHMS IIEPEMEHHBIX
HPOEKTUPOBAHMSI, OTPAHUUYEHUS Ha JOMYCTUMYI MUHUMAJIbHYIO TOJILUHY CEYEHHUs, OrPAaHUUYCHUS
Ha JONYCTUMOE MAaKCHMAaJbHOE OTHOIIEHHME [MaMeTpa K TOJILMHE TPYObl, a TaKKe YCIOBHS
KOHCTPYHPOBaHHS 0ec(haCOHOUHBIX Y3JIOB PEIICTYATON KOHCTPYKIHHU C DJIEMEHTaAMH MX KPYIJIbIX
Tpy0 Taxxke OBUIH PACCMOTPEHBI B COCTABE CHCTEMbl OIPaHMYCHHI MaTeMaTHYecKoi Monenu. [t
pewieHust chOpMyIHPOBAHHOH 3aJady MapaMeTPUUECKON ONTUMHU3ALMK HCIIOIB30BAICS METOX
IPOCKLMK TIpajueHTa (GYHKIMHM LETd Ha I[IOBEPXHOCTh AKTHBHBIX OrPAaHWYCHUH IpH
OJJHOBPEMEHHOW JIMKBUJALIMU HEBA30K B HAPYIUEHHBIX OrpaHUYEHMAX. B pesynbrare momydeHst
HOBBIE ONTHMAaJIbHbIE HPOEKTHbIE PELICHUs CTAJbHOM pELIeTYAaTOH IONEePeyHod pambl 110
KPUTEPUI0 MUHMMYMa MacChl KOHCTPYKLHMM, a TaKKe I10 KPUTEPUI0 MUHMMYMa CMETHOMH
CTOMMOCTH Ha €€ U3rOTOBJIEHUE H BO3BEIECHHUE.

KaroueBble  cioBa:  onTHMH3aLuMs, CTajbHas  pelieTyaras — pama,  HEJIMHEHHoe
HPOrpaMMUPOBAHUE, HPOYHOCTb, YCTOHUMBOCTb, JKECTKOCTb, TI'PAJUEHTHBIA METOHA, METOA
KOHEYHBIX 3JIEMEHTOB, YUCIEHHbIH aJI'OPUTM.

YK 624.04, 519.853

FOpuenko B.B., Ilenewrxo I./]. TlapameTpuuHa onTuMi3amiss cTajieBoi pemiTyacToi pamMu 3
HECYYHMH eJIeMeHTaMH i3 Kpyrimx Tpyo6 / Omip maTepiaiiB i Teopis cropya: HayK.-TeX. 30ipH.
—K.: KHYBA, 2021. — Bun. 107. — C. 45-74.

Y emammi 3anpononosana mamemamuuna modenv 0as 3adaui napamempuuHoi onmumizayii
cmanesoi pewtimuacmoi nonepeunoi pamu kapracy 0yoieni, necyui eiemenmu SIKOi 6UKOHAHI 3
Kpyenux mpy6. Ax 6ekmop 3MIHHUX NPOEKMYSAHHS PO3STAHYMO KOOPOUHAMU Y378 KOHCIMPYKYT,
a maxodic po3mipu nonepeyHux nepepizis it necyyux enemenmis. Cucmema oomedcenb 0XoNa08aNd
0OMEINHCEHHSI HECYUOT 30aMHOCI CIEPICHEBUX elleMemie KOHCMPYKYIL, 00MedceHHs nepemiujeHs it
6Y371i6, 0OMedICeHHs HA OONYCMUMY MIHIMATLHY MOGUWUHY Nepepi3y, 00MedCeH s Ha OONnYCmume
Makcumanbhe 8iOHOWleHHs diamempy 00 MOGWUHU MPYOU, A MAKOXHC HEPIGHOCMI, WO ONUCYIOMb
YMOBU KOHCMPYIOBAHHS 0e3(haACOHKOBUX QY376 peuimuacmoi KOHCMpPYKYil 3 eremenmamu i3
Kpyeaux mpy6. s po3s’s3ky copmyibosanoi 3a0aui SUKOPUCMOBYEABCS MemoO NpOeKyii
2padicHmy (YyHKYIi Memu Ha NOBEPXHIO AKMUBHUX 0OMENCEeHb 3 0OHOUACHOT TIKEIOayii He6 30K y
nopyuieHux oomedcennsx. Ak pezyibmam OMPUMAHi HOBL ORMUMAIbHI NPOCKMHI PIUEHHS
cmanesoi pewlimyacmoi nonepeunoi pamu 3a Kpumepiem MiHIMymy Macu KOHCMPYKYIi, a makoic
3a Kpumepiem MiHIMyMy KOWMOPUCHOI 6apmocmi it 6Uo0mosneHns ma 36e0 eHHsi.

In. 5. Ta6a. 3. bi6mior. 20 Ha3s.

VK 624.04,519.853

Yurchenko V. V., Peleshko I. D. Parametric optimization of steel lattice portal frame with chs
structural members // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles — Kyiv: KNUBA, 2021. — Issue 107. — P. 45-74.

The paper has proposed a mathematical model for parametric optimization problem of the steel
lattice portal frame. The design variable vector has included node coordinates of the structure, as
well as cross-sectional dimensions of the structural members. The system of constraints has
covered load-carrying capacities constraints for structural members, the displacements
constraints for specified structural nodes, constraints on permissible minimal thicknesses,
constraints on permissible maximum diameter-to-thickness ratio for the structural members with
circle hollow sections, as well as the conditions for designing gusset-less welded joints between
structural members with circle hollow sections. The method of the objective function gradient
projection onto the active constraints surface with simultaneous correction of the constraints
violations has been used to solve the formulated problem. New optimal layouts of the steel lattice
portal frame by the criterion of the minimum weight, as well as minimum costs on manufacturing
and erection have been presented.

Figs. 5. Tabs. 3. Refs. 20.
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V]IK 624.04,519.853

FOpuenko B. B., Ilerewko Y. /| Tlapamerpuyeckasi ONTHMH3AIMs CTAJIBHOI pemeTyaToi
PaMbl ¢ HeCyIUIMMHU 3J1eMEHTaMHU U3 KPYrJbIX Tpy® // ConpoTHuBiIEHHE MaTEPUAJIOB U TEOPUS
COOpysKeHuit: Hayd.- TeX. coopH. — K.: KHYCA, 2021. — Bpi. 107. — C. 45-74.

B cmamve npednodcena mamemamuyeckas Mooenb 015 3a0aiu Napamempuieckol onmumMuzayuu
CManbHOU pewlemuamoli NonepeyHoll pamvl Kapkaca 30anus, Hecywue 3S1eMeHmbvl KOmopou
6LINONHEHbL U3 Kpyeablx mpyb. B kauecmee 6ekmopa nepeMennHviX  npOoeKmupo8anus
paccmampusanucy KOOpOUHAmbl Y3108 KOHCMPYKYUU, d MAKHce pasmepsbl NONepeyHslx cedeHull ee
Hecywux snemenmos. Cucmema 02panuyenull 0OX6amuléana 02paHuieHus Hecywel cnocooHocmu
9NIeMEHMO8  KOHCMPYKYUU, O2PAHUYEHUs NepeMeujenull GblOPaHHbIX Y3108 KOHCIMPYKYUU,
ocpanudenus Ha OONYCMUMYIO MUHUMATLHYIO MOJWUHY CeYeHUs, 02PAHUYeHUss Ha OONYCMUMOe
MAKCUMAnbHOe OMHOWeHUe ouamempa K moawune mpyobl, a makice ycioeus KOHCMpYUupoBaHus
bechaconounbix Y3108 peutemuamoi KOHCMPYKYUu ¢ DAEMEHmAaMu ux Kpyenvlx mpyo. s
pewenus ChopMyaupoS8anHoU 3a0a4u UCNOIb308AICA MEMOO NPOEKYUU 2paouenma QyHkyuy yeau
Ha NOBEPXHOCMb AKMUBHBIX O2PAHUYEHUU Npu O0OHOBPEMEHHOU JUKBUOAYUU HeBA30K 6
HapyWeHHbIX 02panuyenusx. B pesynomame nonyuensl Hogble ONMUMATbHbIE NPOEKMHbIE PEUUEHUs
CManbHOU peuemuamoli nonepeyHot pamvl N0 Kpumepuio MUHUMYMA MAcCCbl KOHCMPYKYuU, a
Makoice no Kpumepuro MUHUMYMAa CMemHOU COUMOCIU HA ee U320MOBIeHUe U 8038e0eHle.

Wn. 5. Taba. 3. bubauor. 20 Ha3B.
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Abstract. Building constructions made of cross-laminated timber become more and more
widespread. Experience in the timber structures design and operation for various purposes
confirms the feasibility of their use. Recently, the construction of prefabricated cross-laminated
timber houses has become especially widespread. The problem solution of cross-laminated timber
panels calculation by means of a finite element method with the material's reduced mechanical
characteristics application is offered in this article. The specified formulas for definition of the
reduced geometrical and mechanical characteristics of cross-laminated timber panels’ various
types, including those made of combined cross-laminated timber, are resulted. The algorithm of
cross-laminated timber panels calculation by means of a finite element method is resulted. The
possibility of using flat finite elements taking into account orthotropic properties for the
calculation of cross-laminated timber panels using the elasticity above modulus according to the
above method, adjusting the Poisson's ratios so as to preserve the condition of elastic potential in
timber, is reasoned.

Keywords: cross-laminated timber, panel building, calculation scheme, finite element
method, stress-strain state, soil base-foundation-above-ground structure system.

Introduction. Experience in the timber structures design and operation for
various purposes confirms the feasibility of their use [1]. Recently, the timber
multi-storey buildings construction with the use of laminated timber panels has
become especially widespread, what is facilitated by the fact that such
construction is 5-20% cheaper than similar houses with metal or reinforced
concrete, including prefabricated reinforced concrete panels. This is facilitated
by the use of simpler tools in the construction, and the panels theFEMlves
have less weight, which affects the more economical foundations design and
reduces costs during installation and transportation. Prefabricated timber multi-
storey buildings have also performed better than their analogues made of steel
and reinforced concrete under the action of seismic loads.

Cross-laminated timber (CLT) is made by gluing an odd number of boards
layers with a mutually perpendicular arrangement of wood fibers. The
development of CLT panels began in 1974, when E. Cziesielski [2] first
proposed the design of the coating in the form of a multilayer slab made of
boards. other technological openings.

If necessary, CLT panels are made with holes in the places of windows,
doors and other technological openings installation. The thicknesses of the
boards of the longitudinal and transverse layers can be the same or different.
The main requirements for the manufacture, test methods and determination of
CLT panels strength classes are contained in [3, 4].

© Mykhailovskyi D.V.
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CLT panels are used as load-bearing walls, slabs and floors in low- and
multi-storey buildings of various purposes [5, 6, 7].

Literature review. There is almost no domestic experience in the use of
CLT panels in housing construction. Launched in Ukraine in Korosten, the
production of CLT panels had little effect on their widespread use, which is
significantly affected by the lack of domestic regulations on the calculation
and design of both individual panels and buildings made of them as a whole. In
the latest editions of normative documents of the European Union (Eurocode-5
or EN 1995-1-1: 2008 [8]), Ukraine (DBN B.2.6-161: 2017 [9]), Russia (SP
64.13330: 2017 [10]) and Belarus (TKP 45-5.05-146-2009 [11]) there are no
guidelines for the design and calculation of structures using CLT panels.
Exceptions are Austrian national regulations (ONORM B 1995-1-1 [12]) and
German (DIN EN 1995-1-1 / NA: 2010-12 [13]). From all the above we can
conclude that there is an urgent need to develop rules for the design of CLT
panels and buildings using them, taking into account the peculiarities of
national design traditions, climatic features, raw material base of timber,
traditions of knot construction.

Well-known European scientists have contributed to the design and
calculation of CLT panels: H.J. Blass [14], K. Hofstetter [15], G. Schickhofer
[16], Reinhard B. [17].

The purpose and objectives of the research. The purpose of this work's
research is to present an engineering method for calculating prefabricated
cross-laminated timber houses:

1. Improvement of engineering normative methods of cross-laminated
timber panels calculation.

2. Numerical modeling of the multi-storey prefabricated cross-laminated
timber houses calculation.

3. Development of recommendations for the multi-storey prefabricated
cross-laminated timber houses calculation by the finite element method.

Engineering methods improvement of cross-laminated timber panels
calculation. After analyzing the currently existing analytical calculation
methodology, experimental data and the results of numerical modeling of
cross-laminated timber panels by finite elements method [18, 19] the
possibility of improving the analytical calculation methodology is
substantiated. The essence of improvement lies in the use of the cross section's
given geometric characteristics in analytical formulas. Moreover, the following
formulas allow to calculate the panels not only with different thicknesses of
layers, but also of different classes of timber strength in each layer. In Fig. 1,
as an example, a five-layer panel is given.

A reduced cross-sectional area across the x-axis (force axis along the fibers
of the boards’ outer layers) for a cross-laminated timber panel is generally
determined by the formula:

Ex,i
Ax,ef = z Ax,i ?’ (1)

X
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where: A,; — the area of the i-th layer's boards cross section (cross section
perpendicular to the x-axis — along the fibers of timber boards of the outer
layer); E, — an elasticity module of the boards relative to the x-axis, along the
fibers of the outer layer; E,; — an elasticity module of the i-th layer of boards
relative to the x-axis, which coincides with the direction of the fibers of the
outer layer.

S:J y
&

VA X

hs

hs

4 7 b z /

Fig. 1. Geometric parameters of a five-layer cross-laminated timber panel

The reduced cross-sectional area across the x-axis (the axis of force
application along the fibers of the boards’ outer layers) for a cross-laminated
timber panel made of boards of the same strength class is determined by the
formula:

E
Ax,ef = z Ax,i + sz,i E_ya (2)
x

where: X4,; — the total cross-sectional area of all layers of boards whose
direction of fibers coincides with the x-axis (the cross-section is perpendicular
to the x-axis); £4,; — the cross-sectional area of all layers of boards whose
direction of fibers coincide with the y-axis (the cross-section is perpendicular
to the x-axis); Ex = Eomen — the elasticity modulus of boards along the fibers;
E, = Eg9 mean — the elasticity modulus of the boards across the fibers.

The reduced cross-sectional area across the y-axis (the axis of force
application across the fibers of the boards’ outer layers) for the panel of cross-
laminated timber in general is determined by the formula:

Ey,i
Ay =24y, T 3)

X

where: 4,; — the cross-sectional area of the i-th layer of boards (cross section
perpendicular to the y-axis — across the timber fibers of the boards of the outer
layer); E, — the elasticity modulus of boards along the fibers; E,; — the
elasticity modulus of the boards" i-th layer relative to the y-axis, perpendicular
to the direction of the fibers of the outer layer of the boards.

The reduced cross-sectional area across the axis y (the axis of force
application across the fibers of the boards’ outer layers) for a panel of cross-
laminated timber made of boards of the same strength class is determined by
the formula:
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y,cf ZA +ZAyl ’ (4)

where: X4,; — the total cross-sectional area of all layers of boards whose
direction of fibers coincides with the x-axis (cross-section perpendicular to the
y-axis); X4, — the cross-sectional area of all layers of boards whose direction
of fibers coincides with the y-axis (the cross-section is perpendicular to the y-
axis); E;=Eomen — the elasticity modulus of boards along the fibers;
E, = Eg9 mean — the elasticity modulus of the boards across the fibers.

The reduced resistance moment of the cross section perpendicular to the x-
axis should be determined by the formula:

I .
Weer ==L, (5)
h
in which: I.,, — the reduced inertia moment of panel cross section
perpendicular to the x-axis, which should be determined by formula (6); 4, —
the distance from the gravity center of the cross section to the extreme fiber in
which the stress is determined.
The reduced inertia moment of the panel cross section perpendicular to the
x-axis in general is determined by the formula:

foz (6)

where: [,; — the inertia moment of sectlon perpendicular to the x-axis and the
i-th layer of the boards; A,; — the area of the i-th layers boards cross section
perpendicular to the x-axis; a; — the distance from the neutral axis of the panel
section to the axis of the section center of the boards' i-th layer; E, — the
elasticity modulus of boards along the fibers; E,; — the elasticity modulus of
the boards i-th layer relative to the x-axis.

The reduced inertia moment of the cross section perpendicular to the x-axis
for a cross-laminated timber panel made of boards of the same strength class is
determined by the formula:

Ey 2A 214 Ey
Loor =21 i0+ 2100 z 2.a; Agio+ 247 Ay oo z° (7

X X

z

2y,

E

X

where: 1,9, I,;00 — the inertia moments of the cross section perpendicular to
the x-axis of the i-th layer boards whose fibers coincide with the x-axis and are
perpendicular to the x-axis, respectively; A.;o, Ayio0 — the areas of the
perpendicular to the x-axis cross section of the boards i-th layer whose fibers
coincide with the x-axis and are perpendicular to the x-axis, respectively; a; —
the distance from the neutral axis of the panel section to the axis of the section
center of the boards i-th layer; E, = Ey e — the elasticity modulus of boards
along the fibers; E, = Ego mean — the elasticity modulus of the boards across the
fibers.

The reduced resistance moment of the cross section perpendicular to the y-
axis should be determined by the formula:
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Ne
Wy o =2_:’ @®)
in which: I,,, — the reduced inertia moment of panel cross section
perpendicular to the y-axis, which should be determined by formula (9); &, —
the distance from the gravity center of the cross section to the extreme fiber in
which the stress is determined.
The reduced inertia moment of the panel cross section perpendicular to the

y-axis in general is determined by the formula:

E
=X 1,2+ Xai Ey , ©)
where: /,; — the inertia moment of sectlon perpendicular to the y-axis and the i-
th layer of the boards; 4,; — the area of the i-th layer's boards cross section
perpendicular to the y-axis; a; — the distance from the neutral axis of the panel
section to the axis of the section center of the boards' i-th layer; E, — the
elasticity modulus of boards along the fibers; £,; — the elasticity modulus of
the boards’ i-th layer relative to the y-axis.
The reduced inertia moment of the cross section perpendicular to the y-axis
for a cross-laminated timber panel made of boards of the same strength class is
determined by the formula'

E
[y,ef Z yl90 Z 10+Za Ayl90E_+Za ',i,0 » (10)

where: 1,9, 1,9 — the mertla moments of the cross section perpendicular to
the y-axis of the i-th layer boards whose fibers coincide with the y-axis and are
perpendicular to the y-axis, respectively; 4,0, 4,90 — the areas of the
perpendicular to the y-axis cross section of the boards" i-th layer whose fibers
coincide with the y-axis and are perpendicular to the y-axis, respectively; a; —
the distance from the neutral axis of the panel section to the axis of the section
center of the boards" i-th layer; E, — the elasticity modulus of boards along the
fibers; E,; — the elasticity modulus of the boards" i-th layer relative to the y-
axis.

When calculating the panel as a single element and to apply the finite
element method (FEM) when calculating both single panels and buildings
made of CLT panels as a whole, we compare the reduced stiffness with the
stiffness for a monolithic section.

Let us determine the reduced elasticity modulus of the CLT panel along the
x-axis (Fig. 1) based on the condition:

[x,ef'E berEla (11)
where: I, — the reduced inertia moment of panel cross section perpendicular
to the x-axis, which should be determined by formula (6); £, = Eq mean — the
elasticity modulus of boards along the fibers; /., — the inertia moment of
conditionally continuous cross section perpendicular to the x-axis for a cross-
laminated timber panel; £, — the reduced elasticity modulus of the CLT panel
along the x-axis, which is determined by formula (12).
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£ =t T (12)
I x,br
The elasticity modulus of the CLT panel along the y-axis is based on the
condition:

Lyer By =1y, (13)
where: ;s — the reduced inertia moment of panel cross section perpendicular
to the y-axis, which should be determined by formula (9); E, = Egp mean — the
elasticity modulus of the boards across the fibers; I, — the inertia moment of
conditionally continuous cross section perpendicular to the y-axis for a cross-
laminated timber panel; E, — the reduced elasticity modulus of the CLT panel
along the y-axis, which is determined by formula (14).

E2 = —[y,ef .Ey .

; (14)

y,br

Numerical researches of the cross-laminated timber panels’ stress-
strain state in the modeling of three-dimensional and flat finite elements
with reduced stiffness characteristics. To substantiate the possibility of
calculating CLT panels by the finite element method (FEM) in modern
software packages (SP) conducted numerous studies. Numerical researches of
CLT panels were performed using three-dimensional finite elements (FE) Ne36
and flat FE Ne.Ne41, giving them the panel reduced rigidity characteristics
according to the formulas given above using the software package Lira SAPR,
whose capabilities are described in detail in [20, 21].

The studies concerned 3, 5 and 7-layer panels, spans of 3, 6 and 9 m, with a
load of 1.5 kN/m? and 5.0 kN/m? evenly distributed over the area. All layers of
the CLT panel are made of wood of strength class C24, with the following
material characteristics: Eo mean=11000 MPa, E90mean=370 MPa,
Gean=690 MPa.

Volumetric FE Ne36 were modeled with the provision of physical and
mechanical characteristics of wood: elasticity modulus of wood along the
fibers E|= Epmean=11000 MPa, elasticity modulus of wood across the fibers
Ey= E3= E9 mean=370 MPa, shear modulus G = Gpean= 690 MPa. The accepted
size of the finite element is 0.01%0.01%0.01 m.

Flat FE Ne41 were modeled by giving them physical and mechanical
characteristics of wood: elasticity modulus is determined by the formulas
given in the previous paragraph along the fibers £, and across the fibers £,
shear modulus G = Gpean = 690 MPa. The accepted size of the finite element is
0.02x0.02 m.

The elasticity modules for CLT panels are: for the three-layer panel
E1=10606 MPa, E, =764 MPa; for the five-layer panel £,=8789 MPa, E,=2581
MPa; for the seven-layer panel E,=7932 MPa, E,=3438 MPa.

It should be noted that the Poisson's ratios were adopted with the obligatory
observance of the condition that the wood has an elastic potential.
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The supports of the simulated panels are defined as hinged fixed and
hinged movable support.

The results of the research. The results of calculations are presented in a
tabular form (Tab. 1, 2, 3, 4, 5, 6) and figures (Fig. 2, 3, 4).

For short spans, up to 3 meters, the difference in the calculation methods
for determining the deflections for three- and five-layer panels at different load
intensities is within 5%, and between FEM volumetric and flat FE — 2%. The
difference in the determination of stresses by theoretical methods and methods
using flat FE is virtually absent. The obtained stress values when using
volumetric FEs are almost 17% lower, which can be explained by the
discreteness of the given FEs. For seven-layer panels, the difference in the
values of deflections between the theoretical method and the FEM increases to
7%, but the difference in stresses drops to 8%. Moreover, the technique with
flat FEs actually coincides with the theoretical in determining the stresses.

Table 1
Values of deflections and maximum normal stresses for three-layer CLT
panels at evenly distributed load of 1.5 kN/m?

Span, m 3 6 9
w Om,d w Om,d w Om,d
El ¢ W\' ; ° ’
() (M) (M) (M)
Measurement kNem? mm kN/cm?| mm kN/cm’ mm kN/cm’
units (cm?) (kNem) (kNcm) (kNcm)

Kreisinger's 1,91x10° | 9,72 | 0,333 | 1524 | 1,332 768,5 | 2,997
theory

FEM B Ne36
SP Lira SAPR 9,51 | 0,277 | 150,0 | 1,100 757 2,48
FEM B Ne41 1,909%10° 0,337 1,334 2,99
SP Lira SAPR | (578,53) 9,67 (1,95) 152,0 (7,72) 767 (17,3)
Table 2

Values of deflections and maximum normal stresses for three-layer CLT
panels at evenly distributed load of 5.0 kN/m?

Span, m 3 6 9
E[ef w Gm,d w Gm,d w Gm,d
UA) (M) (M) (M)
Measurement kNem? mm | kN/cm?] mm kN/cm® | mm | kN/em®
units (cm®) (kNem) (kNem) (kNem)
Kreisinger's 1,91x10° 29,605 1,014 | 4643 | 4,058 | 2341| 9,13
theory
FEM B Ne36
SP Lira SAPR 29,0 | 0,847 | 458 336 | 2310] 7,55
FEM B N4 1 1,909x10° 1,030 4,079 9,14
SP Lira SAPR | (578.53)| 2 | 596) | %% | (23.6) | 2% (529
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Table 3

Values of deflections and maximum normal stresses for five-layer CLT panels
at evenly distributed load of 1.5 kN/m?

Span, m 3 6 9
E[ef w Gm,d w Gm,d w Gm,d
U8 (M) (M) (M)
Measurement kNem? mm | kN/em?] mm kKN/em® | mm | kN/em?
units (cm®) (kNem) (kNem) (kNem)
Kreisinger's 7,26x10°| 2,83 | 0,158 | 43,56 | 0,63 | 219 | 1,42
theory
FEM B Ne36
SP Lira SAPR 2,68 | 0,140 | 42,300 0,560 214 1,26
FEM B Ne4 1 7,32x10° 0,158 0,626 1,40
SPLira SAPR | (1331,66) 2% | an | P2 | @33 | 21| a8
Table 4

Values of deflections and maximum normal stresses for five-layer CLT panels
at evenly distributed load of 5.0 kN/m?

Span, m 3 6 9
E[ef w Gm,d w Gm,d w Gm,d
) (M) (M) (M)
Measurement kNem? mm | kN/em?] mm kKN/em® | mm | kN/em?
units (cm®) (kNem) (kNem) (kNem)
Kreisinger's 7,26x10°| 8,176| 0456 | 12597 | 15824 | 633 | 4,1
theory
FEM B Ne36
SP Lira SAPR 7,78 | 0,407 123,0 1,620 619 3,65
FEM B Ne4 1 7,32x10° 0,457 1,810 4,07
SP Lira SAPR | (1331,66)] %] (6.09) | 20| a1 | | (542)
Table 5

Values of deflections and maximum normal stresses for seven-layer CLT

panels at evenly distributed load of 1.5 kN/m?

Span, M 3 6 9
E[ef w Om,d w Om,d w Om,d
) (M) (M) (M)
Measurement kNem? mm | kN/em?| mm kKN/em® | mm | kN/cm®
units (cm?) (kNcm) (kNcm) (kNcm)
Kreisinger's 1,79x107| 1,27 | 0,0963 | 19,168 | 0,385 | 95.81| 0,867
theory
FEM B Ne36
SP Lira SAPR 1,18 | 0,088 | 184 | 0351 | 929| 0,79
FEM B Ne41 1,81x107 0,096 0,380 0,853
SPLira SAPR | (235550 20| 2260 87 | 895 | ¥ | 01
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Table 6

Values of deflections and maximum normal stresses for seven-layer CLT
panels at evenly distributed load of 5.0 kN/m’

Span, M 3 6 9
EIef w Om,d w Om,d w Om,d
) (M) (M) (M)
Measurement kNem? mm | kN/cm?| mm kN/cm? mm | kN/em?
units (cm®) (kNem) (kNem) (kNem)
Kreisinger' 1,79x107| 3,51 | 0266 | 52,88 | 1,063 |264.6| 2.39
theory
FEM B Ne36
SP Lira SAPR 326 | 0244 | 51,0 | 0973 | 257 | 2,19
FEM B Ne41 1,81x10’ 0,265 1,053 2,36
SPLira SAPR | (2355.52)] 31| (625) | 22 | (a8) | 2| (556
-150 -131 -112 -93.7 -74.9 -56.2 -375 -18.7 -1.5 0

Isoficlds vertical deformations (Z), mm

= 33 19 152 0

-152 -133 -114 95 =70

Isofields vertical deformations (£), mm

7

b
Fig. 2. Isofields of three-layer CLT panels' vertical deformations, span of 6 m, at evenly

distributed load of 1.5 kN/m?, at modeling by volume (top) and flat (bottom) finite elements
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-123 -107 -91.9 -76.6 -61.2 -45.9 -30.5 -153 -1.22 0

Isoficlds vertical deformations (£), mm

125 -100 933 751 -62.5 -46.9 -313 -15.6 -1.25 0

Isofields vertical deformations (Z), mm

Z

Fig. 3. Isopolies of five-layer CLT panels" vertical deformation, span of 6 m, at evenly distributed
loading of 1,5 kN/m?, at modeling by volume (top) and flat (bottom) finite elements

For spans of 6 meters, the difference in the calculation methods for
determining the deflections for all types of panels at different load intensities is
within 4%, and between the FEM volumetric and flat FE — 2.7%. The
difference in determining the stresses by the theoretical method and the
method using flat FE does not exceed 1.5%. The obtained values of stresses
when using volumetric FE, for three-layer panels, are almost 17.5% lower. For
five- and seven-layer panels, the difference in normal stresses values between
the theoretical method and the FEM increases to 8.8 and 11%, respectively.

For panels with spans of 9 meters, the difference in the calculation methods
for determining the deflections for all types of panels at different load
intensities is within 3%, and between FEM volumetric and flat FE — 2.5%. The
difference in the determination of stresses by theoretical methods and methods
using flat FEs almost coincides. The obtained values of stresses during
application showed the same difference as for panels with spans of 6 m.

Based on the data obtained in tables 1, 2, 3, 4, 5, 6, and described above,
we can conclude that the use of flat FE Ne41 using the above physical and
mechanical characteristics gives a fairly high convergence of results with
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Kreisinger's theory, which confirms the possibility of its application in the
modeling of both individual cross-laminated timber panels and houses made of
such panels. This modeling can greatly simplify the creation of calculation
schemes.

-18.4 -16.1 -138 -115 92 -6.9 -4.6 23 -0.184 0

Isofields vertical deformations (Z), mm

-18.9 -16.5 -14.1 -11.8 9.43 -7.07 -4.71 -2.36 -0.189 0

Isofields vertical deformations (Z), mm

\\f N

|~

Fig. 4. Isofields of seven-layer CLT panels vertical deformation, span of 6 m, at evenly distributed
load of 1.5 kN/m?, at modeling by volume (top) and flat (bottom) finite elements

Conclusions. 1. The high reliability of the CLT panels calculation results
using the existing analytical method, FEM using volumetric FE Ne36 and flat
FE Ne41 using the reduced elasticity modulus according to the above method,
adjusting the Poisson's ratios so as to maintain the condition of existence in
timber of elastic potential was proved. 2. It is possible to apply FEM with
panels modeling by orthotropic panel FE Ne41 for CLT panels calculation
using the reduced modules of elasticity by the technique offered above, by
adjustment of the Poisson's coefficients so that the condition of existence in
timber of elastic potential remained.
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Muxaiinoscoxuti /I.B.
METOJMKA PO3PAXYHKY IMAHEJBbHUX BYJUHKIB 3 MOMNEPEYHO-KJIEEHOI
JEPEBUHU

AKTyanbHicTh. ByniBenbHi KOHCTPYKLIl 3 MONEPEYHO-KJICEHO! NepeBUHU HaOyBaioTh BCE
OLIBIIOr0 PO3MOBCIOMKEHH. J[0CBiJ MPOEKTYBAaHHS Ta EKCIUTyaTallii ACpeB’SHUX KOHCTPYKLN
PI3HOMAHITHOIO MPHU3HAYEHHS IMIATBEPDKYE MOLUIBHICTh X BHKOpHCTaHHA. OcobauBoOro
HOLIMPEHHS, OCTAHHIM 4YacoM, HaOyio 3BEJeHHsS NAHEIbHUX OYAMHKIB, B TOMY 4YHCIi i
0araTornoBepXoBUX, 3 IIONEPEUHO-KICEHOI AepeBHHH. [laHenm 3 momepedHO-KICEHO! IepeBHHH
BUKOPDUCTOBYIOTb B SIKOCTI HECYYHX CTIH Ta IUINT IEPEKPUTTSA 1 IOKPUTTS B Majio- Ta
6araTonoBepxoBUX OyIMHKaX pPi3HOMAHITHOro mpu3HadeHHs. Mera po6oru. B wiii crarti
3alPOIIOHOBAHE BUPIIICHHS 3a/a4i PO3paxyHKy MaHeJIed 3 IONePeYHO-KICEHOT JCPEBHHU 3a
JIONIOMOrOI0  METOAY CKIHYEHHX €JIEMEHTIB i3 3aCTOCYBaHHAM MPHBEICHHX MEXaHIYHHX
XapaKTepUCTHK MaTtepiany. YJOCKOHAIMTH IHXKEHEPHY HOPMATHBHY METOIHKY DPO3PAaXyHKY
naHenel 3 MONEPeYHO-KICEHOI JepeBMHHM. HaBeneHo yTouHeHi (OPMYIM [0 BHU3HAYCHHIO
IPUBEICHUX FCOMETPUYHHX Ta MEXaHIYHHX XapPAKTEPUCTHK PI3HUX THIIB MaHENeH 3 MONepedHo-
KJICEHOI JIGPEBMHH, B TOMY 4YHCI, 3 KOMOIHOBaHOI MOIEpeyHO-KIeeHOl JaepeBuHu. HaBeneHo
AITOPUTM PO3PaxyHKy IIaHENeH 3 IIOHEepPeYyHO-KICEHOI [EPeBHHH 3a JOIOMOIOI0 METOILY
CKiHYEHHX eneMeHTIB. HaBemeHi pe3ysibTaTd YHCENBHUX JOCHIUKEHb IIATBEPIKYIOTH
JIOCTOBIPHICTh pe3yNbTaTiB po3paxyHKy maHeneit 3 [TK]] 3 3acTocyBaHHAM iCHYIOYOI aHAII THIHOL
meroauku, MCE 3 3acrocyBanHsM 00’emHux CE Ne36 ta miockux CE Ne41l 3 BUKOpHCTaHHSM
IPUBEICHUX MOAYJIB MPYXKHOCTI 3a 3alNpPONOHOBAHOK BHIIE METOAMKON. Pe3yabrarh.
OOrpyHTOBaHO MOXJIMBICTh 3aCTOCYBAaHHS IUIOCKMX CKIHYCHHX CJIEMEHTIB 3 BpaxyBaHHIM
OPTOTPOINHUX BJIACTHBOCTEH ISl PO3PAaXyHKy MaHeJeH 3 MONepeyHO-KICEHOI IePEBUHH 32 YMOBU
BUKODUCTaHHS IPUBEACHUX MOIYJIB IPYXHOCTI 3a 3alpPONOHOBAHOIO BHILE METOJHUKOIO,
KopuryBanHsM KoediuientiB IlyaccoHa Takum uyuHOM 100 30epirasack ymoBa iCHYyBaHHs B
JIEPEBHHH TIPY’KHOTO IOTEHIIiay.

Ku1rouoBi ci1oBa: mnornepeyHo-KiIeeHa JepeBHHA, TTAHEIbHUI OYJAMHOK, pO3paxyHKOBa cxema,
METOJl CKIHYCHHMX EJIEMEHTIB, HANpyXeHO-1eOpMOBaHUI CTaH, CHCTEeMa IPYHTOBAa OCHOBa-
(yHIaMEHT-HaJ3eMHA KOHCTPYKIIIsL.

Muxatuinosckuti /I.B.
METOJMKA PACYETA MAHEJBHBIX JOMOB W3 MOMNEPEYHO-KJIEEHOM
JPEBECHUHBI

AKTyalnbHOCTb. CTpOMTENbHbIE KOHCTPYKUMHM M3  IIONEPEYHO-KIEEHOH  JPEBECHHBI
npuobperaroT Bce Oonbinee pacnpoctpaHeHHe. OINBIT TPOSKTHPOBAHHMS M IKCIUIyaTal[M{
JIEPEBSHHBIX KOHCTPYKLMH pPa3JIMYHOrO Ha3HA4YeHHUs IOATBEPIKAACT 1ENecoo0pa3sHOCTh HX
ucrnonb3oBanus. Ocoboe BHHMaHWE, B MOCIEAHEE BPEMs, MPUOOPEIO BO3BEICHHE MaHEIbHBIX
JIOMOB, B TOM YHCJI€ 1 MHOTOITAXKHBIX, C ITONEPEYHO-KIICEHON ApeBecuHbl. [lanenu u3 nomnepeyHo-
KJ'leeHOﬁ JAPEBECUHBI UCIIOJIB3YOT B KAYE€CTBE HECYUIMX CTCH U IUIAT MEPEKPBITUA U MOKPBITHA B
MaJIo- U MHOTOIT@XKHBIX JIOMax pas3nuuHoro HasHavyeHusi. Lleas paGorsl. B 310l crathe
HPEUIOKEHO PELICHHUE 3a/laud pacyeTa MaHesel U3 MonepeyHo-KIeeHO! IPEeBECHHbI C TTOMOILBIO
METOAa KOHCYHBIX 3JJIECMEHTOB C IPUMEHCHHUEM IMPHUBCACHHBIX MEXaHUYCCKUX XapPaKTCPHUCTUK
Marepuana. YCOBEpLIEHCTBOBATh MHKEHEPHYI0 HOPMATHBHYKO METOIMKY pacyera IaHeled u3
HOMEPEYHO-KJICCHOH JpeBecHHbl. IIpuBeeHbl YTOYHEHHBbIE (OPMYJBI [0  ONPEICICHUIO
NPUBEACHHBIX N'COMETPUYCCKUX U MEXAaHUYCCKUX XapaKTECPUCTHUK PA3JIMYHBIX THUIIOB naHeneﬁ C
MONEPEYHO-KJICCHOW JIPEeBECHHBI, B TOM 4YHCIIE, C KOMOWHHPOBAHHOW IONEPEYHO-KICCHOM
npepecuHbl. IIpuBeneH aiaropuTM pacyera NaHeNed M3 MOMNEPEYHO-KJICCHOW JPEBECHUHbI C
IIOMOIIbIO METOJa KOHCYHBIX DJICMCHTOB. le’lBC}lCHHble pe3yIbTaThl MHOTI'OYHMCJICHHBIX
UCCJICJOBAaHUIl TOATBEPXKAAIOT JOCTOBEPHOCTh pe3yiabTaToB pacuera mnaneneit c¢ I[IC ¢
HNPUMEHEHHEM CYIIECTBYIOLIEH aHaInTHyeckoi meroauku, MCD ¢ npumeHenneM o6beMHbIx CO
Ne36 m mnockux CO Ne4l ¢ uCHONb30BAaHMEM NPHUBEAECHHBIX MOIYJEH yNpyroctu Io
HPEUIOKEHHOH Bbllle MeToAMKe. Pe3yiabTaThl. O00CHOBaHA BO3MOXXHOCTD ITPUMEHEHHS! IIIIOCKUX
KOHEYHBIX 3JIEMEHTOB € y4E€TOM OPTOTPOIHBIX CBOMCTB JUIi pacyera INaHeled W3 IMONepeyHo-
KJIECHOW JPEBECUHBI MIPU HUCIOJIB30BAHUU TPUBEIEHHBIX MOJYJIEH YHPYrOCTH IO NPEIJIOKEHHOM
BBIIIC METOAMKE, KOPPEKTHPOoBKOH kodd¢uimentoB IlyaccoHa Takum 00pa3om, UTOObI
COXpaHsUIACh YCJIOBUE CYIIECTBOBAHHS B JPEBECHHBI YIIPYTOro MOTEHIUAA.

KiroueBble ci10Ba: IONEpEYHO-KIEEHAs! JPEBECHHA, INAHENbHBIH JOM, pacueTHas CcXema,
METOJ] KOHEUYHBIX JJIEMEHTOB, HANPSDKCHHO-I1e)OPMUPOBAHHOE COCTOSIHHE, CHCTEMa IPYHTOBas
0CHOBa-()yHJAMEHT-Ha{3eMHasi KOHCTPYKIIHS.
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Abstract: Based on experimental studies, an analytical method is proposed for an estimation
of the influence of a regenerate of a bone fabric on rigidity of the system of osteosynthesis.

A method for the experimental determination of displacements in the fracture region under the
action of loads taking into account the regenerate has been developed and tested.

A number of experiments were performed in compression, bending and torsion to determine
the deformation characteristics of systems without regenerate and in its presence.

The results of experiments related to the influence of bone regenerate formed during the
fusion of fractures on the mechanical characteristics of the system "bone with a fracture - a means
of fixation" are described. To assess the impact of bone regeneration, a method for studying the
deformation of osteosynthesis systems using the method of modeling bone regeneration with a
polymeric material with specified properties was developed and implemented.

Using the stiffness condition, the expression for the calculation of permissible loads that do
not lead to dangerous displacements of fracture points is obtained. The reduced deformations and
permissible loads for the systems "bone with a fracture - a means of fixation" at different stages of
bone tissue (BT) regeneration under the action of compression, bending and torsion are calculated.
It is established that the formed regenerate significantly increases the rigidity of the system "bone
with a fracture - bone regenerate - a means of fixation", which increases the level of allowable
loads on the extremities at different stages of treatment.

Test and calculation data can be used to improve methods of treatment of damaged limbs in
the intermediate and final stages of fracture fusion.

Keywords: bone regenerate, rigidityof systems, osteosynthesis, biomechanical characteristics,
tibia, compression, bending, torsion, permissible load.

Introduction. Bone regenerate (BR), which is formed during the fusion of
bone fractures [1-3], can significantly affect the deformation of the
osteosynthesis system (OS). The load acting on the human limb during walking
and therapeutic exercises is transferred not only to the means of fixation, but also
partially perceived by the BR. Due to this, the permissible loads on the limb can
be increased compared to the initial stages of fracture fusion.

To date, we do not know any experimental studies related to the effect of
BR on the rigidity of the systems "bone with fracture - a means of fixation". In
the known experimental studies, the mutual displacements of fracture points
were determined on full-scale bone samples with simulated fractures with
diastases (gaps between fracture fragments) that were not filled with BR. This
condition corresponds only to the initial stages of fracture fusion, when BR is

© Shidlovskiy M.S., Musiienko O.S., Zakhovaiko O.P., Lisachenko Yu.A.
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absent or its mechanical properties do not affect the deformation
(displacement) of fracture points under the action of physiological loads. In
this case, the values of permissible loads determined using these experiments
also correspond only to the initial state of the BR. To determine the
permissible loads for the later stages of fracture fusion, it is necessary to know
the peculiarities of changes in the deformation properties of BT in the fracture
area, taking into account the processes of its regeneration.

This paper describes the results of experiments related to the influence of
BR, formed during the fusion of fractures, on the mechanical characteristics of
the system "bone with a fracture - a means of fixation". To assess the impact of
BR, a method for studying the deformation of osteosynthesis systems using the
method of modeling BR by polymer material with specified properties was
developed and implemented.

Basic patterns of bone regeneration.Bone is a complex organ that performs
mechanical and biological functions in the human body and has a complex
hierarchical structure. It is a dynamic polymorphic system in which two
interrelated processes take place during a person's life, which make up the cycle
of bone remodeling - resorption (destruction of the old bone) and osteogenesis
(formation of the new one) [4]. Therefore, BT and the conditions of its reparative
regeneration are constantly in the field of view of traumatologists and
orthopedists. Reparative regeneration is the restoration of tissue after its damage.
Mechanisms of physiological and reparative regeneration are qualitatively
uniform and are carried out on the basis of general laws [4].

Reparative regeneration of each type of tissue has its own characteristics, but
always includes the processes of disintegration of damaged cells and intercellular
substance, proliferation of viable cells, their differentiation, the establishment of
intercellular connections - i.e., integration and adaptation of regeneration. BR is
unique because it is able to completely restore even large-scale defects [5].

It is known that reparative BT regeneration is a complex, genetically
programmed process. The stage-time characteristics of this process depend on
the action of a number of endogenous and exogenous factors. The course of
osteoreparative process is mostly associated with the features and intensity of
injury, the nature of bone and soft tissue damage, the degree of post-traumatic
disorders of peripheral blood supply, the quality of primary and qualified
medical care, features of rehabilitation treatment, the presence of aggravating
concomitant pathology [4].

Consolidation of fractures is carried out by indirect bone regeneration, which
consists of several successive stages - 1) inflammation (begins immediately after
the injury and lasts up to five days); 2) formation of soft corns (replacement of
hematoma with fibrocartilage tissue lasting up to 40 days); 3) the formation of
hard calluses (bone bridges are formed between fragments of broken bone); 4)
remodeling (restoration of the original shape, structure and mechanical strength
of the bone). Violation of any course from these stages can lead to a slowdown
in the process of osteoreparation or even non-healing of bone fragments.
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Therefore, the problem of BT regeneration occupies a special place in the
system of biological and medical knowledge. To date, a distinctive feature of
BT regeneration has been identified, and some progress has been made in
elucidating the biological mechanisms underlying reparative osteogenesis, and
the main trends in the development of the direction have been formulated[5].

Research methodology

The essence of the method. The use of full-scale objects with formed
areas of BR for experiments is not possible, so for research we used bone
samples with simulated fractures, fracture fixation systems [6-11] and
simulated BR.

The tibia with a simulated fracture and fixative was installed on the platen of
the test machine and subjected to compression, bending and torsion tests [10,11].

Previously, elastic materials were installed in diastasis (the interval
between fracture fragments), which simulated regenerative bone tissue [1, 12].

Test object and supporting materials. The object of the research was a
tibia with a simulated fracture fixed by a medial tibial blocked plate [9-11].
The system "bone with a fracture - simulated BR - fixative" was installed on
the platen of a test machine. Previously, diastasis (the space between the
fracture fragments) was filled by material simulating BR.

Determination of modulus of elasticity for these materials or mixtures was
performed on cylindrical samples with a diameter of 12 mm by compression
testing using a universal testing machine type TIRA-test with simultaneous
application of load and recording of deformation diagrams.

Using data on X-ray density and modulus of elasticity of different types of
BT [7,8], a number of polymeric materials with equivalent characteristics were
selected for modeling BR in the early stages of regeneration.

To replace the regenerative bone tissue at the previous stage of research
were used: rubber RP-101 (modulus of elasticity under compression
E = 7.74...8.71MPa); high-density foam (£ = 0.6... 0.8 MPa); low density
foam (£ =0.2... 0.4 MPa); foam rubber (£ = 0.05...0.08 MPa).

UniCast 9 polyurethane and SILVER 20 silicone were also used to model the
BR. These polymers are able to change some mechanical characteristics, in
particular the modulus of elasticity, at different ratios of components "A"(resin)
and "B"(hardener). Compression tests of the samples gave the following results:
polyurethane "UniCast 9" - mixture 1 (ratio of components "A" and "B" 100: 50)
modulus of elasticity under compression £ = 710 ... 790 MPa; mixture 2 (100:
25) E = 14.8 ... 15.6 MPa; mixture 3 (75:50) E = 670 ... 730 MPa; silicone
"SILVER 20" - a mixture of 4 (100: 12,5) £ = 0.46 ... 0.54 MPa.

Only one mixture is made from silicone "SILVER 20", because component
"B" acts only as a catalyst to accelerate the curing process of the polymeric
material and its amount has virtually no effect on the stiffness of the material.

Mixtures Ne 1 and Ne 3 of polyurethane "UniCast 9" characterize the late
stages of formation of bone regenerate, and mixtures Ne 2 and Ne 4 of silicone
"SILVER 20" - early stages. As previous experiments have shown, when using
UniCast 9 polyurethane mixtures Ne 1 and Ne 3 for BR modeling, the mutual
displacements under the action of load are very small and do not exceed the
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measurement error. Therefore, the use of such materials due to their high
hardness, in our opinion, is impractical.

The mixture 4 of silicone "SILVER 20" is also impractical to use, because it
is quite difficult to adjust the modulus of elasticity of this material. Subsequently,
a mixture Ne 2 of polyurethane "UniCast 9" was used in the experiment on the
system "bone with fracture - simulated bone regenerate - fixative ".

Features of bones testing with fixed fractures. The method of testing for
compression, bending and torsion of different types of plates for fixing fractures
of tibia is described in [6,9, 14]. When tested for off-center compression (Fig. la,
b), the load P = 150 N was applied to the end of the rod with eccentricity relative
to the surface of the fixing plate e, =17.5mm. For bending tests in the frontal

plane of the bone (Fig. 1c, d) load P =30 N was applied to the lateral surface of
the bone at a distance of e, =32 mm from the fracture.

a
Fig. 1. Testing of the tibia with a simulated fracture fixed by a medial tibial blocked plate for
compression (a), bending (b) and torsion (c); fracture filled with a polymeric material that
simulates the regeneration of bone tissue

Simultaneously with the application of forces, the general diagrams of the
system deformation were recorded. The displacement of the breakpoints A
under load P was determined by the method of digital photography and
computer image processing [6, 14]. Similar tests were performed on tibia
bones without simulating with unfilled diastase.

Test results

Tests using rubber, foam and styrofoam. Table 1 shows the results of
measuring of the displacements of tibia with a fracture fixed by the medial
tibial blocked plate. The results were obtained on three tibia samples of five
measurements on each sample, followed by averaging of the data.

It is established that the presence of BR leads to a significant reduction in
the mutual displacements of the fracture under the action of loads. The BR
model with an elastic modulus of 8 ... 9 MPa reduces the displacement at
bending by 2 ... 2.4 times, at bending - by 1.2 ... 1.9 times.

As established during the tests, the use of foam, rubber and foam for
modeling is not effective and convenient for further research. This is due to the
inability to vary the modulus of elasticity of these materials for modeling BR.
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Table 1
Material for regencrate Mutual displacement of points fracture A, mm

modeling Eccentric compression Bending
P=150N P=30N

Without regenerate 0.69 ... 0.72 0.11...0.13

Foam rubber 0.68 ... 0,73 0.12...0.13

Low density polyfoam 0.58 ... 0.65 0.10...0.13

High density polyfoam 0.37 ... 0.40 0.10...0.12

Rubber RP 101 0.30...0.34 0.07 ... 0.09

Tests using polyurethane. Subsequently, when conducting an experiment
on the system "bone with fracture - simulated bone regenerate - fixative" we
used a mixture of Ne 2 polyurethane "UniCast 9" with a modulus of elasticity
E=14.8 ... 15.6 MPa. In the tests for eccentric compression of the bone, forces
P =100, 150 and 200 N were applied, in the tests for bending in the frontal
plane, forces P = 30, 50 and 70 N were applied to the lateral surface of the rod.

Absolute displacements A of the medial (located near the plate) and lateral
(farthest from the plate) points were determined. The above displacements A
were defined as the ratio of the absolute mutual displacements of adjacent
fracture points to the load R. The results of tests and calculations are given in
table. 2, where Ay is the reduced displacement along the longitudinal axis of the
bone, Ly is the transverse displacement, 4 is thefull displacement.

Table 2
Fracture area Jx % 10°mm/N Ay %X 10°mm/N 2 x 10°mm/N
Axial load without regenerate
Medial points 2,63 1,63 3,09
Lateral points 8,66 1,47 8,79
Axial load with regenerate simulation
Medial points 0,37 0,26 0,45
Lateral points 1,00 0,26 1,03
Bending load without regenerate
Medial points 0,40 1,79 1,83
Lateral points 0,99 10,33 10,37
Bending load with regenerate simulation
Medial points 0,40 0,60 0,72
Lateral points 0,79 1,39 1,60

According to the values of the reduced displacements obtained as a result
of the tests, the permissible loads [P] on the bone with a fixed fracture that do
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not cause displacements in the fracture area [A] = 1 mm were calculated [13].
Comparative histograms of the calculation results are shown in Fig. 2.

[P],N [P],N
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<l "

(4] 0
Without regenerate With regenerate Without regenerate With regenerate
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Fig. 2.Comparison of permissible loads [P], N on the tibia with a fracture fixed by the medial
blocked plate during compression (a) and bending (b)

Presented results show that the formation of BR significantly improves the
characteristics of the system "bone with a fracture - fixative - bone regenerate"
(reduces movement in the fracture area and increases the permissible load on
the limbs).

Tests using silicone compound. Tests were performed using compound
"Siliflex 20" as a substitute for BR with a ratio of components of 100: 5
(modulus of elasticity under compression £ = 0.82... 0.87 MPa).

Filling of diastase with compound was performed in the following way.
The place of the simulated fracture on the tibia was wrapped with food film so
that the latter was close to the bone. Using a syringe, the compound was
collected and poured into the fracture site through a small hole. The portion of
the compound remaining in the container in which the mixture was mixed was
left as a control sample to check the readiness and curing of the compound. It
was held for 72 hours at room temperature. Using a control sample, it was
checked that the compound has hardened. The food film was removed from the
sample and the extra parts of the hardened compound were removed (Fig. 1c¢).

After complete polymerization of the compound, the samples were tested
for compression, bending and torsion according to the above method with the
measurement of mutual displacements in the fracture by digital photography.
The results of tests and calculations are given in Table 3.

Table 3
Jx X 10°mm/N
Type of load Without regenerate With simulated regenerate
Compression 9.71 ....12.1 8.32...947
Bending 8.81...12.2 7.33...10.0
Torsion 29.2 ...36.0 17.8 ... 19.5
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It can be seen that the presence of a simulated BR, even with such a small
modulus of elasticity, reduces the displacement in the fracture by about 20%
during compression and bending and by about 70% during torsion.

Calculation of permissible loads in the osteosynthesis system taking into
account the presence of RCG. Schematically, the calculation system "bone
with a fracture - fixative - bone regenerate" is shown in Fig. 3a. Due to the
application of the axial load P bone and fasteners (areas around the screws, the
shift in the fastening point, etc.), plates (mostly bending), regenerate (mostly
compression) are deformed.

\LP Pe=Pa= P,

(2) (b)

Fig. 3. System "bone with a fracture - fixative - bone regenerate" (a); calculation scheme of the
osteosynthesis system with regenerate (R) by means of elastic elements (b); system "bone with
fracture (B) and fixative means (plate P1)" (c)

This system can be reduced to the calculation scheme using the elastic
elements shown in Fig. 3b. Element K modulates the total deformation of the
bone and the fixing plate, element Pl - the deformation of the plate, element R
- the deformation of the regenerate.

The following notation was introduced:

A - total displacement of the fracture point under the action of load P (it is
better to take the displacement in the extreme left fracture point as the
maximum);

P, -load on the element R;

P, = P, = P, -load in the elements S and PI (Fig. 3b);

A =A/P -reduced displacement of the system as a whole;

Ap =A, /P, - reduced displacement of the regenerate;

Ay =A,/P,, Ay =A, /P, -thedisplacements of the bone with fixations
and plates are given.

The upper letter "e" denotes the above displacements, determined in the
experiment using a sample with a given size of diastasis (distance between the
parts of the fracture) and with a known modulus of elasticity. In the future we

will conditionally call this sample "basic".
Values, being determined experimentally:
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A°¢ is the deformation of the "base" sample with the simulated regenerate;
Ag = Ay + Ay, is the sum of the reduced deformations of the sample without

regenerate [14].
Taking into account the connection of the elements shown in Figure 3:

P-A=(F+B) A=A (1
By = A 2

Py Ay + Py Ay = A 3)
By =P, =F; “4)
P.-(Ay +4,) =A. 5)

We compare (5) and (1) and consider that A, + 4, = A, :
By (A +Ap) = Fs - Ag = By - Ay
P, =P -(A;—A)/A. (6)
We equate (2) and (5):
Fp-Ag =Py (Mg + Ap) =P Ag ™)
and substitute (6) in (7). In the final form shows the displacement of the
regenerate:

Ag =A-Ag[(As—A). (8)
Note that the given displacements of the bone part and the plate
(Ag =23 +4,) do not depend on the size and modulus of elasticity of the

regenerate. These are the characteristics of the “bone-plate” system.

Assuming that the given displacements of the regenerate are directly
proportional to the distances between the fracture parts and inversely
proportional to the modulus of elasticity:

A = X (W h)-(Eq [E) = 25, ©, ©)
where Q =(h/ h®)-(Ey /ER)— coefficient depending on the size of diastasis

and elastic properties of the regenerate (increase in the pliability of the
regenerate layer with increasing size of diastase and decrease in the stiffness of

the regenerate); /4 is the size of the diastase in the sample being analyzed; A°
is the size of the diastase in the test sample; E, - modulus of elasticity of the
regenerate; E, - modulus of elasticity of the regenerate "base" sample; A, -
reduced displacement calculated by formula (8) for the "base" sample:
Ap =2 Ay [(Ag =A%), (10)
In formula (10) A¢ is the displacement of the "base" sample with the size
of the diastase h° and the modulus of elasticity E, .
Note that it is not necessary to determine A, and A, separately. It is

sufficient to determine the total reduced displacement of the sample without
regenerate

Ay + Ay = A (1D
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and use this value further in formula (10).
Displacement at the fracture site is determined by the formula:

A=P/C,,, (12)
where C,, =C, +C, - total rigidity of the system, C, - rigidity of the
regenerate; C, - rigidity of the system without regenerate.

Taking into account (9)
Cp =1/2 =1/ (25 -0); (13)
Cs =1/ =1/(A,+2,). (14)
Given (12) - (14), the final expression for the total displacement has the
form:
A=P-(A; A5 Q) f (g Q+25) = P2 (15)
In (15) we replace A; by formula (10) and obtain the final expression to

determine the reduced displacement of the fracture points with a given size of
the diastase and the value of the modulus of elasticity of the BR:
A=2-0)(Ag/2° +0-1). (16)

Therefore, to calculate the displacement under load of the sample with a
given diastase /s and the modulus of elasticity of the regenerate E,, it is
necessary to give the following tests and calculations:

1. Load the sample with a fracture with diastase 4° and the means of
fixation with the P, force without modeling the regenerate. Measure the
displacement A and calculate the reduced deformation A, =Ag /P ;

2. Load the same specimen with diastase 4° and with the simulated
regenerate with modulus of elasticity £, ("base" specimen) with the force P
and measure the displacement of fracture parts A. The modulus of elasticity
Ey is measured on a standard sample made of a material that simulates the
regenerate. Calculate the reduced displacement of the breakpoints of this
sample A° =A/P;

3.The coefficient of influence calculated for a bone with a given fracture
diastasis /# and a known modulus of elasticity £, (established by radiograph)
by the formula:

0 =(h/h*)-(Eg[E,) ;

4. The reduced displacement of this fracture is determined by formula (16).
The values of the reduced displacements of the test specimens are given in
table 3.

The above technique allows to determine the permissible loads on the bone
at different stages of BR formation. We assume that the permissible

displacements [A] in the fracture region are not allowed more than 1 mm at

the size of the diastase 7, =10 mm.
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It is obvious that with increasing magnitude of diastasis, the permissible
displacement increases and vice versa. We assume that the increase in [A] is

proportional to the size of the diastase % . So:

[A]=[AC]-(/h,). (17)
The condition of rigidity in the presence of regenerate is obtained from (16):
P-((A5-R) [(As/ A+ 0-D)<[A]. (18)

Permissible load is calculated by the formula:

[P1=[a]((% Q) /(4 /4 +0-D)) (19)

The values of permissible displacements, calculated according to formula

(19) and permissible compressive loads for bones with a fracture at different

weeks of rehabilitation with the corresponding modulus of elasticity of the
regenerate [15] are given on Fig. 4.
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Fig. 4. Permissible compressive loads [P] on the tibia with a fracture fixed by a medial blocked
plate, at different times of rehabilitation

It should be noted that the given values of permissible loads are obtained
by a formal approach to the calculation of elastic systems, adopted in technical
mechanics. These results, as well as the proposed methods for assessing the
impact of BR on the functional characteristics of OS systems, can be further
used by traumatologists only after comprehensive biomechanical studies of
these systems.

The complexity of the issue of increasing physiological loads on bones
with fractures in the state of fusion is due, inter alia, to the lack of reliable and
unambiguous information about the permissible deformations (displacements)
in the fracture area under external loads on the extremities.

Conclusion.

1. A method for estimating the level of displacement in bone fractures
under the action of external forces at the stage of bone regeneration formation
has been developed. It is possible to assess the contribution of loads of
different directions relative to the longitudinal axis of the bone in the overall
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level of deformation of the osteosynthesis system and to determine the
dangerous directions of loads and their permissible levels.

2. Deformation of "bone with fracture and fixation" systems at the stages of
bone regeneration under the action of compression, bending and torsion has
been studied. It is established that the formed regenerate significantly increases
the rigidity of the system "bone with a fracture - bone regenerate - a means of
fixation", which increases the level of permissible loads on the extremities at
different stages of treatment.

3. To take into account the contribution of the regenerate to the mutual
displacements of fracture points and to estimate the permissible loads on the
bone, a sufficiently simple mathematical model has been developed. It allows
to calculate permissible loads that can be applied to the limb, taking into
account known fracture points' permissible mutual displacements.
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Cmamms naoitiwna 28.09.2021

U uonoscwvruii M.C., Mycienxo O.C., 3axosaiixo O.I1., Jlucauenxo IO. A.
BILJIUB PETEHEPATY KICTKOBOi TKAHUHHU HA )KOPCTKICTb ®IKCAILIIi
MNEPEJIOMIB KICTOK

Ha 0CHOBI eKkcrepHMEeHTAIbHUX JOCIIPKEHb 3aIPOIIOHOBAHO aHATITHYHUH METOJ IS OLIHKH
BIUIMBY PEreHepaTy KicTKOBOI TKAHHHH Ha KOPCTKICTh CHCTEMH OCTEOCHHTE3Y.

Po3po0seHO Ta BUIPOOYBAHO METOMMKY CKCIIEPUMEHTAIBHOrO BH3HAYCHHS IEPEMIlllCHb B
00J1aCTi mepesoMy Mif Ai€l0 HaBaHTAXXEHb 3 BPAaXyBaHHIM pereHepary.

IlpoBeneHo psii eKCHEPUMEHTIB INPU CTHCKY, 3THHI Ta KpPY4eHHI Ta BH3HAYCHHIO
nedopMariiiHi XapakTepUCTHKHU cHCTeM 0e3 pereHepary Ta IpH HOoro Has;BHOCTI.

OrnrcaHo pe3ysIbTaTH CKCICPUMEHTIB, TIOB’I3aHKMX 3 BIUIMBOM pereHepary KiCTKOBOI TKaHHMHH,
0 YTBOPIOETHCS MPOTSTOM 3POLIYBAHHS IIEPEIOMIB, Ha MEXaHiYHI XapaKTEPUCTHUKH CHCTEMH
«KICTKa 3 mepenoMoM - 3aci6 dikcawii». J{as1 OLiHKM BIUIMBY pereHepary KiCTKOBOI TKaHHHH
pO3pobIIeHHH Ta peayi30BaHMH METOA AOCIIKCHHsS Ae(pOpMyBaHHS CHCTEM OCTEOCHHTE3Yy i3
3aCTOCYBaHHSM CIOCOOY MOJEIIOBaHHS pereHepaTy KicTKOBOI TKaHWHHM MOJIMEPHUM MaTepiajioMm
i3 3alaHUMU BJIACTHBOCTSMH.

I3 3acTocyBaHHAM YMOBH JKOPCTKOCTI, OJEp)KaHO BHpa3 IUIsl PO3PAXyHKY HOIMYCTHMHX
HaBaHTaXXCHb, 10 HE TPUBOAATH 10 BUHUKHCHHS Heﬁe3neqH14x l'lepeMiLlLeHb TOYOK IIEPEIIOMY.

Po3paxoBano mpuBeseHi gedopmaliii Ta JONMYyCTHMI HAaBAHTAXKEGHHS Ul CHCTEM «KiCTKa 3
nepesoMoM - 3aci6 ¢ikcarii» Ha pi3HHX eTamax pereHepauii KiCTKOBOT TKAHHHH HPH Ail CTHCKY,
3TUHY Ta KPY4EHHS.

BcTaHoBIIEHO, IO YTBOPEHHUH pereHepaT CyTTEBO MiJABHIILYE KOPCTKICTh CHCTEMH «KICTKa 3
IIEPEIOMOM — KICTKOBHiH pereHepatr — 3aci0 ¢ikcamii», 110 30inbluye piBeHb HOIMYCTHMHUX
HABaHTA)KCHb HA KIHIIBKY HA PI3HUX CTAAIAX JIKyBaHHS.

Jlani BumpoOyBaHb Ta pPO3paxyHKiB MOXYTb OyIyTh BHKOPHUCTAaHI Uil yOOCKOHAJICHHS
METO/IiB JIKyBaHHs IOLIKO/DKEHHX KIHIIBOK HAa MPOMDKHHX Ta 3aKIIOYHHX CTaJisX 3pOLIyBaHHS
HEPEIIOMIB.

KirouoBi ciioBa: pereHepaT KiCTKOBOI TKAaHHHH, JXOPCTKICTb CHCTEM, OCTEOCHHTE3,
GioMexaHiYHI XapaKTepPUCTHKH, BEIMKOrOMIJIKOBA KiCTKa, CTHUCK, 3TWH, KPYYCHHS, IOMYCTHME
HaBaHTa>XXCHH.
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Huonoeckuii H.C., Mycuenxo O.C., 3axosaiiko A.A., Jlvicauenxo FO. A.
BJIMSIHUE PETEHEPATA KOCTHOM TKAHU HA )KECTKOCTh ®UKCALIMH
NEPEJOMOB KOCTEM

Ha ocHoBe 3KCrepUMEHTaJbHBIX HMCCICAOBAHUI MPEIJIOKEH AHAIUTHYECKHH METOA ISt
OLICHKH BJIMSIHHSI pereHepaTa KOCTHOM TKaHU Ha )KECTKOCTh CUCTEMbI OCTEOCHHTE3a.

Pa3paboTaHo M HCIBITAHO METOIAMKY SKCICPHMEHTAJILHOTO ONPEACICHHs IEPEeMEIICHUI B
00J1aCTH IIepenoMa 1oj AeiicTBUEM HAarpy30K C YU4ETOM pereHepara.

IIpoBeneH psig IKCHEPUMEHTOB IPU CKATUM, W3rMOe M KPYYEHHH U OIPEACICHUIO
nedopMalOHHBIE XapaKTEPHCTHKU CUCTEM 0e3 pereHepara v Ipu ero HaJu4nu.

Onucanbl pe3ysbTaThl DKCIIEPUMEHTOB, CBS3aHHBIX C BO3JCHCTBHEM pereHepara KOCTHOW
TKaHH, 00pa3yeMod B TEYCHHE CPALMBAHMS IIEPEJIOMOB, Ha MEXaHHYECKHE XapaKTePHCTHKU
CHCTEMBI «KOCTh C TIEPEIIOMOM - CPEACTBO (puKcannmy». J{iist OLEHKH BIMSHUS pereHepaTa KOCTHON
TKaHHU pa3paboTaH M peai30BaH METOJ MCCICNOBaHMS 1e(hOPMHUPOBAHHUS CUCTEM OCTEOCHHTE3A C
HpUMEHEHHEM Criocoba MOJISIMPOBAHUS PereHepaTa KOCTHOM TKaHHU IMOJIMMEPHBIM MaTEpHAaIoOM C
3aJJaHHBIMH CBOICTBaMH.

C npuMeHEHHEM YCIIOBHSI JKECTKOCTH, IOJIyYEHO BBIPXEHHE JUIsl pacyera JONYCTHMBIX
Harpy30K, 4TO HE MPUBOASAT K BOSHUKHOBEHHUIO OMACHBIX NEPEMELICHNI TOUEK IepesioMa.

PaccunTaHo mpuBencHHBbIC Ae(OpPMALUK W JOMYCTUMbIC HArPY3KH JJIsI CHCTEM «KOCTh C
HIepPEJIOMOM - CPEJCTBO (DMKCALIMN» HA Ppa3HbIX ITalax pereHepanni KOCTHOM TKaHU MPH JACHCTBUH
CKaTHsl, U3ruba 1 KpydeHusL.

VYcTaHOBIICHO, 4TO 00pa30BaHHBIA PEereHepaT CYIIECTBEHHO MOBBIMIAET XKECTKOCTh CHCTEMbI
«KOCTb C TEPEJIOMOM - KOCTHBIM pereHepaTr - CpelCTBO (PUKCALMKY», YTO YBEIMYHUBACT YPOBECHb
JIONYCTUMBIX HAarpy30K Ha KOHEYHOCTH HA PAa3HbIX CTAJUAX JICUCHHUS.

JlaHHbIE MCHBITAHMH W PAacdyeTOB MOTYT OBITh MCIIOJB30BAHBI JUISI COBEPIICHCTBOBAHHS
METOJIOB JICUCHHS MTOBPEXKICHHBIX KOHEYHOCTEH Ha MPOMEXKYTOUYHBIX U 3aKIIOUYUTEIbHBIX CTAAUAX
CpalllBaHUs IIEPETOMOB.

KiaroueBble cj0oBa: pereHepar KOCTHOM TKaHM, >KECTKOCTb CHUCTEM, OCTEOCHHTE3,
OMOMEXaHWYECKHE XapaKTEPUCTUKH, OoJblieOepuoBas KOCTb, CKaTHE, W3THO, KpydeHHe,
JIONyCTUMAsl Harpy3Ka.

VIIK 620.171.3:616.71-001.5

Luonoscvkuii M.C., Mycienko O.C., 3axosaiiko O.I1., Jlucauenko FO. A. Bniaus perenepary
KIiCTKOBOI TKaHMHH Ha JKOPCTKicTh dikcanii mnepenomiB kictox/ OmnipmarepianiB i
Teopisciopyn: Hayk.-Tex. 30ipH. — K.: KHYBA, 2021. — Bun. 107. — C. 89-102. — Axri.

Ha ocnogi excnepumenmanbHux O00CAIOJNCeHb 3aNPONOHOBAHO AHATIMUYHULL MemoO Ol OYIHKU
6NIUBY pezeHepamy KiCMKO80I MKAHUHU HA HCOPCMKICMb cucmemu ocmeocunmesy. Pospobneno
ma eunpo6y8ano MemoouKy eKcnepumMeHmaibHo20 SU3HAYEHHs nepemilyers 8 001acmi nepeiomy
nio Oi€I0 HABAHMAICEHD 3 BDAXYEAHHAM PE2EeHePAmy.

Tabu. 3. L. 4. Bi6miorp. 15 Ha3s.

UDC 620.171.3:616.71-001.5

Shidlovskiy M.S., Musiienko O.S, Zakhovaiko O.P., Lisachenko Yu. A. Influence of bone tissue
regenerate on rigidity of fractures fixation/ Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles. — K.: KNUBA, 2021. — Issue 107. —P. 89-102.

Based on experimental studies, an analytical method is proposed for an estimation of the influence
of a regenerate of a bone fabric on rigidity of the system of osteosynthesis. A method for the
experimental determination of displacements in the fracture region under the action of loads
taking into account the regenerate has been developed and tested.

Tabl. 3. Fig. 4. Ref. 15.

VYIK 620.171.3:616.71-001.5

Huonoecxkuii H.C., Mycuenxo O.C., 3axosaiiko A.A., Jlucauenko IO. A.Biusinue pereHepara
KOCTHOW TKaHM HAa KeCTKOCTh (puKcanuu nepejomMoB Kocrteil/ COnpoTHBICHHE MAaTEPHAJIOB U
TeopHsi coopyeHuit: Hayd.-Tex. coopH. — K.: KHYCA, 2021. — Bum. 107. — C. 89-102. — Anri.
Ha ocnoge sxcnepumenmanbhblx ucciedo8anuil npeodiodcer aHaiumuyeckuilt Memoo 0isl OYeHKU
GIUAHUS pecenepama KOCHHOU MKAHU HA JCeCNKOCHb cucmemsl ocmeocunmesa. Paspabomana u
ucnvimana MemoouKa IKCHePUMEHMAIbHO20 OnpedeieHusi nepemewjeruil 6 obaiacmu nepeioma
noo delicmeuem HAspy30K ¢ Y4emom pezenepama.

Tab6an. 3. Wn. 4. bubnuorp. 15 Ha3s.
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BusHaueHo 49acTOTH 1 (OPMH BJIACHHX KOJHMBAHb 3aXMCHOI €MHOCTI pe3epByapa IIpu
CTaTHYHIN il OChOBOI CTHCKAIYOr0 HaBAaHTAXXCHHS 3 METOK MOOYIOBU JiarHOCTHYHOI Mozel i
MOHITOPHHTY IOLIMPEHHsS] TPIIMMH B 3BapHUX MIBax il CcTiHKKM. KoMmm'loTepHe MOAEIIOBaHHS
JIMHAMIYHOT TOBEIIHKA €MHOCTI BHMKOHAHO 3a JOIMOMOI'OK OOYHCIIFOBAIIBHOTO KOMILICKCY
ckinuenHoenemenTHoro axanizy NASTRAN. PospaxyHkoBa Mopenb y BHIVIIAI LUTIHIPHIHOL
TOHKOCTIHHOI 000JIOHKH 1TOOY0BaHa 3 ypaxyBaHHSM IOSCIB 3 JIHCTIB IPOKATY, 3BApEHUX "BCTHK".
Jlebext 3BapHHX ILIBIB HPECTAaBICHI Y BHUIVIAAL JBOX HACKPI3HUX TOPU30HTAIBHHMX TPIILHH,
pO3TAallIOBAaHUX B 3BapHMUX LIBAaX MDK MEPIIMM i ApyruM noscamu. LlupuHa po3KpUTTS TPIlLMH
IpHifHATA PIBHOIO AiaMeTpy 3BapHOrO IIBa MDK MPOKAaTHUMH JIMCTAMH CTIHKM €MHOCTI. Jlst
OL[IHKM BIUIMBY IOLIMPEHHS TPILMH Ha JMHAMIYHI XapaKTEPHUCTHKH €EMHOCTI iX HOBXKHHA
npuiiManach OJHAKOBOKIO 1 30imbluyBamacs [0 yTBOPEHHs OAHI€l cyuinbHOl TpiummHH. Mozens
nedekTiB y BUIVIAAI HACKPI3HUX TPILUMH JO3BOJIMIA y3arajdbHUTH Pi3Hi BUAU Ne(eKTiB 3BapHHX
IIBiB 1 MPOrHO3yBaTH CTaH OOOJOHKM B I'PAHMYHOMY KPUTHYHOMY CTaHi. BH3HaueHHs yacToT i
(hopM BIIACHUX KOJIMBaHb 3aXMCHOI EMHOCTI IIPH CTATHYHIM il 0CbOBOI0 HABAHTAXKEHHSI BUKOHAHO
B 1Ba eramd. Ha mepimomy erami ROCTIKEHO HANpy)KeHO-IehOPMOBAHHMH CTaH €MHOCTI B
HeJiHINHII mocTaHoBLI 1 copMoBaHa cyMapHa MaTpHLL XKOPCTKOCTI (JIiHIMHA Ta reOMEeTpHYHA).
Ha npyromy erami BH3Ha4eHi 4acTOTH i ()OPMH BIACHUX KOJIMBAHb EMHOCTI 3 ypaxyBaHHsM il
CTaHy BiJl CTaTHYHOI JIil 0OCLOBOro HaBaHTakeHHs. HemiHiliHa 3amaua cratuku chopMmyliboBaHa y
BUILII CKIHUCHHOETIEMEHTHOI alpOKCHMALil HNPHHLHUIY MOXJIMBHX IepemiumieHb Jlarpamka i
BHpIIICHA 3a JOMOMOIOK METOAY MOKPOKOBOro HaBaHTakeHHs Hbiorona-Padcona (Nonlinear
Static). yactotr i pOpMH BJIACHUX KOJHBaHb HABAHTAXXEHOI EMHOCTI BU3HAYEHI IPU PO3B’sI3aHHI
3ajaui Ha BiacHi 3HaueHHs MeromoMm Jlanmomra (Param Modes). OuineHo BrmB aedexrtiB
3BAPHUX MIBIB CTIHKK 1 CTATHYHOI Jii OChOBOI CTHCKAKOUOr0 HABAHTAXXKCHHS HA JAWHAMIYHI
XapaKTePUCTHKU 3aXUCHOI EMHOCTI. Pe3ynbTaTd JOCIHIKEHHS T0Ka3aJi, 0 HAsBHICTh TPIIIMH i
301IbIICHHS X JOBKHHH 3MEHIIYIOTh 3HAUCHHsI YaCTOT BIACHHX KOJIMBaHb eMHOCT. CTaTHuHa Jist
0CBOBOT'O CTHCKAIOUOIr0 HABAaHTAXKCHHS HA TOHKY OOOJIOHKY MOXKE, SIK 3MEHILIHUTH, TaK i 301IbIIHTH
1l JKOPCTKICTb, THM CaMHM 3MIHHTH 4acToTy i (opMy BlacHHX KojuBaHb. Ha nymKky aBTOpIB,
0CbOBE HABAHTAXKCHHS IIOBUHHO OyTH BPaxOBaHO B AMHAMIYHHX PO3PaXyHKaX TOHKUX OOOJIOHOK,
0CO0JIMBO, TIPH i1 CTOXaCTHYHUX HABAHTAXKEHB (BiTep, ceficMika 1 T.IL.).

KarouoBi cioBa: ToHKa 000J0HKA, Je(EKT 3BAPHOrO IBA, METOJ CKIHYCHHHX CJIEMCHTIB,
HeTiHiHA MoBeiHKa, YacToTa i (hopMa BJIACHUX KOJIMBaHb, OCbOBE CTATHYHE HABAHTAKCHHS.

© Jlyk'sruenko O.0., Bypay H.1., I'epamenko O.B., Kocrina O.B.
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Beryn

3abe3nieueHHs Oe3aBapiiiHOl eKcIUTyartallii 3BapHHX pe3epByapiB s
30epiraHHsl €KOJOTiYHO HeOEe3NMeYHMX PEUYOBHUH € aKTyalbHOI MPOOJIEMOI0
Ha(TOra30BoI rasysi Ta XiMigHOI MPOMHCIIOBOCTI [1-6, 12, 15-18]. Jlo ocHOBHHX
PUBHKIB BUHUKHEHHS aBapii pe3epByapiB BIAHOCATh Je(eKTH 3BapHUX IIBIB
cTiHOK [6, 7, 10, 19]. lomycTuMi moyaTKoBi AeheKTH, SIKi B OUTBIIIOCTI BUITAIKIB
BUHHMKAIOTh B IIPOLIECi BUTOTOBJICHHS, TPAHCIOPTYBAHHS 1 MOHTaxy, IpH
MIEBHUX 30BHIIIHIX BIUIMBaX MOXYTh PO3BUHYTHCS II0 KPUTHYHOTO PO3MIpY i
BUKIMKATH paNToOBE pyHHYBaHHS pe3epByapa. Tomy s 3abe3nedeHHs
Oe3reyHoi eKcIuTyartallii 3BapHUX pe3epByapiB HEOOXiAHO 3JiiiCHIOBATH
MOCTIHHUM KOHTPONIb TMapaMeTpiB iX HampyKeHO-Ae(OpPMOBAHOIO CTaHy,
JTUHAMIYHUX XapaKTEPUCTHK 1 TIpoliecy pyHHYBaHHS 3BapHUX IIBIB. BupimmeHHs
TAaKUX 3a/Jad BHMara€ BEJMKAX TEXHIYHUX, MarTepiajJbHUX 1 BHUTpAT 4Yacy.
PO3BUTOK TEOPETHYHHMX METOMIB 1 HOBUX YMCEIBHUX MiIXOMIB B JOCTIIKCHHIX
KOHTHHYaJIHOTO 1 JJUCKPETHOTO pyiHYBaHHS Ae(pOPMOBAHUX TUJT HPH [ii SK
CTaTUYHUX, TaK 1 JWHAMIYHUX HABAaHTAKEHb 3aIUIIAIOTHCS OCHOBHHMH
crioco0aMy BUpIIIEHHS 3aa4 MEXaHIKK pyitHyBaHHs [2, 3, 6, 8-10]. Hamitunacs
TEHJICHIlII BHpIIIEHHS 3a7ad 'KHUBY4OCTi" 1 pyHHYBaHHS KOHCTPYKIIH 3a
JIONIOMOT'OI0  TIOOYZIOBM  JTIaTHOCTHYHUX MoOJleJied Ha OCHOBI IMOBIpHICHHX
HelfpoMepekeBux miaxomiB [13, 14, 17, 19]. OnHak, aKTyaJbHOI 3aJIHIIAETHCS
3ajla4ya IPOTHO3yBaHHS 3MiHH JMHAMIYHHUX XapaKTePUCTHUK TOHKHX O0OOJIOHOK 3a
paxyHOK TOIIUpeHHs Ae(deKTiB B 3BapHUX IIBaX, 30UIbIICHHSA X KUTBKOCTI Ta
MicCIIsl pO3TalIyBaHHs MPHU il eKCIUTyaTalliiHIX HABaHTa>KEHb.

VY craTTi BUKOHAHO YHCENbHMH aHaNi3 BIUIMBY MOIIUPEHHS Ie(eKTiB
3BapHUX IIBIB HA TUHAMIYHI XapaKTePUCTUKU pealibHOI KOHCTPYKIIi: 3aXHCHOT
€MHOCTI pe3epByapa, pO3TAIllOBAHOIO HAa YKPaiHCHKIA aHTApKTHYHIN CTaHIIi{
"Axanemix BepHancekuii". ABTOpamMu pO3pOOJISIOTHCS MIarHOCTHYHI MOZAENI
pe3epByapa i eMHOCTI [ MOHITOPUHTY ITOIIUPEHHS TPILMH B 3BApHUX IIBaX
ix criHOK. MojentoBaHHs 1e(eKTiB y BUTIISII HACKPI3HUX TPILIMH BUKOHAHO
aBTOpaMHu B cTaTTAX [16-18]. Taka Mozeb M03BONMIIA Y3araJbHUTH Pi3HI BUIH
nedekTiB 3BapHUX INBIB 1 NPOrHO3YBaTH CTaH OOOJOHOK B TPAHUYHOMY
KpuTHUHOMY cTaHi. KoMm'toTepHe MoOzeNmoBaHHS €MHOCTI 3 Jedekramu
3BapHUX WIBIB y BUIIISA/I TOHKOI 00OJOHKH 3 HEOCKOHATICTIO (popMH i CTIHKK
J03BONIMIIa  BUKOpHCTOBYBaTH edektuBHi npouenypu (Nonlinear Static,
Normal Modes, Param Modes) cy4acHOT0 OOYHUCITIOBAIBHOTO KOMILICKCY
ckinueHHoenemMeHTHoro aHanizy NASTRAN [11] ans BU3Ha4YeHHS YacToT i
(opM BJIaCHHX KOJMBAaHb EMHOCTI MPW CTATUYHIHM Ji1 OCHOBOI'O CTHUCKAIO4YOro
HaBaHTa)KEHHSI.

1. O0'exT nocaiazKeHHs TA iOro CKiHYeHHOeJeMEeHTHA MOJIeJIb

3axycHa €MHICTh pe3epByapa € TOHKOCTIHHA IMITIHAPHYHA OO0OJIOHKA
BHCOTOIO 6,58 M 1 miamerpoMm 6,96 M. CTiHKa €MHOCTI 3BapeHa «BCTHK» 3
JIUCTIB TIPOKaTy TOBIIMHOK S5 MM. Jluctm Buroroeneni 3i cram Cr3mc2 3
TAKMMH MEXaHIYHHMH XapaKTepUCTHKAMH: IIiIbHICTh TpoKaTy — 7850 kr/m’;
Moxymb mpyxkHocTi — 2,06:10° HMM®, momyms 3cyBy — 0,79-10° H/mw?;
koedimieHT nornepeydHoi aepopmarii — 0,3.
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CkiHYEHHOEJIEeMEHTHa MOJIeIb €MHOCTI TO0OyIOBaHa B HWJIIHAPUYHIN
cucremi koopauHat. CriHka O0OOJOHKH, BIAMOBIAHO IO pEKOMEHIAMiN
po3pobHuKiB koMiuiekcy NASTRAN, mpencraBieHa y BUTJIAAI HOSACIB, sKi
CKJIaJIAI0ThCS 3 IOBEPXOHB (TiJT), PO3MIpH SIKUX BiJIIOBIIAIOTH JTUCTaM IPOKATY
(puc. 1,a). KoxkHa moOBepXHs TOAaHa Y BHIVISAI CYKYITHOCTI IDIOCKHX
00O0JIOHKOBUX YOTHPUKYTHUX CKIHUYEHHHX EJIEMEHTIB 3 IIICTbMa CTYNEHSIMHU
cBobomu y By3m (Plate). Jledexktu 3BapHUX INBIB IpEACTABJICHI y BUIJISAIL
JIBOX HACKPI3HMX TOPH30HTAIBHUX TPIIIUH, PO3TALIOBAHUX B 3BAPEHOMY IIBI
MiX mepmuM i apyrum nosicamu (puc. 1, 6). [llupuna TpimuH mocriiiHa i
NpuiHATa pPIBHOIO 5 MM, IIO BIiJNOBiJa€e giaMeTpy 3BapHOrO IBa MiX
MPOKATHUMHU JIUCTAaMH CTiHKM €MHocTi. JloBkuHa paBox TpimmH (A/)
OHOYACHO 30UIbIIyBajacs 10 BUHHUKHEHHS OJHIE] CYLINBHOI TPIIIMHU
(I=1,2 ™) . 3HaveHHs JOBKUHM TPIIIUH 3aaBAJTUCS BiTHOCHUMH 10 JOBKHHU
omuiel cyminbHoi Tpimuan: Al /[ = [0,0625; 0,125; 0,25; 0,47; 0,5]. Y micipix
po3TalryBaHHs TPIIMH CKIHYEHHOEJIEMEHTHA CiTKa CrylieHa. BukopucTaHo sik
IUIOCKI YOTHUPUKYTHI, TaK 1 TPUKYTHI OOOJIOHKOBI CKiHUEHHI €JIEMEHTH 3
nricTeMa cTymneHsMu cBodonu y By3ii (Plate). Mogenb mictuth 3548 miockux
JIBOBUMIPHHX KiHIICBHX €JIEMEHTIB 1 3392 By3IiB.

(a) (©)
Puc. 1

I'pannuni  yMOBM 11  €MHOCTI TPUHHATI  BiANOBIAHO peabHUM
3aKpIIUICHHSIM: BY3JIM HIKHBOI'O Kparo MOJEJI KOPCTKO 3aKpillieHi, B By3Jlax
BEPXHBOI Kparo OOMEXEeHi MMOCTYyMalbHI pafianbHi i JOTHYHI MEepeMilleHHS.
OcboBe CTHCKalO4e PiBHOMIPHO PO3IOJIiIEHE HABAHTA)KEHHS IIPEJCTABIICHO Y
BUTJISIII  30CEPEKEHUX CHJI, IMPUKIAJCHUX OO0 BY3JTIB BEPXHBOIO Kparo
00OJIOHKH.

2. YnucenabHi MeTOOH PO3B’SI3KY 3a/1a4i.

JocmimkeHHss 9actoT 1 (GOpM BIACHUX KOJNMBaHb €MHOCTI 3 Je(eKTaMu
3BapHUX  WIBIB, HABaHTaXEHOI  CTAaTUYHHUM  OCbOBHM  CTHCKAIOUUM
HaBaHTa)XEHHSM, BHKOHYBajocs B JBa erand. Ha mnepmomy etami
BHUpilllyBajlacsi TEOMETPUYHO HeJliHiIMHA KpaioBa 3ajgaya cratuku (Nonlinear
Static). ¥ xommiekci NASTRAN [11] 3amaua peanizoBaHa y BHIVISAI
CKIHUEHHOEJIEMEHTHOI ~alpOKCUMallii TNPHHIMIY MOXJIMBUX IEPEMIllICHb
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Jlarpamka, 0 XapakTepu3ye TOBHY €HEPrir0 OOOJOHKH Ha KOXKHOMY KpOIIi
HABaHTA)KEHHS:
Sy"= [ (o5 oep () - [ (@ )goU (d2)— [ (P")56U™ (dS)5=0, (2.1)
e (el (Sp)o
ne SI"= [ (6" )o0€;(d2); — moTeHUianbHa eHepris OGONIOHKH, IO
Qn
XapakTepusye poOoTy HalpyKeHb O Ha Bapiauisx medopmaiiii 5 Ha n-my
kpomi maBauTakenns; 04" = [ (Q)iSU'dQ)j— [ (P™)yoU™ (dS)q
o (Sp)

pobora moBepxHeBMX P i o0'eMHux () cCui, BIANOBIIHO Ha Bapiamisx
nepeminiens  SU ; d2, dS — enmemeHTapHuii 00'eM 1 IUTOImIAa OOOJOHKHU
BiJIMIOBITHO.

HeminiliHa 3amgaya CcTaTMKM BHpIIIyBajacs 3a JIOMOMOIOI) METONY

Hororona-Padcona. PimenHs HeniHiliHOI cucTeMu piBHSHB (2.1) Ha KOXXKHOMY
KpOIIi iTepalifHOro MMpoIecy MPUHMaNocs y BUIIISI

R O (2 O B R O e

Ie {y} — BEKTOp HEB'SA3KH, AKUH € Pi3HMIIEIO JiBOI i MPaBOi YACTUH CUCTEMHU
(2.1); k — HOMep iTepauii; {q} — BEKTOP-pillICHHS.
VY dopmymi (2.2)

o{w} 0 i
(a{ }J dg} = ((K)" +(Kq)") {dg}, (2.3)

ne K,K . —Marpuili JIiHi#HOI i reOMeTpUYHOI X0pCTKOCTI 00omoHkH [19].

VY crarTi BU3HAYaAIUCs 3HAYEHHS WIECHIB CyMapHOI MaTpHIIl JKOPCTKOCTI
(K +Kg;) €MHOCTI 3 TpillMHAMHU Di3HOI JOBXHHM IPU PI3HMX 3HAYCHHAX
CTaTUYHOTO OCHOBOT'O CTUCKAIOUOT0 JIOKPUTUYHOI'O HABAHTAKEHHSI.

Ha nppyroMmy erami BH3HA4agucs BJIACHI 4YacTOTH 1 (OpMH KOJIHUBaHb
HaBaHTa)KEHOI €MHOCTI 3a JIOITOMOTOI0 PO3B’SI3KY 3ajadi Ha BJIACHI 3HAYSHHS
(Param Modes)

~ = .
(K+Ky)-a)M)g, =0, i=12,...m, (2.4)

e M — matpuus Macu o0OJIOHKH, @, i @, — yacTora (paa/c) i Bekrop hpopm
BJIACHMX KOJMBaHb OOOJOHKHM 3 YpaxXyBaHHSM Jii OCbOBOTO HAaBaHTa)KEHHS
BIJIMIOBITHO, M — KUIBKICTh CTYICHIB CBOOOIM O0OJOHKH, YTPUMAHHUX i Yac
PO3paxyHKiB.

B po0oTi Takox BH3HAYAJIHCS BIIACHI YaCTOTH i POPMH KOJIMBAHb EMHOCTI
6e3 HaBaHTaxxeHHs (P =0). Meronom JlaHmoma BupimryBanacs 3agada Ha
BiacHi 3HayeHHA (Normal Modes)
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20\ ;
(K-o;M)p, =0, i=12,..,m, (2.5)
ze ®, i ¢, — BianoBixHO yactoTa (pay/c) i BEeKTOp (OPM BIACHHUX KOJIMBAaHb
eMHOCTI Oe3 HaBaHTakeHHs. CucCTeMa BEKTOPIB BIAcHUX (OpM KOJIHMBaHb
OpPTOrOHAJIbHA 1 HOPMOBAaHA MO MATPHIIl Mac
%T —
gD / M gD = Oa
7 i . . _
o (i # Jj, a; = const). (2.6)
ng' M ng = aja
[Ipobnema BrnacHux 3HaueHb (2.4) i (2.5) mMae n BiacHUX pO3B’S3KIB

@0+ (@302 e (@3, 0) | (OF,31) . (93,2) s (05,5, BiTOBITHO.
3. YuceJbHi pe3yJabTaTH
Mepumii eranm pociaimkenb. Mertomom HeroroHa-Padcona posp’szana
TEeOMETPUYHO HENiHIHHAa KpaioBa 3amavya cratuku (2.1). JlocmimkeHo
HapyKeHO-1e()OpPMOBAHHUI CTaH 1 CTIMKICTh OOOJIOHKHU 3 JJBOMAa HACKPI3ZHUMHU
TpIIMHAMH OJHAKOBOi JOBXHWHH JIO TIIOSIBU OMHIE] CYIUIBHOI TPIIUHA
Al /1 =[0,0625; 0,125; 0,25; 0,47; 0,5]. OTpumaHo CcyMmMapHy MAaTPHIO

’opcTkocTi eMHocTi (K + K ;) Ha KOXHOMY KpoOIi iTepalifiHoro mpomecy.
OchoBe HaBaHT@XEHHA mpuiiManocs pisauM P =P , ne B=[0+1] —

napaMeTp KPHTHYHOIO HaBaHTaxeHHs; P, = 202422,45 H/By3on — 3Ha4eHHA

KPUTUYHOI OCHOBOI'O HaBaHTa)KEHHS JUIi €MHOCTI 0e3 ypaxyBaHHS Je(eKTiB
3BapHux 1BiB [18]. KpuTHuHi 3HaUeHHS €KBIBAJICHTHUX HANpPY)KEHb OLTBIII
nonyctumoro HanpyxeHHs craii 210 MIla. Tomy B nogaipmmx po3paxyHKax

PO3IIIAHYTO JOKPHTUYHE CTUCKarOue HapaHTaxeHHs P < 0,5P, .
Ha puc. 2 mpeacraBiieHi KpUBi 3aJIXKHOCTEH €KBIBaJICHTHOT'O HATIPY)KEHHS

B €JIEMEHTaxX CTIHKM OOOJIOHKH BiJ Mapamerpa KPUTUYHOTO HaBaHTa)KEHHS.
3anexHicTh eKkBiBaneHTHOro HanpyxeHHs (Ila) B ememeHTax €eMHOCTI 3

TpimuHamu gosxuHoro Al /[ =[0,25(a); 0,47(6); 0,5(8)] Bix mapamerpa f3.
BugHo, 1m0 cTaTHYHA TOBEOIHKA €MHOCTI HemiHifiHa. OOomoHKa 3
nmoBxkuHoro TpinmH Al /[ =[0,25; 0,47; 0,5] BTpayae CTiHKICTh PH IapameTpi
IPaHUYHOrO KpUTHYHOro HaBaHTaxenus f3=[0,95;0,7;0,9] sigmosimuo. Y
pasi Al /[l <0,25 mapamerp S > 0,95 . Sk npukian, Ha puc. 3 IPEACTABICHO
HaNpyXeHO-I1ePOpMOBaHMI CTaH €MHOCTI 3  TPIIIMHAMU  JOBXKHUHOIO
Al/1=[0,25(); 0,47(6); 0,5(B)] mnpu mii OCBOBOTO CTHCKAHOUOI'O

HaBaHTA)XEHHs BiJl Baru MOKpiBi i oropoxki P = 0,0044P,  [18].
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©6)

T

i
ISSEEEDETinm:

MakcnuMalbHi eKBIBaJICHTHI HAIPY)KEHHsI CIIOCTEPIraics B €JIEeMEHTaX CTiHKH
€MHOCTI, po3TamoBaHux OuIs TpimmH. JlokanmbHi AedopMarii CTIHKK y BHIJIAAL
JIBOX TIBXBWIb B paJiaJlbHOMy HamlpsMKy OOOJOHKM MaJlM MiCLleé B MICIIX
po3TaimryBaHHsl TpilMH. MaKcHUMallbHI BY3JIOBI TIEpEMIIIEHHSI Y3[OBXK TBIpHOI
CIIOCTEpIrajucsi B BY3JIaX BEPXHBOrO IOSICY OOONOHKHM, PO3TAILIOBAHMX Ha
TpimpHaMu. Y Tabi. | mpeacTaBieHi 3HAUCHHS MAaKCHMAJbHHX CTATHYHHX

XapaKTEPUCTHK €EMHOCTI MPY CTATHYHIM il HaBaHTaxeHHs P = 0,0044 P, .

Tabmums 1
MakcumanbHi BinHocHa OBXUHA TPilMHM, Al / |
CTaTHYHi
XapaKTEPUCTHKH 0 0,0625 | 0,125 | 0,25 0,47 0,5

Exsipanentii 0,723 | 1,727 | 1,623 | 2,039 | 13,232 | 2,928
HanpyxeHHsa, MIla
Byznosi
HepeMilleHHs: 0,00180(0,00190/0,00189{0,00191|0,00195 | 0,00204
Panianbhi (w) / 0,000560,00059|0,00057{0,00071|0,00265 | 0,00919
B3JIOBXK TBIPHOI (z),MM
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Ha pwuc.4 y Bumsiai ricrorpaM TpeNCTaBICHO BIUIMB JOBXKHUHU JIBOX
HACKpI3HHUX TPIIIMH Ha €KBIBaJICHTHI HANPY)XEHHS () 1 BY3JIOBI IepeMilleHHS
(6) (w — panianbHi, z — Y370BXK TBIpHOi) NP CTATUYHIH il HaBaHTaKEHHS

P=0,0044Pcr.
G, W, Z
{MiTa) i) _
o0ma
1z
ome
10 0,7
5 0,006
0,ms
-]
0ma
4 0m3
0,2
2
1 11 l“m‘LLLLﬂ[
o Alld o LAl
0.00 00625 0125 025 047 05 000 00625 0125 025 047 05

(a) ©®)
Puc. 4

BunHo, mo MakcumalibHe €KBiBaJCHTHE HAIIPY)KEHHS B €JIeMEHTaX MOJeli
3 POCTOM JIOBXHMHH TPIIIUH 30iabmmiIocs He3HauHO (< 3%), KpiM BHIAIKy
MiHiManbHOI Bincrani (0,036 M) mixk nBoma Tpimuaamu (13,2%). 30inbieHHs
JIOBXKMHH TPILIMH Maibke He BIUIMHYJIO HA MaKCUMaJIbHI 3HAYEHHS BY3JIOBUX
pamiagbHUX MepeMimnieHsb (w). Y3I0BK TBIpHOI 000JOHKY 3HAYEHHS BY3JIOBHX
nepeMilieHb (z) 3HAYHO 30UTBIIMITUCS TIPU JOBXKUHI TpinwH Al /[ > 0,47 .

Jpyruii eran pociimkeHb. Po3B’s13aH0 3a1adi Ha BIacHi 3HaueHHS (2.4) 1
(2.5) meronom Jlanmoma. BusHaueHo wactoTH i OpMH BIIACHUX KOJHMBaHb
€MHOCTI 3 ypaxyBaHHSM Je(eKTiB 3BapHHX WIBIB Pi3HOI NOBXHHHU 0e3 i 3
ypaxyBaHHSM CTaTUYHOI Jii OCbOBOTO CTHCKAIOYOr'0  JIOKPHUTHYHOTO

HaBantaxends P =[0,0044;0,5]P, . II'aTb HWKYMX 4YaCTOT BIIACHUX
konuBaHb eMHocTi (I'1) mpencrasieni B Tabm. 2.

Buano, mo ockoBe cTuckarode HaBaHTaxeHHs P =0,0044P,  30inbumye

3HA4YCHHA 4YaCTOT BJIACHUX KOJIMBaHb, a I[ii[ HaBaHTaXeHHS P = O’SPcr

3MeHInye ix. HasBHICTB TpiluH 1 3011bIIEHHS X JOBXWHH y BCIX TIOCTAaHOBKAaxX
3MEHIIIyE YaCTOTH BJIACHHX KOJWBAaHb OOOJOHKH MPU KOHKPETHOMY 3HA4YEHHI
OCHOBOI'0 HABAHTAKEHHSI.

VY tabn. 3 npencraBieHi MakCMMalbHI BiJIHOCHI BY3JIOBI IEpPEMIIIEHHS 110
BIMOBIMHMM (OpMaM BIACHHX KOJHMBAaHb €MHOCTI 3 TpIIIMHAMH Ppi3HOI
JIOBXKMHH Y BHUIJISAL ApOOY: B YUCEIBHUKY — patianbHi (W), B 3HAMEHHHUKY —
Y3IIOBXK TBIPHOI (2).
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Tabmums 2
Ne BimHocHa TOBYKUHA TPIUHU, Al / [
4acTOTH 0 ] 00625 | 0125 | 025 | 047 | 05
be3 ypaxyBanus HaBaHTakeHHs P = 0
1 13,91251 | 13,91242 | 13,91214 | 13,91110 | 13,90735 | 13,8021
2 13,91376 | 13,91373 | 13,91362 | 13,91341 | 13,90825 | 13,9016
3 14,06883 | 14,06877 | 14,06853 | 14,06738 | 14,06002 | 14,0045
4 14,07027 | 14,07018 | 14,06991 | 14,06897 | 14,06405 | 14,0573
5 14,70973 | 14,70968 | 14,70952 | 14,70893 | 14,70706 | 14,6849
IIpu cTatuuHif Ai1 0OCbOBOr0 HaBaHTaxeHHs P = 0, 0044 P,
1 14,81299 | 14,81276 | 14,81205 | 14,80954 | 14,79596 | 14,62292
2 14,81405 | 14,81403 | 14,81387 | 14,81283 | 14,80202 | 14,78932
3 14,82872 | 14,82870 | 14,82865 | 14,82847 | 14,82789 | 14,82732
4 14,82917 | 14,82916 | 14,82913 | 14,82902 | 14,82860 | 14,82830
5 15,88430 | 15,88423 | 15,88402 | 15,88328 | 15,88086 | 15,81039
Ilpu cratuunii 1ii ocboBOro HapaHTaKeHH P = 0,5P
1 12,60079 | 12,60042 | 12,59910 | 12,59245 | 12,57492 | 12,31096
2 12,60461 | 12,60465 | 12,60506 | 12,60607 | 12,58525 | 12,57157
3 12,62862 | 12,62860 | 12,62835 | 12,62679 | 12,61617 | 12,59982
4 12,63017 | 12,63005 | 12,62972 | 12,62858 | 12,61902 | 12,60834
5 13,80560 | 13,80571 | 13,80507 | 13,80174 | 13,79161 | 13,72739
Tabmumsg 3
Ne BimHocHa TOB)KUHA TPILUHU, Al / |
opmu 0 ] 00625 | 0125 | 025 | 047 | 05
be3 ypaxyBanus HaBaHTakeHHs P = 0
1 0,03840 | 0,03812 | 0,03819 0,03948| 0,04037| 0,05061
0,00056 | 0,00056 | 0,00055 0,00057| 0,00059| 0,00099
5 0,03848 | 0,03818 | 0,03805 0,03833| 0,03957| 0,04214
0,00054 | 0,00055 | 0,00055 0,00056| 0,00057| 0,00061
3 0,03812 | 0,03932 | 0,03868 0,03882| 0,03940| 0,04666
0,00064 | 0,00065 | 0,00065 0,00064| 0,00066| 0,00080
4 0,03861 0,03889 | 0,03926 0,03818| 0,03922|  0,04075
0,00065 | 0,00065 | 0,00065 0,00064| 0,00066| 0,00069
5 0,03862 | 0,03862 | 0,03862 0,03869| 0,03869| 0,04063
0,00046 | 0,00046 | 0,00046 0,00046| 0,00047, 0,00055
[Ipu cTatuuHil Ai1 0OCbOBOrO HaBaHTaxeHHs P = 0, 0044Pcr
1 0,03941 0,03952 | 0,03975 | 0,04035 | 0,04066 | 0,04908
0,00085 | 0,00086 | 0,00086 | 0,00087 | 0,00090 | 0,00114
5 0,03739 | 0,03739 | 0,03745 | 0,03784 | 0,04150 | 0,04279
0,00084 | 0,00084 | 0,00083 | 0,00084 | 0,00089 | 0,00091
3 0,03595 | 0,03598 | 0,03631 0,03690 | 0,03976 | 0,03974
0,00076 | 0,00076 | 0,00076 | 0,00078 | 0,00079 | 0,00083
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IIpodosorcenns madauyi 3|

4 0,03742 | 0,03742 | 0,03757 | 0,03829 | 0,03996 | 0,03918
0,00078 | 0,00078 | 0,00078 | 0,00079 | 0,00082 | 0,00084
5 0,03986 | 0,02990 | 0,02999 | 0,03032 | 0,03000 | 0,03585
0,00052 | 0,00052 | 0,00052 | 0,00052 | 0,00053 | 0,00085
IIpu craTuuniii aii ocboBoro HapanTaxenns P = 0,5P,
1 0,03867 | 0,03892 | 0,03957 | 0,04102 | 0,04179 | 0,04916
0,00080 | 0,00081 | 0,00081 | 0,00085 | 0,00087 | 0,00115
) 0,03777 | 0,03777 | 0,03759 | 0,03666 | 0,04112 | 0,03918
0,00079 | 0,00079 | 0,00079 | 0,00076 | 0,00089 | 0,00083
3 0,03697 | 0,03722 | 0,03760 | 0,03648 | 0,03902 | 0,04019
0,00083 | 0,00084 | 0,00085 | 0,00083 | 0,00088 | 0,00087
4 0,03735 | 0,03762 | 0,03798 | 0,03490 | 0,03905 | 0,03867
0,00084 | 0,00084 | 0,00085 | 0,00079 | 0,00087 | 0,00086
5 0,03044 | 0,03051 | 0,03079 | 0,03123 | 0,03062 | 0,03434
0,00055 | 0,00055 | 0,00055 | 0,00056 | 0,00055 | 0,00084

Ha puc. 5 mpencraenena mepima (opMa BIACHHX KOJMHBaHb €MHOCTI 3
TpimmHamu noBxuHoro Al /[ =[0,0625(a); 0,125(6); 0,25(8); 0,47(r); 0,59(xm)]
npH CTaTHYHI it OCHOBOT'O CTHCKAI0YOr0 HAaBaHTAKCHHSI
P =[0(1);0,0044(2);0,5(3)]P,, .

(38)
Puc. 5

[Nepma ¢hopma BnacHa KoMMBaHb HEHaBaHTa)KeHOI 000J0HKH (puc. 5, (1)) 3
TpimmHamMu jgoBxuHOW Al /[ < 0,47 Mae necsiTh MIBXBWIb B paaiallbHOMY
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HATPSIMKY 1 30ira€ThCs 3 BUIAJIKOM €MHOCTI
6e3 TpinmH [18]. Ilpu yTBOpEeHHI OIHIEIO
cyuinbpHO0 Tpiman (Al /[ =0,5) ms Beix
BHITAJIKIB CTaTHYHOTO 0CBOBOTO
HaBaHTAXXEHHS CIIOCTEPITaliocsi HeperyisipHe
neOpMyBaHHSI CTIHKH 3 JIOKQJIi3aIli€l0 B
MICIIi po3TallyBaHHs TpinmHu (puc. 5, 1). B
IHIIMX ~ BWIAJKaX CTaTHYHOIO OCHOBOTO
HABaHTa)KEHHS 1 3a BCIX 3HAYCHb JOBKHUHH
TPIIIUH B palialIbHOMY HAIPSMKY Ma€e MicCIe
Hepery/sipHe ehopMyBaHHS CTIHKU. Y3I0BK
TBIpHOI €MHICTh JedopMyBanacs B BHIJIAMI
omHiei MBXBWI. Y MiCIli pO3TaIlyBaHHS
TPIIMH  CIIOCTEpirajucsi  BM'STHHH 1
BUINMHAHHA  CTIHKW, TOPH3OHTAJIBHUU 1
HE3HAYHWH BEPTHKAIBHUI 3CYB IOBEPXOHb
CTIHKH. SIK MIpUKIIa, Ha pUC. 6 IPeaCTaBIcHA
nedopMarllisi CTIHKA €MHOCTI 3 TPIiIUHAMH
nosxuHolo Al /[ =[0,25(a); 0,47(6); 0,5(8)]
o TepIri (GopMi BIACHUX KOJUBAaHb BiJ

CTaTMYHOro HapaHTaxeHus P = 0,0044P .

3MiHa  JUHAMIYHHX  XapaKTEepUCTHK
emHocTi ("+" 30iunbIIeHHS, "-" 3MCHIIICHH) Puc. 6
no mepmiii ¢gopmi BIaCHUX KOJNUBAaHb 3a
paxyHOK 301IbIIEHHS IOBXXHHH TPIIIMH IPH (IKCOBAHOMY 3HAYEHHI OCHOBOTO
CTHCKAIOYOr0 HABAaHTAXXCHHS MPE/ICTaBICHO B Ta0I. 4.

Tabnuus 4
OchoBe HABAHTAKEHHS BinnocHa noBxuHa TpimHu Al / [
0,0625 | 0,125 | 025 | 047 | 05
Ilepura yacrora BIacHUX KOJIUBaHb, %
P=0 -0,052 | -0,054 | -0,062 | -0,0882 | -0,845
P =0,0044P,, -0,002 | -0,006 | -0,023 | -0,115 | -1,283
P=0,5P, -0,003 | -0,013 | -0,066 | -0,205 | -2,300
MaxkcumaitbHi BiZJTHOCHI paiayibHi By3JI0Bi niepemitieHHs Aw, %

P=0 -0,729 | -0,547 | 2,813 5,130 | 31,797
P =0,0044P,, 2,630 | 2,917 3,516 5,078 | 5,8857
P=0,5P, 0,703 1,354 3,047 6,823 | 8,8287

MaxkcumaltbHi BiZJTHOCHI ITepeMillleHHsI B3I0BXK TBIpHOI Az, %
P=0 0 -1,786 | 1,786 5,357 | 76,786
P =0,0044P,, 51,786 | 53,571 | 53,571 | 55,357 | 60,714
P=0,5P, 42,857 | 44,643 | 44,643 | 55,357 | 55,357
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Ha puc. 7 mpencraBieHi 3alie)KHOCTI Tepinoi 4yactotu (a, 0) BIIacHUX
KOJIMBaHb €MHOCTI 1 BIAMOBIAHUX MaKCUMAaJlbHUX BIJHOCHHUX BY3JIOBHX
nepeMinieHb (pagiaabHuX (B), Y3J0BX TBIpHOI (T')) Bif 301/IbIIEHHS TOBXKHHU
TPIIIMH P CTATHYHIN i1 OCBOBOI'0 CTHCKAIOYOr'0 HABAHTAKCHHS.

v, Tu 0 00625 0125 025 047 05 all
& P=0,0000Pci] | g —
R R S — = -
u ~
——— —— — —— — — — 0.5
—
12
P=0,5Pcr
10 4
] 8
8 \ [ ]
6 A5 \‘
N 1
2 “
2 P=0Pcr] o
0 25
0 0.125 025 0.375 0.5 alll av,%
(a) (0)
AW, % 22, %
30 - 80
@
20
40
10
T 20
wme :
-
— Al all
00625 LA L) Ll L 0.0625 T 0.25 047 0.5
-10

(8) (r)
Puc. 7

Bunno (puc. 7,a), oo 3HA4YeHHsS NEPIIOi YAaCTOTH BIIACHUX KOJHMBaHb

€MHOCTI HpU Jii OChOBOIO CTHUCKalO4Oro HaBaHTaxeHHs P =0,0044P,

Oinbie, Hix 1py Aii HaBaHTaxeHHs P = 0,5P 1 BiACYTHOCTI HaBaHTa)KEHHs

(P =0). HasBHicTh TpIilMH 1 30UIBIICHHS iX JOBXHHU Y BCIX IOCTaHOBKaX
3MEHIIIyE€ YacTOTY BIIACHUX KOJIMBaHb 000JIOHKH (pHC. 7, 0). 3HaYeHHS BIacHOI
YacTOTH OOOJIOHKH 3 Ne(eKTaMHu 3BapHUX MIBIB NoBXuHOIO Al /] < 0,47 npu
BCIX 3HAYEHHSAX CTAaTUYHOI'O OCHOBOTO HABaHTa)KEHHS MaJl0 3MiHIOIOTHCS
(<0,21%), okpiM BHITaJIKy YTBOPEHHsI OHIET CyIiNbHOI TpinmHu (<2,3%). Ha
puc. 7, B BUJHO, IO JUIsi HeHaBaHTakeHoI eMHOCTi (P =0) 31 30UIbLICHHAM

noBxuHu TpinwmH (Al /1 <0,47) pagianbHi BiIHOCHI BY3JIOBI MepeMillleHHs
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Mo Tepurii (popMi BIACHUX KOJNHMBaHb 30UIBIIYIOTHCS HE3HAYHO, TAKOXK SK 1
nepeMilieHHs y310BXK TBipHOI (puc. 7,T) (< 6%). Ane pu YTBOpEHHI OHi€l
cyminpHOl TpimuHM (Al /1 =0,5) cnocrepiraethcs 3HauHe (< 80%)

30imbIIeHHs mepemimiensb. Jlng HaBaHTaxeHoi emuocti (P <0,5P) mno

mepirii  ¢opmi  BIACHUX KOJWBAHb 3HAYCHHS paliajbHUX BY3JIOBHX
nepeMinieHb 30UTbHIyIOTBCS 70 9%, TepeMillleHHs Y370BX TBIpHOI
301IBINYIOTHCS 3HAYHIIIE — 110 61%.

BucHoBkn

1. Komn'toTepHe MOJICIIOBAaHHSI €MHOCTI B CKIHUCHHOCJIEMCHTHIN
TIOCTAHOBII 3 ypaxyBaHHSM IIOSICIB 3 JIMCTIB MPOKAaTy, 3BapeHHX "B CTHK'", i
posrisin AeeKTiB 3BApHUX LIBIB Yy BUIJISIII HACKPI3HUX TPINIMH JTO3BOIIHIO
SIKICHO OI[IHMTH 1X BIUIMB HA CTATHYHY 1 IUHAMIYHY HOBEIIHKY OOOJIOHKH.

2. BukopucraHHs e(eKTHBHHX TMPOLEAYpP CYy4YacHOro MpOrpaMHOr0
PO3PaxyHKOBOI'O KOMIUIEKCY JO3BOJWIO IMPOAHANI3YBATH BIUIMB TOLIMPEHHS
nedekTiB 3BapHMX IIBIB Ha Taki Ba)dJIMBI JMHAMIYHI XapaKTEPHCTHKH
00OJIOHKH SIK YaCTOTH 1 (pOpMHU BIaCHUX KOJIHBAHb.

3. Pe3ynmbTaTil JOCTIHKEHHS MOKa3ajd, 110 HAsBHICTh TPILHH 1 301IbIICHHS
iX JIOBXHMHM 3MEHIIYIOTh 3HA4Y€HHS 4YacTOT BJIACHUX KOJMBAHb €EMHOCTI.
CratnyHa J1isi 0CbOBOT'O CTHCKAIOYOT0 HABAHTA)KEHHSI HA TOHKY OOOJIOHKY MOJXE,
SIK 3MEHIIWTH, TaK i 301IbIINTH T1 )KOPCTKICTh, THM CaMHM 3MIHUTH YacTOTY i
¢opMy BIACHMX KONMBaHb. Ha JIyMKy aBTOpiB, ypaxyBaHHS TaKOTO
HABaHTAXXEHHS € JOUUIBHUM B JIMHAMIYHUX DPO3PAaxyHKaX TOHKHX OOOJOHOK,
0CO0OJIMBO, TIPH /il CTOXaCTHYHMX HaBaHTaXEHb (BITEp, CeMCMIKa 1 T.I1.).
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Cmamms naoitiwna 24.09.2021

Lukianchenko O.0., Bouraou N 1., Gerashchenko O.V., Kostina O.V.
NATURAL FREQUENCIES AND VIBRATION MODES OF TANK'S PROTECTIVE
CAPACITANCE WITH WELD DEFECTS UNDER AXIAL STATIC LOAD

The natural frequencies and vibration modes of tank's protective capacitance with welded
joints defects under axial static load are determined in order to construct a diagnostic model and
monitor of the welded joints defects propagation. Computer simulation of capacitance dynamic
behavior using the computer finite element analysis system NASTRAN was performed. The
design model in the form of a cylindrical thin-walled shell with allowance for belts from weld
rolled sheet was built. Weld defects as two through horizontal cracks located in the welds between
the first and second shell belts were presented. The crack width was equaled to the rolled sheets
diameter. For assessing the effect of crack propagation on the shell dynamic characteristics the
crack length increased until a single continuous crack. The defects in the form of through cracks
allowed to generalize different weld defects types and predict the shell critical state. Determination
of capacitance natural frequencies and vibration modes under axial static load was performed in
two stages. At the first stage, the capacitance stress-strain state in a nonlinear formulation was
investigated and a total stiffness matrix (linear and geometric) was formed. The nonlinear static
problem as a finite element approximation of the Lagrange possible displacements principle was
formulated. The Newton-Raphson stepwise loading method (Nonlinear Static) was used. The
natural frequencies and vibration modes were determined by by the Lanczos method (Param
Modes) on solving the eigenvalue problem. The effect of weld defects and axial static action on
the capacitance dynamic characteristics was evaluated. The results showed that the presence of
cracks and an their length increase reduced the values of the natural frequencies. The static action
of an axial compressive load on a thin shell wall can both reduce and increase its rigidity, thereby
changing its natural frequency and vibration modes. According to the authors, consideration of
such a load should be present in the dynamic calculations of thin shells, especially under stochastic
loads (wind, seismic, etc.).

Keywords: thin shell, weld defect, finite element method, nonlinear behavior, natural
frequency and vibration modes, axial static load.

Jlykosanuenxo O.A., Bypay H.U., I'epawenko O.B., Kocmuna E.B.
YACTOTBI U ®OPMbI COBCTBEHHBIX KOJEBAHUM 3ALLIMTHOM EMKOCTH
PE3EPBYAPA C JE®PEKTAMU CBAPHBIX IIBOB I[P CTATUYECKOM
JECTBAM OCEBOI HATPY3KN

OrnpezeneHsl 4acToThl U (POPMbI COOCTBEHHBIX KOJICOAHHMI 3aIMMTHOM E€MKOCTH pe3epByapa
OpY  CTaTMYECKOM JIEHCTBMM OCEBOH CXKMMAlOLIEH Harpy3kd C LEIbI0  IOCTPOCHUS
Lll/laFHOCTl/l“leCKOﬁ MOACIM W MOHHUTOPUHIA PACHpOCTPpaHCHUA TPCUIMH B CBApHBIX IIBax €€
CTCHKH. KOMl'lblOTepHOC MOJCIIMPOBAHUE AWMHAMHUYCCKOrO ITOBEACHHUS €MKOCTU BBIIIOJHEHO C
MOMOIIBIO BBIYMCIUTENILHOIO KOMILIEKca KOoHeuHodneMeHTHoro aHaimi3a NASTRAN. Pacuernas
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MOZIeNIb B BUJAE LWJIMHAPUYECKOH TOHKOCTEHHOW OOOJIOYKH IIOCTPOCHA C YYETOM IIOSCOB M3
JIMCTOB MpOKaTa, CBapeHHBIX “BCTHIK". JleeKThbl CBAapHBIX IIBOB MPEICTaBICHBI B BHAC ABYX
CKBO3HBIX TOPU30HTAJIBHBIX TPECIIHWH, PACHOJOXCHHBIX B CBAapHbIX MIBaX MEXAY IECPBBIM U
BTOPBIM IosicaMu. L1IuprHa pacKpbITUS TPEILUH MPUHATA PABHON IMAMETPY CBAPHOI'O ILIBA MEXY
IPOKAaTHBIMU JINCTaAMU CTCHKH €MKOCTH. HJ’IS{ OLICHKH BJIMAHUSA PACHpPOCTPaHCHUS TPCIUIMH Ha
JAHAMHUYCCKUEC XapaKTCPUCTUKA €MKOCTH UX JJIMHA IIPHUHUMAIach OLll/lHaKOBOﬁ U yBCJIIMYHNBAJIACh
10 00pa30oBaHMsI OIHON CIUIOLIHOM TpeluHbl. Moaens nedeKTOB B BHIEC CKBO3HBIX TPCLIUH
103BoJMIa O0OOLMTH pa3Hble BHUABI Ae(EKTOB CBApHBIX IIBOB M IIPOrHO3HUPOBATH COCTOSHHE
000JI0YKH B MPEACIbHOM KPUTHYECKOM COCTOSHHHU. OmpeseneHne 4actoT U GopM coOCTBEHHBIX
KOJIeOaHHi 3aIMTHOW EMKOCTH IIPU CTATHYECKOM JCHCTBHM OCEBOW HArpy3KH BBIIIOJIHEHO B Ba
srana. Ha nepBoM 3Tame HMCCIEeIOBAaHO HANMpPsDKEHHO-ICPOPMHPOBAHHOE COCTOSIHHE EMKOCTH B
HEJIMHEHHOW MOCTaHOBKE ¥ C(HOpPMHpOBaHAa CyMMapHas MaTpHLa JKECTKOCTH (IMHEHHas u
reomerpuueckas). Ha BTOpOM 3Tame ornpejieneHbl 4acToThl U (opMbl COOCTBEHHBIX KOJICOaHHi
E€MKOCTH C y4E€TOM €€ COCTOSHMS OT CTaTU4eCKOro AeHcTBUs oceBoi Harpysku. Henuneitnas
3ajaya CTaTUKH CHOPMYIMpOBaHA B BHAE KOHCYHOIIEMEHTHOH ANMpPOKCHMALMH IMPUHIHIIA
BO3MOXHBIX IepeMeleHnii Jlarpamka n penieHa ¢ MOMOIIBI0 METOA IOIIATOBOTO HArPYKCHHUS
Helotona-Pagcona (Nonlinear Static). YacToTsl 1 OpMbI COOCTBEHHBIX KOJIEOaHHI HATrPy)KHHOM
€MKOCTH ONpPEACICHBl IMPU PCIICHUM 3aJa4dyd Ha COGCTBCHH])IC 3HA4YCHUA METOAOM .HaHLLOLLla
(Param Modes). OueHeHo BiusHHE 1e(EKTOB CBAPHBIX IIBOB CTEHKH M CTATHYECKOrO JCHCTBUS
OCeBOH CKMMAIOLIEH HAarpy3Kd Ha [IMHAMHYECKHC XapaKTEPHCTUKH 3allUTHOW EMKOCTH.
Pe3yﬂbTaTbl HCCIICAOBAHUS IIOKasaJid, YTO HAJUYUEC TPCUIMH U YBCIUYCHUC HUX JIUHBI
YMEHBLIAIOT 3HAYCHUS YacTOT COOCTBEHHBIX Kojebanuii eMkocTi. CtaTHyeckoe AeiicTBHEe 0CeBOH
CKUMAIOIIECH HAarpy3kd Ha TOHKYIO O0OJIOYKY MOXET, KaK yMEHBIIHTh, TaK M YBEIMYHTH €€
JKECTKOCTh, TEM CaMbIM H3MEHHTb YacTOTY U (OpMYy COOCTBEHHBIX Kojebanuil. I1o MHEHHIO
aBTOpPOB, Yy4Y€T TaKOﬁ Harpy3kd OOJDKCH INPUCYTCTBOBATHL B AMHAMHYCCKHUX pacu€Tax TOHKHX
000J104€K, 0COOCHHO, IIPH ACHCTBHH CTOXaCTHYECKUX HArpy30K (BeTep, ceficMuKa H T.IL.).

KuioueBble ciioBa: ToHKast 0005104k, 1e)eKT CBAPHOIO IIBA, METOA KOHEYHBIX dJIEMEHTOB,
HEJIMHEWHOe TOBEJCHHEe, 4YacTora M (opMa COOCTBEHHBIX KOJeOaHWH, OCEeBas CTaTHYeCKas
Harpyska.

YK 539.3

Jlyk'anuenko O.0., bypay H.L, I'epawenxo O.B., Kocmina O.B. Yacrorn i ¢opmmu BJIacHHX
KOJIMBAHb 3aXMCHOI €MHOCTi pe3epByapa 3 jAedeKkTamMu 3BapHUX IIBiB NPU cTATHYHIH aii
ocboBOro HaBaHTaxkeHHs1 / Omip MatepianiB i Teopis cnopya: Hayk.-Tex. 30ipH. — K.: KHVBA,
2021. - Bun. 107. - C. 103-119.

Busnaueno yacmomu i popmu 61aCHUX KOJIUSAHb 3AXUCHOI EMHOCMI pe3epayapa npu cmamuytill
il 0Cb0OBOI CMUCKAIOW020 HABAHMAJICEHHT 3 Memolo NnoOy0osu OiacHOCmuuHoi mooeni i
MOHIMOPUHZY NOWUPEHHS MPIWUH 8 36APHUX WEAX il CMIHKU.

Tabu. 4. L. 7. bi6miorp. 19 Hass.

UDC 539.3

Lukianchenko O.0., Bouraou N.I, Gerashchenko O.V., Kostina O.V. Natural frequencies and
vibration modes of tank's protective capacitance with weld defects under axial static load /
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.:
KNUBA, 2021. - Issue 107. — P. 103-119.

The natural frequencies and vibration modes of tank's protective capacitance with welded joints
defects under axial static load are determined in order to construct a diagnostic model and
monitor of the welded joints defects propagation.

Tabl. 4. Fig. 7. Ref. 19.

YK 539.3

Jlykosinuenko O.A., Bypay H.HU., I'epawenxo O.B., Kocmunma E.B. Yactorsl U ¢(opMbI
COOCTBEHHBIX KOJIEOAHMIl 3aIMTHOI eMKOCTH pe3epByapa ¢ 1edeKTaMu CBAPHBIX IIBOB MPH
CTATHYECKOM JeiicTBUH 0ceBOii Harpy3kum / CONpoTHBICHHE MAaTEPUAIOB UM TEOPHUS
coopyskeHuit: Hayd.-tex. coopH. — K.: KHYCA, 2021. — Bun. 107. — C. 103-119.

Onpeoenenvl vacmomsl u Gopmbl COOCMEEHHBIX KOACOAHUT 3aUUMHOT eMKOCMU pe3epayapa npu
CMamuyeckom 0eticmeul 0Cesoll CoHCUMAIOwell Hazpy3Ku ¢ Yeablo NOCMPOeHUs OUAZHOCTUYECKOU
MoOenu u MOHUMOPUHZA PACAPOCMPAHEHUS. MPEWUH 6 CEAPHBIX ULBAX ee CIMEHKL.

Tab6un. 4. Y. 7. bubnworp. 19 Ha3s.
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YK 539.3
BIBPALIITHUI MOHITOPUHI 35EPEKEHHSI CTAHY
ICTOPUYHUX CITIOPY
L.A. Beaos,

KaHI. TEXH. HaYK., JOLCHT
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JI-p TEXH. HayK, OL[EHT

O.I1. IenoB.,
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O.M. Ckopyk

Kuiscokuil nayionanbhuil ynisepcumem 6y0ienuymea i apximexkmypu
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CyyacHe MiChbKE CEepellOBHINE 3HAXOAWUTHCS B yMOBaxX IIOCTIHHMX TEXHOICHHHUX BILUIMBIB
0B s3aHMX 3 BiOpauieto. Pyx 3ani3HMYHUX MOI3MIB i METPOIOJIITEHY, PyX TpaMBaiB, TpoJeiiOyciB,
aBTOOYCiB, HABaHTaKCHHS BiJ OyAiBHHMLITBA, MOTOKH JItOJCH B mikoBi roauHu. Lle cTBOprOE
JMHAMIYHI HAaBaHTAXCHHs Ha OymiBii i cropyau, ocoOJIMBO B LICHTPAJIbHHUX YaCTHHAX MICT, 1e
KOHLEHTPYIOTbCS, CYTTEBI JMHAMIUHI BIUIMBH. 3aBISIKM BiOpaiisM, Mo)ke BHHHKATH CKJIaJHa
CHUTYyallist 1Jsi HaHOUIbII Bpa3nMBOi 4acTWHM OyniBenb 1 Copyn, a caMe — HaM’sToK ictopil i
apxiTekTypu. B cydacHux OyJiBeqbHHUX 00’€KTaxX BXKE 3aKjajeHi HEOOXiqHi BUMOTM HaIiHHOCTI,
CTIMKOCTi, JOBrOBIYHOCTI MaTepiaiB, SIKI IPHCTOCOBAHI sl ChOTOACHHS. lHIIA piy, icTopuyHi
00’€KTH, SIKI BUKOHAHI 3 IPUPOIHUX MaTepiajiB - LIerjn, PO34YMHY 1 ACPEBUHHU, MAIOTh OaratopiuHi
TEPMIHM eKCIUTyaTalil Ta OiJblie IiJJalThCA CTapiHHIO, PYHHYBAHHIO i BUKJIMKAM Cyd4acHOI'O
ypOaHiCTHYHOrO CepeIOBHUILA.

KurouoBi ciioBa: BiOpawis, oOCTeXKEHHs, CHEKTPAJIbHUI aHawi3, apXiTeKTypHa CHAJIHHA,
METO]] CKIHYCHHHX €JICMEHTIB.

Beryn. IHTeHCHBHMIA pO3BUTOK 1HGPACTPYKTYPU BEIUKUX MICT TOCTYIIOBO
cTae Ha 3aBajli 30epeKEHHIO ICTOPHYHHUX apXiTEKTYPHHUX 00’ €KTIB. 3BEIEHHS
HOBHX OyIiBenb, PEKOHCTPYKINS ICHYIOUMX OO0 €KTIB 31 30LIBIICHHIM
MOBEPXOBOCTi, 3MIHM Y IIJ3€MHOMY IIPOCTOp] BIUIMBAIOTH HA ICTOPUYHY
YaCTHHY IIEHTPIB MICT 3 IIOCTYIIOBHM 3POCTaHHSIM HETaTHMBHUX PHU3UKIB LIS
apXITEKTYPHOI iCTOPHUYHOI CIIa/IINHH.

He nuBnsumch Ha HasSBHICTH ICHYIOYMX HOPMATHBHUX JIOKYMEHTIB,
cuTyalisi norpedye B JAESKUX BUIAAKaX OUIbII YKOPCTKOTO HOPMAaTHBHOT'O
pEryaIoBaHHs KPUTEPIiB eKcIuTyaTtallii mam’sToK ictopii i apxiTekTypu. Jlms
LBOrO TMOTPiIOHI PO3YMIHHS 1 HAasBHICTb KOHIENTYAJIBHOTO PO3BUTKY
OyIiBHMIITBA B CKJIaJHUAX JMHAMIYHMX YMOBaX YIIIJIbHEHOI 3a0yI0BU IS
30epekeHHsl icTopuuHUX 00 €KTiB. Ha TemepiniHiii 4ac OUIBIIICTh iCTOPUYHUX
00’€KTIB, 10 3HAXOMATHCS y LEHTPAIbHIN YacTUHI MIiCHKOTO CeperoBHUINA
CIpuiiMaroTh Ha ceOe KOMILUICKC HaBaHTa)KEHb, SKUX, B CBiil 4ac He Oyio abo
BOHHU MaJIM MiHIMQJIbHHH BIUTMB Ha CIaJIIHHY.

B TexHiuHil 1 HOpMAaTUBHIN JIITEPaTypl HABOAATHCA TPAHUYHI TTapaMeTpH,
0 OOMEKYIOTh TMHAMIYHI BIUIMBH Ha OynuHKM i cnopynu. Tak B crarti [1]

© Benos LJ1., Babimesny M.O., [lenos O.I1., Cxopyk O.M.
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BUKOHAHMH aHalli3 HOPMATUBHHUX JOKYMEHTIB 3 BiOpalii, po3poOjeHUX B
CIIA, IlBeitnapii, bpuranii i HiMmeuunnu ans OyniBenb i cnopyn, y TOMY
yucni icropuyHux. OOMekeHHs 0a3yloThCs Ha BU3HAUEHHI TEXHIYHOTO CTaHy
00’€KTIB B IIJIOMY Ta KaTEropisx HECy4ol 3MaTHOCTI OKPEMHX elieMeHTIB. J{is
ICTOPUYHHX CIIOPYA PO3pOOJIEHI MOCTaTHHO J>KOPCTKI BUMOTHM B HACIHiJOK
HEeOoOX1THOCTI OLIBII PETENLHOTO 1 00EpEXHOr0 BiHOMIEHHS JI0 apXiTEKTYpHOT
cnaanmuau. B USBM RI 8507 (CIIIA) 3amporoHOBaHa Meka 3aroOiraHHs
MOYaTKy pO3TpicKyBaHHS THHBKY. OOMeEXeHHS Mae 0a30Be 3HAUYCHHS
BiOpomBuakocti 0.5 mrotima/c no 1001 1 2arofima/c ipu Oinbmx yacrorax. B
BS7385 (bpuranist) B OCHOBHOMY PpO3TJISJAIOTHCS BIUTMBH Bij IIPOBENCHHS
pOOOT TeXHOreHHOro xapakrepy. OOMeeHHsI TaHHOTO CTaHAAPTy aHAJIOTiYHi
nonepeqHboMy 3a (opMoro giarpamu i yMciIoBMMH 3HaueHHsmu. lle oxne
JDKEepeno JJIsl BH3HAUYCHHS BiOpallifiHuX oOMexeHb, cTaHmapT SN 640312
(ILIBeftuapist). 3 omHOro OOKY Iei TOKYMEHT CXOXHH Ha TONepe/Hi, 3 iHIIOro
OOKy BiH € OUIBII PO3MIMPEHHM 32 PaxXyHOK NOAJICHHS KOHCTPYKLIH Ha
4oTUpU Kiacu. UeTBepTHHl KJlac BKIIOYAE 1CTOPUYHI OYAiBI, MaKCUMalbHi
oomexeHHs it skuxX craHoBATH 0.12-0.24 moiimis/c. B [1] Ttakox
posrisiHyTHiE DIN 4150. B HhOMY 3anponoHOBaHa KpalHs Meka IIBHIKOCTI
BiOpaii 0.12 mro¥imMis/c, mo ckiaanae 3 mm/c. O4eBHIHO, IO I HE BUMIAJKOBO,
1 I JesKuX 00’ €KTIB, MOB’SI3aHMX 3 BEIHMKOIO MAaTepiajibHOK IIHHICTIO 1
YHIKaJIBHICTIO, )KOPCTKICTh B 0OMEKEHHI BiOpalLlifHNX BILUIUBIB € JIOPEYHOIO.

Icuye Gararo mxepen MITy4HOI CEHCMIYHOI aKTHBHOCTI, SIKi CTBOPIOIOTH
BiOpalliifHi BIUIMBM Ha MICbKe CepeloBHIIe - Oy/iBeabHI pPOOOTH 3
BIAINTYBaHHA (YHIAMEHTIB, TPaHCIOPTHI BiOpamii JOPOXKHBOTO PYXy 1
PEHKOBOrO  TPAHCIOPTY, TEXHOJNOTIYHA AaKTHBHICTh B  BHUPOOHHYHUX
NpUMIIeHHIX, ()OHOBUH BiOpaliiiHWi BIUIMB cepenoBuina Ta iHmi. [Iponecu
BUMIpPIOBAaHHS KOJMBaHb IIOCTIHHUX JDKEpell MIChKOTO CepelioBHIA €
aKTyaJIbHUMH, TaK SIK caMe€ BOHU CTBOPIOIOTH BiOpalliliHi HaBaHTa)KEHHs Ha
3arajgbHy 3a0y[OBY, BKJIIOYAIOYM ICTOPHYHY CHAJUIMHY. B KOXHOMY
KOHKpPETHOMY MicIi BiOpamiiiHi Il BiApI3HSIOTBCS B 3aJIKHOCTI BiJ| CTaHy
cepeoBUIA Ta IUHaMi4yHOi akTuUBHOCTI. CyKymHICTH Aiil BiOpamiiiHux i
LIYMOBHX JDKEpEN CKJIaJae 3arajlbHe XBHJIbOBE II0JIE y BUIIIAAI 00 €MHOTO
JMHAMIYHOT'O BIUIMBY Ha CHOPY.Y.

Busnaunum 00’extoM BceecBiTHBOT KynbTypHOi criaammHu B KuiBcbkomy
perioHi sBnsieTbes cobop Codist KuiBerka.

Mera [mOCHi/DKEHHST — BH3HAUSHHS JUHAMIYHUX TIPOLECIB Ta aHali3
iXHBOrO BIUIMBY Ha OYIiBJIi ICTOPUYHHUX IIaM’SITOK B YMOBax NPUPOIHUX Ta
TEXHOT€HHHX HaBaHTa)XKeHb. METONU NOCIHI/PKEHHS: aHalli3 TEXHIYHOTO CTaHy
Cobopy, excriepuMeHTabHI BUMIPIOBAaHHS JWHAMIYHUX MPOIICCIB; YHCEIbHE
00poOJIeHHsI EeKCIIEpUMEHTAJIbHUX JlaHWX; MaTeMaTU4He MOJENIOBaHHSA 1
JIOCITI/pKEHHs pparMeHTy 00’ eKTa.

[Ipeamer aHamizy — TeXHIYHHH cTaH 00’€KTa, BIUIMB AMHAMIYHUX KEpes
Ha Cobop.

Cobop 3HaxomuThesl y meHTpanbHil yacTuHi CodilichKol IO B yMOBax
yIIibHeHo1 3a0ynoBu. TepuTopist oropokeHa UErIsTHUM ITapKaHOM Ta OJTHO,
JIBONIOBEPXOBUMHU  OymiBisimu. [Ipu  momepeaHix oOcTexeHHsAX OymiBii
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BUSIBJIEHA BEJWKA KUIBKICTh AedopMalliil y BHYTPINIHIX 1 30BHILIHIX CTiHaX B
HACITIIOK MUHYJIHX CTpeciB, kou Co0op 3HaXOIUBCS Y 3aHE0aHOMY CTaHI 3a
paxyHOK BIMCPKOBHMX il Ta IHIIMX HerapasfiB. Y IBOTHCSIYHUX POKax, JJIs
MOCTIHHOTO CTaTHYHOTO MOHITOPHHTY, OYJIM BCTaHOBJIEHI JaedopMariiiHi
MapK{ 110 KpasM TPILIUH YISl MEPiOJUYHOr0 KOHTPOIIO PYXY IX PO3KPHUTTS.
[Ipouec KOHTpOJIOBaHHS PO3KPHUTTA TPILIMH BiIOYBAa€ThCA IOCTIHHO, B
MPOJOBXK 15 POKiB.

B ocraHHiif yac 3’sIBUJIMCH HOBI JUHAMIYHI BUKIIMKH: IPOBEICHHS MaCOBHX
3aX0/liB 3 TOTY)XHOI aKyCTHYHOIO amapaTyporo Ha Codilchkii 1o,
30iNbIIEHHST  IHTEHCHBHOCTI  pPyXy  aBTOMOOUIBHOTO  TPaHCIOPTY B
OesrocepenHiii  O6mm3bkocti Big CoOopy, AMHaMika Big pyxy HOI37iB
METPOIOJIITEHY.

B 3B’s3Ky 3 KOMIDIEKCOM iCHYIOUMX i HOBHX BiOpaIliifHUX HaBaHTa)KEHb,
PO3TIISAAETHCS TIMOTETUYHE TPHUITYIEHHS PO MOXKIJIMBUI BIUTUB BiOpaliiHUX
HaBaHTaXeHb Ha cropyay Cobopy: BiOpawii aAil0oTh Ha KOHCTPYKTHUBHY
YaCTHHY IIaM’SITKA 1 OTOYyIOYE€ CEpEeNOBHUINE B HACHIIOK KOMILIEKCHOTO
BIUIMBY TUHAMIYHUX JpKepen: (hoHOBa BiOpallisi, JOPOXKHIN pyX, pyX I0i31iB
METPOMNOIIiTeHy, Ciyk00Bi 3axoau B CoOopi (CIiBH,MOJUTBH), TPOMAJICHKI
3aX0/I1 Ha TEPUTOPIi 3 TOTY)KHOIO aKYCTUYHOIO anapaTtyporo;

Craryc mam’siTku: MucrenrBa (mepma mojoBuHa XI cr. - kinenp XVII cr.-
nouatok XVIII cr., xinenp XIX cT.) HalioHAIHHOrO 3HaYeHHSA. € CKIIAJI0BOO
00’exta BeecBiTHbOI KynbTypHOi cramimmuad FOHECKO «Kwuis: Cobop Cestoi
Codii i1 mnpumerni MonacTupchKi cropyny, Kueso-Ileuepcbka JlaBpay.
Oxoponnuit Homep 260072/1-H (3rimHo IlocranoBu Kabinery MinicTpiB
VYkpainu Bix 30.08.2017 Ne 659). Knac nacniakie CC3 (3rigno 3 JIbH B.1.2-16-
2013). I'eorpadiune monoxenss:50027'10"ma.mr. 30030'52" ¢x. .

OO0cTeskeHHs TeXHIYHOT0 cTaHy 00’€kTa i Tepuropii. Codiiickkuii cobop
Mae npsMOKyTHY ¢opmy B miani. [loOymoBaHuil 3a perymaspHOI0 XpecTOBO-
KYIOJIHOIO CHCTEMOIO, IO CKJIAJAa€ThCd 3 XPECTONMONIOHMX B Tmepepizax
KOJIOH, Ha SIKi OOITMPAIOTHCS apKH Ta WIIHAPUYHI CKilemiHHSA. KOHCTpYKTUBHO
SIBIISIE  TIPOCTOPOBY CHUCTEMY TIIOB3ZOBXKHIX 1 IONEPEYHUX AapOYHUX pam,
BCTaHOBJICHUX Ha CTPIYKOBUX (yHIaMEHTaX MLUIKOro 3akiajaHHi. B ocHOBI
iany CoOopy JIeKUTh PIBHO KIHIIEBHH XPECT B SKOMY BiJICTaHi BiJ LEHTPY
Xpamy JI0 HOro cTiH oJHakoBi. L{eHTpoM BHYTpIIIHKOTO 00’ €My € TPOCTIp Mij
LUEHTPAIBHUM KymojoM. J[0o HbOrO MNPUMHKAIOTH KOPOTKI BiAramy)KeHHsS
MIPOCTOPOBOI'O0 XpecTa, SK 3 IiBAHSA, 3aXOAy Ta IBHOYI 1 3aMHUKAIOThCS
MOTPIHHUMU JABOSIPYCHUMH apKaJaMu, a 31 CXOIy — LEHTPAJIBHOI arcCHIOL0.
HaBxkono 1eHTpanpHOI 4acTWHH Xpamy, Ha IMEpUIoMY MOBepCi, TPYIIYIOThCS
MIePEKPUTI MiBIUPKYJIBHUMH Ta KYOJIBHIUMHU CKICHIHHAMH KBaJIpaTHI y IUIaHi
MIPUMIILEHHS, 10 YTBOPHJIUCS PSAaMHU XPEIIATHX CTOBITIB-IIJIOHIB.
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Puc.1. 3axignuii pacax Codiiicbxoro Cobopy (a); MOIETIOBaHHS HANPSMKIB BiJj OCHOBHHX
BiOpawuiiiHux juKepen Ha mam’atky(6): | -BIJIMB JOPOXKHBOTO PyXY; 2- BIUIUB METPOIONITEHY; 3-
BIUIMB IPOMaJICHKHIX 3aXOAIB HA ILIOLI]

lonoBuuii Hed, NepeTHMHAIOYNCh 3 TOJOBHUM TPaHCENTOM B  OCSX,
CTBOPIOIOTH JKOPCTKY 1 HE3MIHHY B IUIaHI NMPOCTOPOBY KOHCTPYKIIIO Y BHIJISII
XpecTa, sKa SIBISETHCS SIIPOM Xpamy. B cBOIO d4epry mpocTopoBa CHCTEMa
XpECTONOMIOHOT ~ CIIOPYAM  MIiAKPIIUTIOETBCS  APYTOpSAHMMU — HedamMu 1
TpaHCEeNTaMy MIUPUHOIO 3.5-3.7M, SIKi, IEPETUHAIOYHCh, YTBOPIOIOTh CTPYKTYPY
00’€MHOTO  MPOCTOPY. ApKH PO3MOAUIAIOTh  CKICMIHYACTE  CTPYKTYPY
TIEPEKPUTTS 1 TIOKPUTTS Ha OKPEMi €JIEMEHTH, IO CTBOPIOIOTH OPU30HTAJIBHI
3YCHIUISL pO3MOpPY 1 B CyMi CKJIaal0Th 3arajbHUM PO3MIp CUCTEMH MO OKPEMUM
MOB3JIOBKHIM 1 TIOIIEPEYHMM HAmpsIMKaM B 3aJIeKHOCTI BiJl KOPCTKOCTI
enemeHTiB. OCHOBHMUMHU BHYTDIIIHIMU €JIEMEHTaMHU JKOPCTKOCTI SIBIISIFOTHCS
KOJIOHH He(iB 1 TPaHCENTIB 31 CXOMOBUMH KIIITHHAMHU BEX, YACTHHHU CTiH, apKOBI
1 CKIEMIHYACTI €JIEMEHTH IEPeKPHUTTS XOpiB, & TAKOXK CHCTEMa CKIIEMiHb 1
KYIOJIB TIOKPUTTSI, SIKi CTBOPIOIOTH TOPU30HTAIIbHI Jia)parMu KOPCTKOCTI Ha
no3Haukax +6.47 M Ta +12.23 M. 30BHIIIHIMYU €IeMEHTaMH KOPCTKOCTI € CTIHU
IO TIepuMeTpy OyiBIIi; MiICKIEH] MAaCUBHUMH KOHTp(oOpcaMu Ta CXiJlHa CTiHa 3
YKOPCTKUMH €JIEMEHTaMHU arcui Ta KoHTpdopcamu.

XKoperkicth 1 HE3MIHHICTh ~ KOHCTPYKTHMBHOI ~ CHCTEMH  TaKOX
3a0e3MeuyeThCcsl MAcCHBHICTIO Iepepi3iB KBaJpaTHUX KOJOH 3 BEIUKHMHU
JIONIaTKaMH TI0 CTOPOHaM, Ha sIKi OOMHMPArOThCS MIANPYXKHI KaM’sHI apKd 3
rnapycamMH IO JITepHUM i IM(PPOBHM OCsM, 00’€IHAaHI TOPU30HTAILHHUMHU
PO3IIOAUTPYUMH ETJITHUMHU TosicaMd. Ha po3mofinedi Mosick BCTaHOBJICHI
CBITJIOBI KaMm’siHI OapabaHu 3 BIKHaMH, IO 3aBEPLIYIOTHCS KYIOJIAMH,
BKPUTUMH TIOKPIBEIBHUM 3ajli3oM, modapOoBaHMM Yy 3eleHHH Kouip 3
M030JI0YEHUMH MaKiBKaMH, TOJIOBHHUI KYIOJI T030J04€HHI MOBHICTIO. Beporo
Ha TOKPHUTTI BcTaHoBieHO 10 KymomiB, siKi rpymyroThes HaBkoso 11-ro,
HaKO1IBIIOr0, BCTAHOBJICHOI'O HA MIEPETHHI TOJIOBHUX He(y Ta TpaHCENTy.

DyHAaMeHTH — CTPIUKOBi, MIJIKOT0 3aKiafanHs, rimuounowo 1.6-1.8 m. Ilo
30BHIIIHBOMY KOHTYPY (YHIaMEHTH BIAIITOBYBAIUCH Ha IIEM’ SIHKOBOMY
pO3YMHI, BHYTpPIIIHA 4YacTHHA YKIQJanach «HAcyxo» 0e3 BHKOPUCTaHHS
B’SDKYYHMX MaTepiaiB.

3oBHimHI cTiHM - pi3HOI TOBImWMHM 10 1.3 M, BUKOHaHI 3 NPHPOAHOTO
KaMeHI0 Ta IIiHQH. B sKocTi mpupomHOro KaMeHI0 BHKOPHCTOBYBaBCS
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HeoOpoOseHuit OyT, IO TNEpioAMYHO TIepeB’sI3yBaBCs KUIBKOMAa psaaMu
wiiHGH. B’shKyduM SIBISETHCS 11eM’SHKOBUH PO3YMH, SKUM BUTOTOBIISIBCS 3
MepeTepToro BalHa i TOBYEHOI KepaMiki. BHyTpiumi cTiHM KOHCTPYKTHBHO i
M0 MaTepialy aHAJOTiYHI 30BHIIIHIM cTiHamM. Komonm - MaioTh
XpecTonofiOHui Tepepi3 i CKIaJaloThCs 3 I'STH €JIeMEHTIB — KBaJpaTHOTO
sapa 3 YOTHpPMa JIOmaTKaMu. ApPKHM TOBHICTIO OONUPAIOThCS Ha JIOMATKH,
TOBIIMHA apok 80 cM.

IepexpurTsi — sBsle CUCTEMY IMJIIHAPUYHHUX, KOPOOKOBHUX, XPECTOBO-
KYIOJIbHUX Ta KYIOJBHUX CKJIEMiHb, PO3TAlIOBAaHMX Ha MoO3Ha4ykax +6.47 M,
+12.23 m ta 19.39 — 25.65 (xymoia) BUKOHAHUX 3 ILTIH(U HA 11eM’SHKOBOMY
po3unHi. KOHCTpyKTHBHa OCHOBa BHMKOHaHa 3 MIINPYKHHX apoK, IO
00MMPAIOThCS HA 30BHINIHI CTIHU 1 BHYTPIIIHI CTOBIM Ha SIKI B CBOIO 4Yepry
00MHparoThCS CKJIEMiHHS NepeKpUTTiB. Ha meHTpajbHI apKu BCTAHOBIICHHH
cBiTNIOBUIT OapabaH. HaiiOinpin HaBaHTakeHi B KOHCTPYKI HEpPEKPUTTS
MATPYXKHI apku 1 mapyca, sIKi HecyTh LeHTpanbHui OapabaH. OCHOBHHMH
€JIEMEHTaMHU >KOPCTKOCTI TOPU3OHTAJIBHUX JAiad)parM IMEpEeKpUTTIB €: apouHi
MEPEMUYKH, MEPEKPUTTSI XOp, CKIICHIHHS MEPEKPUTTS 1 MOKPHUTTS, a TaKOXK
JKOPCTKI 3’€HAHHS BHYTPIIIHIX 1 30BHINIHIX CTiH (pHc. 2).

[lpy craTMyHOMY MOHITOPUHTY JeOpMOBAHOTO CTaHy CHOPYIH
3ahikcOBaHO, IO MPOIEC TPIIMHOYTBOPEHHsS CTa0iIi30BaHu, medopmariii
3HAXOJATHCS B MEXKaxX MOXUOKU TPHIaIiB.

Jam 3a  po3poONEHOI0  METOOMKOI0  peali3oByBajach IIporpama
BiOpamiiHOro MOHITOpHHTY 00’ekta. Ha puc. 1(0) moka3aHe MOICITIOBaHHS
HAIPSIMKIB BiJl OCHOBHHX BiOpalliifHUX JpKepes Ha raM sITKY.

Puc. 2. XpecTOBO-KYIOJIbHI CHCTEMH KOHCTPYKTHBHHX PillieHb IepekpHuTTiB B Cobopi:
KopoOKkoBa (a); KynonbHa (0); LuIiHAPHYHA (B); XPECTOBO-KYMOJIbHA (T)
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Hocaimxennss JMHaAMiYHUX mapaMeTrpiB  o0’ekta. IlpoBeneHHs
JOCIiDKeHb 0a3yBajloch Ha MiAXO[l, B OCHOBY KOO IIOKJIaJIeHa TiroTe3a mpo
PO3IIISL CHUCTEM CKJIaTHOI CTPYKTYpPH, IO MAlOTh JMHAMIYHHMH BIUTHB, SIK
€IMHOT CHCTEMHU 3 BIJINOBIAHUMH il AMHAMIYHHMH XapakTepHCTHKaMu. B
MeXaxX TaKOro pO3IJIsly BU3HAUABCS 1 OILIHIOBABCS BIUIMB PI3HOMaHITHOTO
MOXOJKEHHS BiJ| JUKEpel, 3a3HaueHux Buile, Ha Cobop.

Peamizamist  mocmimkens  Oyima  3maificCHEHa  NUISXOM — BHU3HAYCHHS
IHTETpAJIbHUX ~ JUHAMIYHMX [apaMeTpiB 3 TOAANBLIMM  aHaNi3oM 1
BCTaHOBJICHHSIM MPUYUHHO-HACIJKOBUX 3B’ SI3KiB.

Jlns  BU3HaYeHHsS MikpocelicMiuHOro ()OHY JOBKULIS, BHMIpPIOBAHHS
BUKOHYBaJMCh Ha KUIBKOX PIBHSAX IO BHCOTI, B TOMY YHCIi Ha MOBEPXHI
I'PYHTY BHYTPIIIHBOI TepHTOpil 1 modam3y moporu (Byn. Bomomummupceka B
mikoBuil 4ac pyxy). Todku crocrepexeHb pO3TALIOBYBAINCh y Mpopizax
30BHIIIHIX HECYYMX CTIH 3 METOK BHUKIIOYEHHS (DOHOBHX BIUIMBIB Bij
JIPYTOPSHUX €JIEMEHTIB. 3amucH BHKOPHCTOBYBAJIHCH 3 O€3MepepBHOIO
¢ikcamiero mapamerpiB AMHaMIYHOL Aii Ha 00 €KTi Ta Ha mepudepii Tepuropii
3amoBigHuKa. JlJs KOXHOrO piBHS 1 MiCHd OTpUMaHI  OCHHJIOTPaMHU
MikpokonuBanb Co0Opy, Ha OCHOBI SIKUX BHU3HAYCHI BJIACHI YaCTOTH CICKTPIB
KOJIMBAaHb CIIOPYAM Ta iX mnpuckopeHHs. OTpuMaHI B XOAI JOCIIiIKEHHS
pe3yNbTaTh TO3BOJNWIIM OL[IHUTH, SIK 30BHIIIHI ()aKTOPH BIUIMBY Ha TUHAMIKY
CHOpPY/IH, TaK i BHYTPIIIHI.

Jani misranu o6po6ui B nporpamuomy 3ab6esneuenHi ZETLAB SEISMO
3a JIOMOMOT'OI0 CIIEKTPAILHOTO aHaJli3y METOAOM AWMCKPETHOTO NepEeTBOPEHHS
®dyp’e. CrekTpu MpoaHali3oBaHi 3 METOI BH3HAUCHHS YHCIOBHUX 3HAYCHb
YacTOT KOJIMBaHb 1 BIJMOBIIHUX iM IPUCKOPEHb, SIKI TIOKa3aHI Ha CyMapHHUX
CHeKTporpaMax Ta € HACHiJAKOM peakliii KOHCTPYKI{ Ha 30BHIIIHI JuKepena
JMUHAMIYHOTO XapaKTepy.

Ha puc. 3 mokasaHi Micist BUMiproBaHHS BiOpartiii.

Puc. 3. Micus BuMiproBanHs BiOpariiii B Cobopi Ha Biam. +1.5, +6.47M Ta peectpauis
BUMIPIOBaHb B yaci (KOJbOPOBUMH JIiHISIMH [TOKa3aHi KaOeJIbHI MEpexki MK CTaHIisIMH)

[Mopsinox BUMiproBaHb 0a3yBaBCsl HA TPHOX IOCHIJOBHHX €Tarax:

- TIepUIiii — BJIAIITYBaHHS OCHOBHOI OIIOPHOI TOYKH JUIsi 0a30BOI CTaHIii Ha
Hecyuiil CTiHI Jpyroro moBepxXy 1 BHU3HAUEHHSM PIiBHS MIKPOCEHCMIYHOTO
(oHyY B OMOpHIii TOYII.
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- Jpyruii - moueproBi 3amucu BiOpaiiii y CoOopi B pi3HHX TOYKax IO
BHCOTI 1 IUIONIWHI, MOCTIHHO 3B’SI3aHUX KaOEIBHOIO MEPEXKEI0 3 OIMOPHOI0
CTaHIII€IO;

- TpeTiii eTam — 3alich celcMorpaM y BHYTPIIIHBOMY MpPOCTOpi 1 Ha
Tepurtopii HaBkoso CoOopy, Iij] Yyac CIiBiB, IPOMAJCHKUX CBATKOBHUX 3aXOJIB i
IOPOXKHBOTO pyxy (puc. 4).

BumiproBaHHs BiIOyBanuch Mo po3poOeHiii METOAMII, 3a SKOI OTPUMaHi
JIUHAMIYHI XapakTepucTHKH 00’ekTy. [Iporec 3amuciB KonMBaHb OymiBii
BiIOyBaBCs TIOCHIJOBHO, B TPOIOBX TpPbOX MICAIB. Bu3Hadammch i
OLIIHIOBAJIMCH BiOpalliiiHi peaxilii OCHOBHUX KOHCTPYKIIiii O BHCOTI 1 B TUIaHi
icTopu4HOi criopyau (puc. 4).

0002

002
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0 0 0 40

. [
M:',«m& i .. J}l Wam Wik anerd)

L] 50 [ 250 300

A 200
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Puc. 4. IlopiBHsUIBHI CHIEKTPH BU3HAYEHUX BiOpaLiiHuX pKepern, siki itk Ha Cobop, 3 pi3HOIO
gacrororo auckperu3anii: 100, 400I'y — npu MiHIMAIbHOMY BIUTMBI JHHAMIYHHX SIBULL, — IIPU
TEeXHOI'CHHOMY BIUIHBI (BIUIMB METPOIIOJITEHY); — IPU MaCOBHX 3aX0fax Ha MaiiiaHi 6111 cobopy i
Ha rtoii (My3UYHHI Ta CBATKOBHIT IIYMHU 3 BEJIMKOIO KiJIbKICTIO JIIO/CH).

Otpumana iHdopMmallist po ceiicMivHiI HaBaHTaXkeHHs1 Ha Co0op 1 TEpHUTOPIFO
HOro po3TallyBaHHs. 3a aHali30M EKCIEPUMEHTAILHOIO Martepially BHKOHaHa
KUJTbKICHA OITiIHKA TMHAMIYHUX PEaKIliii OCHOBHHUX KOHCTPYKIIii Cobopy. 3 MeToro
BU3HAUCHHS HAAIMHOCTI KOHCTPYKIH OO0’€KTa BHKOPUCTaHA CTATUCTHYHA
METONMKa B IWIAX OJEpXKaHHS JaHUX JUIS TPOTHO3YBAaHHS JIOBrOBIYHOCTI
CIIOpY/Y, a TIOPIBHAHHSM CIIEKTPIB BHU3HAYCHI, HAHOUIBINI BIUTMBOBI BiOparriiiui
SIBUIIA, Ha SIKi CIILJ 3BepHYTH yBary. [l epeBipkd NPHIHATOrO TiMOTETHYHOrO
NpUIyIeHHs (BIWMB BiOpamiit Ha criopyny CoOopy), JaHi iHTepIpeTyBalIuch 3
BiOpalifiHMX TPHUCKOpEHb Yy BIOpaIliHI IIBMAKOCTI JUIS CHIBCTaBJEHHS 3
HOPMAaTHUBHUMH JpKepenaMu. B HalOUTbII MOMIMPEHNX HOPMATUBHHX JOKYMEHTaX
KpUTepiii /uis icTOpUYHUX OyaiBesb 3a BiOpaliifHOIO MIBHJIKICTIO, CKIIAtae 3 MM/C
(cr.1), o 3Ha4HO OijbIle HiXXK BUMIpsSHA CyMapHa BiOpariiiHa HIBHUIKICTH IIpH
pi3HEX BIUmBax [3 Mm/c << 0.79 mm/c].

TakuM 4MHOM 32 OTPUMaHUMH pe3yNbTaTaMH, BiOpaliiHi peakiii OCHOBHHX
€JIEMEHTIB Oy/IiBJIi MarOTh MEHIIIII piBEeHb, HIK OYIKYBAJIOCSI, 3 OIVISIY Ha HasBHI
nedopMallii OCHOBHMX KOHCTPYKIH CrOpyau. Buxomsuw i3 BHKIaICHOTO -
30BHIIHIA CTaH OCHOBHUX KOHCTPYKLiH CTaOUIbHWH, AWHAMIKH TOJAJBIIOTO
pO3BUTKY jgedopmaliiii He BOAYAEThCSA, MPO IO CBIAYATH CIIOCTEPEKECHHS
CTaTUYHOro MOHITOpMHTY. Ha miif  mincraBi, 3poOieHHII  BHCHOBOK:
KOHCTPYKTUBHO O00’€KT 3HAaXOIMThCS B HOPMAIBHOMY CTaHi, ICHYIOYI
nomkomkeHHs B CoOopi He BIUIMBalOTh Ha Oe3NeKy i HallHICTh iCTOPUYHOL
Oy/iBIi, a MPHUIHSATA TINOTE3a MPO MOXKJIMBICTh PO3BUTKY PYWHIBHHX IPOLECIB B
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HACJIOK BiOpaliiiHMX BIUIMBIB HAa OCHOBHI KOHCTPYKILIi, Ha JaHUH dYac He
HiATBEpAIach. BoueBHab, 32 paXyHOK MacH CIIOPY/H, Il TEOMETPHYHMX PO3MIpiB
B IUIaHi, PO3BHHYTHX Ilepepi3ax psJIOBHX €JIEMEHTIB, BiOpalliliHa CHTYyaIlis
00OMEKEHO BIUIMBAE HA MILHICTb 1 CTIHKICTE OCHOBHHUX €JIEMEHTIB 00’ €KTa.

OTpuUMaHUi pe3yJbTaT CBIAYUTH MPO HAJIHHICT 1 Oe3MeKy OCHOBHHX
koHCcTpyKLii Cobopy. IcHyroui nedopmanii cradiiizoBaHi, HOBI nedektr abo
nedopmariii He 3’ IBHIIHCE.

Iopsin 3 THM, Ha BHYTpILIHIX 1 30BHIIIHIX CTiHAX HasBHI Je(EKTH Y
BUTJISIII TPIIMH B (DPECKOBOMY JKHMBOIMCI, SIKMH BIHOCHTHCS IO IOYATKY
eKCIuTyaTanii OyaiBii i € OE3I[IHHOI TUCSYONIITHBOIO XYJ0KHBOIO TaM’ SITKOIO.
KoxHa ¢pecka sBisie map 3 1eM’ sSTHKOBOTO PO3YHHY, TOBIIMHOIO 10 4CM, IO
SIKOMY, y BOJIOTOMY CTaHi, BUKOHYBaBcs posmuc gapbamu. [Ipu BubGipkoBomMy
ornmsimi  pecok OcHOBHI AedeKTH TOB’s3aHi 3  BigUIAPYBaHHSIM  Bij
CKJICIIHYACTOI OCHOBH LIeM STHKOBOT'O 1mapy (puc. 5, 6).

Puc. 5. TpimmHu B THHBKYBaHHI Puc. 6. IToBepxHeBi TpiluHA y GpapboBoMy
B ocsix B-I'x5-6 mapi B-I'x5-6

[pouec BinOyBaeThCs MepeBaxxHO y BepxHiid yactui Cobdopy, 3a paxyHOK
KJIIMaTOJNOTIYHMX TPUYUH: HEJIOCTATHHOTO TMOBITPSHOrO OOMiHY, CYTTEBOI
Ppi3HUII TEMIepaTyp Mo BUCOTI, CTapiHHs MaTepiajly Ta KOHJeHcallii BOJIOTH Ha
BHYTPIIIHBOMY OOIIl MIJHOTO IMOKPHUTTS. B IMX Micusx OiIbIl iHTEHCUBHO
PO3BHBAIOTBCS  JIECTPYKTHBHI MPOIECH, SKi IPHUCKOPIOIOTH pPyHHYBaHHS
JKHBOIHCY i HOro OCHOBH. VIMOBipHa MOZETh TOCTYNOBOTO pyHHYBAHHS
(pecKoBOro 1mapy cTeni, BUNISIIAE TAKAM YHHOM.

3a paxyHOK OJHOro abo KOMIUIEKCY YHMHHHKIB (pHC. 5, 6) MOYMHAETHCSA
BiIIapyBaHHs (PECKOBOro Imapy. 3 4YacoM CHTyallisi He CTaOuIi3yeThcs,
MpOLIEC TPOAOBXKYETHCS 1 IUIOMIA BigmiapyBaHHs 30UIbIIyeThbesl. Cucrema
PO3MOAINAETECS HA TPU OKPEMUX CTAHU: 3 HOPMAIIBHHM CTaHOM (pecku 6e3
BiAIIapyBaHH, 3 IPOMIXXHUM CTaHOM, JI¢ JeCTPYKTHBHHUII IPOLIEC PO3IIOYABCS
1 3 BIAIAPOBAaHUMH THHBKOM 1 XY/IOXKHIM IIAPOM Pa3oOM.

SIKImo moma po3mapyBaHHs JOCTATHRO BEIHKA, TO ML/ Ai€I0 BIACHOI Baru
(dpeckoBuii map MOYMHAE BUTMHATHCH. lle BimOOpaXkaeTbes y BHIIISLAL
KUJIBKICHUX 3MIH B MPOrMHaX 1 MOSBI HOBOTO SIKICHOrO craHy ¢pecku 3
TPILIMHO YTBOPEHHSIM B MaTepiall 3a MpaKTHYHOI BiJICYTHOCTI Horo poboTH Ha
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3ruH. Mojenp moOyAoBaHAa Ha MiACTaBl oOMIsAy OyxmiBial B IoMy i
MIPOBECHHS CIIOCTEPEKEHB 32 OKPEMUMH €IEMEHTaMU KOHCTPYKIIiH.

(2) ©6)

Puc. 7. a,6. Cxema ckiiay MepeKpUTTsi TOPHUIIHOTO TOBEPXY
1 — X0J10/1HA MOKPIBJISE;, 2 — JIOKAJIbHI OCEPEAKH aTMOCHEPHOT BOJIOTH, 1[0 BUHUKIIM B HACIIIIOK
MEXaHIYHOTr0 [TOLIKOKEHHS IIOKPHTTS; 3 — LErJIsIHe CKIICNIHH; 4 — 30HU YTBOPCHHS
KOHJICHCOBAHOI BOJIOTH; 5 — MeXa po3lIapyBaHHs B HACIIIOK BTPATH aAre3iii HUX BIACTHBOCTEH
MiXX OCHOBOIO (LICIJISIHE CKIICTIIHHS) Ta [[eM’THKOBUM THHBKYBAHHSM; 6 — LleM SIHKOBE
THHBKYBaHHs; 7 — pecka; 8 — BHYTpilHIi 06°eM; 9 — BinmapyBanHs Gppecku

Ha ocHOBI BUKOHaHUX CIIOCTEpeXEHb CPOPMYIbOBaHa HACTYITHA TiMoTe3a:

Ilicna cmeopenna noyamko6o2o Oeghpopmosanozo cmamy 3 JOKANbHUMU
BIOWAPYBAHHAMY, — NpoYec, KPIM  NONEePEeOHIX  YUHHUKIG, Modice  Oali
CIMUMYII08aMuUch IOpAYIHUMU 8NIUBAMYU 3d PAXYHOK 3012y 61ACHUX YACMOM
OKpeMmux (hopasmenmis pecox 3 306HIUHIMU BNIUBAMU.

Jlis miaTBepKEHHST TAHOTO BUCHOBKY MTOOYJ0OBaHa MaTeMaTHYHa MOJENb
¢parmentry Cobopy 3 TpOBENEHHSM YHCEIBHOTO EKCIIEPUMEHTY Ta
BU3HAYEHHSIM BJIACHUX YaCTOT KOJIMBaHb MOJEINI IIPU KOPCTKOMY 3aKpiIUIeHH]
03/100JIF0BAIBHOTO HIAPY 1 MPU HOTO BiJIOKpEMIICHHI.

3a pe3ysibTaTaMy CKiHYEHO-EIEMEHTHOIO pO3paxyHKy HMpPOCTOPOBOI MOJEIi
Oynisii, po3podnenoi HAIBK, BusHaueni nepmi 100 ¢opM BlacHUX KOJIMBaHb
KOHCTpYKUid. OTpuMaHi 3HauYeHHS 3HaXONAThCs B gianmaszoHi Bix 0,055 mo
6,355 T'11, 1110 KOpeJTroe 3 pe3yyibTaTaMi HATYPHUX BUMIpiB. Pa3oM 3 TuM, MiKOBi
3HAYEHHS BHMYILICHUX KOJHMBaHb, 3a(iKCOBAHMX TiJ| Yac BUMIpiB, 3HAYHO
TIEPEBHILYIOTH BIIACHI YaCTOTH, TOOTO SIBUILE PE30HAHCY HE CIIOCTEPIra€ThCsL.

JIs 9MCeNnbHOTrO MOCHIDKEHHS TMOBEAIHKA KOHCTPYKINH 13 ypaxXyBaHHIM
HasBHOCTI THHBKYBaHHs, IO BiAIIAPOBYETHCS, TPOBEJCHUH pPO3PAXyHOK
¢dparmenty Oynisii. JlociipkeHHs (parMeHTy KOHCTPYKIIii BUKOHAHE Ha OCHOBI
MOPIBHSIHHS 3Ha4Y€Hb YACTOT BJIACHHX KOJIMBaHb JBOX CKiHUYCHHO-EJIEMEHTHHX
MoJeien.

B  mepmiit (puc. 8) miap THHBKYBaHHS, SKUH  3MOJEIbOBaHUMN
obononkoBuMH ckinueHHUMH eieMeHTamu (CE), Mae moBHe 34eruieHHS 3
HECYYHMHU LEISIHUMH CTOBNAMH, SIKI ampOKCUMOBaHi 00'€eMHUMHU 8-
By3noBumu CE. B npyriit momeni (puc. 9) MonentoBaHHS BiAlIapyBaHHS
TUHbKYBaHHS (00'eHaHHS NepeMinieHb 75% BY3/IiB Ha IUIONIMHAX KOHTAKTY
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IIapy THHBKYBaHH Ta LIETJISIHUX CTOBIIIB) YaCTHHA THHBKYBAHS HE Ma€ 3B'SI3Ky
3 KOHCTpyKIHi€to. Anresis (abo T BTpaTa) THHBKYBAaHHS 3 IETVITHUMHU
eJIeMEHTaMH 3MOJIEBOBaHa 3a JOMoMororw (yHkmii "06'e1HAHHS MepeMilieHb
By311iB CEM". B siIkOCTI IOCTIHHMX CTaTUYHUX HaBaHTa)KE€Hb NTPUHHSATI BIacHa
Maca KOHCTPYKLII Ta HaBAHTa)KEHHS BiJl BarH 0300JICHHSI.

Puc. 8. O6'exHaHHs IepeMillieHb BCiX BY3JIB Puc. 9 MopentoBaHHs BiflapyBaHHs
Ha [UIOIMHAX KOHTAKTY LIapy THHbKYBAHHS Ta THHBbKYBaHHs (00'eAHaHHs HepeMiliens 75%
LETJISSHUX CTOBIIIB BY3JIiB Ha IUIOLIMHAX KOHTAKTY LIapy

TUHBKYBAHHS Ta LHETJITHUX CTOBHiB)

Pe3ysipraTi UncenbHUX AOCTIKEHb (Tabu. 1, 2) MOBENIHKM KOHCTPYKIIH 13
ypaxyBaHHSIM HAasSBHOCTI THHBKYBAHHS, IO BiIIIIAPOBYETHCH, BKA3yIOTh Ha
CyTT€eBE 30UIBILEHHS BIIACHUX YacTOT KoiMBaHb (10 10 pa3iB) nmpu BpaxyBaHHI
YaCTKOBOi  BIACYTHOCTI  aare3ii MK THHBKYBAaHHSAM Ta  HECYYHMU
KOHCTPYKIisSIMH. BHACITiIOK BiOKpEMIICHHS, THHBK MOYHHAE TIPALOBATH, SK
OKpEMHIl eIEMEHT 31 CBOEIO BIACHOIO YaCTOTOO 3 SIKOKO BiH MOXKE PE30HYBATH
3 HIIMMU BiOpauiiiHUMu pKepenamu. SIK HacliIoK BiIOyBaeThCs MOCTYIOBE
PO3IIUPEHHS 30HH BiJIAPYBaHHS THHBKY, IO CIOCTEPIraeThcss y 037A00IIeHI
KOHCTPYKTUBHHX eneMeHTiB Cobopy.

Tabmums 1
O0'eHaHHS TIEpEMIIlIeHb BCIX BY3JIiB Ha IUIONIMHAX KOHTAKTY Iapy
THUHBKYBAHHSI Ta LETJISTHAX CTOBIIIB

S aBAHTAKCHHS Howmep | Bnacue YacroTtn ITepion Monanbhi Macu (%)
¢dopmu | 3Hau. |pag/cex| I'n ceK X Y Z
1 0,07 | 14,78 | 2,35 0,43 0 0 0
2 0,05 | 19,24 | 3,06 0,33 18,78 18,77 0
3 0,05 | 19,24 | 3,06 0,33 18,77 18,78 0
4 0,04 | 24,08 | 3,83 0,26 0 0 0
5 0,03 | 29,1 | 4,63 0,22 0 0 0
3 |[MOJA| 6 0,03 | 31,9 | 5,08 0,2 0 0 27,25
7 0,03 | 33,62 | 535 0,19 0 3,45 0
8 0,03 | 33,62 | 535 0,19 3,46 0 0
9 0,03 | 3589 | 5,71 0,18 0 2,44 0
10 0,03 | 3589 | 571 0,18 2,44 0 0
CyMa MOJaJIbHMX Mac 43,45 43,45 27,25
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Tabnu 2
MopentoBaHHs BiiIapyBaHHsI THHbKYBaHHs (00'eTHaHH nepemimens 75%
BY3JIiB Ha TUIONIMHAX KOHTAKTY IIapy THHHKYBAHHS Ta LETJITHUX CTOBIIIB)

Homep Yacrotu Iepion Monasbhi Mmacu (%)
3aBaHTaXECHHS
(opmu pan/cex Ty cek X Y Z
1 53,71 8,58 23,06 84,67 | 0,01 0,
2 71,85 11,39 17,29 0, 0, 0,
3 143,83 22,92 8,58 0, 0, 0,
4 170,41 27,14 7,31 0, 0, 0,
5 259,97 41,34 4,78 0, 0, 42,75
3 MOZA 6 293,29 46,68 4,22 0,47 0, 0,
7 293,29 46,68 4,22 0, 0,47 0,
8 306,79 48,79 4,08 0, 0, 0,
9 333,36 53,01 3,66 1,93 1,26 0,
10 333,36 53,01 3,66 1,26 1,93 0,
Cyma MOJQJIbHHX Mac 88,35 | 88,35 | 42,75

BucnoBok. BuznaueHi quHaMivHi mapamerpu OyAiBiIi Npw Aii 30BHINIHIX i
BHYTPIIIHIX TPHPOJAHUX 1 TEXHOTEHHUX IpoleciB. BukoHaHuii aHaii3
OTPUMAHUX JaHHUX, PE3YJbTAaTH SKOr0 MiITBEPIWIN IH)XXEHEPHY HaAidHICTh
KOHCTPYKIIiH, 110 3a3HAIOTh PI3HOMAHITHUX 30BHIIIHIX BIUIMBIB.

OTpuMaHi  4YMCIIOBI  3HAY€HHS JAWHAMIYHUX [apameTpiB  OyayTh
BHUKOPHUCTaHI TIPU TOAATBIIOMY MOHITOPUHTY 3a JOCIIIKYBaHOK OyIiBJICIO,
Ha OCHOBI SIKHX MOXJIMBO CIPOTOHO3YBaTH MOXJIUBI CIieHapii MOBEMiHKU
KOHCTPYKIIH y 4aci.

PesysnpraTn mOCHiKEHh MOXYTh OyTH BHUKOPHCTaHI y pecTaBpaliiHOMY
MpOLIeCi I ONTHUMAaJILHOTO 3aKpiIUIeHHS (parMeHTIB THHBKY 1 YHUKHEHHS
PE30HAHCHHMX SBUII B eKCIUTyaTallii Ha OCHOBI JeTalbHUX JIOKaJbHUX
MaTeMaTUYHUX MOJIEIIEH.

Monsixku. ABTopu Bis4HI criBpoOiTHHKaM HallioHanbHOTO 3aroBiJHUKA
«Codist KuiBcbka» romoBHoMy apxitektopy H.I. Bimoyc, 3aBimyrouomy
OyniBenpHUM BimaiioM H.M. MonoykoBiii. ABTOpH BHUCIOBIIOIOTh HOASKY
coigpoditnukam  HJ[IBK n.1.H. Mapsesakory H.I., 3aB. maGopaTopi€ero
Hyniny B.A., 3aB. mabopatopiero Tpodumenko H.A. [lng HaTypHUX |
na0opaTopHUX  BUNPOOYBaHb  3anydeHuit  BumpoOyBanbHWiT — LIEHTp
OyniBenbHuX KoHCTpYKLid KHYBA.
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benos 1J1., Babiwesuu M.O., /lcoos O.11., Cxopyx O.M.
BIBPALIITHA MOHITOPUHI CTAHY 3BEPEXXEHHS ICTOPUYHUX CIIOPY T

VY crarTi HaBeAeHI pe3yNbTaTH MOCIIDKEHHS AMHAMIYHHMX IMPOLECiB y OyAiBIl iCTOPHYHOL
aM’SITKU apXiTeKTypH. BHKOHaHe TeXHiYHEe OOCTEe)KCHHs CIIOPYAH Ta BHSBJICHI icHyI0di IeexTu.
ITpoBenenuit anai3 HOTCHUIHHUX [DKEpeN JMHAMIYHUX BIUTMBIB Ha OyIiBIIIO.

Po3pobiieHa MeTOMKA eKCIIEPUMEHTAIBHUX JOCHIDKeHb. MeToauka 6a3yeThess Ha CHCTEMHOMY
migxomi i mnepembayae BH3HAYCHHS JMHAMIYHAX [ApaMETPiB 13 pO3TAllyBaHHSAM aTYHMKIB
Oe3mocepelHBO HAa OKPEMHX €NeMEHTax HOCII[DKyBaHHX KOHCTPYKUisX. B xoxmi mociimkeHHs
BHKOPHCTOBYBAJIHCS 3aIMCH Oe3nepepBHOI (ikcallii po3noaiieHHs: aKTUBHUX KOIMBAaHb KOHCTPYKLIIi.

KurouoBi cioBa: BiOpaiis, TeXHIYHE OOCTEKEHHs, CICKTPAJBHHUI aHATi3, apXiTEeKTypHa
Cra/IMHa, METOJ] CKIHUEHHHUX €JIEMEHTIB.

Belov I.D., Vabishchevich M.O., Dedov O.P., Skoruk O.M.
VIBRATION MONITORING OF THE STATE OF PRESERVATION OF HISTORICAL
BUILDINGS

The paper presents the results of the study of dynamic processes in the building of a historical
architectural monument. A technical inspection of the building was performed and existing defects
were identified. The analysis of potential sources of dynamic influences on the building is carried out.

The technique of experimental researches is developed. The technique is based on a systems
approach and involves the determination of dynamic parameters with the location of sensors directly
on the individual elements of the studied structures. During the study, records of continuous fixation
of the distribution of active oscillations of the structure were used.

Numerical values of oscillation frequencies at different external sources are obtained. The nature
of the distribution of amplitude values of oscillations in structures testified to the integrity of the
structure as a single dynamic system.

A comprehensive approach to solving the problem of modeling complex dynamical systems is
considered.

A mathematical model of a fragment of structures has been developed. The elements of the
model create a multilayer structure with variable elastic characteristics. The results of numerical
studies of the behavior of structures, taking into account the presence of peeling plaster, indicate a
significant increase in natural frequencies of oscillation (up to 10 times), taking into account the
partial lack of adhesion between plaster and load-bearing structures. As a result of separation, the
plaster begins to work as a separate element with its own frequency with which it can resonate with
other vibrating sources.

The method of experimental-numerical analysis of the object is offered. This approach is based
on the premise of determining the dynamic parameters of the interaction of subsystems with each
other. The obtained numerical values of dynamic parameters will be used in further monitoring of the
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investigated building, on the basis of which it is possible to predict possible scenarios of behavior of
structures over time.

The research results can be used in the restoration process for optimal fixing of plaster fragments
and avoidance of resonant phenomena in operation on the basis of detailed local mathematical
models.

Keywords: vibration, technical inspection, spectral analysis, architectural heritage, finite element
method.
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YK 519.6

PIBHULEBI CXEMMU JJIS1 3AJAY INUHAMIKHN

1
L.1. €B3epos ',
JI-p TEXH. HayK, IPOBiIHUI HAYKOBUH CITIBPOOITHUK

" 2
10.[. I'epaiimoBuyY ",
KaHJ. TeXH. HayK, CTapIIHi HAyKOBH CIIIBPOOITHUK

JI.B. Mapuenko®

B.I. PemuboB’

" TOB «BET'A KAJl», syn. Ilempa Paduenxa, 6y0. 27, m. Kuis, 03037

2 . o . o . . . .
Kuisecoruii hayionanshuil ynieepcumem 0y0iHuYmea i apximekmypu,
IHosimpogromcokuii npocn., 31, m. Kuis, 03680

3 TOB «ITPAHFM KAJ», eya. Illempa Paduenka, 6yo. 27, m. Kuis, 03037

DOI: 10.32347/2410-2547.2021.107.133-139

Posrisimaetbes pi3HHIEBA cXeMa, BiToMa SIK MOAM(IKOBAHHI METOA LEHTPAIBHUX PI3HHIb.
IToxaszaHo 3BemeHHs METOAY iHTerpyBaHHs Hblomapka 10 po3rVIsiAyBaHHOI Pi3HHLEBOI CXEMH.
OnucaHo KOHTHHYaJIbHHI Ta AUCKPETHHH BapiaHTH JOCITIIKEHHS CTIHKOCTI PI3HULIEBUX CXEM.

KurouoBi ciioBa: pi3HuIeBa cxXeMma, CTIMKICTh PI3HHIEBOI CXeMH, MOAU(IKOBaHMH MeTox
LIEHTpaJIbHUX Pi3HUIb, MeTOR Hpromapka.

Beryn. Jns po3B’s3aHHS AWHAMIYHUX 33/1a4 B IIPOTPAMHOMY KOMIUIEKCI
JIIPA 10.12 BHKOpPHCTOBYETbCSI pi3HHMIIEBA CXeMa, BilloMa K MoAW(iKOBaHHHA
METOJl IEHTPAIbHUX Pi3HUI. MeTol0 pO3B'A3aHHS IUHAMIYHUX 33134 €
OTPUMAHHS XOPOIIOro HAONMKEHHSA IIHCHOI JWHAMIYHOI peakiii JaHoi
KOHCTPYKLIii — 1l¢ NHUTaHHA YMOB 30DKHOCTI pI3HMIEBOI CXeMH, UIO
BHUKOPHCTOBYETHCS TIPH YHCEITLHOMY 1HTETPYBaHHI PIBHIHB PyXY.

Pimenns U  miHifiHOi auMHAMIi4HOT 3ada4yi TPU  BCIX MOXKIHUBHX
nepeMilleHHAX J 3a/I0BOJIbHSE BiJHOIIEHHIO PIBHOCTI

bU” VY)+cU"V)+alU,V)=qV), (1)
ne a(U,V), b(U,V), ¢(U,V) — cuMeTpuuHi IO3UTUBHO BU3HAYEHI OLTiHINHI
(YHKI[IOHATIH MOXIIMBHX POOIT BHYTPINIHIX 1 iHEPUIHHUX CWJI i CHJ OMOpPY
PyXy, BOHHM BiAIOBIJalOTh MATPHUISIMH >KOPCTKOCTI, Mac 1 JeMIdipyBaHH,
q(V) — oiHifHUA (YHKIIOHAT MOXIHUBOI pPOOOTH 30BHINIHIX CHIL
[lepemimienHss 1 30BHIIIHI CHJIM 3aleXaTh BiA Yacy f, IITPUXaMH
MMO3HAYAETHC NUGEPEHITIFOBAHHS MO . JI0Mal0THCS MOYATKOBI YMOBH

U©0)=U°, U'0y=U". )

[Ticnst anpokcuMarii o MPOCTOPOBUM 3MiHHHUM (3a3BHYAl 3aCTOCOBYETHCS
METOJl CKIHYEHHX eJleMeHTiB) orpumyemo 3 (1) cucremy 3BUYAHUX
nudepeHIiaabHIX PiBHSHbD

MU"+CU'+KU=f, 3)

© €s3epos [./1., I'epaiimosuy 10./]., Mapuenko /1.B., Pemusos B.IT'.
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ne K,M ,C — matpuii >KOpCTKOCTi, Mac 1 jaemripipyBaHHs, f — 30BHIIIHI
CHITHL
ITo3naunmo 6 — Kpok 3a 4acom

t,=n-0,U,=U(t,)),
AU=U,,-U,, 6U=A,/0,
BU =W,y =U,)/(2:0)=(5,)+6,,U)/2,
¥,U =, —2U, +U, )16°,
o, U =90, ,+(1-29U, +9U 0<9<1/2.
PisHuneBy cxemy Moau(ikOBaHOIO METOAY UEHTPAIBHUX PI3HHIB
orpumyemo 3 (1) abo (3), 3aMiHUBINY 3HAYCHHS (YHKIIIN 1 TOXIJHUX B TOYKAX

¢, BIJMOBITHUMH Pi3HUIIEBUMH BiJHOIIEHHAMH [1]:

n—-1>

b(y, U, V)+c(BUV)+a(a,(HU.V)=q,(), “4)
My, U+CBU+Koa,(DU = f,. 5)

ITouaTkOBiI YMOBH OTpUMYeEMO 3 (2):
U,=U°, U,=U"-0U". (6)

VY 1959 poi B [2] 3amporioHoBaHa cxema, Bioma sik MeTon Hpromapka:
U,=U, +6U +0*((1/2-PU! +9U",), 0<9<1/2,  (7)
U,,=U,+60((-0)U,+7U,,), 0<7r<1, ®)
MU, +CU! +KU, ;= f,.- ©)
Cxema (7) — (9) mpu 7 =1/2 npusenena B [3] mo cxemu (5). PiBusuH: (9)
3anucyeTbes Tpudl, it n+1, n ta n—1,a (7)1 (8) — mBiui, s n+1 1a n.3
OTPUMAaHUX CEMHU PIBHSIHb BUKIIIOYAIOTHCS IIICTh HEBIOMHX, IEpIIi i ApYri

MOX1/THi, 1 BUXOIUTH (5).

YMoBamu 301KHOCTI pi3HHUIIEBOI cXxeMH € [4] ampokcumallis i CTIHKICTb.
3acrocyBaBIy po3kiananus Teitopa, OTpUMaEMO, 110 PI3HUIICBI BiTHOIICHHS
BU., v, U, a,($U (i tinsku Bouu) anpoxcumytots U'(2,), U"(t,), U(t,)

3 MOXMOKOI0, TporopiiiiHoo 62 . TakuM YHHOM, IOXHOKA ampOKCHMAIlil
metony Heromapka mponopuiiiaa 6% Tinbku mpu 7 =1/2.

Metoau IOCTIKEHHS CTIMKOCTI PI3HUIIEBUX CXEM MPOLTIOCTPYEMO Ha
piBasani (1). Jdotpumyrounck [1, 4-7], mokmagemo ¥V =U' i 3acTocyeMo
OYEBHIHI PIBHOCTI

d/dt(b(U',U"/2=bU",U"),
d/dt(a(U,U)/2=a(U,U"). (10)

Mosnauumo [(U)=(b(U",U")+a(U,U))/2, 3acTocyeMo B IpaBiii 4acTuHi

HepiBHicTh Komi 1 mpoiHTerpyemo otpumany HepiBHicTb. Tomi

T
IU(T) <K, j IU@)dt+K, (11)
0
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ne K, K, nomatHi KoHctaHTH. 3 nemu ['ponyomna [6,7] Buminsae
oomexenicts [(U).
AHarnoriugo, noknaaemo B (4) V' = ,U , 3acTocyeMo OueBUIHI PiBHOCTI
b(y,U.B,U)=(b(5,U,6,U)=b(5,,U,5, ,UNN2-0), (12)
a(0, (W, B,U) =(a(U,11,U 1)~ a(U, 1,U, ) +
+(1-20)(-a(A,U,AU)+a(A, U, A, U)))/ (46)
i ckmageMo oTpuMaHi piBHOcTi Bif n=0 m0 n=N. 3acTocyBaBIIH
HepiBHicTh Komri i cripaBeymBy nipu 1/4 <3 <1/2 HepiBHICTh
alU,,,,U,.)+alU,U,)-1-2Fa(AU,AU,) =0,
orpumaeMo ananoriuHy (11) HepiBHICTH (3amiHa iHTerpasiia Ha cymy). Tomi
cTilikicTs cxemu (5), TooTo odmexenicTs [(U,) mpu 1/4<9<1/2 Bumnupae

(13)

n+l»

3 TUCKPETHOro BapiaHTty jiemu ['ponyosna [1, 4].

IHmi gokasu criikocti cxemu (5) HaBenaeHi B [3] Ta [8].

Bia3zHaurMo Ha 3aBepieHHs, 110 B nporpamHoMy komiuiekci JIIPA 10.12
cxeMa (5) 3acTocoByeThes Ipu 3 =1/2 . YV 1IbOMY BUIAIKY APYTHA TOJAHOK B
npaBiii yactuHi (13) TOpiBHIOE HYIIO, 10Ka3 CTIHKOCTI CIIPOIYETHCSI.

BucnoBku. be3ymMoBHa mnpakTH4YHA Tpane3JaTHICTh MOAM(IKOBaHOTO
METO/y LEHTPaJIbHUX Pi3HUIb 1 IPOCTOTA TOCHJIOK, IO JIEXKATh B HIOr0 OCHOBI
JIO3BOJISIIOTH  YCHIITHO 3aCTOCOBYBATH HOr0 JI0 HIMPOKOrO KOJNa JAWHAMIYHHX
3ajad.
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E€e3epos L], Iepatimosuy 10 /1., Mapuenxo /.B., Pemuvos B.I'.
PI3BHUILIEBI CXEMMU U151 3AJAY JMHAMIKH

Jlnst  po3B’s3aHHS  AMHAMIYHUX —3amad B mporpamHoMy  kommiekci  JIIPA 10.12
BHKOPUCTOBYETHCSI PI3HHIEBA CXEMa, BiOMa SIK MOAM(IKOBAHHIl METOJ LEHTPAIbHUX PI3HHIb.
MeTo10 po3B'sI3aHHS AMHAMIYHHUX 33714 € OTPHUMaHHS XOPOLIOro HAOIMKEHHS JIHCHOI JUHAMIYHOL
peakuii JgaHOl KOHCTPYKWil — 1€ MHUTaHHS YMOB 30DKHOCTI pIi3HHLEBOI CXEMH, MIO
BHKOPUCTOBYETHCS [IPH YUCEIBHOMY IHTErpyBaHHI PIBHSHB PYXY.
Pimennst U niHii{HOI AMHAMIYHOI 3a4a4i OPH BCIX MOXJIMBUX MEPEMIIICHHAX }  3aJ0BOJIBHSE
BIIHOILICHHIO PIBHOCTI

bU" V) +cU" V) +aU,V)=q(V),
aU,V), bU,V), cU,V) — cuMeTpu4Hi NO3UTHBHO BH3HA4YeHI OUTIHINHHI (YyHKIIOHAIH
MOXJIMBHX POOIT BHYTpIimHIX 1 iHEpUIHHMX CHJI 1 CHJ OImOpYy pyXy, BOHH BiANOBIZAIOTH
MAaTPHULISIMH JKOPCTKOCTI, Mac i gemudipyBauns, g(V) — miHifHUN QyHKIIOHAT MOXIIHBOI pOOOTH
30BHImHIX cui. [Ticas anpokcumanii Mo IPOCTOPOBUM 3MIHHHM (3a3BH4Yail 3aCTOCOBYETHCS METOX
CKIHYEHHUX €JIEMCHTIB) OTPHMYEMO CUCTEMY 3BHYAHHHX AU epeHLiaIbHIX PIBHIHD
MU"+CU'+KU =1,

K ,M ,C — wmarpuii )xopcTkocTi, Mac i aemndipyBaHHs, f — 30BHILIHI CHIIH.

PisnuueBy cxemy Moau]ikOBaHOIO METOAY LIEHTPAIBHUX PI3HHIb OTPUMYEMO, 3aMIiHUBIIN

3HAYeHHs (YHKIIH 1 WOXiAHUX BIJMOBIJHAMH pI3HUIEBUMHU BiIHOIICHHSMU. Pi3HuUIEBI
BIIHOLIGHHS, 11O 3aCTOCOBYIOTBHCS B MOAH(IKOBAHOMY METOAl LEHTPAIBHHX PI3HHIb,

anmpoKCHMYIOTh npuckopenss U'(¢,) , mBuakocti U'(t,) Ta mepemiutenns U(f,) 3 moxuGkoro,
HPOTOPLIHHOIO KBaJPATy KPOKY 32 YACOM.

YMoBaMu 30DKHOCTI PI3HHLEBOT CXEMH € amnpoKCUMallis i CriiikicTs. st HOCIiKeHHs
CTIMKOCTI pi3HULIEBUX cXeM Hoknagemo V =U' i3acTocyeMo o4eBUIHI PIBHOCTI

d/dybU"\U"/2=bU"U"),
d/dt(a(U,U)/2=a(U,U").

MMosuaunmo [(U)=(b(U',U")+a(U,U))/2 , 3actocyemo B mpasiii yactuni HepiBHicTs Komri i

HPOIHTErpyeEMO OTPUMaHy HepiBHicTh. Toxi

,
IU(T)) < KOJI(U(z))dt +K,,
0

ne K, K| nomarni xoncrautu. 3 nemu I'ponyomna summbae obmexenicts [(U) . Kpim

KOHTHHYaJIbHOT'O BapiaHTa JOCIIPKCHHS CTIHKOCTI PI3HULIEBUX CXEM PO3IIISIHYTO 1 AUCKPETHHIL.
be3ymMOBHa MpakTHYHA MpPALe3JaTHICTh MOAM(IKOBAHOrO METOAY LEHTPATbHUX PI3HHLb 1
IPOCTOTA MOCHIIOK, IO JIeXKaTh B HOro OCHOBI JI03BOJISAIOTH YCIIIIHO 3aCTOCOBYBaTH HOro 10
HIMPOKOro KoJia Lll/lHaMi‘-lHl/lX 3aja4.
KurouoBi ciioBa: pi3HuIleBa cxeMma, CTIMKICTh PI3HHIEBOI CXeMH, MOAH(IKOBaHUH MeTox
LEHTpaIbHUX Pi3HUIIb, MeTOR Hpromapka.
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Yevzerov I.D., Heraimovych Yu.D., Marchenko D.V., Remnev V.G.
DIFFERENCE SCHEMES FOR DYNAMICS PROBLEMS

To solve dynamics problems in the LIRA 10.12 software package, the difference scheme is
used, known as modified central difference method. The goal of dynamic problems solving is to
get a good approximation of actual dynamic response of a given structure. It's a matter of
convergence conditions of the difference scheme used in numerical integration of motion
equations.

The solution U of the linear dynamic problem for all possible displacements V' satisfies the
equations

bU" V) +cU' V) +aU.V)=q(V),
a(U,V), b(U,V), c(U,V) —symmetric positive-definite bilinear functionals of possible work of
the internal and inertial forces and motion resistance forces, they correspond to stiffness matrices,
mass and damping matrices, g(V') — linear functional of possible work of the external forces.
After approximation in spatial variables (usually the finite element method is applied) we obtain
the system of ordinary differential equations
MU"+CU'+KU = f,

K ,M ,C - stiffness matrices, mass and damping matrices, f — external forces.

Difference scheme of modified central difference method we obtain by replacing the values of
functions and derivatives with corresponding difference relations. Difference relations, which are
applied in modified central difference method, approximate accelerations U’(z,), velocities

U'(t,) and displacements U(z,) with an error proportional to the square of the time step.
Approximation and stability are the convergence conditions of the difference scheme. To
study the stability of difference schemes, we assume that ¥ =U" and apply the obvious equations
d/dbU"\U")/2=bU",U")
d/dt(a(U,U)/2=a(U,U")
Let us denote [(U)=(bU'",U")+a(U,U))/2, apply the Cauchy inequality on the right-hand
side and integrate the resulting inequality. Then

,
IU(T)) < KOJI(U(z))dt +K,,
0

where K, K, are positive constants. The boundedness /(U) follows from the Gronwall's lemma.

In addition to the continual version of study of the difference schemes stability, the discrete
version is also considered.

Unconditional practical efficiency of the modified central difference method and the
simplicity of its underlying principles allow it to be successfully applied to a wide range of
dynamic problems.

Keywords: difference scheme, stability of difference scheme, modified central difference
method, Newmark's method.

Eezepoe U.J]., I'epaiimosuy IO /., Mapuenxo /[.B., Pemnes B.I.
PA3HOCTHBIE CXEMBI JJI51 3AJAY JUHAMUKH

Jlist pelieHnst IMHAMUYECKHX 3ajay B nporpaMmmHoM komruiekce JIMPA 10.12 ucnone3yercs
pa3HOCTHAs CXeMa, M3BECTHAs Kak MOAH(HIMPOBAHHBI METOA LIEHTPaJIbHBIX pa3HocTeil. Llenbio
pelIeHHs] AMHAMUYECKUX 3a]ay SBJISIETCS [1OJy4E€HHE XOPOIIEro MpUOIMKEHHUs NeHCTBUTEIbHON
JIMHAMMYECKON PEaKLMH JaHHONW KOHCTPYKLHUH - 3TO BOHPOC YCIOBHH CXOAMMOCTH Pa3HOCTHOH
CXEMbl, UCII0JIb3yEMOH IIPU YMCIEHHOM MHTEI PUPOBAHUN YPABHEHUIN BHXKECHUSL.

Pemwenne U suHEHHOW AMHAMUYECKOH 3aJauM IPHU BCEX BO3MOXHBIX IEpeMEIleHUX V
YJIOBJIETBOPSIET PAaBEHCTBAM

bU" V)+cU'V)+alU,V)=qV),
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aU,V), bU,V), c¢U,V) — cUMMETpUYHbIEC IOJIOKUTEIBHO ONpEIeNEHHbIE OUIMHEHHbIE

d)yHKLll/IOHaJ'lbl BO3MOXHBIX pa60T BHYTPECHHUX W HWHEPUHOHHBIX CHJI U CHJI COIIPOTHBJICHUA

JIBIDKEHUIO, OHM COOTBETCTBYKOT MAaTpHLAM XECTKOCTH, Macc M aemnduposanus, gq(V) —

JIMHEIHBIH (HYHKIHOHAT BO3MOXKHON paboThl BHELIHHUX CHIL

Ilocne anmpokcuManuu MO NPOCTPAHCTBEHHBIM HEPEMEHHBIM (OOBIYHO IPUMEHSETCSI METOZ

KOHEUYHBIX 3JIEMEHTOB) II0JIy4aeM CHCTEMY OOBIKHOBEHHBIX i (hepeHIHanbHbIX YpaBHCHUH
MU"+CU' +KU =1,

K ,M ,C — matpuipl )eCTKOCTH, Macc ¥ AeMi(pUPOBAHUS, f — BHELIHHE CHIIBI.

PasHOCTHYIO cXeMy MOJM(UIMPOBAHHOIO METO[A LCHTPAJIBHBIX PAa3HOCTEH IOJydaeM,
3aMCHHB 3HAYCHUS (byHKLll/lﬁ U MMPOU3BOJAHBIX COOTBETCTBYIOIUIMMH PA3HOCTHBIMH OTHOILICHUAMM.
Pa3HOCTHb[e OTHOIUCHUS, KOTOPBIC NPUMECHAIOTCSI B MO}ll/l(bl/lLll/lpoBaHHOM METOAC LEHTPAJIbHBIX
pasHOCTeif, annpokcuMUpyroT yckoperns U’(t,), ckopoctu U'(t,) u mepememenns U(t,) ¢
HOTPEIIHOCTBIO0, IPOMOPLUOHAIBHON KBaJpaTy IIara 1o BpeMeHH.

yCJ'lOBl/lﬂMl/l CXOJJUMOCTH paSHOCTHOﬁ CXEMBI SABJIAIOTCA alIlpOKCUMalusad U yCTOﬁ'—ll/lBOCTb.
JIyist McCiieioBaHusl YCTOMYMBOCTH Pa3HOCTHBIX CXEM MOJIOKUM V =U' ¥ IPUMEHUM OYCBHIHbIC

paBeHCTBa
d/dbU"\U")/2=bU"U")

d/da(U,U)/2=a(U,U")
O6o3naunm [(U) =(b(U',U")+a(U,U))/2, npumeHnM B NpaBoil 4acTi HepaBeHCTBO Komm

¥ IPOHHTET PHPYeEM MOITy4IeHHOE HepaBeHCcTBO. Torna
T
IUT) < KOJI(U(I))dt+ K,
0

rne K, K; monoxuTenbHble KOHCTaHThl. M3 nemmbl ['poHyonna ciemyer orpaHM4e€HHOCTh

I(U) . KpoMe KOHTHHYaJlbHOrO BapHaHTa HCCICJOBAHUS YCTOMYMBOCTH PA3HOCTHBIX CXEM

pPaccMOTpPEH U AUCKPETHBIN.

BesycioBHas npaktuyeckas paboToCnocoOHOCTh MOIU(PUIIMPOBAHHOIO METO1A LIEHTPAJIbHBIX
pasHoCTeil ¥ MPOCTOTA JIOKAIUMX B €0 OCHOBE MOCHUIOK MO3BOJISIOT YCHELIHO MIPHMEHAITH €ro K
LIMPOKOMY KPYI'y JUHAMHYECKHX 3a7a4.

KaroueBble  cjoBa:  pa3sHOCTHas ~ CXEMa,  YCTOHMYMBOCTb ~ PAa3HOCTHOW  CXEMbl,
MO (HIIMPOBAHHBIH METO/ LIEHTPAIBHBIX pa3HoCTei, MeTox Hpromapka.
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The dynamic balancing of the drive mechanism is considered for a roller forming unit with
balanced drive. Two dynamic balancing problems are solved in the simulation process of the drive
mechanism balancing: the inertia forces balancing which applied in the masses centers of the
motion links, and the torque balancing which reduced to rotation axis of the drive shaft, that arise
from the inertia forces action. The drive mechanism imbalance is estimated by the maximum and
root-mean-square values of the total inertia force and total torque from the inertia forces action, the
dimensionless coefficients, which express the root-mean-square values ratio of the total inertia
force and inertia forces, that act on each trolley, and the root-mean-square values ratio of the
moment from the inertia forces action of the whole mechanism and moment components from the
inertia forces action of the individual elements.

Keywords: roller forming unit, drive mechanism, inertia force, moment, balancing.

Introduction. In the existing units for surface compacting of products from
building mixtures the slider-crank or hydraulic drive at reciprocating motion of
the forming trolley with the compaction rollers is used [1-4].During
continuous start-stop modes, considerable dynamic loads appear both in the
drive mechanism and forming trolley elements, which may lead to the
premature failure of the unit.

Analysis of publications. In the existing theoretical and experimental
studies of roller forming units designed for forming products from building
mixtures, their design parameters and productivity are substantiated [1-4]. At
the same time, insufficient attention is paid to the study of the existing
dynamic loads [5—14] and motion modes [15—18], which greatly impact both
the operation of the unit and the quality of the finished products. During
continuous start-stop modes of the forming trolleys motion, in the unit
elements, except gravity forces and resistance forces, inertia forces appear also

© Loveikin V.S., Pochka K.I., Prystailo M.O., Balaka M.M., Pochka O.B.
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[5-14], which create additional loads on the drive mechanism. Therefore, the
drive mechanism balancing task of roller forming machines is actual.

Purpose of the paper. The purpose of this paper is the drive mechanism
dynamic balancing of the roller forming unit with balanced drive.

Research results. In order to reduce energy consumption in roller forming
machines, a design of the roller forming unit [19,20]
wasproposedtoprovidethecompactionofproductsfrombuildingmixturesonasingl
etechnologicalline. It consists of four forming trolleys, located parallel to each
other on one side of the drive shaft, which are set in reciprocating motion from
the one drive. It is composed of four slider-crank mechanisms, whose cranks
are rigidly fixed on one drive shaft and shifted to each other at the angle
Ap =90° (Fig. 1 (a)).

32 4 1 5 7 4

X4

]
!

(b)

Fig. 1. Roller forming unit with balanced drive (a) and its kinematic scheme (b)

Each of the forming trolleys 1, 2, 3 and 4 is mounted on the gantry 14 and
performs reciprocating motion in the guide rails 15 over the cavity of the form
16. The forming trolley 1 consists of the feeding hopper 17 and coaxial
sections of the compaction rollers 18. The other three trolleys have the same
design. The trolleys 1, 2, 3 and 4 with distributive hoppers are set into
reciprocating motion by a drive made in the form of four slider-crank
mechanisms, whose cranks 9, 10, 11 and 12 are rigidly fixed on one drive shaft
13 and shifted to each other at the angle Ap =90° . The connecting rods 5, 6, 7

and 8 are hinged to the forming trolleys 1, 2, 3 and 4, while their other ends are
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connected to the cranks 9, 10, 11 and 12. Such a design of the roller forming
unit makes it possible to reduce the dynamic loads in the drive elements, extra
devastating loads on the frame structure and, accordingly, to increase the unit
durability as a whole.

Fig. 1 (b) shows a kinematic scheme of the roller forming unit with
balanced drive for compacting reinforced concrete products on a single
technological line. This kinematic scheme contains the such symbols: » —
cranks radius 9, 10, 11 and 12; / — length of connecting rods 5, 6, 7 and 8; ¢
— angular coordinate of the crank position for the first trolley; A — cranks
displacement angle 9-10, 10-11, 11-12 and 12-9 between them; x;, x,, X3
and x, — coordinates of the trolleys masses centers 1, 2, 3 and 4; B,, B,, B;

and P, — angular coordinates that determine the connecting rods position of

the first, second, third and fourth trolleys relative to the horizontal.
We determine the coordinates of the trolleys masses centers 1, 2, 3 and 4
(Fig. 1) [18]:
X, =r-cosQ+/-cosP;; x, =r-cos(p+Ap)+/-cosP,;
1
X3 =r-cos(@+2A¢)+1-cosPy; x, =r-cos(Q+3A¢@)+1-cosp,. O
As the angles B;, B,, B; and B, are unknown, they can be determined

dependent on the length of connecting rod /, the crank radius r, the angular
coordinate of crank ¢ and the cranks displacement angle A¢ [18]:

r-sing=/,-sinf; — sinf, =§-sin(p;
resin(@+A@)=1/-sinf, — sinB2=§-sin((p+A(p);
resin(@+2A¢@)=/-sinp; — sin[33=§-sin((p+2A(p);
r-sin(@+3A¢)=1-sinf, — sin[34=§-sin((p+3A(p).

From here:

cosP, =4/1—sin [3] ‘/1—— sin® ¢ ;

cosP, =+/1-sin’ B, _\/l_l_ sin® (@+Ag) ;

2

cosPy =+/1—sin’ B, = \/l—’;—z~sin2 (9+2A9) ;

2

cosP, =4/1-sin’ B, = \/l—;—z.sinz (0+3A¢).
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Then coordinates of the trolleys masses centers:

[ 2
X =r-cos@+I- 1—;—2~sin2(p;

2
xz=r-coS((P+A(P)+l.\/l_’lﬂ_z.Sinz((p'FA(p); 2)

2
X, = r-cos((p+3A(p)+l~\/l—;—2~sin2 (¢+3A¢) .

From the expressions (2) we obtain the change functions of the masses
centers velocity for the forming trolleys:

. . ax] . . axz . . axj, . . ax4
= ~—; X, = ~—; X, = ~—; X, = —, 3
xlwa(p 2<pa(p 3(96([) 4<pa(p 3)
ox; Ox, Ox3 Ox4

where @ =® — cranks angular velocity, —, —=, , —— the first
op Op Op  O¢p

transfer functions of the trolleys masses centers 1, 2, 3 and 4, which are

defined by the following expressions [18]:

ﬁz—;ﬁsinqy 1+Z. cose :

9 L i=¢?/P)sin%e
aﬁ:—r~sin((p+A(p)- 17, cos(Q+Ag)
99 ! \/1—(r2/12)-sin2((p+A(p)

4)

aﬁ:—r~sin((p+2A(p)- 17, Cos((P+2A(p)
99 ! \/l—(r2/12)~sin2((p+2A(p)
aﬂ:—r~sin((p+3A(p). 147 cos(@+3A0)
99 ! \/l—(r2/12)~sin2((p+3A(p)

The change functions of the linear accelerations for trolleys masses centers
1, 2, 3 and 4 are determined by the dependences:

L ox, ., O°x L. ox, ., x
xlz(p._]+ 2. 2] ’ xzz(p._2+(p2. 22 ’
op oo oo oo )
.. Ox x oxy ., O°x
x3=(p._3+ 2 23’ ; 4 = _4+(P2' 24’
o0 0 o0 0
2 2
. 0 0 0
where ¢ = € — cranks angular acceleration; | oz s Y4 _ the

second transfer functions of the trolleys masses centers 1, 2, 3 and 4, which are
defined by the following expressions [18]:
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2
07x

o¢

p
r-|cos@-| 1+—

/ 72 5
l—l—z-sin 0]

cos(p+Ag)- 1+§~

7 sin’ (p+A(p

7 sin’ (p+ 2A(p

7 sin’ (p+3A(p

cos(p+2A0)- 1+§~

cos(+3A¢)- 1+§-

—.cos’
cos @ ro. s

2

p
l-—- -sin? o)
[ :

+—sin " p——m—— 2~

cos(p+Ag)

2
\/l—r sin® (¢ +Ao)

UZ 2(@+Ap)- 1)

2 :
1—=-sin ((p+A(p)J

cos(o+2A0)

2
\/l —r— sin® (+2Ag)

(’;2 > (o+24¢) - IJ

3
2
(1 ——-sin’ (¢+ EAQ)J

cos(p+3A¢)

2
\/1_r -sin” (@+3A9)

(; (p+3A0)- J

3
2
(1 —~-sin’ (p+3A(p)J

f

(6)
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The kinetic energy of the whole system is defined as the kinetic energies
total of the drive mechanism components and the forming trolleys
components:

2

-2 .2 .2 2 .2 32 ¢ b2
_Ja® P My Xy | MaXy | MaXy JsBi s (xss + yss) +
2 2 2 2 2 2 2 7
32 2 .2 32 2 2 32 2, .2 ™
Js,B3 N me (X5, + 75,) N Js, B3 N my (X5, + y57)+ Js,Bs N mg (X5, + ¥s,)
2 2 2 2 2 2
where J;. — inertia moment of the drive mechanism, reduced to the driveshaft

T

E

rotation axis (taking into account the motorrotor, transmission and couplings);
my, m,, my and m, — forming trolleys masses 1, 2, 3 and 4 (forming trolleys

masses are equal my =m, =my=my=m); ms, mg, my;, mg, Jg , Jg,
JS7 andJS8 — connecting rods masses 5, 6, 7,8, and theirnative inertia

moments relative to the masses centers; B3,, B,, B;and B, — angular velocities
of connecting rods 5, 6, 7 and §; Xs,» Vsg» Xs,» Vs,» X5, Vs, o g, and Vs, —

linear velocities of the connecting rods masses centers 5, 6, 7 and 8.

As the connecting rods masses 5, 6, 7 and 8 are much smaller than the
forming trolleys masses 1, 2, 3 and 4, we can neglect these masses and,
accordingly, neglect the kinetic energy of these connecting rods.

Then the kinetic energy value of roller forming unit will have the look

-2 .2 .2 .2 )
Tszr-(p JH  meXy  mexy  meXy

2 2 2 2 2
. 2 2 2 27 (8)
szr'(P2+ﬂ, ¢2.% +¢2.aﬁ +¢2.aﬁ +¢2.aﬂ
2 2 o0} foL0) foL0) 9
or
.2 2 2 2 2]
Tz(p_. Jdr+m' % + aﬁ + % + % . (9)
2 o op o op

We make up the motion equation of the roller forming unit.To do this, we
use the second-order Lagrange equation
dor or
2" -0, (10)
dt 0¢p O
wheres — time; @ — angular coordinate of the crank position, which taken as
the generalized coordinate; O, — generalized force, that corresponds to this

generalized coordinate.
The generalized force is determined by the dependence:

ox Ox Ox Ox
Q(P =Mdr _F;’es] 'a_q;_FreSZ 'a_(;_Fre.ﬁ 'a_(;_F;eM a_(; . (11)
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Here F,

resl >
forming trolleys 1, 2, 3 and 4; M, — motor driving moment, reduced to the
crank rotation axis,which is determined by the Kloss formula:

F.0, F.sandF,,, — resistance forces to the shift of the

My =2 Moy (12)
" S Scrit
7+7
Scrit S
s=1-2 2. (13)
9 2
Scrit =1_%a (14)
0

where M, — critical moment on the motorshaft; s and s, — lip and its

crit
critical value; o and ®, — angular velocity of the motor rotor and its
synchronous value;u — transmission gear ratio from the motor to the drive
shaft; n — drive mechanism efficiency.

After dependences substitution (9) and (11)...(14) into equation (10), we
obtain:

op 00> 9 o¢* 00 6(92 3¢ 0¢

2 2
6—7.—' = (P . Jdr +m- % + aﬁ + ax3
op op op 6@

6x4
d oT o Y (ox, ) ax ax
Do gyem| (2] o[ 2] o 2] o2
dt o o op

+2.(.p2.m.[6i.82x]+6x2 82x2 0x3 6x3 8x4 8x4J

or_ -z.m.[%.azxn L O oy O +%.52x4)

op 6(p2 o 6(p2 op 6(p 6(P 6(p

2 2 2
ox ox ox ox
607 am |9 9% (9% 9%
I Hamj +(3<Pj +(3<P] +[8¢” '
1267 m [ ox 8x,+8ﬁ_82x2+8x3 8x3+8i.82x4 3
T 50 07 90 99> a0 397 90 ag?

2. Mc it ax] axz ax3 ax4
= A N _p 0% o q
1_@ 1 Do wcm u-M- res] a Fresz 8(p res3 8(p res4 a(P ( 5)
o, ®,
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The equation is a second-order nonlinear equation that must be solved

numerically. As a result of solving equation (15) we obtain dependences [16]:
e=0(1); ¢=0(r); $=6(r). (16)

Dynamic analysis of high-speed mechanisms, which includes the roller
forming unit, is requires the two problems solution of the dynamic balancing:

1) the inertia forces balancing, which applied in the masses centers of the

motion links;

2) the torque balancing, which reduced to rotation axis of the drive shaft,

that arise from the inertia forces action.

To the first problem solve, it’s necessary that the masses center of the
motion parts for roller forming unit (forming trolleys) is not shifted. That is,
the condition must be met for the roller forming unit, the trolleys of which
move along the axis x:

my Xy + My Xy + 1y Xy + 1y - Xy

x, =const . (17)
my + my + My + my

The dependence (17) is differentiated twice in time, we obtain:
.o xl +my )C2 +mj3 )C3 +my )C4 _

X, 0. (18)
m1+m2+m3 +m4
The expression (18) can be written as follows:
Fl-c=m1-)'él+m2-)'éz+m3-)'é3+m4-)'é4=
. oy .o 0°x L Oxy .o 0%x
=m (40'—1+(P2'—21 +my (P'—2+(P2'—22 + (19)
0 150) o0 130)
. Ox3 .o 62)C3 . OxXg4 .2 62x4
T3 Q= QT |y @ —— QT = =0,
o0 Fal) o0 Fal)

where £}, — total inertia force, reduced to the masses center of the motion parts
for roller forming unit from the inertia forces action of the individual trolleys.
Given that m; =m, =m; =m, =m, we will have:
Fczml}.p(ax] : 0x, : ox; : ax4j+¢2[32x] } 9%x, } 9%x, } a2x4]:|:0. (20)
: 00 09 0¢ 09 00> 99> 99> 99>
There is the inertia forces imbalance, if the condition (19) or (20) is not

satisfied. The criterion for this imbalance may be the total inertia forces value
of the roller forming unit:

. [Ox, Ox, Ox3 Ox,
o —+—=+—=+— |+
o9 0p Jp Jg
ic =m:- .
‘ L (0%, &'x, 0'x; O'x,
+¢~ - Sttt
dp~ 09~ 9~ 0
The inertia forces non-uniformity for one cycle of the roller forming unit
motion (one crank rotation) can be estimated by the inertia force maximum

21)
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value F;'c max °

which is determined by the dependence:

..(axl L 0xy  Ox3 8x4j+ ’

reduced to the masses center, or its root-mean-square value,

(p T T T
_t 24 \de do Jo g
Fomfmza= o) 0T T L e @)
hy 110+.28x]|8x2|8x3|8x4
9p* 99* d0* 09
wheref, = — time cycle of the roller forming unit; ®,,, — angular

(Dnom

velocity nominal value of the drive shaft for roller forming unit.

In some cases, the inertia forces imbalance on the forming unit links is
advisable to estimate by the dimensionless coefficient. It can be represented by
the root-mean-square values ratio, reduced to the masses center of the total
inertia force and the inertia forces on each trolley.

The dimensionless coefficient can be represented as follows:

...(axl 0x, | Ox 8x4j+ ’

—+ +—+
dp do J¢ Jo

o2 0’x, N 0% x, N 0°x; N 0%x,
007 00> 99’ 09’

2 2
L 0x; ., 0y L ox, ., 0%,
—+ — 4 . —+ — 4 .

We will write down the necessary condition to ensure the torque balance of
the drive shaft from the inertia forces action:

T = const ora—T =0. (24)
o0

The torque imbalance of the drive shaft from the inertia forces action there
is, if the condition (24) is not fulfilled. The imbalance criterion can be the
torque value, which is determined by the dependence:

[.ax, L0 Ok xaﬁj_

(25)

ooy O*x, oxy 0'x, oxy O'xy Ox, Ox,
=m-9°| — St ot
o0 99* 09 d¢* 09 d¢* 09 0o
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The torque imbalance of the drive shaft from the inertia forces action can
be estimated by its maximum value M, .. in one cycle of forming unit or the

root-mean-square value, which is determined by the dependence:

— 1} ox; 0°x,  Ox, 9°x, Ox; 0°x;y Ox, 9°x ?
M, = _[m2~'4 -y 22, 3,4 4| g =

Ny 99 9> 09 d9*> 39 dg> 09 Jo’

° (26)

, 2
. l](pzt. ox, 82x2] N 0x, 82x22 +ai82x23 N 0x4 azx; dr
o 0Q d¢”> 09 dp” 0Q dp> I I

4
The torque imbalance from the inertia forces action can also be estimated
by the dimensionless coefficient. We present its by the root-mean-square
values ratio of the inertia moment for the whole mechanism and the inertia
moment components of the individual elements for the roller forming unit.
This coefficient has the form:

[0 2y oy an o v 9 |
1t1 a(p a(p2 a(p a(p2 a(P a(p2 a(P a(p2 ~
kMi =T 3 5 dt =
b 4f ox; 9%x, [ ox, 0%x,
e e R sl
99 90 99 o
+¢* O %y 2+ o[ 9 @xy 2 (27)
* 190 202 ) 7* 29 a9’

2
o 9%x, +aﬁazxz +%32x3 +%82x4
15 (9000 "3 ag’ a0 ag’ " g 39’
¢ 2.2 2. \2 2. )? 2. \2
Pofdx 07x | [dx 07 | (0% 9% | [dxy 07y
99 99> ) | 09 g’ 99 g’ 90 ¢’
The roller forming unit with balanced drive has the following parameters
[16, 18]: my =m, =my =my =m=1000kg; r=0,2m; [=0,8m;
J, =72,92kgm’; ®, =104,72 rad/s; ®,,, =102,1rad/s; ®,,, =94,95 rad/s;
M., =517,14N'm; s,,=0,0933; u=9,8; n=09; F, =3562N;

res

F o =3562N; F,, 3 =3562N; F,,=3562N. We determined the total

res res

inertia force Fj,

and torque M, values from the inertia forces action in one

cycle (0 <@ <2m ), which showed in the graphic dependences form (Fig. 2).
The graphic dependences of the total in ertia force F;. and torque M;

from the inertia forces action in one cycle (0 < ¢ <2n) at different values of

the cranks displacement angle (0°, 30°, 45°, 60°) areshownin Fig. 3 and 4.
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g. 2. Graphic dependences of the total inertia force (a) and the total moment fromthe inertia forces
(b) on the crank rotation angle of unit with balanced drive
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Fig. 3. Graphic dependences of the total inertia force for unit with balanced driveon the crank
rotation angle at different values of the cranks displacement
angle Ag :a—0°%b-30°c—45%d-60°

The maximum F, . and M,
values of the inertia forces and moments from inertia forces at different angle
A are also found. The calculations results, and dimensionless coefficients

and M,.. , and root-mean-square F

ic

values kr, and k,, , which are determined by equations (23) and (27), are

listed in Table 1. According to the table data, we constructed the graphic

dependences of the maximum F; and M,

e ma ;max » and root-mean-square F;,

and M, values of the inertia forces and moments from inertia forces at
different values of the cranks displacement angle Ap (Fig. 5 and 6).
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Ao are also found. The calculations results, and dimensionless coefficients

and root-mean-square F,

ic

values kr, and k,, , which are determined by equations (23) and (27), are

listed in Table 1. According to the table data, we constructed the graphic

and M, and root-mean-square F;,

dependences of the maximum F; i max >

ic max
and M; values of the inertia forces and moments from inertia forces at

different values of the cranks displacement angle Ap (Fig. 5 and 6).
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Fig. 7  presents  graphic  dependences  ofthe  dimensionless
coefficients k, and k), on the cranks displacement angle Ap .
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Fig. 6. Graphicdependencesofthe total inertia force F;, (a) and total moment root-mean-square

values from the inertia forces ﬁ, (b) on the cranksdisplacement angle Ag

25 25
2
15

1

Dimensionless coefficient kMi

a5

o o
0 10 20 30 40 S0 60 70 80 90 0 10 20 30 40 S0 60 70 80 90
Cranks displacement angle Ao, deg Cranks displacement angle A, deg
(2) (b)

Fig. 7. Graphicdependencesofthe dimensionless coefficients ka (a) and

kM,- (b) on the cranksdisplacement angle Ap

Table 1
AQ,° | Fiomaxs N | Mippae, N'm F;'c >N ﬁi’ N'm kFi kMi

0 124688,7 6088,3 65201,03 39338 2 2

10 120946,5 6384.,8 63602,25 3786,15 1,889 1,6844
20 108189,7 6823,7 58718,26 3289,36 1,7767 1,3913
30 88956,1 5703,5 51037,04 2381,85 1,639 0,9598
40 | 66994,04 3251,8 41688,26 1469,99 1,4398 0,5565
50 | 47329,63 34419 32217,75 1509,82 11711 0,4773
60 33138,5 44532 23669,64 1939,24 0,8985 0,5683
70 25178,1 3864.8 15862,5 1849,7 0,6084 0,5859
80 13490,7 2236,9 8021,3 1124,9 0,287 0,4623
90 417,7 315,7 2493 196,2 0,00792 | 0,0661
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The angular velocity ¢ of the drive shaft and its angular acceleration ¢
for each value of the cranks displacement angle A, determined by the

method [16], were used to determine the above characteristics of the forming
unit.

The analysis of the table data and the graphic dependences (Fig. 5-7)
shows that:

— the total inertia force maximum value F,

“emax » the total inertia force root-

mean-square value Fj, and the dimensionless coefficient & F;, are constantly

reduced when increase the cranks displacement angle and accepted the
minimum value when the cranks displacement Ag = 90° ;

— the moment maximum value from the inertia forces M : on first

1max
increases at the cranks displacement angle values from Ap=0° to A =20°,

then decreases at the cranks displacement angle values from A =20° to
A =40°, then there is a slight increase the cranks displacement angle from
A =40° to Ap = 60°, and then decreases again and acquire minimum value
at Ap=90°;

— the moment root-mean-square value from the inertia forces Vl and the

dimensionless coefficient kg, decrease at the cranks displacement angle
values from Ap=0° to Ap=40° (E) and Ag=50° (kM[ ), then they

increase to the cranks displacement angle values Ag = 60° (E) and
A@="70° (k) ), and then decrease and acquire minimum value at Ap =90°.

Conclusions.As a result of researches, the dynamic balancing of the drive
mechanism for the roller forming unit with balanced drive is considered. Two
dynamic balancing problems are solved in the simulation process of the drive
mechanism balancing for the roller forming machines: the inertia forces
balancing which applied in the masses centers of the motion links, and the
torque balancing which reduced to rotation axis of the drive shaft, that arise
from the inertia forces action. It is established that the best balancing of the
inertia forces applied in the masses centers of motion links, and the torque
balancing which reduced to rotation axis of the drive shaft, that arise from the
inertia forces action, are observed at the cranks displacement angle value
Ap =90° for the roller forming unit with balanced drive. The work results

may in the future are used to refine and improve the existing engineering
methods for estimating the drive mechanisms of roller forming machines, both
at design stages and in practical use.

REFERENCES

1. Harnets V. M. Prohresyvni betonoformuiuchi ahrehaty I kompleksy (Progressive concrete-
forming units and complexes). Kyiv: Budivelnyk, 1991. 144 p. [in Ukrainian].



154 ISSN 2410-2547

Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2021. Ne 107

Harnets V.M., Zaichenko S.V., Chovniuk Yu.V., Shalenko V.O., PrykhodkoYa.S.
Betonoformuvalni ahrehaty. Konstruktyvno-funktsionalni skhemy, pryntsyp dii, osnovyteorii:
Monobhrafiia (Concrete-forming units. Structural and functional schemes, operation principle,
theory basics: Monograph). Kyiv: Interservis, 2015. 238 p. [in Ukrainian].

Kuzin V. N. Tehnologija rolikovogo formovanija ploskih izdelij iz melkozernistyh betonov
(Roller forming technology of flat products from fine-grained concrete: Extended abstract of
candidate’s thesis). Moscow, 1981. 20 p. [in Russian].

Rjushin V. T. Issledovanie rabochego processa I razrabotka metodiki rascheta mashin
rolikovogo formovanija betonnyh smesej (Working process research and methodology
development of calculating machines for concrete mixtures roller forming: Extended abstract
of candidate’s thesis). Kyiv, 1986. 20 p. [in Russian].

Loveikin V. S., Pochka K.I. Dynamichnyi analiz rolykovoi formovochnoi ustanovky z
rekuperatsiinym pryvodom (Dynamic analysis of roller forming unit with recuperative drive).
Dynamika, mitsnist I nadiinist silskohospodarskykh mashyn: materialy pershoi Mizhnarodnoi
naukovo-tekhnichnoi konferentsii (Dynamics, Strength and Reliability of Agricultural
Machinery: Proceedings of the Ist International Scientific and Technical Conference (DSR
AM-]). Ternopil, 2004. P. 507-514 (in Ukrainian).

Nazarenko I 1., Smirnov V. M., Pelevin L. Ye., Fomin A.V., Sviderskyi A.T., Kosteniuk
0. O., Ruchynskyi M. M., Diedov O. P., Harkavenko O. M., Martyniuk I. Yu. Osnovy teorii
rukhu zemleryinykh [ uschilniuvalnykh mashyn budindustrii z kerovanymy u chasi
optymalnymy parametramy: Monohrafiia (Motion theory fundamentals of earthmoving and
compaction machines for building industry with time-controlled optimal parameters:
Monograph). Kyiv: MP Lesia, 2013. 188 p. (in Ukrainian).

Zaichenko S., Shalenko V., Shevchuk N., VapnichnaV. Development of a geomekhanic
complex for geotechnical monitoring contour mine groove. Eastern-European Journal of
Enterprise  Technologies. 2017. Vol. 3/9 (87). P. 19-25. DOI. 10.155/1729-
4061.2017.102067.

Harnets V. M., Chovniuk Yu. V., Zaichenko S. V., Shalenko V. O., Prykhodko Ya. S. Teoriia i
praktyka stvorennia betonoformuvalnykh ahrehativ (BFA) (Theory and practice of creating
concrete-forming units). Hirnychi, budivelni, dorozhni ta melioratyvnimashyny. 2014. Issue
83. P. 4954 (in Ukrainian).

Harnets V. M., Zaichenko S.V., PrykhodkoYa.S., Shalenko V.O. Rozrobkanaukovo-
praktychnykhrekomendatsiipostvorenniubetonoformuiuchykhahrehativ (BFA) (Development
of scientific and practical recommendations for the creation of concrete-forming). Hirnychi,
budivelni, dorozhni ta melioratyvnimashyny. 2012. Issue 79. P. 46—52 (in Ukrainian).

. Zaichenko S. V., Shevchuk S. P, Harnets V. M.

Enerhetychnyianalizprotsesurolykovohouschilnennia  (Energy analysis of the roller
compaction process). Enerhetyka: Ekonomika, tekhnolohiia, ekolohiia. 2012. Vol. 1 (30). P.
77-83 (in Ukrainian).

. Zaichenko S.V., Shevchuk S.P. Harnets V.M. Tryvymirne modeliuvannia protsesu

rolykovoho uschilnennia stovburnoho kriplennia (Three-dimensional modeling of roller
compaction process of the trunk). Hirnychi, budivelni, dorozhni ta melioratyvnimashyny.
2012. Issue 79. P. 4045 (in Ukrainian).

. PrykhodkoYa. S., Harnets V. M. Vzaiemouzghodzhenist roboty mekhanizmiv pry rolyko-

ekstruziinomu formuvanni bahatopustotnykh vyrobiv (Mutual coherence of mechanisms in
roller-extrusion  forming of multi-hollow products). Haluzevemashynobuduvannia,
budivnytstvo. 2012. Vol. 1 (31). P. 305-310. (in Ukrainian).

. Loveikin V. S., Pochka K. 1., Romasevych Yu. O., Pochka O. B. Dynamichnyi analiz rolykovoi

formuvalnoi ustanovky z kryvoshypno-shatunnym pryvidnym mekhanizmom (Dynamic
analysis of roller forming unit with crank drive mechanism). Strength of Materials and Theory
of Structures. 2019. Issue 102. P. 91-108. DOI: 10.32347/2410-2547.2019.102.91-108 (in
Ukrainian).

. Loveikin V. S., Pochka K. I, Prystailo M. O., Pochka O.B. Dynamichne zrivnovazhennia

pryvidnoho mekhanizmu rolykovoi formuvalnoi ustanovky z enerhetychno vrivnovazhenym
pryvodom (Drive mechanism dynamic balancing of roller forming unit with energy-balanced
drive). Strength of Materials and Theory of Structures. 2019. Issue 103. P. 112-130. DOI:
10.32347/2410-2547.2019.103.112-130 (in Ukrainian).



ISSN 2410-2547 155
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 107

15. Loveikin V.S., Pochka K.I. Sintez kulachkovogo privodnogo mehanizma rolikovoj
formovochnoj ustanovki s kombinirovannym rezhimom dvizhenija po uskoreniju tret’ego
porjadka (Synthesis of a cam drive mechanism for roller forming unit with combined third-
order acceleration mode). Naukaitehnika. Minsk, 2017. Vol. 16 (3). P. 206-214. DOL:
10.21122/2227-1031-2017-16-3-206-214 (in Russian).

16. Loveikin V. S., Pochka K. I. Analiz neravnomernosti dvizhenija rolikovoj formovochnoj
ustanovki s uravnoveshennym privodom (Motion non-uniformity analysis of roller forming
unit with balanced drive). MOTROL. Commission of Motorization and Energetics in
Agriculture. Lublin-Rzeszow, 2015. Vol. 17, No 3. P. 17-27 (in Russian).

17. Loveikin V. S., Pochka K. I., Prystailo M. O.,Balaka M. M., Pochka O. B. Impact of cranks
displacement angle on the motion non-uniformity of roller forming unit with energy-balanced
drive. Strength of Materials and Theory of Structures. 2021. Issue 106. P. 141-155. DOIL:
10.32347/2410-2547.2021.106.141-155.

18. Loveikin V. S., Pochka K.I. Analiz rukhu rolykovoi formovochnoi ustanovky z
vrivnovazhenym pryvodom (Motion analysis of roller forming unit with balanced drive).
Bulletin of Kharkov National Automobile and Highway University. 2004. Issue 27. P. 95-101
(in Ukrainian).

19. Pat. 32838 U Ukraine, IPC B28B 13/00. Ustanovka dlia formuvannia vyrobiv z betonnykh
sumishei (Forming unit for products from concrete mixtures) / Loveikin V. S., Yaroshenko
V. F., Pochka K. I. Publ. 10.06.2008 (in Ukrainian).

20. Pat. 7884 U Ukraine, IPC B28B 13/00. Ustanovka dlia formuvannia vyrobiv z betonnykh
sumishei (Forming unit for products from concrete mixtures) / Loveikin V. S., Yaroshenko
V. F., Pochka K. I., Bychevskyi V. M. Publ. 15.07.2005 (in Ukrainian).

Cmamms naodiiuwna 0o pedaxyii 20.05.2021

Jlogeuixin B. C., Ilouka K. 1., Ilpucmaiino M. O., banaxa M. M., Ilouka O. b.
JAHAMIYHE 3PIBHOBAKEHHS TPUBOY POJIMKOBOI ®OPMYBAJILHOI
YCTAHOBKHU

3 METO0 MiABUINEHHS HAAIHOCTI Ta JOBrOBIYHOCTI PO3MIIHYTO AMHAMIYHE 3PIBHOBaXKCHHS
IPUBITHOTO MEXaHI3My POJIMKOBOI ()OPMYBaIbHOI YCTAaHOBKU 3 BPIBHOB)XCHHM NpUBOLOM. [1pn
MOJEJIOBaHHI IOLECY 3pPIBHOBAXECHHS MPHUBIAHONO MEXaHi3My poO3B’s3aHO [Bi 3amadi
JMHAMIYHOTO BPIBHOB@)KCHHS: BPIBHOBAXKCGHHS CHJI iHEpLii, IO NPUKIAACHI B LEHTpax Mac
PYXOMHX JIaHOK, Ta BPIBHOB@)KCHHS IPHBEICHOT0 10 Oci 00epTaHHs IPUBIAHOTO Baja KPYTHOTO
MOMEHTY, L0 BHHHKae Bix nii cumn iHepuil. Ilpm 1boMy BH3HAa4YeHO BCi KiHEMaTHYHI
XapaKTePUCTUKU (POPMYBAJIbHUX Bi3KiB YCTAaHOBKH, 3alucaHo (YHKIi 3MiHM KiHETHYHOT €Hepril
KOKHOT'O eJIeMEHTa YCTAHOBKH Ta BCi€i CHCTeMH, CHJI iHepLii KOXKHOro €JIeMEHTAa yCTaHOBKU Ta
CYyMapHOI CHIIM iHepIlii, CyMapHOro MOMEHTY Bif il cui iHepuii. Ha ocHoOBI piBHsHB Jlarpamxa
JIPYTOro poAy CKJIAACHO PIBHSHHS PyXy YCTAaHOBKH i BU3HAYEHO y3arajbHEHY CHIIY Ta PYLIHHUIH
MOMEHT Ha BaJly IPHUBIAHOrO ABHryHa. HeBpiBHOBaXKEHICTh NMPUBIJHOIO MEXaHI3My OLIHIOETHCS
MaKCHMAJIbHUMH 1 CEepeAHbOKBAAPATHYHIMH 3HAYCHHSAMHU CyMapHOI CHJIM iHepuil Ta CyMapHOro
KPyTHOIO MOMEHTY BiJg Ail cui iHepuii, 6e3po3aMipHUMH Koe(illi€eHTaMH, IO BHPAXKAIOTh
BIHOLIGHHS CEPeJHbOKBAJPATHYHHX 3HAYCHb 3BEOCHHUX [0 LEHTPY Mac YCTAHOBKH CyMapHOI
CHJIM iHepwil Ta CHJI iHeplii, IO Ai0Th HA KOXHHUM BI30K, i BiIHOLICHHS CEpeIHbOKBAIPATHIHUX
3Ha4YeHb MOMEHTY Bif Mii CHJI iHepLii BCbOro MexaHi3My i CKJIa[0BUX MOMEHTY Bif Aii cui iHepuii
OKpPEMHX €JEeMEHTIB. BCTaHOBJIEHO, IO B YCTaHOBLI 3 BPIBHOBOXCHHM IPHBOIOM HaWKpaiie
BPIBHOB&KCHHS CHJI IHEpLl, [0 NPUKJIAACHI B [IEHTPaX PyXOMHUX Mac JIAHOK, Ta IIPUBEICHOrO 10
oci obepraHHsS MPHBIAHOTO Baly KPYTHOrO MOMEHTY, L0 BHHHMKae Bix nii cui iHepuii,
CrOCTepiraeThesl MpH 3HA4YCHHI KyTa 3MilleHHs KpuBowmmiB A@=90°. OtpumaHi pe3ynbTaTd
MOXYTb OyTH y IOAANBIIOMY BHKOPHCTAaHI Uil YTOYHEHHS Ta BJOCKOHAJICHHS ICHYIOYHX
[H)KEHEPHUX METOIB PO3paxyHKy MPHBITHMX MEXaHI3MIB MalIUH POIMKOBOro GOpMyBaHHS SIK Ha
CTaisIX NPOEKTYBAHHS, TAK 1 y POKUMAaX peanbHOi eKCIIyaTarlii.

KuarouoBi cioBa: posmkoBa (opMyBajibHa YCTAaHOBKA, NMPHUBIAHUM MeXaHi3M, CHJa iHEpIii,
MOMEHT, 3PiBHOBa)KCHHSI.
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Loveikin V. S., Pochka K. I., Prystailo M. O., Balaka M. M., Pochka O. B.
DYNAMIC BALANCING OF ROLLER FORMING UNIT DRIVE

The dynamic balancing of the drive mechanism for the roller forming unit with balanced drive
is consideredin order to increase reliability and durability. Two dynamic balancing problems are
solved in the simulation process of the drive mechanism balancing: the inertia forces balancing
which applied in the masses centers of the motion links, and the torque balancing which reduced to
rotation axis of the drive shaft, that arise from the inertia forces action.Wherein all kinematic
characteristics of the unit forming trolleys are determined, the change functions of the kinetic
energy for the unit each element and whole system, the inertia forces of the unit each element and
the total inertia force, the total moment from the inertia forces action are written.The unit motion
equation is compiled based on the Lagrange equations of the second-order, and the generalized
force and moment on the drive motor shaft are determined.The drive mechanism imbalance is
estimated by the maximum and root-mean-square values of the total inertia forceand total torque
from the inertia forces action, the dimensionless coefficients, which express the root-mean-square
values ratio of the total inertia force and inertia forces, that act on each trolley, and the root-mean-
square values ratio of the moment from the inertia forces action of the whole mechanism and
moment components from the inertia forces action of the individual elements.It is established that
the best balancing of the inertia forces applied in the masses centers of motion links, and the
torque balancing which reduced to rotation axis of the drive shaft, that arise from the inertia forces
action, are observed at the cranks displacement angle value Ag=90° for the roller forming unit
with balanced drive. The work results may in the future are used to refine and improve the existing
engineering methods for estimating the drive mechanisms of roller forming machines, both at
design stages and in practical use.

Keywords: roller forming unit, drive mechanism, inertia force, moment, balancing.

Jlogetikun B. C., Ilouxa K. 1., IIpucmaiino H. A., Baraka M. H., [louka O. b.
JUHAMUYECKOE YPABHOBEILIMNBAHUE IMPUBOJA POJINKOBOM
®OPMOBOYHOMN YCTAHOBKH

C 1uenbl0 MOBBIIIEHHS HAA&KHOCTM M JIOJFOBEYHOCTH PACCMOTPEHO JIMHAMHYECKOE
YPAaBHOBEIUIMBAHUE MPUBOJHOIO MEXaHHW3Ma POJMKOBOH (OPMOBOUHOH  YCTAHOBKH €
YPaBHOBEILEHHBIM NPUBOJIOM. [Ipu MozaenupoBaHuM IpolLecca ypaBHOBEIIMBAHUS IMPUBOLHOIO
MEXaHM3Ma pEIIEHO JABE 3aJa4yd JMHAMMYECKOrO YPAaBHOBEIIMBAHHA: YPaBHOBELIMBAHUE CHII
UHEPLMHU, MPWIOKEHHBIX B LEHTPaX MacC IOJBWKHBIX 3BEHbEB, W YPABHOBEIIMBAHUE
HPHUBEJAECHHOTO K OCH BpAIlEHHs IPHBOAHOIO Bajla KPYTSLIEr0 MOMEHTA, BO3HHMKAIOILEro OT
neicTBus  cuul uHepuuu. IIpu 3TOM ompeneneHbl BCe KHHEMAaTHUYECKHE XapaKTEPUCTHKU
(DOPMOBOYHBIX TEJIOKEK YCTAHOBKH, 3alMCAHBl (YHKIHMH KHHETHYECKOH OHEPrHH KaxIOro
JIEMEHTa M BCEH CUCTEMbI, CHJI MHEPLMU KaXKIAOrO 3JIEMEHTa YCTAaHOBKHM M CyMMAapHOW CHJIbI
MHEpLMHU, CyMMapHOI'0 MOMEHTa OT JIelcTBUS cuil uHepiuu. Ha ocHoBaHuM ypaBHeHui Jlarpanxa
BTOPOI'0 POZia COCTAaBJICHO YPAaBHEHHE ABHKEHMS YCTAHOBKM M ONpeAeeHbl 00001EHHAs cuna U
JIBIDKYIUMH MOMEHT Ha Bally NPHBOAHOrO JBuratens. HeypaBHOBEIIEHHOCTb INPUBOIHOIO
MEXaHM3Ma OLEHUBAETCS MAKCUMAJIbHBIMH U CPEIHEKBAJPATHYECKUMH 3HAYECHUSMH CyMMapHOH
CHJIBI HHEPLIUM ¥ CYyMMapHOI'0 KPYTSIIEro MOMEHTa OT JeHCTBUS CHJI MHEPLMHU, Oe3pa3sMepHbIMU
K0d()PHUIIMEHTaMH, BBIPAXKAIOIMMH OTHOIICHHE CPEIHEKBAAPATHICCKUX 3HAYCHUH NPUBEACHHBIX
K LIEHTPY MacC yCTAaHOBKHM CyMMAapHOH CHJIbI MHEPLMH U CUJI MHEPLUH, IEHCTBYIOMX HA KaXIYyI0
TEJISKKY, U OTHOIIEHUE CPEIHEKBAJAPATHUECKUX 3HAYEHMH MOMEHTa OT JEHCTBHS CHJI MHEPLUU
BCEr0 MEXaHU3Ma M COCTaBJIAIOIIMX MOMEHTA OT JICHCTBUS CHJI HHEPLUH OTAEIbHBIX 3JIEMEHTOB.
VYCTaHOBIIEHO, YTO B YCTAHOBKE C YPAaBHOBELICHHBIM NPUBOJOM HaMIy4llee YpaBHOBELIMBAaHHE
CHJI MHEpLMH, NPUIIOKEHHBIX B LEHTPAX Macc 3BEHbEB, M IPUBEJEHHOIO K OCH BpAILCHUS
HPHBOJIHOTO Bajia KPYTAILEr0o MOMEHTA, BOSHUKAIOLIETO OT ACHCTBUS CHII MHEPLUH, HAOJIH0IaeTCst
IpH 3HAYEHUM yria cMmelieHus kpusoiuno Ae=90°. ITonxyueHHbIE pe3yibTaTbl MOTYT ObITH B
JIJIbHEHIIIEM — HCIIOJIb30BAHbl  JUII  YTOYHEHUs M YCOBEPIIEHCTBOBAHUS  CYILECTBYIOIIMX
WHXXEHEPHBIX METOJI0B pacy&Ta NPUBOAHBIX MEXaHM3MOB MAlllMH POJIMKOBOr0 ()OPMOBAHUS KaK Ha
CTaJUSAX MPOEKTUPOBAHMS, TAK U B PEXKHUMAX PEasIbHOM IKCITyaTaluy.

KuroueBkble ci10Ba: poinkoBas HOpPMOBOYHAsI YCTAHOBKA, TPHBOIHON MEXaHU3M, CHIIA
MHEPLIMU, MOMEHT, yPaBHOBEILIMBAHHE.



ISSN 2410-2547 157
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 107

YK 693.546

Joseiikin B.C., Ilouka K.I., Ilpucmaiino M.O., banaka M.M., Ilouka O.b. ]IlunamiuHe
3piBHOBa’KEHHSI NPUBOJY POJIHKOBOI (hopMyBasIbHOI ycTaHOBKH // / Omip MarepiaiiB i Teopis
criopyn: Hayk.-Tex. 30ipH. — K.: KHYBA, 2021. — Bumn. 107. — C. 140-158. — Anru.

st ponukosoi hopmysanbHol YyCmanosKu 3 8PIGHOBANCEHUM NPUBOOOM PO3ISAHYMO OUHAMIYHE
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The dynamic balancing of the drive mechanism is considered for the roller forming unit with
balanced drive. The drive mechanism imbalance is estimated by the maximum and root-mean-
square values of the total inertia forceand total torque from the inertia forces action, the
dimensionless coefficients, which express the root-mean-square values ratio of the total inertia
force and inertia forces, that act on each trolley, and the root-mean-square values ratio of the
moment from the inertia forces action of the whole mechanism and moment components from the
inertia forces action of the individual elements.

Table 1.Fig. 7.Ref. 20.
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CUTIbL UHEPYUU UCYMMAPHO20 KPYMAWe20 MOMEHMA Om OeUcmeus cun unepyuu, bespasmepHuimu
KOd(Puyuenmami, ebIpadicaroWuMu OmHouleHUe cpeOHeK8aoPaMUIecKUX 3HaUeHUl NPUBEOeHHbIX
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Abstract. During the Joint Forces (anti-terrorist operation) operation in Donetsk and Luhansk
oblasts, civilians and the Armed Forces suffered significanted losses.

As a result, we have needed to study impact various weapons on structure roof of buildings
which built of different materials to improve protective properties is becoming relevant.

Therefore, in modern conditions, design of structures and their elements is not possible
without taking into account impact of shells. When designing and constructing structures, it is
always necessary to take into account resistance of structural elements to impact of damaging
factors, both explosion in general and destructive explosion in particular, which will help avoid
future possible human losses.

The article presents model of calculation shell penetration into soil thickness covered shelter,
consisting of scattering, mattress, distribution layer, load-bearing structure and impact of shells,
mines and air bombs to penetrate the thickness of closed structures.

The purpose article is to highlight main provisions scientific and methodological approach to
calculation multilayer underground protective structures and studies impact of projectiles on
multilayer underground protective structure.

Our research shows that to determine protective thickness mattress of structure, during
penetration of ammunition, first of all, should take into account resistance to scattering, and to
determine thickness distribution layer resistance of mattress.

Depth of penetration projectile into thickness floor structure will depend on: mass, diameter,
shape of main part projectile, as well speed and angle at meeting of projectile with the floor
structure.

Key words: floor, protective structure, mattress, scattering, distribution layer, soil thickness,
projectile, impact action.
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Introduction. Recently, issues of civil protection have become one of
priority issues modern world. Ever-increasing threat terrorist acts and high
probability military conflicts (as an example fighting in eastern Ukraine, which
is supported by the Russian Federation) require a more detailed study security
of buildings.

Unlike open structures (trenches, trenches, etc.), closed structures protect
personnel and equipment from fire. Therefore, the roof structures are
monolithic and multilayer (wood, soil, sand, metal), which assume the main
impact and high-explosive action of striking elements warheads artillery shells,
mortar mines and aerial bombs from the air [1-2].

During from construction structures, the obligatory element work is to
determine the depth penetration warhead projectile material covered structures,
puncture coating made of brittle materials, ricochet warhead projectile from the
coating, as well as its destruction due to impact. These calculations are
performed in order to determine the required level of security building during
hostilities. According to results calculations, we obtain the required thickness
coating layers (soil, sand, wood, wave steel, concrete, reinforced concrete, etc.).

One of mains materials for construction protective structures is concrete
and reinforced concrete, which are an integral part of modern structures.
According to building codes and regulations, structures are designed for
totality all loads that can affect structure [3-4].

Analysis of research and publications has shown [5-8] that the study impact
explosion on buildings is given sufficient attention. However, due to the rapid
growth impact of modern means of destruction, existing scientific and
methodological approaches need to be improved, as they do not fully take into
account a number of important parameters, neglect of which leads to errors in
calculations of protective coating thickness, probability it’s punching or
destruction, and, as a result, to the death of personnel and damage equipment.

The above necessitates a more in-depth study impact of projectile
penetration into the depth protective structure to calculate the stability
structures structure. Therefore, the aim article is to study the impact of
projectiles on the multilayer underground protective structure.

The main material article. Protective structures are widespread in the
general defense system of many states. First of all, due to high strength and
durability of such structures [9].

In the modern development of weapons for various purposes, one main
issues, which throughout development of mankind is essential, is effectiveness
of certain structures, including directly concrete and reinforced concrete [10].

When the warhead projectile falls into the coating of buildings, it
penetrates into its material to a certain depth and after spending energy to
overcome the resistance of this material, it stops, this phenomenon is called
penetration [1-2].

Therefore, when arranging a multilayer coating, it is necessary to determine
the depth of penetration warhead projectile into the soil thickness.
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1. Calculation of shell penetration into the soil. The coating of layered
structure consists of a scattering, mattress, distribution layer and bearing
structure (Figure 1). There is no mattress in light type constructions [11].
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Fig. 1. Scheme for calculating coverage of layered structure

Sprinkling is used to mask structure and to reduce the spread of fragments
when a projectile or air bomb explodes.

Smallest thickness of scattering is accepted 0, 25 - 0, 30 m.

Mattress is designed to prevent the projectile from penetrating deep into
protective layer and cause it to explode at a safe distance from the interior. If
possible, the mattress should be made of such materials that have the best
impact resistance to shells and air bombs masonry, beams or rails, stacked in
rows, concrete, reinforced concrete, etc.). Thickness of the mattress is
determined by Zabudskys formula:

Hy =nh,,, (1)
where # is the coefficient taken according to table 1.
Table 1
The value of the coefficient n
Material n

Soil 1.5

Tree 1.3

Reinforced concrete with flexible anti-splinter reinforcement 1.7

Reinforced concrete with rigid anti-splinter reinforcement 1.5

Reinforced concrete slab on the ground 1.25

Mattress made of concrete or masonry 1.4
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If Thickness of mattress is taken into account when determining thickness
of mattress against impact, value nh,,, should be reduced by a value

equivalent to the resistance scattering; thickness of mattress in this case is
determined by the formula:
K7
Hyp=nh),, —H,—5"-. 2)
pen.

Distribution layer is made of sand or local soil. It is designed to weaken
action of blast wave. Thickness of distribution layer must be such that the
load-bearing structure is not damaged during explosion. This requires that the
load-bearing structure does not fall into the sphere of destruction.

It should be borne in mind that if projectile explodes in mattress, then part
of explosive action is perceived by mattress material, so when determining
thickness of distribution layer, it is necessary to subtract from radius of
fracture sphere calculated for material of distribution layer.

K

Hpczrrpc—l KT , (3)

.
where ¢ — is thickness of mattress below the center of charge, ie distance from
center of charge to bottom of mattress.

The value of ¢, as can be seen from drawing, is equal to:

t=(n—1)H, +%cos a, )
where n — is the coefficient in Zabudskys formula.

The coating of layered structure can be arranged without a mattress, with
soil or stone scattering, which protects against penetrating radiation, mines,
and sometimes whole shells, and with a load-bearing structure in the form of a
continuous row of logs, corrugated steel, reinforced concrete elements, etc.
The coating, calculated on action of fragmentation mines, equipped with
detonators of instantaneous action, must have a thickness of scattering, which
is determined by the formula:

Hozrro—de,Q/E—%cosa, )

0

where 7. — is the radius of sphere destruction in scattering material; K, —

coefficient of susceptibility to destruction scattering material; C — weight of mine
charge in kg; % — half-length mine without a stabilizer; « — meeting angle.

The coating, calculated on combined effect of impact and explosion of
shells or high-explosive minutes, must have a scattering, thickness of which is
determined by the formula:

Hy=h,, +mK,3/C-d, (6)

where m — clogging ratio; d =%cos o; | — projectile length (mines); K, —

coefficient susceptibility destruction of scattering material.
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Such coatings require a large deepening of structure into the ground, and
therefore in many cases their use is impractical.

Protection hull of recessed structures on sides, is possible due to the fact,
that mattress is arranged wider than structure itself, so that projectile
penetrating the edge of mattress, exploded at a safe distance from hull.
Mattress must intercept the shells without letting them into dangerous places
for construction.

Mattress removal, or distance in horizontal direction from edge of frame to
edge of mattress (Figure 2), is determined by the formula:

B= Rsafe + Z’ (7)

where R,,, — smallest distance between center of charge and hull (wall) at

which explosion will be safe for construction; this distance is called safe break
distance, or safe radius; Z — horizontal projection of projectile path under the
mattress.

The safety gap distance R, is usually determined without taking into

account strength of wall by formula:

Rsafe:rr = mKr%’ (8)
where m — clogging ratio; K, — coefficient of susceptibility soil to
destruction; C — charge weight in kg.
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Fig. 2. Scheme for determining the removal of the mattress

The removal mattress is most convenient determine graphically, after some
calculations.

After calculating distance safe gap, postpone scale of its value in horizontal
direction from the wall of structure. A vertical line 4 is drawn through the
obtained point. This line marks boundary beyond which projectile (charge
center) cannot be allowed. Then, realizing the depth penetration of projectile
into the ground put it on a scale from the ground down. From obtained point
(a) draw a line at angle meeting a. This line will be extreme trajectory
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projectile, which must be intercepted by a mattress. The end of mattress is
carried out as shown in Figure 2.
The removal mattress can also be determined by formula:

B=(h%;, —Hy—Hp)tgo+ R, 9)

pen.
where B — mattress removal; H, — scattering thickness; H; — mattress
thickness; o — angle projectile; R,,,, — safe radius.

The removal mattress towards flanks of structure is equal to 0.6-0.7 of
amount removal mattress towards the enemy. The removal mattress rear is
determined by the condition of protecting rear wall from howitzer shells or air
bombs.

To protect the walls from air bombs, mattress is usually arranged
horizontally. To protect against shells, mattress can be arranged in a broken
pattern.

2. Calculation impact of shells mines and air bombs on penetration
into the thickness floor of closed fortifications. In contrast of open, the
closed fortifications, of their overlap, protect personnel, weapons and military
equipment and logistics from artillery fire, which is especially important troops
conducting hostilities at advanced positions [12].

The point of calculation impact artillery shells, mortar mines and aircraft
bombs (hereinafter - shells) on penetration into thickness floor closed
fortifications is that the projectile at time meeting with the floor rotates around
its axis. As a result, the projectile penetrates deeper into the floor of
fortification structure, which increases efficiency its destruction by the
explosion of explosive charge projectile and inflicts damage on personnel and
equipment in the fortifications.

Under these conditions, there is a need to calculate the depth of penetration
projectile into the floor fortification structure in order to create such a
thickness that will withstand the explosion projectile and protect personnel and
equipment.

According to [13] the depth of penetration projectile into the thickness
fortification structure depends shape of the main part projectile, the mass
projectile, its diameter, the velocity projectile at the time of its encounter with
the fortification structure, buildings. This value is determined by the following
formula:

P
Bpen, = Ak ?Vcos a, (10)

where 4 — coefficient that depends on the shape main part projectile; &, —

the coefficient of pliability floor material; P — projectile weight, kg; d —
projectile diameter, m; V' — projectile velocity at the time of meeting with the
floor, m/s; o — the angle projectile with the floor.

Value o depends on the slope floor surface fortification structure and the
angle of incidence projectile, or angle between the horizontal plane floor and
the axis projectile at point of their meeting.
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Thus, if the floor surface fortification is horizontal, the sum angles of
encounter and fall is 90° (Figure 3(a)).
For a vertical surface, the meeting angle is equal angle of incidence (Figure

3(b)).

-

0 1

|4

A\
5

(2)

Fig. 3. Scheme of penetration projectile:
(a) into the horizontal barrier, (b) into the vertical barrier

If the projectile hits the floor fortification perpendicular to its surface, the
direction of movement projectile in the floor does not change, ie remains
straight. In this case, the meeting angle 0=0° cosa=1 and formula (10) takes
the following form:

P
hpen. =A’ern.?V‘ (11)

If the projectile enters the protective layer fortification structure at some
angle to its surface, the penetration into the floor due to the rotation projectile
actually takes place not in a straight line but in a curved trajectory, which is
directed with its convex side to the bottom (Figure 4).

Fig. 4. Scheme penetration projectile into protective layer the fortification structure
at an angle to its surface due to rotation of projectile
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Accordingly, the depth penetration of projectile into the floor of
fortification structure in a curved trajectory will be less than the depth of
penetration in a straight line. Therefore, if the projectile hits the floor of
fortification at an angle of encounter o, then at the end of such penetration,
angle between axis of projectile and perpendicular to the obstacle surface will
be greater than angle of encounter, for example, n times, ie will be equal to na.
Therefore, in formula (10) instead meeting angle «, should be substituted the
average value between o and na, which is equal to the half-sum of these
angles. The formula (10) will take following form:

By, = AK o d—Pchos%. (12)

The coefficient n is called the coefficient of reversal of projectile, value of
which in most cases is taken equal to one.

So, considering that the projectile penetrates into floor fortifications in a
straight line, without reversal, its necessary to increase his thickness, which is
a feature of calculation impact of shells, mines and bombs on penetration into
the floor of closed fortifications.

Conclusions. Our research shows that when penetrating ammunition into the
soil thickness to determine the thickness mattress against the impact action must

take into account the scattering resistance, the value of nh,,, must be reduced

by an amount equivalent to the scattering resistance. If the projectile explodes in
the mattress, then part explosive action is perceived by the mattress material, so
when determining the thickness distribution layer, it is necessary to subtract from
the radius fracture sphere calculated for the distribution layer material the
equivalent of explosive mattress resistance.

During the theoretical study impact of shells, mines and air bombs on the
penetration floor of closed fortifications, it was determined that the depth of
penetration projectile into the floor will depend on: the shape main part
projectile, its mass, diameter, velocity with the overlap structure and the angle
projectile with the overlap structure and the pliability material floor structure.
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Koyropyb6a B.1., Jlayenko LI1., /lauxkoscvruii B.O., Yepesxo P.M., Anopowyxk O.B., L[ubizoe A.JI.,
Kpusyyn B.I.

HAYKOBO-METOIWYHUMI MIIXI/ {010 PO3PAXYHKY BATATOIIIAPOBOI
MIJ3EMHOI 3AXMCHOI CIIOPYIN

3a yac BemenHs omepauii O6’eqHAHMX CHJI (QHTHTEPOPUCTHYHOI oOrmepalii) Ha TepuTopil
JloHenpkoi Ta Jlyrancekoi obsacteit MupHe HaceneHHs Ta 3CY 3a3HaM 3HAYHUX BTpaT.

Crae akTyaJbHUM [UTaHHS 100 HEOOXIAHOCTI BHBYEHHS BIUIMBY Pi3HOMAaHITHOI 30poi Ha
KOHCTPYKIIi HMOKPHTTS CIOpPYH, SIKi MOOYJOBaHi 3 Pi3HUX MartepiaiiB ISl ITiJBHILICHHS 3aXMCHUX
BJIACTHBOCTEH.

ToMy B Cy4acHHMX YMOBAaX IPOCKTYBAHHS CIIOPYZ Ta iX €IEMEHTIB He MOXJIMBE 0€3 ypaxyBaHHs
yaapHoi ail cHapsniB. Ilpu mpoekTyBaHHI Ta OyayBaHHI CIOPYZA 3aBXXIH HOTPIOHO BPaxoBYBaTH
CTIHKICTh €NIEeMEHTIB KOHCTPYKLIH 10 Ail Bpakarouux (axTopis, sk BUOYXY B LIIIOMY Tak i yaapHOI
XBUJI BUOYXY 30KpeMa, 1110 JOMOMOXKE YHHKHYTH MaiiOyTHIX MOMKIIMBHX JIOACBKHX BTPAT.

B crarTi mpencTaBieHO PO3PaxyHOK MPOHHUKHEHHS CHAPSAIB B TOBILY IPYyHTY HEPEKPUTOrO
YKPHUTTS, IO CKIANAETHCS 3 OOCHIAHHS, TIO(SKA, PO3MOIIIBYOro IIapy, HeCydol KOHCTPYKLii Ta
yaapHoi fii cHapsiaiB, MiH i aBiaGoMO Ha HPOHUKHEHHS! Y TOBIILY NEPEKPUTTS 3aKPUTUX CIIOPYA.

MeToro CTaTTi € BHCBITJICHHS OCHOBHHUX IIOJIOKCHb HAYKOBO-METOJMYHOIO ITAXOAY IIOI0
pO3paxyHKy OaraTomiapoBoi MiA3eMHOI 3aXMCHOI CIIOPYAM Ta AOCITIMIKEHb BIUIMBY yaapHOi Aii
CHapsIIiB Ha 6araToIIApOBY ITi3EMHY 3aXUCHY CLOPYLY.

[IpoBeneHe MOCTIMKEHHS MOKA3ye, 10 AJs1 BU3HAYCHHS 3aXUCHOI TOBIIMHU TIO(SKA CIOPYIH,
iJ Yac NMPOHHMKHEHHs OOempumacis, B IEPIIy 4Yepry, CIiJ BPaXxOBYBaTH OIIp OOCHHAHHSI, a UL
BU3HAYCHHSI TOBILMHY PO3MOALILHOrO LIApPy OIip TIO(SKA.

I'mubrHa NPOHHKHEHHs CHApSAy y TOBLIY IEPEKPHTTS CHOpyaH Oyde 3ajexaTd Bix: Macu,
niamerpy, (OpMH TOJOBHOI YaCTHHH CHApsiIy, a TAaKOXK BiI IIBHAKOCTI PyXy Ta KyTa y MOMEHT
3yCTpivi CHaps/Ia 3 IEPEKPUTTSIM CIIOPYIH.

Key words: nepekputTsi, 3aXHcHa CIOpyZAa, TIO(QSK, OOCHIIAHHS, PO3MOALIBYMH IIap, TOBIIA
IPYHTY, CHapsiA, yAapHa JisL.

Kotsiuruba V.1., Datsenko I.P., Dachkovsky V.O., Cherevko R.M., Androshchuk O.V.,
Tsybizov A.L., Kryvtsun V.I.
METHODOLOGICAL AND SCIENTIFIC APPROACH INTO THE PROCESS OF
CALCULATION A MULTILAYER UNDERGROUND PROTECTIVE STRUCTURE

During the Joint Forces (anti-terrorist operation) operation in Donetsk and Luhansk oblasts,
civilians and the Armed Forces suffered significanted losses.
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As a result, we have needed to study impact various weapons on structure roof of buildings
which built of different materials to improve protective properties is becoming relevant.

Therefore, in modern conditions, design of structures and their elements is not possible without
taking into account impact of shells. When designing and constructing structures, it is always
necessary to take into account resistance of structural elements to impact of damaging factors, both
explosion in general and destructive explosion in particular, which will help avoid future possible
human losses.

The article presents model of calculation shell penetration into soil thickness covered shelter,
consisting of scattering, mattress, distribution layer, load-bearing structure and impact of shells, mines
and air bombs to penetrate the thickness of closed structures.

The purpose article is to highlight main provisions scientific and methodological approach to
calculation multilayer underground protective structures and studies impact of projectiles on
multilayer underground protective structure.

Our research shows that to determine protective thickness mattress of structure, during
penetration of ammunition, first of all, should take into account resistance to scattering, and to
determine thickness distribution layer resistance of mattress.

Depth of penetration projectile into thickness floor structure will depend on: mass, diameter,
shape of main part projectile, as well speed and angle at meeting of projectile with the floor structure.

Key words: floor, protective structure, mattress, scattering, distribution layer, soil thickness,
projectile, impact action.
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The article presents model of calculation shell penetration into soil thickness covered shelter,
consisting of scattering, mattress, distribution layer, load-bearing structure and impact of shells,
mines and air bombs to penetrate the thickness of closed structures.
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The building patrimony of Ukraine includes various examples of metallic structures, especially
applied for industrial purposes and in large-span structures. The use of metal structures in
construction is due primarily to their mechanical properties. They are frost-resistant and able to
withstand temperatures down to -65 degrees as well as they are hard, durable, strong and reliable.
They can also be used in areas with high seismic activity. However, as in the case of other types of
structures, there is a need to restore or strengthen metal structures due to structural defects, wear of
load-bearing elements, as well as to increase the load-bearing capacity. In several situations,
strengthening with Fiber Reinforced Polymer composites (FRP) gives better results. The current
article deals specifically with this strengthening technique. The main cultural reason to restore the old
metallic structures and provide a structural functionality, is based on the need to preserve not only
their historical origins but also the scenery value of the places in which they are located. That is why
the strengthening should be carried out with the aim of maintaining the original design idea.

Due to the long-term operation without timely maintenance and major repair, unique and metal
large-span structures require strengthening of the load-bearing structures. It is especially important to
choose the most efficient method, both in terms of reliability and cost effectiveness. This can lead to
the long term interruption of the structure operation and production process, or the inability to use the
adjacent territory due to the reconstruction work. At the same time, it is necessary to preserve not only
the structure as a whole, but also the external architectural appearance.

Traditional methods of strengthening are effective, but in some cases not effective or not
applicable for use. An example is the increase of the load-bearing structures of the buildings,
preserving the external appearance of which is the determining factor. In this case, the use of the
discussed methods can be justified alternative. Disadvantages of steel panels and rods for
strengthening are possible corrosion, considerable weight, need for high labor content of the work,
and consequently the high cost of labor required to perform the work that need large area.

Nowadays, one of the most dynamic types of large-span structures in architectural and structural
view are suspension roofs. The aim of the research is the evaluation of the bearing capacity of the
suspended rigid threads strengthened with CFRP (carbon fiber reinforced polymer) laminates and
provision the general recommendations to implement reconstruction and strengthening with this type

© Rudnieva 1., Priadko Y., Tonkacheiev H., Priadko M.
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of material. Therefore it was considered variant of strengthening suspended bending-rigid fibers by
composite materials. Computations are performed in software ABAQUS, as a result of which the
percentage reduction in vertical deformation was 26.6% for bending-rigid fibers strengthened with
CFRP laminates. The value of tensile stresses reduced by about 14 %.

The obtained results of the study confirm the need for further studies and research.

Keywords: methods of strengthening, FRP material, metal structures, suspended rigid
threads, stress-strain state, computational methods. composite materials, reinforcement, defects,
damage, reconstruction, bearing capacity.

Introduction. Nowadays, Ukrainian building patrimony includes various
examples of metallic structures, especially applied for industrial purposes and
in large-span structures. The use of metal structures in construction is due
primarily to their mechanical properties. They are frost-resistant and able to
withstand temperatures down to -65 degrees as well as they are hard, durable,
strong and reliable. They can also be used in areas with high seismic activity.
However, as in the case of other types of structures, there is a need to restore
or strengthen metal structures due to structural defects, wear of load-bearing
elements, as well as to increase the load-bearing capacity. At the same time, it
is necessary to preserve not only the structure as a whole, but also the external
architectural appearance.

The currently used traditional reinforcement methods to restore or increase
the load-bearing capacity of metal structures are based on the use of steel
plates by bolting and welding. They are very relevant and effective, but can not
always be used in the case of reinforcement of load-bearing structures when
the strengthening should be carried out with the aim of maintaining the
original design idea. The disadvantages are that the steel plates increase the
load on the structure and are prone to corrosion and fatigue as well as it is
difficult to weld the reinforcing structure to the main structure. For example, in
case when light weight and preservation of the appearance of spatial structures
above the stands of stadiums is a determining factor, where a feeling of
lightness is highly desirable.

In some cases, the costs associated with reinforcing an existing structure
using external reinforcement with composite FRP materials are often less than
those required for dismantling or renovating the building. This is not only from
an economic and constructive, but also from a social point of view.

FRP can be applied to steel structures either by gluing composite sheets
with a thermosetting resin or, it can be pre-stressed pultrusion laminates.
Particular attention should be paid to the effectiveness of bonding techniques.

As for the choice of fiber, carbon is often the most suitable due to the
higher value of the Young's modulus of elasticity than steel. Neither fiberglass
nor aramid fibers have such qualities.

The purposes of strengthening metal structures with composite materials
are to increase or restore the tensile strength, increase or restore the flexural
strength, increase fatigue strength. Recent studies have also revealed the
possibility of increasing or restoring the bearing capacity of thin compressed
elements. However, the amount of both theoretical and experimental research
is still not enough to determine a reliable design procedure.
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The use of FRP materials overcomes some of the difficulties associated
with using traditional methods and materials for strengthening. FRP materials
have much higher strength-to-weight ratio than steel [18, 19]. They are much
more resistant to corrosion and almost not exposed to it as well as extremely
easy to use.

A significant effect of metal structures strengthening by external
reinforcement with composite FRP-materials can be achieved by reinforcing
the beams of industrial buildings or long-span structures. Such elements when
reinforcing by traditional methods require complex design solutions, high
labor costs, interruption of the production process to perform reinforcement
work, as well as the weight of the reinforcing structure is often significant.
Thus, the costs associated with strengthening the existing structure by external
reinforcement with FRP-materials, both from an economic and social point of
view, are often much lower than those required for dismantling or
reconstruction of the structure.

To get a complete picture of a competent approach to provide the durability
of such kind of structures as a result of computation, it is necessary to take into
account an issue of structural reliability. This issue is so crucial since the study
of limit states method has revealed that it does not provide required level of
reliability for described kind of unique structures. At the same time, the
recommended by regulations general measures to provide the structural
reliability, in particular Eurocodes [8] (grading by consequences classes (CC)
of structure, reliability classes (RC) etc.) do not always provide the required
level of reliability g for structures with high consequence for loss of human

life or economic, social or environmental consequences. Therefore, it is
necessary to apply direct methods of the reliability theory.

2. Analysis of the latest achievements and publications. The main existing
documents in the field of strengthening of metal structures by composite
materials including recommendations of computation and design are:

* Eurocode 8 — Design of structures for earthquake resistance Part 3:
Assessment and retrofitting of buildings. EN 1998-3:2004. European
Committee for Standardisation (November 2004) [11].

* FIB bulletin 14. Externally bonded FRP reinforcement for RC structures.
July 2001 [7].

* CNR-DT 202/2005 «Guidelines for the Design and Construction of
Externally Bonded FRP Systems for Strengthening Existing Structuresy.
Metallic structures. Preliminary study. ROME — CNR, 2007. 57 p. [5].

* ACI Committee 440 (2002) Guide for the design and construction of
externally bonded FRP systems for strengthening concrete structures (ACI
440.2R-02). American Concrete Institute, Farmington Hills, MI, USA [6].

The relevant research in the world now focuses only on some special issues
such as the reinforcement of stretched elements or reinforcement of stretched
bending elements to reduce stresses in operation due to increased loads or
corrosion [1-4, 17, 23], as well as the strengthening of riveted elements to
avoid the spread of fatigue cracks [35]. The effectiveness of using bonded
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CFRP sheets or plates to improve the fatigue strength has been examined by
various researchers [4, 33, 34]. The features of fatigue strength of steel and
CFRP adhesive bonds are presented in papers [35-38].

Great contribution to the theory of design with application of FRP-systems
was made by G. Boscato [4], V. Zerbo and A. Di Tommaso [17]. However, in-
depth information on the nonlinear behavior of metal structures, in particular
suspended structures of large span roofs reinforced with FRP, is still absent.

The reliability of metal structures in buildings and statically determined
and non-determined systems have been investigated by several researchers,
such as as G. Augusti, A. Baratt, V. Bolotin etc. Its major problems and some
examples are described by Pichugin [43]. The reliability issue of suspension
roofs was described by Priadko [33] but it doesn’t consider the strengthening
with FRP-materials.

3. Modeling of the suspended rigid threads. Nowadays, one of the most
dynamic type of large-span structures in architectural and structural view are
suspension roofs (Fig.1 and Fig. 2). The aim of the research is the evaluation of

the bearing capacity of the suspended rigid threads strengthened with CFRP
laminates.
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Fig.1. Structural schematic drawing of spatial and rod suspension roof:
1, 2 — external and internal contours, 3, 4, 5 — radial, annular and diagonal components

Thus, taking into account the above advantages of FRP-materials, the
option of strengthening the suspended steel structure by external reinforcement
with gluing a high-strength fiber-reinforced carbon-based system was
considered in current research. The model of the suspension roof was created
in AutoCad. The obtained scheme was transferred to the software ABAQUS /
CAE to carry out the macro analysis and determine the internal forces and
deformations in structural elements. At the same time, 3D-models of roof
joints (microanalysis) were made in SolidWorks and transferred to ABAQUS.
Thereafter, the calculations of the model based on the finite element method
were performed in a software ABAQUS.
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Fig. 2. Structural schematic drawing of spatial and rod roof. Open-cut mine 1-1

Fig.3. Suspension roof of the stadium with a cut on the elliptic plan.(transition from the rod
scheme to 3D model)

A new roof was designed using standard football stadium roof dimensions
(Fig.1 and Fig. 2). The main load-supporting elements of the roof are external
contour, supported by stadium columns or walls; internal unsupported contour
supported by thrust; rigid threads with a truss form (Fig. 3). The roof contours
are designed by welded box-section from steel sheet. All the other elements of
the supporting structure made by box-shaped profile. Two types of design load
were considered: a constant load (structure weight) and a temporary load (snow),
which is 160 kg/m”. As shown in Fig. 2, the external contour is fixed along its
length, though the internal contour is not fixed and is only supported by the
thrust.
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4. Stress and strain state computations. Computations of the suspended
rigid threads are performed in software ABAQUS. The modeling is shown on
Fig.3-4.

The biggest stresses and strains in the suspended rigid threads appear in the
area close to the external supporting contour. Thus, it was decided to consider
stress and strain state of the suspended rigid threads in this zone before
strengthening by CFRP and after strengthening by CFRP (Fig. 4 — 6).
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Fig. 4. Modeling and loading of the bending-rigid threads of a through section strengthened by
CFRP in software ABAQUS

Looking at the Fig. 5 and 6 it might be concluded that after the
strengthening by CFRP laminates, decrease of the vertical deformations was
26,6 % as well as the value of tensile stresses was reduced by about 14 %.

5. Reliability issue. In engineering, the reliability evaluation of complex
systems is usually concerned with the examination and analysis of two
principal kinds of joints:

a) series connection, failure-free work probability of which at independent
components is determined as:

m
P,=[]~. (D
i=1

where P, is probability of failure-free work of i-component;
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(@) (b)
Fig. 5. Results of computation of the suspended bending-rigid fibers in software ABAQUS (stress):
(a) before strengthening by CFRP; (b) after strengthening by CFRP

U, Magkude U, Magniude

(@) (b)
Fig. 6. Results of computation of the suspended bending-rigid fibers in software ABAQUS
(magnitude): (a) before strengthening by CFRP; (b) after strengthening by CFRP

b) parallel connection
m
p,=1-TTa-p). #)
=1

Series connection in probabilistic sense can be used to describe statically
determined systems, e.g. trusses, though a practical evaluation of real
structures reliability cannot be reduced to the application of a simple equation
(1) due to the correlation between resistance indices of components.

The activities of statically non-determined systems is definitely associated
with parallel connections, but the evaluation of its reliability cannot be defined
by (2), because of the redistribution of forces in the system after the failure of
separate components, which are dependent. Thus, the reliability evaluation of
statically non-determined structures requires a thorough and careful analysis of
the stress-stained state and failure under load, and also considering distinct
features of component failures and the system as a whole.

The method described in [32] solves this issue and takes into account an
individual approach while ensuring the required level of reliability of the
building structure. The described method is devised for the static steel
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cantilever frame structures of roofs above the stadium stands. However, it
might be applied to other spatial steel rod structures whose elements work as
trusses, i.e. the system described in the current article. The internal force factor
in the elements of such structures is the longitudinal force.

On the results of the computations performed according to the above-
described method, the values of the safety factor y. and the reliability index 3
(failure range) might be obtained.

The safety factor v, [12] is proposed to be calculated as follows [43]:

a’ P
— 5 — O
1_7m(1_‘u0k0 O)
R)r/l(l_aurkr)

where: y,, — material reliability factor; 67 — standard deviation of stresses

Ve = 3)

arising in the considered structural element; u,,u, — mathematical

expectation of the stress values in the considered structural element and the
mathematical expectation of a random variable of the material strength (the
yield strength); k,,k,. — variation coefficients of two considered random

variables; 17;’ — the standard value of the designed material strength of

construction; o} — the designed value of the stresses in the element obtained

by ordinary deterministic design calculation.
Reliability index [ calculation:

R-0
T )
JSz+S5

where: S, — standard deviation of the random variable of material yield

strength; S, — standard deviation of the random variable of stresses in the

structural elements; R — mathematical expectation of the random variable of
material yield strength; O — mathematical expectation of the random variable
of stresses in the structural elements;

The obtained values of y. and  must be compared with the regulatory ones
[8, 12, 45, 46]. If the results are inconsistent, the FRP cross-section is
corrected [5].

6. Proposed recommendations. Despite the large amount of information
about FRP-materials, questions of alternative methods for structural strengthening
by FRP-materials and provision of its reliability remain unexplored. In addition,
durability requirements, adaptability to manufacture, economic -efficiency,
ecological and social factors should be fulfilled in total volume.

Based on the above, we can recommend the following:

e preliminary computation in software based on finite element method;
e analysis of survivability;
e designing by the requirements of method of limit states;
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o design based on evaluating the reliability and durability of various ways of
strengthening in various cases, available to designers.

7. Conclusion. This article attempts to review recent issues and
developments in structural reinforcement using FRP materials and provides a
general approach for implementing reconstruction and reinforcement with this
type of material.

On the results of theoretical research, it was established that after the
strengthening by CFRP laminates, decrease of the vertical deformations was
26,6 % as well as the value of tensile stresses was reduced by about 14 %.

It is possible to increase the reliability of the structure by using the FRP
materials in strengthening the tensioned elements.

The suspended rigid threads strengthened with CFRP laminates show
enhanced ductility.

The main principle of placement of composite laminates, grids, rods
consists in a parallel arrangement to tensile stresses.

The use of such FRP-materials for strengthening metal structures is not
developed as for concrete, reinforced concrete, brick and masonry.

Currently, there is practically no scientific literature on experimental and
analytical studies of the behavior of metal building structures, in particular,
supporting metal elements of the through-section strengthened by external
reinforcement using high-strength fiber-reinforced polymer systems. The
existing guidelines for the design and strengthening of metal structures using
FRP materials can only be applied to bending members that are tensile-
reinforced at the beams bottom and are based on the hypothesis of linear
elastic behavior of steel.

This paper proposes a method based on the compatibility of deformations to
determine the stress-strain state of the strengthened supporting metal elements of
the through-section of suspended rod shell by external reinforcement using high-
strength fiber-reinforced polymer systems. The proposed method is general and
can be used to determine the stress-strain state of steel elements strengthened by
carbon FRP (provided that steel and FRP material are rigidly connected), taking
into account material nonlinearities and with any type of geometry of the original
structure and reinforcement elements.
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Pyonesa L., IIpsoxo FO., Tonkauees I'., IIpsioko M.

JOCHIKEHHST E®EKTUBHOCTI MNIACUWIEHHSI METAJIEBUX EJIEMEHTIB
BUCSYIX IIOKPIBEJb 3A JOINOMOI'OIO ®IBPOAPMOBAHUX CHCTEM:
AHAJITHYHAN MIXIT

byniBenpHa cmammmHa YKpaiHH BKIO4ae B ceOe pi3HI NPHKIALH METAIEBHUX KOHCTPYKIIM,
0COOJIMBO THX, 1110 BAKOPUCTOBYIOTHCS B IPOMHCIIOBHX LIJISIX 1 B BEIMKOIPOIBLOTHHUX CIIOPYAaX.

3acTocyBaHHS METAJICBUX KOHCTPYKUi B OyIIBHMITBI 3yMOBJIEHe, Mepuml 3a Bce, IX
MEXaHIYHHMH BJIACTUBOCTSIMH. BOHM MOpO30CTIiiiKi i BUTPHMYIOTH TeMIepaTypy A0 -65 rpaaycis,
JKOPCTKI, CTifiki, MirHI 1 HazifiHi. Takox X MOXHAa BHKOPHCTOBYBATH B pailOHaX 3 IIiBUILIECHOIO
ceffcMIYHOIO aKTHBHICTIO. AJie, SIK 1 y BUIIQAKY 3 IHIIMMH THIIAMH KOHCTPYKLIH, iCHye HEOOXiHICTh
y BigHOBJICHHI a0 MiJCHJICHHI METaJeBUX KOHCTPYKLIH BHACIIZOK KOHCTPYKTHBHHX He(eKTiB,
3HOCY HECYYHX €JIEMEHTIB, & TAKOXX 3 METOI0 30ULIBIICHHSI HECY4Oi 34aTHOCTI. Y ACSIKHX BHIAIKaX
IiJCHJICHHS 3 3aCTOCYBaHHSM BHCOKOMILHHX (iOpOoapMOBAHHMX CHCTEM JA€ Kpallli pPe3ysibTaTH, HiK
TpaauLiiiHi Meroau migcuiieHHs. Llst crarTs npucBsueHa came Wil Texwiui migcuiienHs. OCHOBHA
KYJIbTYpHA NIPHYHHA BITHOBJICHHS CTAPHX METAJICBUX KOHCTPYKLIH, sIKi rapaHTyIOTh KOHCTPYKTHBHY
(DYHKIIOHAJIBHICT Ta HECy4y 3/aTHICTh, 3aCHOBaHA HE TUIbKM Ha HEOOXiHHOCTI 30epexeHHs iX
ICTOPUYHOrO TTOXOMKEHHS, a i Ha LIHHOCTI JaHMWA(Ty, B SKUX BOHM PO3TALIOBaHI. 3 LHX IPUYHH
I ICHJICHHSI TIOBUHHO MTPOBOANTHCS 3 METOKO 30€pEeKEHHS [IEPBICHOT IM3aitHEepChKOT i1ei.

VHiKaJBHI 1 BEIMKOIPOIBOTHI CIOPYIH, SIKI MPOSKTYIOTHCS 3 METally, B Pe3yibTaTi TPUBAIOL
eKcIUTyaTalil, 0e3 CBOEYaCHOIO TEXHIYHOro OOCIYrOBYBaHHS Ta KamiTaIbHHX PEMOHTIB,
HEJIOCTaTHBOI MIL[HICTh MaTepialliB KOHCTPYKIIii, 30Kpema, 1110 MatoTh EIEMEHTH, IO MPALOITh Ha
3rUH, HOTPeOYIOTh MiJCHJICHHS HECYYMX KOHCTPYKLIH B pe3yJabTaTi KOHCTPYKTHBHUX He(EKTiB,
3HOCY, Ui 30iNbIICHHS HeCy4oi 34aTHOCTI B pe3yJibTaTi 3MIHH IOrOJHMX YMOB Ta JIFOUHX
HOPMATHBHUX JOKYMEHTIB B YKpaiHi, M ABUIICHHS HaiiIHOCTI, IPOJOBIKEHHS 1X eKCIUTyaTaLlii TOLIO.
Oco0IMBO BOXIIHBUM € BUOIP MAKCUMAIBbHO e(EKTUBHOIO METOAY, K 3 TOYKH 30py HaIifHOCTI, Tax i
3 TOYKHM 30py PEHTAOEIbHOCTI, Ha IO BIUIMBA€ TPUBAJIC IPUIMHEHHS EKCIUIyaTalii CIopyaH,
3yIMHKAa BUPOOHUYOro Mporecy abo HEMOXKIJIMBICTh KOPHCTYBATHUCS IPHJICIIION TEPUTOPIEO LIS
BHKOHAHHsI POOIT 3 pekoHcTpyKuil. IIpn 1iboMy HeoOXinHo 30eperTH He TiIbkH OyiBIIO B LijoMYy,
asie 1 30BHIMIHIN apXiTEeKTypHUI BUIJISA CIIOPYAH.

TpaauuiiiHi METOH iACHIICHHS Ii€Bi, ane B JEsIKUX BUMagkax HeedekTuHi. [Ipuknagom Moxe
CIY)KUTH 30UIbLICHHS PO3MIPIB HECYYNX KOHCTPYKLH OyaiBenb, 30epe)KeHHs 30BHILIHBOrO BUIIIILY
SKHX € BU3HA4YaIbHUM (akTopoM. HemosmikaMu BUKOPHCTaHHS CTaJleBUX IUIACTHH TA CTPYDKHIB UL
HIJICHJICHHS € MOXJIMBA KOPO3is, BOHH MAlOTh 3HAuHy Bary, a TAaKOX, JUISI MOHTaXy CTAJICBHX
€IIEMEHTIB MOTPiOHA BENMKA TPYAOMICTKICTB, @ OTIKE, 1 BUCOKA BapTICTh MOHTAXY.

CporopHi OmHMM 13 HAWAMHAMIYHINIMX BHUIIB  BEIMKONPOIBOTHHX KOHCTPYKIIH B
apXITEeKTYpHOMY 1 KOHCTPYKTMBHOMY BiJHOLIEGHHI € MiABiCHI MOKpiBIi. MeTol IOCHI/UKeHHS €
OLlIHKAa HeCcyd4ol 3[aTHOCTI BHCSYMX 3THHAIBHO-KOPCTKMX HHTOK, IMIICHICHUX BHCOKOMILHUMH
(hiOpoapMOBaHMMH CHCTEMaMH Ha OCHOBI YIJIepojay, Ta HaJ@HHs 3arajbHUX PEKOMEHIALil 11010
IPOBEICHHS PEKOHCTPYKIIii Ta MiJCHICHHS LM BHAOM MaTepiany. ToMy Oyio po3rissHyTo BapiaHT
HIICHJICHHS BHCSYMX 3THHAIBHO-KOPCTKHX HHUTOK KOMIIO3MTHHMH Matepianamu. Po3paxyHKH,
BUKOHaHI B cy4yacHoMmy mporpamHoMy komiuiekci ABAQUS/CAE, 3acHoBaHOMY Ha METOJi
CKIHYCHHHX EJICMEHTIB, MMOKa3aJM, IO ITC/Is BKIKOYCHHS B POOOTY BYIJICIUIACTHKH BiJICOTKOBE
3MEHIICHHS BEPTUKAJIBHOrO TPOTHHY CKJIao 26,6% JUlsl 3rMHAJbHO-KOPCTKUX HUTOK, IMiACHICHHX
KOMITO3UTHHM MaTepialoM 3 BYIVICIUIACTHKH. BenuuuHa pO3TATYIOYHMX Halpy)KeHb 3HU3MIACH
npubm3Ho Ha 14%.

OTpuMaHi pe3ysibTaTd JOCIIIKESHHS i ITBEPIHKYIOTh HEOOXIAHICTh MOAANIBIIMX JTOCIIKEHb.

Kutrouogi ciioBa: Meroau mincuieHHs, (pibpoapMoBaHi CHCTEMH, METaJeBl KOHCTPYKIii, BUCSUI
3rHHAIBHO-KOPCTKI HHUTKH, HAIpPY)XXCHO-Ie)OPMOBAHHIl CTaH, METOIH PO3PaxXyHKY, KOMIIO3HUTHI
MaTepiany, apMoBaHHil BookHOM mojiMep FRP, nedekty, momKkomKeH s, pEKOHCTPYKLIs, Hecyda
3[aTHICTb.

Rudnieva L., Priadko Y., Tonkacheiev H., Priadko M.
INVESTIGATION OF THE EFFECTIVENESS OF STRENGTHENING WITH FRP
APPLIED IN METAL ELEMENTS OF SUSPENSION ROOF: AN ANALYTICAL
APPROACH

The building patrimony of Ukraine includes various examples of metallic structures, especially
applied for industrial purposes and in large-span structures. The use of metal structures in
construction is due primarily to their mechanical properties. They are frost-resistant and able to
withstand temperatures down to -65 degrees as well as they are hard, durable, strong and reliable.
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They can also be used in areas with high seismic activity. However, as in the case of other types of
structures, there is a need to restore or strengthen metal structures due to structural defects, wear of
load-bearing elements, as well as to increase the load-bearing capacity. In several situations,
strengthening with Fiber Reinforced Polymer composites (FRP) gives better results. The current
article deals specifically with this strengthening technique. The main cultural reason to restore the old
metallic structures and provide a structural functionality, is based on the need to preserve not only
their historical origins but also the scenery value of the places in which they are located. That is why
the strengthening should be carried out with the aim of maintaining the original design idea.

Due to the long-term operation without timely maintenance and major repair, unique and metal
large-span structures require strengthening of the load-bearing structures. It is especially important to
choose the most efficient method, both in terms of reliability and cost effectiveness. This can lead to
the long term interruption of the structure operation and production process, or the inability to use the
adjacent territory due to the reconstruction work. At the same time, it is necessary to preserve not only
the structure as a whole, but also the external architectural appearance.

Traditional methods of strengthening are effective, but in some cases not effective or not
applicable for use. An example is the increase of the load-bearing structures of the buildings,
preserving the external appearance of which is the determining factor. In this case, the use of the
discussed methods can be justified alternative. Disadvantages of steel panels and rods for
strengthening are possible corrosion, considerable weight, need for high labor content of the work,
and consequently the high cost of labor required to perform the work that need large area.

Nowadays, one of the most dynamic types of large-span structures in architectural and structural
view are suspension roofs. The aim of the research is the evaluation of the bearing capacity of the
suspended rigid threads strengthened with CFRP (carbon fiber reinforced polymer) laminates and
provision the general recommendations to implement reconstruction and strengthening with this type
of material. Therefore it was considered variant of strengthening suspended bending-rigid fibers by
composite materials. Computations are performed in software ABAQUS, as a result of which the
percentage reduction in vertical deformation was 26.6% for bending-rigid fibers strengthened with
CFRP laminates. The value of tensile stresses reduced by about 14 %.

The obtained results of the study confirm the need for further studies and research.

Keywords: methods of strengthening, FRP material, metal structures, suspended rigid threads,
stress-strain state, computational methods, composite materials, reinforcement, defects, damage,
reconstruction, bearing capacity.
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To confirm the reliability of the results obtained on the basis of the semi-analytical finite element
method using the approaches suggested in [1-2, 4-6], a wide range of test problems is considered.
Within the framework of the elastic approach, the spatial problem of an unevenly loaded shell, the
middle surface of which has the shape of an elliptical paraboloid, is considered. The substantiation of
the reliability of solutions obtained on the basis of the semi-analytical finite element method for
physically nonlinear problems was carried out using the example of elastic-plastic calculation of an
unevenly heated cube, the physical and mechanical characteristics of the material of which depend on
temperature. To substantiate the reliability of the results obtained when solving problems of large
plastic deformations, the elastic-plastic deformation of a parallelepiped between plane-parallel plates
in the absence of contact friction is considered.

Comparison of the results obtained by the semi-analytical finite element method for problems in
an elastic, elastic-plastic formulation and taking into account large plastic deformations with the
results of other authors shows the reliability of the proposed method.

Keywords: semi-analytical finite element method, stress-strain state, elastic and elastic-plastic
deformation, physical and geometric nonlinearity, shape change, curvilinear prismatic bodies.

Introduction. The efficiency of applying the semi-analytical finite element
method to solving spatial problems depends on the correct choice of the
algorithm for solving systems of linear and nonlinear equations. Analysis of the
main indicators, such as ensuring the accuracy of the solution and computational
costs, shows that the most effective are combined algorithms based on a
combination of stepwise and iterative methods. For matrices of systems of
resolving equations of the semi-analytic finite element method, a block structure
is characteristic. To solve systems with such a matrix, it is most natural to use the
block iteration method. When considering physically and geometrically
nonlinear problems, the solution was carried out by the step method of
integration over a parameter in combination with the method of block iterations.

The reliability of the application of the created numerical approach to the
study of prismatic spatial objects with variable physical and geometric

© Vorona Yu.V., Maksimyuk Yu.V., Martyniuk I.Yu., Maksimyuk O.V.
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parameters was confirmed by solving control problems in an elastic, elastic-

plastic formulation and taking into account large plastic deformations.

The spatial problem of an unevenly loaded shell. Within the framework
of the elastic approach, the spatial problem of a non-uniformly loaded shell is
considered, the middle surface of which has the shape of an elliptical
paraboloid (Fig. 1):

@z* -a (2% -b)’
24> 207 .
For this task, the following values of the constants are accepted: a=10,

b=12. Shell thickness #=2. Elastic modulus of material E=1. Poisson's ratio

(v=0.3).
The boundary conditions at the ends are specified for the middle layer as:

z'=|1-

()

at 22 =0,72" =a, 6°° =U" =U% =0,

, , . , , ()
atz? =0,2% =b, ¥ =U" =U> =0
Table 1
. z'=0 zV=04 | ZV=08 | ZV'=12 | Z'=16 AR
3 ; ; , , v v
vl % Ut % | Ut % Ut | % U | % U e
3 | 0.794 | 8.6 | 0.808 | 8.5 | 0.814 | 8.4 | 0.874 | 8.3 | 0.808 | 8.2 | 0.796 [1.7
5 | 0.839 3.3 0850 | 3.7 ] 0.858 | 3.5 | 0.859 | 3.3 | 0.852 | 3.2 | 0.844 p.4
9 | 0.841 | 3.2 0.853 | 3.4 | 0.862 | 3.0 | 0.861 | 3.0 | 0.857 | 2.6 | 0.849 [I.8
3] [0850] — [0.883 | — [0.889 | — |0.888 | — [0.880 | — | 0.885 [

Due to symmetry, one fourth of the shell is considered.

Loading is carried out along the outer surface of the body with a distributed

load, the intensity of which is determined by the formula:
16 nz>  nz%

ql!(Zzy, Z3')=——zsin sin
I

€)

a

A solution to a similar problem was carried out in [3].
In the cross-sectional plane, finite element discretization was carried out

with the same number of nodes in the Z' and Z2 directions equal to 9. In the

7z direction, the displacements were approximated by a series expansion to
polynomials.

To determine the required number of retained members of the series when
solving the problem from an external load changing in the third direction
according to the sine law, a convergence study was carried out (Tab. 1). The

accuracy of calculating the displacements in the Z I direction was determined
as a percentage in relation to the result given in [3].
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Fig. 1. Unevenly loaded shell, the middle surface of which has the shape
of an elliptical paraboloid

It can be seen from the table that the solution obtained by keeping 5 terms
of the expansion (m3;=5) is slightly inferior in accuracy to the solution at m;=9,

at U" , calculated by this method, it agrees well with the results of the authors
[3], there is a discrepancy in the region 3%.

When comparing other characteristics of the stress-strain state of a thick-
walled shell, in particular, stresses >3 , which are maximum for this problem
(Fig. 1), similar results were also obtained.

Elastic-plastic calculation of an unevenly heated cube. The validation of

0,5 the reliability of solutions

f obtained on the basis of the semi-
A o analytical finite element method
7 \ for physically nonlinear problems
is carried out using the example of
. elastic-plastic calculation of an
'& unevenly heated cube, the
v physical and mechanical
characteristics of the material of

which depend on temperature. The

7?' cube, the side length of which is

0,5

e 800 2a=1, is made of steel (Fig. 2)

W The thermomechanical

800 800 rc characteristics of the material are
Fig. 2. Calculation diagram of a cube and given in the work [8].

temperature distribution diagrams The object is exposed to an
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inhomogeneous temperature field, the law of temperature change is adopted in
the form:
T =800cos(nZ" )cos(nZ? ) cos(nZ>). 4

The results of solving this problem are compared with the previously
obtained traditional FEM in work [7].

In fig. 2 shows the design diagram of the object and the temperature
distribution diagrams. Convergence studies have shown that a uniform mesh
with a total number of elements equal to 16 should be used in the cross-
sectional plane, and along the decomposition coordinate by a factor of 2 leads
to a change in the result by less than 2%.

The results of solving the problem are presented in the form of diagrams of
maximum stresses for elastic and elastic-plastic variants of calculation and
curves depicting the boundary of the zone of plastic deformations (Fig. 3). The

stress distribution o7 is shown near the vertical axis of symmetry of the cube
(z% =7% =0.06).

aM.10°%, |27 I [ =— o8y
Mila e [TART

elazbic-gleztic
-~ selation [7]

Q- o elezbic zelution
- EFEN 77

Fig. 3.Results of solving the problem of calculating an unevenly heated cube

The solid line corresponds to the elastic-plastic solution, the dotted line to

the elastic solution given in [7].The circles show the values of o33 , obtained
by the semi-analytic finite element method.

As we can see, it is observed that there is a good agreement between the
results when considering a non-uniformly heated cube both in the elastic and
in the elastic-plastic formulation. The maximum calculation error for

o> does not exceed 2%.
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In the plane Z 220 the boundary of the zone of development of plastic
deformations is indicated. The curves constructed on the basis of the semi-
analytical finite element method and in the article [7] practically coincide.

Elastic-plastic deformation of a parallelepiped between plane-parallel
plates in the absence of contact friction. To substantiate the reliability of the
results obtained on the basis of the developed approach in solving problems of
large plastic deformations, the elastic-plastic deformation of a parallelepiped
between plane-parallel plates in the absence of contact friction is considered.

The initial height of the parallelepiped was 2H,=40mm, the initial
dimensions of the section were 2Ly=37mm, 2B=43mm. The upsetting process
was carried out up to a height of 2H;=28mm, i.e. the degree of deformation in
height was 30%.

H-H,

& = -100% . (5)

The calculated and experimental data presented in [9] were used as a
standard.

The design scheme of the object is shown in Fig. 4. To approximate the
body shape, a set of prismatic finite elements with variable physical and
geometric parameters was used. The settlement process was modeled by

setting the forced displacements AU 1" of the ACDE plane.

LY
Iv

iewy

— EFER

=== Gy soslytbical
dafa

0 2 0 (%)

Fig. 4. Design scheme of the object, results of solving the problem
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Investigations of the convergence of the results are carried out depending on
the accuracy of the convergence of the solutions obtained for a system of

nonlinear equations. For €= 107 this convergence of the obtained solutions

was achieved, a further decrease in the parameter £ does not lead to any
significant change in the result. Thus, the error in calculating the maximum

displacements at €=107 was less than 1% compared to those obtained at

£=10"°.

The calculation results are shown in Fig. 4 in the form of the trajectories of
points 4, D, E displacements. Solid lines show the trajectories constructed
using the results of solving the problem with semi-analytical data. There is a
good coincidence of the curves obtained by the semi-analytical finite element
method with the reference one.

Conclusion. On this basis, the effectiveness of the application of the semi-
analytical finite element method to the calculation of curvilinear
inhomogeneous prismatic objects is shown. The solution of the control
problems of the theory of elasticity, thermoelasticity and thermoplasticity, as
well as the problems of shape change, makes it possible to draw a conclusion
about the reliability of the results of the study of the selected class of objects
on the basis of the developed methodology and the applied software package
that implements it.
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Bopona FO.B., Makcum'iok FO.B., Mapmuniox 1.FO., Maxcum'tox O.B.

JOCTOBIPHICTD PE3YJIbTATIB OTPUMAHUX HAINIBAHAJIITUYHUM METOJIOM
CKIHYEHUX EJEMEHTIB VIS IPUBMATHYHUX TLJI 3 HEPEMIHHUMH
OIBMYHUMU I TEOMETPUYHUMU TIAPAMETPAMHU

Jlist HiATBEpPIDKEHHST OCTOBIPHOCTI OTPHMAHHUX PE3yJbTAaTiB HA OCHOBI HaiBaHATITHYHOIO
METO/ly CKIHYEHHHX €JIEMEHTIB 3 BHUKOPHUCTaHHSM IIiIXO/iB, HaBeAECHHX B poborax [1-2, 4-6],
PO3IIISHYTO IIMPOKE KOJO TECTOBHX 3aBAaHb. Y paMKax MPYKHOTO IMiIXOAY PO3IJIIAETHCS
IPOCTOPOBA 3aJia4ya MPO PIBHOMIPHO HABAHTAKEHY OOOJIOHKY, CEpEIHs ITOBEPXHs siKoi Mae (hopMmy
emnTuyHOro mapabonoina. OOIPYyHTYBAaHHS [OCTOBIPHOCTI pillleHb, OZEpXKyBaHHX Ha 0asi
HaIBaHAJITHYHOTO METOJy CKIHYCHHHX CJIEMEHTIB Uil (i3MYHO HENiHIHHMX 3a[ad4, MPOBEACHO Ha
HPHKIAAl IPYKHOIUIACTUYHOrO PO3PaxyHKY HEpPIBHOMIPDHO Harpitoro Kkyoa, ¢i3uko-MexaHiuHi
XapaKTepHCTUKU Matepially SIKOTo 3aJeXaTh Bi TemmepaTypu. st 00rpyHTyBaHHS J1OCTOBIPHOCTI
pe3yJbTATIB, OJCPKYBAHUX TP BHUPILICHHI 3a1a4 MPO BEJUKI IIACTHYHI AedopManii, po3risHyTo
IPYXKHOIUIACTHYHE JeOpMyBaHHs Mapanesieninesa, 3aTHCHEHOr0 MDK IIJIOCKOIapasuiebHUMU
IUIMTaMH TIPU BiACYTHOCTI KOHTAKTHOI'O TEPTSL.

Ioka3aHa e(eKTHBHICTh 3aCTOCYBaHHS HAIIBAHAIITHYHOIO METOJY CKIHUCHHHX CJICMEHTIB IO
PO3paxyHKy KPHBOJIHIHHAX HEOIHOPIAHUX MPU3MATHYHHUX OO0'€KTiB. PO3B’sI3aHHS KOHTPOJIbHHUX
3a/1a4 Teopil MPY)KHOCTI, TEPMOIPY>KHOCTI Ta TEPMOILUIACTUYHOCTI, @ TAKOX 3a]a4 3MiHU GopmHu 1ae
3MOI'y 3pOOUTH BUCHOBOK IIPO JOCTOBIPHICTh Pe3yJIbTATIB JOCIIHKEHHs BUOPAHOIO Kilacy 00 €KTiB,
OTPUMAHUX 3 BUKOPHCTAHHSAM PO3pOOJICHOI METOMOIIOTI] Ta MPHKJIAJHOTO IPOrPAMHOTO KOMILIEKCY,
1110 peai3ye ii.

KutrouoBi ciioBa: HamiBaHATITHYHUH METOA CKIHYCHHX €IEMEHTIB, HAIPYKEeHO-Ae(hOpMOBaHHMIT
CTaH, MpYXHE Ta MNPYXHO-IUIaCTHYHE JaedopmyBaHHs, (i3udHa 1 reoMeTpuyHa HENiHIHHICTB,
(hopMO3MiHEHHS, KPUBOIHIHI IPU3MaTHYHI TiNA.

Vorona Yu.V., Maksimyuk Yu.V., Martyniuk I.Yu., Maksimyuk O.V.

RELIABILITY OF RESULTS OBTAINED BY SEMI-ANALYTICAL FINITE ELEMENT
METHOD FOR PRISMATIC BODIES WITH VARIABLE PHYSICAL AND GEOMETRIC
PARAMETERS

To confirm the reliability of the results obtained on the basis of the semi-analytical finite element
method using the approaches suggested in [1-2, 4-6], a wide range of test problems is considered.
Within the framework of the elastic approach, the spatial problem of an unevenly loaded shell, the
middle surface of which has the shape of an elliptical paraboloid, is considered. The validation of the
reliability of solutions obtained on the basis of the semi-analytical finite element method for
physically nonlinear problems is carried out using the example of elastic-plastic calculation of an
unevenly heated cube, the physical and mechanical characteristics of the material of which depend on
temperature. To substantiate the reliability of the results obtained when solving problems of large
plastic deformations, the elastic-plastic deformation of a parallelepiped between plane-parallel plates
in the absence of contact friction is considered.

The efficiency of application of the semi-analytical finite element method to the calculation of
curvilinear inhomogeneous prismatic objects is shown. The solution of the control problems of the
theory of elasticity, thermoelasticity and thermoplasticity, as well as the problems of shape change,
makes it possible to draw a conclusion about the reliability of the results of the study of the selected
class of objects on the basis of the developed methodology and the applied software package that
implements it.

Keywords: semi-analytical finite element method, stress-strain state, elastic and elastic-plastic
deformation, physical and geometric nonlinearity, shape change, curvilinear prismatic bodies.
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Bopona FO.B., Makcumiok FO.B., Mapmuniox U.FO., Maxcumiok O.B.

JOCTOBEPHOCTb  PE3VJIbTATOB NOJYYEHHBIXIIOJTYAHAJIUTUYECKUM
METOJAOM KOHEYHBIX 2JIEMEHTOB JJIs1 TPUBSMATUYECKHUX TEJ C
NEPEMEHHBIMU ®U3NYECKUMHU U TEOMETPUYECKUMU TIAPAMETPAMU

Jins  NOATBEPXKAEHHS  JOCTOBEPHOCTH  IOJy4aeMbIX  PEe3yJbTaToB  Ha  OCHOBE
HOJIyaHAJIMTUYECKOTO0 METO/Ia KOHEUHBIX 3JIEMEHTOB C HCIOJIb30BAHMEM I10JXO/I0B HABEIEHHBIX B
paborax [1-2, 4-6], paccMOTpeH LIMPOKUII KPyr TECTOBBIX 3a4ad. B paMkax ympyroro momxoza
paccMOTpeHa INPOCTPAHCTBEHHAs 3aJlada O HEPAaBHOMEPHO HArpyXeHHOH O00O0JIouKe, cepearHHas
HIOBEPXHOCTh KOTOPOH MMeeT (hopMy SIUIUIITHIECKOro apabononsa.

IToxazana 3{(eKTHBHOCTD NPUMEHEHHS IOJIyaHATUTHYECKOr0 METOAA KOHEYHBIX JJIEMCHTOB
JULSL pacueTy KPUBOJIMHEHHBIX HEOJHOPOAHBIX HMPU3MATHICCKHX OOBEKTOB. PeleHne KOHTPOIBHBIX
3a/1a4 TEOPUH YIPYrOCTH, TEPMOYIIPYTOCTH M TEPMOIIIACTUYHOCTH, @ TAKXKe 3a1a4 (pOPMOU3MCHEHHUS
JIa€T BO3MOXKHOCTb C/€NIaTh BBIBOJ O JJOCTOBEPHOCTH PE3YJbTATOB HCCIIEAOBAHUS BBIAEICHHOI'O
Krnacca 00BbeKTOB Ha 0a3e pa3pa0OTaHHOM METOOMKH M PEATM3YIOIIEro ee Makera IPUKIIAJHBIX
HpPOrpamM.

KiaroueBble  CJI0Ba:NONyaHAIMTHYECKOTO METOJ  KOHEYHBIX 3JIEMEHTOB, HAIPSHKEHHO-
nehopMUPOBAHHOE COCTOSIHHE, YIIPYroe U yHpyro-mactuieckoe aedopmMupoBaHue, Gpusnueckas u
reoMeTpHYecKast HeTMHEHHOCTb, HOPMOU3MEHEHMUS, KPUBOJIUHEHHEIC TPU3MATHYCCKHE Tea.
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The complex reconstruction of the obsolete housing stock is an actual problem for many
countries. Now this task is an urgent challenge for Ukraine. There is a large number of buildings
which condition requires urgent major repair or demolishing in Ukraine.

In order to renew the housing stock at the state level a program for the complex reconstruction of
the housing stock is planned. The success of the implementation of housing stock renovation program
depends on many conditions. One of the most important barriers is the shortcomings of the legislative
framework. The absence and ambiguity of legal provisions governing the implementation of the
complex reconstruction make the process of housing rehabilitation difficult and extremely slow.

The experience of Ukraine demonstrates that one of the issues within the implementation of the
complex reconstruction program of the housing stock is the justification of criteria for the definition
of objects to be reconstructed. he classification of obsolete housing stock objects presented in Ukraine
(on the example of Kyiv) has been carried out in the article. In the study several prevailing types of
buildings were distinguished: historical buildings, buildings of the Stalin's type («stalinki»), buildings
of barrack type and buildings of the first period of industrial house building, the so-called
«khrushchevki»

The drawbacks of the existing approach to the definition of outdated housing stock are analyzed.
Criteria for defining obsolete housing stock and parameters for their determination are proposed.

The considerable volumes of the obsolete housing stock (about third of the total housing stock)
and the lack of the necessary financing require a thorough analysis of the objects of comprehensive
reconstruction, starting with a clear parameterization of the criteria for assigning existing housing
stock to the obsolete one and determining rational methods of reconstruction depending on the types
of obsolete housing stock.

The justification of criteria and parameters for defining the obsolete housing stock allows to
make a step forward to the definition of the most efficient types of reconstructive measures for
appropriate types of buildings.

Keywords: obsolete housing stock, technical condition, safety of living conditions, comfort of
living conditions, effective expectancy life of the building.

Introduction. Settlements, originating in a certain period and at a certain
point of space, during the course of their existence gradually turns from a
small group of buildings to a large city. The formation of living conditions in
the settlement as a kind of reflection and consequence of the gradual
development of urban infrastructure, does not always occur at an even pace,
but experiences either rapid growth, or a slowdown.

It is possible to distinguish several characteristic periods of the city's
existence [17-18]: emergence (creation of primary structural elements of the
urban environment); formation (rapid increase in volumes and quality of

© Pleshkanovska A.M., Kuznetsova D.S.
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material objects and the level of the urban environment comfort); slowdown

(when the quality of urban material and living conditions reaches a certain

peak in accordance with the historical socio-economic conditions of society).

The next phase can occur in three scenarios:

1) stagnation — gradual aging and destruction of the material environment
and, as a consequence, a rapid decline in the level of comfort in the city);

2) stabilization — permanent maintenance of the quality of the environment
and provision of adequate living conditions;

3) development — further development of the quality of the urban environment
and living conditions in accordance with the latest evolutionary and
technological achievements of mankind.

The main task of local self-government bodies, designers and builders is to
prevent the destruction of the city and, at the very least, to ensure a stable level
of quality of living in the city and to try to create conditions for its further
development. The long-term operation of the objects of material infrastructure
necessarily leads to the loss of primary operational characteristics of buildings
and structures [2, 5], to their physical [11, 13] and moral [6] wear. The
maintenance of the proper quality of residential and non-residential buildings
is ensured through the implementation of programs for the reconstruction,
renovation, and rehabilitation of obsolete buildings.

In different countries the issue of maintaining the proper state of residential
and public buildings is given constant attention both at the theoretical and
practical levels [1, 2]. Reconstruction, renovation or rehabilitation programs
are ongoing. In Ukraine, however, there were no mass activities for the
reconstruction of the housing stock between 1990 and 2020. Therefore, the
problem of the reconstruction of the housing stock is urgent for Ukraine.

According to the State Statistics Service of Ukraine as of January, 2018 the
total area of the country's housing stock was 993.3 million sq. m (without
taking into account the area of housing stock in the temporarily occupied
territories of Ukraine) [25]. At the same time, the housing stock of urban
settlements is 60.9% (599.4 million sq. m) from the general stock. Taking into
account that 64.9% of housing stock in Ukraine was built more than 40 years
ago the problem of updating the obsolete residential multi-apartment buildings
is extremely acute for all Ukrainian cities (see Table 1) [24].

Table 1

Distribution of the housing stock of Ukraine by construction period, %

. Including in urban areas

Period Apartments Apartments %
Until the 1950 7300 6200 9,5
In the 1950s 11400 8900 16,3
In the 1960s 21800 19600 26,3
In the 1970s 25400 27700 20,9
In the 1980s 23100 26100 17,0
After 1990s 11,0 11,5 10,0
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In 2019, the development of the Program for the Comprehensive
Reconstruction of the Obsolete Housing Stock of the City has been started in
Kyiv. It necessitated the renewal of the existing regulatory and legal
framework and the creation of methodological support for the implementation
of the program both in Kyiv and other settlements.

1. Purpose and methods

The term obsolete housing stock in Ukraine is widely used both in public
speaking and in scientific publications. However, in the legislation this term is
used only in one document — the law of Ukraine «On the complex
reconstruction of quarters (microdistricts) of the obsolete housing stock» [27].
According to the legislation «obsolete housing stock — is a set of housing
objects up to five floors, except for individual houses, which by technical
condition do not meet the modern normative requirements of safe and
comfortable living, the maximum period of operation of which is expired or
the wear of the main structural elements of which is not less than 60%». Any
other quantitative and qualitative characteristic of this term in the legislative-
normative base of Ukraine is absent. In this definition, four criteria sign of an
obsolete fund can be distinguished: number of floors, technical condition,
safety of living conditions, and comfort of living conditions.

The purpose of this study is to determine the parametric characteristics of
the criteria for considering buildings as obsolete ones. The results of this study
can be useful in adjusting the existing legal and regulatory framework for the
development and implementation of Programs for the comprehensive
reconstruction of the obsolete housing stock, as well as developing
recommendations for the application of possible reconstruction methods in
accordance with various types of obsolete buildings.

The study is based on the application of methods of formalizing the criteria of
the obsolete housing stock on the basis of comparative analysis of the regulatory
and legal basis and terminology apparatus of the reconstruction processes.

This allows us to identify certain types of obsolete buildings that require
urgent reconstruction measures and justify the sequence of reconstruction
projects. Besides, analysis of the results of comparative research of
implemented foreign and domestic programs and projects of the
comprehensive reconstruction of appropriate types of buildings is carried out.

The study was carried out on the basis of statistical reports of the structural
unit of the Kyiv City State Administration on the volume and condition of the
existing housing stock in Kyiv.

2.Theory

In Ukraine the term obsolete housing stock is most often applied to
residential development of the first period of industrial housing construction
(the 50s-60s of the last century). The total amount of this housing stock in the
country is about 72 million sq. m. [24] of which 12.8% (9,2 million sq. m.) is
in Kyiv [12]. However, the typology of residential and non-residential stock,
which in its characteristics can be classified as obsolete, is much wider.

Proceeding from the historical stages of the formation of housing
development, in the study several prevailing types of buildings in Kyiv were
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distinguished:

historical buildings. Includes two subtypes: (a) buildings and constructions of
historical, architectural and cultural value, which are included in the register of
cultural heritage monuments; (b) so-called background buildings, that is,
buildings and structures that are not monuments of cultural heritage, but create
an idea of the urban environment of a certain historical period of formation;
buildings of the Stalin's type («stalinkiy). An insignificant amount of
buildings of increased comfort constructed in the 30s—40s of last century
(period of Stalin's rule);

buildings of barrack type. Buildings and constructions of extremely low
quality, which were built mainly after the Second World War as a
temporary housing stock;

buildings of the first period of industrial house building, the so-called
«khrushchevkiy. Mostly five-story brick and panel houses, which were
built according to the program for the restoration of the housing stock
destroyed during the Second World War, started by the head of the USSR —
Nikita Khrushchev.

Each type of these buildings is characterized by various architectural and

planning features, number of floors, material of structural elements and other
characteristics (Table 2).

Table 2

Main characteristics of various types of outdated residential buildings

Parameter Historical type | Barrack type Snlie f?tflp:n?eﬁi((}:tlffa»
of buildings | buildings ordinary X
-intended
series 2005 | o1 -1w07
CO“;;?&;‘O“ before 1920 | 1950s 1950s 1950s
: brick (of
load}gz?;?agl wall brick, wood | destroyed brick Brick
buildings)
toad-bearing wall| - 510,80 0.51 0.51
Sy reinforced con-
bridging wooden wooden wooden crete floor slabs
roof sloped, with an| sloped, with |sloped, with| sloped, with an
attic an attic an attic attic
number of storeys 1-8 1-2 3 5-10
room height, m 2.5-4.5 2.8 2.8-3.0 3.3-3.6
. 2 615
kitchen area, m 45-12 (shared) 7.0-17.8 7-12
elevator absent/present absent absent present
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Continuation of Table 2

«Khrushchevkay
«Khrushchevkay type 5-storey buildings | type 9-storey
Parameter panel buildings
panel brick brick / panel
series 1-464 1-438 1-480 1-464A
CO“;;?&;‘O“ 1960s  |1950s-1960s| 1960s-1970s | 1960s-1970s
load-bearing wall reinforced brick, brick brick, reinfor- reinforced
. concrete ced concrete
material large-block concrete panels
panels panels
load-bearing walll 4 35 0.51 0.35-0.45 0.35
flat-slab, ﬂ?lti-slzz‘té or hipped, hipped,
bridging reinforced reinpfrc))rcé d reinforced reinforced
concrete concrete concrete
concrete
flat-slab,
roof cfl?;-tfilﬁgzi cfl?;-tfilﬁga combined or flat-slab
separate
number of 5 5 5 9
storeys
room height, m 2.5 2.5 2.5 2.55
kitchen area, m’ | 5.6—6.3 5-6 5-6.5 6.4-17.6
elevator absent absent absent present

However, all of these types of buildings are characterized by a long life
(from 50 to 150 years) and an urgent need for reconstructive measures. But as
already mentioned, in the definition of obsolete housing stock the period of
construction and the lifetime of operation are not mentioned.

Let us consider in detail the signs that are applied in the legislative
definition of the term obsolete housing stock, and can serve as criteria for
considering an existing housing stock as an obsolete one.

2.1. Number of floors

According to Article 1 of the Law of Ukraine «On the complex
reconstruction of quarters (microdistricts) of the obsolete housing stock» [27],
the term obsolete is referred to «... a set of housing objects up to five floors,
except for individual building». Considering the types of residential
development in Kyiv according to the historical periods of construction, it can
be noted that number of floors of buildings built before 1980 is significantly
different.

The historical buildings are characterized by the greatest variety. These are
the 1-2-floors buildings of the former country houses of wealthy Kyivans,
which in the process of the spatial development of the city entered its borders.
There are also the 2-3-floors buildings of the most preserved historical district
of the city — Podol. There are also 8-9-floors profitable houses of various types
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of prestige in the central historical part of Kyiv. The total volume of this type
of construction is about 2.6 million sq. m.

The second type — Stalin's type — depending on the level of comfort of
houses is represented by 3-4-floors buildings (with a lower level of comfort)
and 7-8-floors buildings (with a higher level of comfort). The construction
volume of such buildings is about 0.73 million sq. m.

The buildings of barrack type, which amounts to about 0.28 million sq. m, is
in a very poor condition and presented by 1-2-floors buildings predominantly.

The fourth type of buildings is the most widely represented. These
buildings refer to the first period of industrial housing construction. They are
predominantly 5-floors buildings with a small number (0.47 million sq. m) of
9-floors panel buildings. The total amount of this housing stock is about 9.2
million sq. m.

It is obvious that the definition given in the current legislation explicitly
limits objects that can potentially be covered by complex reconstruction
projects ignoring objects of housing more than five floors, that does not
correspond to the description of the above mentioned types of building.

On this basis, the number of floors cannot be a criterion for assigning
buildings to the category of obsolete housing stock which requires immediate
reconstructive measures. The number of floors can only be one of the signs
according to which it is possible to roughly determine the belonging of a
particular type of building to a certain period of construction, and as a
consequence, to determine the approximate lifetime of this building and its
corresponding physical wear and technical condition.

2.2. Technical condition

The technical condition of the object, construction design, engineering
system is a set of indicators characterizing the operational suitability of the
object in comparison with their maximum permissible values [19]. Technical
condition assessment presumes determination of the level of fitness of the
technical condition of the object, its constructions and engineering systems
based on comparison of the actual values of their characteristics with the
values defined by the design and normative documentation. The main
characteristic for establishing the general technical condition of the object is an
aggregate estimate of the physical wear of its structural elements.

The detailed calculation of physical wear considering the damage of
specific structural elements is carried out on the basis of characteristics of
damages and indices of the specific weight of structural elements. The specific
weight of elements in the replacement cost of a building is taken according to
the average parameters of the replacement cost for the building the
corresponding functional purpose.

Physical wear is treated as a loss of building value compared to the value of a
new building due to partial or complete loss of initial technical and technological
qualities of its elements [19]. Therefore, the amount of physical wear can be
determined by calculating the necessary costs to eliminate physical wear.
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Fig. 1. Dynamics of physical wear during different periods of effective life expectancy

When determining physical wear on the basis of the building's lifetime the
method of a residual lifetime is used. It presumes the comparison of the
chronological and normative life of the building. The normative term of
building operation depends on the group of solidity, which in turn is
determined by the features of the structural elements of the building — the
material of the walls (stone, brick, large-panel, large-block, small natural or
artificial stones, wooden and other), type of overlap (reinforced concrete
prefabricated or monolithic, metal, wooden and others), the presence and
characteristics of engineering equipment. There are six solidity groups with an
average building lifetime according to normative in Ukraine: I — 150 years; IT —
125 years; III — 100 years; IV — 100 years; V — 70 years; VI — 30-50 years [19].
Figure 1 shows a normatively defined model of the linear dependence of
physical wear on the duration of operation of the building (dotted line).

2.3. Safety of living conditions

After reconstruction or major repairs, residential buildings must be restored
to their functional purpose and basic requirements for them throughout the
subsequent period of operation. These requirements imply compliance with
certain indicators [22].

They can be divided into three groups. The first group includes indicators
that characterize the safety of living conditions in a residential building (the
strength, stability and reliability of the building, fire safety requirements). The
second group includes indicators characterizing the comfort of living
conditions (the necessary level of comfort and sanitary condition of the house
and the adjacent areas; the normative level of noise protection; the normative
insolation of the building). The third group includes indicators characterizing
the efficiency of the operation of a residential house (normative indicators of
heat protection and energy saving).

Consider the first group. In accordance with the Law of Ukraine «On the
complex reconstruction of quarters (microdistricts) of the obsolete housing
stock» [27] as one of the criteria for determining the objects of the obsolete
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housing stock, safe living conditions are indicated. They are based on the

maximum period of building operation or on the quantitative indicator of the

physical wear of the main structural elements of the building (60%). This
criterion is directly related to the previous one — the technical condition of the
object.

Let us consider the concept of the maximum period of building operation.
The regulatory framework does not contain the definition of the maximum
period of building operation. But there is a concept of the limit building
condition — a condition in which further exploitation of the building is
inadmissible, connected with difficulties or is not expedient [22]. And there is
also the concept of the building’s lifetime. Obviously, the determination of the
maximum period of building operation refers to the period of building
operation before the limit building condition appears.

It is worth noting that two buildings of the same group of solidity of the
same construction time (and thus the same chronological life) can have
different physical wear. A large number of factors affect the rate of
accumulation of physical wear of the building. Physical wear can be the result
of natural and/or artificial factors. At the same time, factors affecting physical
wear can be divided into internal and external factors in relation to the object
[4, 26].

Important factors affected the accumulation of physical wear of the
building are:

e quality of project documentation;

o quality of building materials;

e observance of technological processes in construction, temperature
regimes, technology of preparation and execution of separate stages of
construction;

e observation of the maintenance conditions, including the frequency and
quality of ongoing and major repairs;

o the duration of periods in which the buildings were unused.

Therefore, in order to take into account the above factors affecting the rate
of accumulation of physical wear, the concept of effective life expectancy is
introduced (Fig. 1). Depending on the natural conditions and features of the
technical operation of the building, its effective life expectancy can differ from
a lifetime. Therefore, when determining the physical wear by the method of a
residual lifetime without taking into account the peculiarities of technical
operation, it is possible to obtain a result that will incorrectly characterize the
actual condition of the building.

Understanding the features of accumulation of physical wear of a building
is important not only for the correct determination of physical wear, but also
for determining those restorative measures that can prolong the building
lifetime.

Consider the features of physical wear formation depending on the
conditions of use, different periods of building's life, as well as the relationship
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between the level of physical wear and the costs necessary to eliminate

physical wear.

In addition, the dynamics of physical wear accumulation varies depending
on the period of building operation. It is noted that physical wear accumulates
most intensively in the first 20-30 years and after 90-100 years of operation
(for houses 1-2 groups of solidity) [2].

There are 3 phases in the period of effective life expectancy [29] (Fig. 1):

e the first phase (cover first 25% of the effective life expectancy) is
characterized by a clear increase in physical wear due to defects caused by
the quality of materials and structures, as well as construction and assembly
works;

o the second phase (occurs after the first phase and is about 50% of the
effective life expectancy) is characterized by the fact that the process of
accumulation of physical wear of the building is sharply slowed down
mainly due to repairs;

o the third phase is characterized by a sharp increase in physical wear due to
the accumulation of operational fatigue. The building may require complete
renovation.

Due to the fact that the technical condition of the building is inversely
proportional to its physical wear, it is possible to apply this connection to the
overall preliminary assessment of the technical condition of the object. If we
use this common model of wear dynamics on the effective life expectancy of
different types of buildings according to their types of solidity, we can observe
that the actual exploitation term of some types of buildings in Ukraine is
exceeded. At the same time, some types of buildings are within their third
phase of effective life expectancy (Fig. 2).
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Fig. 2. Dynamics of physical wear and effective life expectancy for buildings of different types
which were built in different periods
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The analysis allows us to state that at the time of assessment
(approximately — 2020) barrack-type buildings, parts of historical buildings,
and buildings of the first mass series of industrial housing construction (panel
«khrushchevki») has a completely exhausted period of effective use. These
buildings are in disrepair condition.

Some of the buildings constructed in the 1930s («stalinki») and brick
«khrushchevki» constructed at the beginning of the first period of industrial
housing are in critical condition and need an immediate major repair.

Only the «stalinki» of the 1940s and the brick «khrushchevki» of the 1960s
and 1970s still have a margin of safety, but their reconstruction is the most
expedient and effective at the current stage.

This analysis is theoretical. Certainly, some groups of buildings were the
objects of major repair during their term of exploitation, which significantly
affects the extension of the effective life expectancy of the object.

Frequency and quality of ongoing and major repairs affect the rate of
accumulation of physical wear. The purpose of the ongoing and major repairs
is different. Ongoing repairs are carried out to maintain building condition in a
systematic and timely manner and to prevent premature wear of structures and
engineering equipment. Major repairs are carried out to restore its resource,
replace, if necessary, structural elements, systems of engineering equipment, as
well as improving its performance [23]. Ongoing repairs are carried out
between major repairs.

Carrying out major repairs can significantly influence the rate of
accumulation of physical wear slowing it and prolonging the building's
lifetime for dozens of years [1, 16].

The exact time for major repairs is difficult to specify since much depends
on the actual condition of the building. But the construction norms provide for
standard terms, which are indicative terms of service of certain structural
elements. For example, the heating system needs to be replaced after 30-40
years. Water supply and sewerage are designed for 25 years of service. The
wooden floors, doors, frames and other wooden constructions are estimated for
the same period. Therefore, complex repairs with replacement of engineering
communications in buildings of all types should be carried out every 30 years,
and selective — every 15-20 years. Changing the floors and non-capital walls is
recommended after 50 years. During the major repair of buildings, physical
wear is eliminated in replaceable structures and just decreases in non-
replaceable ones, since repairs for non-replaceable structures are of a
restorative nature.

The efficiency of major repairs depends on the condition of the building.
The absence of timely restoring of the structural components' bearing capacity
reduces the effectiveness of further refurbishment work. With physical wear up
to 40%, the estimated cost of physical wear elimination is about 10-30% of the
cost of the structural components. With further increases in physical wear (40-
60%), the estimated cost of work increases to 40-80% of the cost of structural
elements, and with wear above 60% reaches 90-120% of the cost of structural
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elements. Therefore, the need for systematic repair and restoration works

during the building's term of operation is obvious.

2.4. Comfort of living conditions

The criterion of «comfort of living condition» has the most ambiguous
interpretation, since the essential component of this concept is the subjective
attitude of residents to the idea of «comfortable conditions» [9].

In Ukraine housing in terms of comfort and social orientation is divided
into two categories [20]:

o first housing category — dwelling with limited lower and unlimited upper
limits of areas of apartments and single apartment houses, providing the
level of comfort not less than minimum one;

o second housing category — dwelling with limited lower and upper limits of
apartments and rooms of dormitories in accordance with the current
sanitary standards providing a minimum acceptable level of living comfort.
The requirements for noise protection of both internal premises and near-

house residential areas, clearly parameterized in the regulatory framework. The

maximum permissible noise load parameters are 40 DBA and 30 DBA in the
internal premises of apartments and 55 DBA and 45 DBA in the near-house

territories day and night respectively [21].

The determination of the insolation mode of the internal rooms and the
adjacent areas is carried out by means of a clear parameter — 2.5 hours of direct
solar radiation, which should provide minimum necessary sanitary and
hygienic indicators. These parameters are clearly determined and unified for
the housing of any comfort category. It is much more difficult to determine the
quantitative indicators of other qualitative characteristics of comfortable
housing. They can include: features of the layout of the apartment, the
availability of engineering sanitary equipment, the presence of elevators, the
height of the premises, the material of structural elements and elements of
decoration, etc. [10].

The absence or insufficiency of all the above characteristics can be
determined by such a concept as moral wear of the building, that is, the
discrepancy of architectural and design solutions, level of internal
improvement and engineering equipment with the current technical conditions
and norms and the growth of the population's needs [7].

The signs of moral wear of residential buildings include the lack of central
heating, water supply, sewerage, clevator, gas supply, obsolete types and
designs of this equipment; inconvenient layout, ‘passageways’ rooms,
combined bathrooms, minimum kitchen areas and utility rooms; non-
conformity of wall structures, ceilings, stairs and other elements to modern
requirements of heat resistance, sound insulation, waterproofing, etc. The
moral wear of the building changes intermittently as social demands change.
According to experts, this occurs every 8-10 years. Moral wear is formed
independently of physical and often develops faster than physical wear.

A separate group of comfort parameters is made up of energy-saving and
energy efficiency indicators of the building [3, 15]. Unfortunately, this
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indicator is absent in the current legislation on the reconstruction of obsolete
housing and must be included as a criterion for determining the need for
reconstruction measures. Energy efficiency is an indicator characterized by the
ratio of efficiency from use to energy consumption [14]. It is a question of the
costs of electricity, heat, water, gas, etc. In addition, the indicators of the
thermal technical characteristics of the fencing structures are important.

The economically feasible level of energy efficiency is determined by
financial and macroeconomic calculations, which grounds the reasonable
minimum requirements for energy efficiency. Cost-effective energy efficiency
is determined by cost-benefit analysis, and presume that benefits exceed costs
by at least 15 % [15].

3. Result and discussion

The problem of updating housing stock is extremely urgent for most cities
in Ukraine. The long term of building operation, the unsatisfactory technical
condition of buildings, and moral wear require urgent measures to improve the
level of safety and reliability, technical-operational and energy-efficient
indicators of existing buildings, providing modern comfortable living
conditions.

The considerable volumes of the obsolete housing stock (about two-thirds
of the total housing stock) and the lack of the necessary financing require a
thorough analysis of the objects of comprehensive reconstruction, starting with
a clear parameterization of the criteria for assigning existing housing stock to
the obsolete one and determining rational methods of reconstruction depending
on the types of obsolete housing stock.

The basis of such decisions is the current Ukrainian legislative and
regulatory framework, which, unfortunately, is not perfect. The wording of the
term «obsolete housing stock» in legislation does not provide a sufficiently
correct definition of the object of reconstruction. The research has made it
possible to define the main values of the parameters of assigning buildings to
the obsolete ones by four criteria — number of floors, technical condition,
safety living conditions, the comfort of living conditions (Fig. 3).

The existing housing stock of Ukraine, two-thirds of which was built more
than sixty years ago, is characterized not only with a significant variety of
architectural and design solutions but also different floors - mainly from 2 to 9
floors. In addition, such a number of floors is characteristic of any period of
housing construction, including modern. That is why, in our opinion, the floors
should not be a criterion for the aging of the housing stock and should be
removed from its definition.

The following criteria — technical condition and closely related safety of
living conditions — are the most decisive in the determination of the
reconstructive measures. Taking into account the characteristics of the
structural elements and the corresponding group of solidity, residential
buildings built before the 1970s of the last century (first of all, these are panel
buildings of the first mass series of industrial housing construction and barrack
type houses) have a life limit of 50 — 100 years [19].
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Fig. 3. A comparison between an existing concept of an obsolete stock and our proposal

Thus, a significant part of them is already in the third phase of their lifetime
(physical wear more than 50%), which is characterized by a rapid increase in the
rate of accumulation of physical wear through operational fatigue.

One way or another, but as the operating time increases, the level of
physical wear increases and at a certain stage the cost of eliminating physical
wear can exceed the residual value of the building. This occurs after physical
wear reaches 50%. Consequently, the reconstruction of the building before it
receives significant physical wear corresponding to the old or not applicable
condition is more effective. This allows, on the one hand, to prolong
significantly the building lifetime, on the other hand, it allows in most cases to
carry out reconstruction, including the improvement of the technical and
economic indicators of the building, without the eviction of residents.

Physical wear exceeding 50% makes it possible to assume that the building
is already in poor technical condition and should be included in the major
repair program. The absence of reconstruction measures will inevitably lead to
an emergency condition of the building, followed by destruction and threat to
the lives of residents.

Thus, we believe that this indicator of physical wear (40%) in the
conditions of additional existence of moral wear, that is, the discrepancy of
buildings with modern requirements of comfort to residential buildings, which
is obvious in relation to the housing of the above-mentioned years of
construction, is enough to consider them as objects of obsolete housing stock
requiring immediate reconstructive measures.

In this case, we believe that the physical wear indicator at 60% for the
reference of the object to the obsolete housing stock is too high. From the
above-mentioned reasons, it is clear that physical wear exceeds 60% indicates
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the low efficiency of carrying out further reconstruction work for this building.
Residential buildings with physical wear over 60% are potential objects for
demolition with the subsequent construction of new residential buildings on
this site. At the same time, demolition and new construction require mandatory
eviction of residents and significantly complicates work on the comprehensive
reconstruction of obsolete buildings.

Non-compliance with previously constructed buildings with modern
requirements of comfort cannot always be eliminated in the process of carrying
out reconstructive measures. First of all, these are features of the architectural
and planning solutions of apartments, the height of premises, level of
insolation (which, by the way, is not normalized in many countries of the
world). These characteristics, even after reconstruction, remain usually
unchanged and will only determine the attractiveness of this housing and its
price in the real estate market.

A single legislative parameter of comfort is the area of apartments, or more
precisely, its limited lowest meaning. But it is more correct to refer not to the
area, but to the housing provision, which is defined as the amount of the total
area of the apartment which falls on one resident. In Ukraine, as of January,
2018 the average housing provision is 23.7 sq. m per person [25]; and in Kyiv
- 21.8 sq. m per person [12]. This indicator differs significantly in different
settlements of Ukraine and is much lower than in other countries in Europe. In
our opinion as a fixed parameter of the minimum guaranteed housing provision
the sanitary norm of free privatization of residential premises, fixed in the
normative documentation, can be used — 21 sq. m. per person [28].

In our opinion in terms of the minimum standard of comfort of living the
energy efficiency of buildings operation is the determining factor. It is the
excess of the received level of benefits (energy efficiency) above the level of
costs for its achievement more than 15% should be the criterion for the
decision to modernize the building.

4.Conclusion

In view of the above, we note that it is advisable to consider a
comprehensive reconstruction as a long process, which consists of several
stages. At each stage, the concept of an obsolete housing stock subject to
reconstruction can be changed. Initially, the reconstruction should cover a
housing stock with a worse technical condition. Therefore, the main criterion
for assigning the object to an obsolete housing stock is the significant physical
wear of buildings (50% or more).

The task of reconstruction of the housing stock is not only the technical
upgrading but also the improvement of the living conditions of the population,
reduce operational costs. So the second stage of the comprehensive
reconstruction should cover buildings that have less physical wear indicators
(40% or more) but are obsolete in terms of compliance with modern
requirements to housing, that is, are not energy-efficient and have significant
signs of moral obsolescence.
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On the basis of the above, we propose the following definition of the obsolete
housing stock for the comprehensive reconstruction on the first stage - a set of
apartment buildings which technical condition does not meet the minimum
normative requirements of safe and comfortable living, which average physical
wear revealed as a result of the technical survey is not less than 50%.

Definition of obsolete housing stock for comprehensive reconstruction on the
second stage — a set of apartment buildings, which technical condition does not
meet the minimum normative requirements of safe and comfortable living, which
average physical wear is not less than 40%, and energy efficiency is less than 15%.

Revealing the criteria which allow identifying objects of obsolete housing
stock, setting the normative parameters of these criteria provides the necessary
background for the most effective planning and implementation of the complex
reconstruction program according to the needs of the population in the condition
of a restricted budget.

Two stages program of complex reconstruction allows eliminating the risk for
population connected with the buildings which are in the worst technical condition
within the first stage of the program and covering the buildings with better
technical but outdated moral conditions within the next stage of the program.
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Cmamms naoditiwna 23.06.2021

Anna Inewxanoscvia, [ap'a Kysueyosa
OBI'PYHTYBAHHSI THUITIB 3ACTAPLIIOIO JKAUTJIOBOI'O ®OHAY SAK MEPLIANA
ETAIl EPEKTUBHOI PEKOHCTPYKIIII

KoMmruiekcHa PeKOHCTPYKIs 3aCTapijioro KHTIOBOrO (OHIY € aKTYalIbHOIO IIPOOIEMOIO Ui
GaratboX KpaiH cBiTy. Hapasi ue 3aBIaHHs € Ha[3BHYAHO aKTyaJbHHUM CYYaCHHM BHUKJIMKOM JIJISI
Vkpaiuy, amke B YKpaiHi iCHye BenHMka KiTbKICTh OyniBenb, CTaH SKHX BHMAarae TEPMiHOBOIO
KariTaJabHOro PeMOHTY a00, HaBiTh, 3HECCHHI.

3 METOI0 OHOBJICHHS JKHUTIOBOTO (hOHIY Ha ep)KaBHOMY PiBHI IUIAHY€ETHCSI PO3POOIICHHS POrpam
KOMIUIEKCHOI PEKOHCTPYKLII 3acTapiioro j>KUTioBoro (oHay. Ycmix peami3amii peKOHCTPYKLil
KUTIOBOrO0 (OHAY 3anexuTh Big OaraTbox ymoB. OpHIEI0 3 HAHBKIMBILIMX IEPEIIKO] €
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HEOCKOHAJTICTh 3aKOHOZABYOi 0a3su 3 LBOro MNHTAHHS. BigcyTHiCTP Ta HEOZHO3HAYHICTH
3aKOHOIABYMX HOPM, IO PEryJIIOTh BH3HAYCHHS O00’€KTY Ta 3IIHCHEHHS KOMIUICKCHOI
PEKOHCTPYKIIi, YCKIIAJHIOE Ta BKPail BIIOBUILHIOIOTH MIPOLIEC peastizallii peKOHCTPYKIIii 3acTapisioro
JKHUTIOBOTO (POHTY.

OnHuM i3 3aBHaHb MIATOTOBKM HPOrpaM i MPOEKTIB KOMIUICKCHOI PEKOHCTPYKIi >KHTIOBOIO
(hoHy € OOrpyHTYBaHHs KPUTEpIiiB BU3HAYCHHS 00 €KTIB, 10 BIIHOCATHCS [0 TOrO YH iHIIOrO THITY
3aCTapiyioro KHTIOBOro (hoHIy. Y CTaTTi MpOoBeIeHO Kiack(iKallifo 3aCTapiiuX KUTIOBUX OYIAUHKIB,
npeicraBieHuX B YKpaiHi (Ha npukiami micra Kuesa). Y pociipkeHHi Oylio BHAICHO KillbKa
HepeBaXKalounXx TUIIB Oy/iBelb, a came: OyIiBJi iCTOPHYHOTO THITY, OYIiBIII CTAIIHCHKOTO Mepiory
OyniBHuuTBa (Tak 3BaHI «cTaxiHKM»), OyamiBii GapayHoro Tumy Ta OyxiBii IeEpLIOro mepiomy
HPOMHUCIIOBOTO JOMOOY/IyBaHHSI, TaK 3BaHI «XPYLIOBKHY

IpoaHaizoBaHO HEJOJIIKHM ICHYIHOYOrO IMIAXOMY O BH3HAYCHHS 3aCTapijioro KHUTIOBOrO (OHIY.
3anporoHOBaHO KpUTepii BIJHECEHHs JKUTIOBOro (OHIY 1O 3acTapijoro Ta HapaMerpu Ix
BH3HA4YCHHSI.

3HayHi 00CSTH 3aCTapiioro KMUTIOBOro GoHay (6JIM3bKO TPETHHHM 3arajbHOro YKHUTIOBOrO (HOHILY)
Ta BiICYTHICTH HEOOXiAHOro (iHAHCYBaHHs BUMAralTh KOPHI'YBAaHHS YMHHOI 3aKOHOIABYOI 0asu 3
[[bOT'O MUTAHHS 3 METOK PETENIBHOIO aHaNI3y MOTCHIIIHHNX 00’ €KTIB KOMILUICKCHOT PEKOHCTPYKIIIT, Ta
BU3HAYCHHS DALliOHAJBHUX METOAIB PEKOHCTPYKLIi 3aXO[iB 3aJIe)KHO BiJ BCTAHOBICHHX THIIB
3aCTapisioro KHTJIOBOro (GOHIY.

OOrpyHTYBaHHSI KpUTEpiiB Ta NapamMeTpiB [Uisi BH3HAYCHHS 3aCTapiioro JKUTIOBOro (OHIY
JI03BOJISIE 3pOOMTH KPOK BIIEpeN O YCIHIIIHOI peami3auii mporpam KOMIUIEKCHOI PEKOHCTPYKIi
3aCTapiyioro KMTJIOBOro (GOHIY.

KarouoBi cioBa: 3actapiiiii KWTIOBUM (OHMA, TEXHIUHMI CTaH, OGe3MeYHi KUTIOBI YMOBH,
KOM(OPTHICTb )KUTJIOBUX YMOB, O4iKYBaHUH KOPUCHUI CTPOK CIIy>KOH OyaiBIi.

ITnewxanoeckasn A.M., Kysueyosa /1.C.
OBOCHOBAHUE TUITOB YCTAPEBIIEI'O )KHJIOT'O ®OHJIA KAK ITEPBBI TAI
3®P®EKTUBHOM PEKOHCTPYKIIUU

KoMIuiekcHasi peKOHCTPYKIMS YCTapEBILIEro XUJIOro (hoHIa SBISICTCS aKTyalbHOU MpobieMOoit
s MHorux crpan mupa. Ceiiuac 3Ta 3ajada Craja 4pe3BbIYAMHO aKTyaJbHBIM BBI30OBOM JUIS
VYKpauHbl, Beib B YKpauHe CYLIECCTBYET OOJbIIOE KOIHYECTBO 3AaHUH, COCTOSHHE KOTOPBIX TpeOyeT
CPOYHOr'0 KalMTajlbHOI0 PEMOHTA WIIM JIaXKe CHOCA.

C nenpl0 OOHOBJIEHHS J>KHIMINHOIO ()OHOA HA TOCYJAPCTBEHHOM YPOBHE IUIAHHPYETCS
pa3paboTka NpOrpaMM KOMIUICKCHOH PEKOHCTPYKLMH YycTapeBiiero xuwioro ¢onma. Ycmex
peaM3alii PeKOHCTPYKIMH JKHIIOTO (DOH/IbIA 3aBHCHT OT MHOTUX yCIOBHM. OHUM U3 BXHEHILNX
HPEMSATCTBHIL SIBJISETCS. HECOBEPIICHCTBO 3aKOHOAATENBHOM 6a3bl 10 9TOMy Bompocy. OTCyTCTBHE U
HEOIHO3HAYHOCTh ~ 3aKOHOJATENBHBIX HOPM, PEryJIUPYIOLIMX ONpefeleHHe OOBEKTOB U
OCYILECTBIICHUS KOMIUIEKCHOH PEKOHCTPYKLMM, YCIOXKHSAET M KpaiHe 3aMeUIIolme IpoLecc
pean3aluy PEKOHCTPYKIUH YCTapEBILEro )KUIoro hoHza.

OpHOM M3 3a7ay IOJANOTOBKU IPOTrPAMM U NPOEKTOB KOMIUIEKCHON PEKOHCTPYKLIUH XKUIJIOrO
(honza sIBIIsIETCsI 000CHOBAHNUE KPHTEPHEB OIPEACTICHNUSI O0BEKTOB, OTHOCSIIUXCS K TOMY I HHOMY
TUIy ycrapeBuiero (onma. B crathe mpoBeneHa kiaccH(HKALMs YCTapeBIUMX JKUIBIX JIOMOB,
npe/CTaBieHHbIX B YKpauHe (Ha mpumepe ropopa Kuesa). B uccienoBaHnu ObUIO BBLACICHO
HECKOJIBKO TMPeo0IafaioliX THIIOB 3[JaHHIl, @ MMEHHO: 3[JaHHSl MCTOPHYECKOrO THIIA, 3JaHMUS
CTAJIMHCKOT'O MEPHO/Ia CTPOUTENBCTBA (TaK HA3bIBAEMBIC «CTAJMHKHUY), 3laHUsl OapayHOro Tuma u
3J1aHYs [1€PBOrO NEPHO/Ia IPOMBILUIEHHOIO JOMOCTPOSHHUS, TAK Ha3bIBAEMBIE «XPYILEBKH»

IIpoananu3upoBaHbl HENOCTATKU CYIIECTBYIOIIETO IOJX0AA K OIPEJEICHHIO YCTapeBILIEro
sxuioro Goua. Iperioske bl KpUTEPHH OTHECEHHUSI JKHIIOro oH/a K yCTapeBLIeMY U apaMeTpsl UX
orpeJieIeH sl

3Ha4YnTeNbHbIE 00BEMBI YCTapEBLIEro KWIoro $houaa (0KojIo TpeTH o6ILero xuoro GoHaa) u
OTCYTCTBHE  HEOOXOAMMOro  (MHAHCHPOBAHUSI  TPEOYIOT  KOPPEKTHPOBKHM  ACHCTBYIOLIESH
3aKOHONATEIBHON 0a3bl MO ITOMY BONPOCY C LENBIO TINATENBHOIO aHAIM3a MOTCHLHMAIBHBIX
OOBEKTOB ~ KOMIUICKCHOH ~ PEKOHCTPYKLMH M ONPEACIACHUS  PAlMOHAIBHBIX  METOZOB
PEKOHCTPYKTUBHBIX MEPOINPUATHI B 3aBUCUMOCTH OT YCTaHOBJIEHHBIX THIIOB YCTapEBILIETrO KUJIOrO
(dona.

KiioueBble cjioBa: ycrapeBUIMH JKHIOH (OHI, TEXHHYECKOE COCTOSIHHE, Oe30macHble
JKUJIMIIHBIC YCIOBHS, KOM(OPTHOCTh JKMIMIIHBIX YCJIOBHH, OXHAaeMmblii 3((hEeKTUBHBIA CPOK
CILY)KOBI 31aHHSL.
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TPAHC®OPMYBAHHS JIAI'PAM JE®@OPMYBAHHA
BETOHY B YMOBAX OJJHOPITHOI'O TA HEOJTHOPIJHOI'O
HAIIPY’KEHUX CTAHIB

10.0. Kpycs,
KaHJl. TeXH. HAYK, JOLCHT

Hayionanvnuii ynieepcumem 00H020 20cnooapcmea ma npupoooKOpUCcmy8amHs,
eyn. Cobopmna, 11, m. Pisne, Yxpaina, 33028

DOI: 10.32347/2410-2547.2021.107.211-235

VY naHiii poOoTi po3poOIEHO aHANITUYHHMI METOX IEPETBOPEHHS [apaMeTpiB eTalTOHHUX
niarpam gedopMyBaHHs OETOHY, WIO BH3HAYAKOTHCS OCHIAHUM [IJISXOM 33 CTaHAAPTHUX
BUIIPOOYBaHb NPU3MOBHX OCTOHHHX 3pa3KiB KOPOTKOYACHUMH OCHOBHMH CTHCKOM i PO3TSIOM 110
pyHHYBaHHS B «M’SIKOMY» PEKHMi HAaBaHTA)XyBaHHs, B IApaMETPH IMITAlilHO MOJEIbOBAHUX
TpaHcOPMOBAHHUX Aiarpam, L0 BiANOBIZAIOTH JKOPCTKOPSKHMHOMY HAaBaHTA)KYBaHHIO OCTOHY.
3anporoHOBaHO CMOCI0 OIHOYACHOrO 3aCTOCYBAaHHS AHAITHYHMX BHUpA3iB U 3a3HAYCHUX
niarpam a1e)OpMyBaHHS, LIO OMUCYIOTh POOOTY OETOHY B YMOBaX OJHOPIJAHOrO CTHUCKY, IJIS
Iepexony A0 AiarpaMy CTaHy, 110 BimoOpaxae (YHKIIOHAIBHUH 3B’SI30K MK HaNpy)XCHHSIMH 1
nedopmaliisiMi 6E€TOHY CTHCHYTOI 30HM B 3irHYTHX OCTOHHHX i 3aJ1i300€TOHHHX €JIEMEHTaX,
Hepepi3u SIKUX MPaLioioTh B yMOBaX HEOJHOPIIHOIO HANIPY)KEHOIO CTaHy.

HagsezneHo pesyibraTd anpobaiii OTpuMaHoi MaTeMaTHYHOI MOJENI JiarpaMu CTaHy OCTOHY
IOpH  PO3PaxXyHKY 3a pIi3HUMH METOJAMKAMH MIIIHOCTI HOpPMalbHHX IEpepi3iB 3rHHAIBHUX
3a/1i300€TOHHUX ~ €JIEeMEHTIB. BH3HaueHO, IO MEPCHEKTHBHUM HANPAIMKOM  OAQJIBLINX
CKCIICPUMEHTAJIBHUX l TEOPETUUYHUX LlOCJ'IiL[)KeHb € BHWBYCHHA MO)KJ'I]/IBOCTi 3aCTOCYBaHHS
po3pobisieHoi  MeroAMKd rpadiuHoi MOOYZOBM Ta MaTEMAaTHYHOrO ONMCAHHS Jiarpam
nehopMyBaHHs OETOHY B yMOBax OJHOPIJHOrO i HEOJHOPIOHOrO CTHCKY OO PO3PaxyHKY
OCTOHHHUX 1 3a1i300€TOHHUX EIEMEHTIB, 110 eKCIUTYaTyIOThCs IIPU Aii TPHUBAIKX 1 KOPOTKOYACHUX
MaJIOLIMKJIOBUX HAaBAHTAXKXCHb.

KirouoBi ciioBa: GeToH, peXxuM HaBaHTaXyBaHHs], Aiarpama JehOpMyBaHHS, HANPYXEHO-
nedopmoBaHmii craH, qepopmaliiiina po3paxyHKOBa MOJIEIb.

Beryn. B ocraHHI poKH MOCTIHHO pPO3IIMPIOETHCS 00JaCTh 3aCTOCYBaHHS
OeToHy ¥ 3ai300€TOHYy 3 BHUKOPUCTaHHSIM MPUPOJAHOI Ta TEXHOT€HHOI
CHPOBHHH, 3pOCTAIOTh PiBHI CHJIOBHX HABaHTA)KYBaHb, OUIBII BiJIIOBIAIbHIMU
W CKJIaZHMMU CTAIOTh PEXXHUMH €KCIUTyaTallii KOHCTPYKIiid. OIHOYaCHO 1CTOTHO
30UTBIIYETBCS CEpPelHsl MILHICTh BUKOPHUCTOBYBAaHHMX MartepiaiiB (OeToHy Ta
apMarypu), 10 JI03BOJISIE 3MEHIIUTH Tepepi3u KOHCTPYKTUBHHX €JIEMEHTIB, a
OTXKE — MOJETHIHTH iX. 3 orisiay Ha Oe3lepepBHY TEHICHIIO 10 3HIDKEHHS
3amaciB MIiIHOCTI Ta MiJBHINECHHS EKCIUTyaTaliifHOi HaIifHOCTI KOHCTPYKIIH,
0COONMBOI  aKTYaJbHOCTI B HAYKOBOMY 1 BaIMBOCTI B IPaKTHIYHOMY
BiTHOIIICHHSX HaOyBa€ HEOOXIIHICTH BCEOIYHOTO IOCIIIKCHHS MEXaHIYHUX
XapaKTepUCTUK OyJIBEJIbHUX MaTepialiB 1 BHYTPIIIHROrO HAIPYKEHO-
nepopmopanoro crany (HJIC) mepepiziB elneMeHTIB KOHCTPYKIIH HPH PI3HHX
BU/IAX 1 Pe&KUMaX HaBaHTA)KyBaHHS.

B ocHOBY cydacHMX METOMIB pO3paxyHKy 3irHYTHX 3alli300€TOHHHX
KOHCTPYKLIH (3TMHa]IbHUX, MO3AIlEHTPOBO CTUCHYTHUX 1 PO3TATHYTHX 1 T.IL.)
MOKJIaJIeHa TaK 3BaHa JedopMalliiiHa po3paxyHKOBa MOJIENb, Opi€EHTOBaHa Ha

© Kpycs 10.0.
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postisim HJIC okpemux mepepisiB ememeHtiB [1,2, 3,4]. Jlo ocHOBHUX
MPUHIMUIIB 3a3HAYEHOI MOJEINI BiJHOCSATh BUKOPHCTaHHS (PaKTUYHUX Jiarpam
CTaHy MarepiaiiB — OETOHY Ta apMaTypH, a TAKOX TiIIOTE3H TUIOCKUX Tepepi3iB
1 cyMmilleHHS HYJbOBUX jaedopMamiii i HYIbOBHX HamlpyXeHb Ha €IUHIN
HeWTpanbHOi oci (OumbInl Bimomoi sk «rimore3a bepHymmi»). Tum camum
HA/IA€ThCSI MOXIIMBICTh 3 €IMHMX TO3WIIH PO3paxOBYBaTH KOHCTPYKLIi 3a
BCciMa TpylaM TpaHWYHHX CTaHIB — 3a HECY4YOl 3[aTHICTIO (MIIHICTIO,
CTIHKICTIO, BUTPUBAIICTIO) 1 32 MPUAATHICTIO JO0 HOPMAJbHOI €KCILTyaTaiii
(nedopmanismMu (IpOruHaMu, TEPEMIIIEHHSIMH, KyTaMd TOBOPOTY Ta iH.),
YTBOPEHHSIM 1 PO3KPUTTSAM TPIMIMH), a TAaKOXK OUIBII TOBHO OLIHIOBATH
Heoanopinauit H/IC nepepisiB 3irHyTHX €lIeMeHTIB KOHCTPYKIii Ha Oyab-sKii
CTajil HaBaHTa)XXyBaHHA aX 10 IXHHOTO pyHHYBaHHSI.

OueBUIHO, IO OCHOBHUM IHCTPYMEHTOM HeIiHIiHOI nedopmaiiiHol
PO3paxyHKOBOI MOJIeNi € (pakTWYHA Jliarpama cTaHy OETOHY, IO BCTAHOBIIIOE
3B’SI30K MiK HOTro HamlpyXKeHHSMH O, 1 BiJHOCHUMH AedopMalisMU &, Y

CTHCHYTIH 1 pO3TATHYTiH 30Hax mepepizy. Came TOMY aHaJIITUYHY MOOYAOBY
0a3oBaHOi Ha 3PO3YMIIMX 1 TOYHHMX ()I3MYHUX YSBICHHSAX (YHKI[OHAIBHOT
3aJIeKHOCTI Y BUTIIANAL O) = f(€,) pO3INIAAAEMO SK KIIOUOBY MpobieMy, 10

JIO3BOJISIE  TIOSICHIOBAaTH Ta TIOB’SI3yBaTM B  €JWHE LJIe HAKOMHMYEHi
MOKOJNIHHAMHU  JOCHIJHHUKIB  YHCIIEHHI 1, 34eOUIBINOro,  YHIKaJbHI
eKCIIEPUMEHTAJIbHI W TEOpeTWYHI pe3ynbTaTH, OCMHUCIIOBATH 1 SKICHO
npoBimary  cnenudivHi - sBUIMA MexaHiku JedopMiBHUX ~OeToHy U
3aJ1i300€TOHY, OLIHIOBATH ICHYIOYI Teopii Ta OpIEHTYBaTHUCh TPH OOpaHHI
HaNpsIMKIB (OpMyBaHHS OLIbII TMPOrPECUBHUX MOMIISIB, BIIKPHBATH HOBI
MOXITUBOCTI B MIPAKTHUIIl iH)KEHEPHUX PO3PAXYHKIB.

AHAJI3 ocTaHHIX AocaimkeHsb i myOmikamiit. [Jani posrismaemo poboTy
JIMIIE CTUCHYTOTO OETOHY, KEPYIOUHCH MOIIMPEHOIO MPAKTHKOIO Ta BBAXKAIOYH,
[0 JUIA PO3TATY MOKYTh OYTH 3acTOoCOBaHI aHajorii. KpiM Toro, po3pi3zHsieMo
niarpamy aedopMyBaHHS O€TOHY, OTPUMYBAaHY B pe3yJbTaTi CTaHIAPTHHX
712a00paTOpHUX BUIIPOOYBaHb €TaIOHHUX OETOHHMX 3pa3KiB, 1 jJiarpamy CTaHy
OCTOHyY, IO XapaKTepu3ye WOro poOOTYy B HEOAHOPITHO IehOPMIBHUX
TIONIEPEYHHX Iepepizax 3IrHyTHUX €JIEMEHTIB 1 KOHCTPYKIIiH.

Omxe, YnHHI CTaHIAapTH [5, 6] periaMeHTYIOTh YCTaHOBJIIOBATH Jliarpamy
nedopMyBaHHs Micisi TPOBENCHHS BHUIPOOYBaHb PYWHYBaHHSIM €TaJIOHHHUX
MIPU3MOBHX 3pa3KiB 3 OETOHY CTYMiHYACTUM KOPOTKOYACHUM OCHOBHM CTHCKOM
Ha TPAMIIHHUX TiAPaBIIYHUX TIpecax y TaK 3BAHOMY «M’SIKOMY» PEXKUMI
HaBaHTA)XyBaHHS 32 MOCTIMHOI HIBUAKOCTI MPUPOCTY HAIPyXeHb (TOOTO KOJIH
V. =do,/dt =const). Takuil peKUM HABaHTA)KyBaHHS JO3BOJSIE OTPHMATH
OIHOBITKOBI JIMIIE 3 BHUCXiJHOI IiISHKOIO JiarpaMH CTUCKY O, = f(€,) B
ymoBax oaHopigaoro H/IC i3 piBHOMIpHHM (Y T€OMETPUYHOMY BiJHOIICHHI 1 B
yaci) posnofinoM gedopmaliil €, i HanpyXeHb ©, Yy MNEPHEHIUKYISPHUX 10
HanpsSMKy Jii HaBaHTaxeHHs N miepepizax (puc. 1 (a), (B)).
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Puc. 1. Hanpyxeno-nedopMoBaHuii cTaH HOPMaJIBHUX Hepepi3iB OETOHHOTO i 3a11i300€TOHHOr O
enemenTiB: (a) oguopinauil HIC 3a ocboBoro ctucky; (6) Heoaunopinauit HIAC 3runy; (B)

niarpamu nepopmysanns 6etony o), = f(g,) i 0, = f(g,) BimnoBiAHO y «M’sKOMY» i

<(OKOPCTKOMY» PEXUMaX KOPOTKOYACHOI'O OCbOBOI'0 CTUCKY

VY Tolt ke camuif yac y OLTBIIOCTI KOHCTPYKIIH, IO MiJIal0ThCS 3TUHY,
MO3allEHTPOBUM CTHCKY W pO3TATY Ta iH., OETOH Tpaifoe B YyMOBax
HeopHopimHoro HJIC, mio XapakTepu3yeThCsl HEPIBHOMIPHHUM PpO3IOJIIIOM
nedopMarliii 1 Hampy)KeHb B NEPHCHIUKYSIPHUX JO TO3M0BXKHBOI OCI
nepepizax enemenTiB. [Ipu 1boMy, sk Bigomo 3 Teopii miactudHocTi [7],
peari3yloTbcsi IBOBITKOBI JiarpamMu JeOpMyBaHHS 1 3 BHCXIJHOIO, 1 3
HU3XIJHOO AisiHKaMu (puc. 1, (0), (B)).

UucneHHi JOCIiKEHHS CBIT4aTh MPO Te, IO KPUBUHA MAIOYUX MiCIe 3a
pizaux HJC nBox TumiB miarpam, iXHi mapameTpuyHi TOYKH i, BIAMOBIIHO,
OCHOBHI MEXaHI4YHI XapaKTepPUCTUKU OJHOTO W TOTrO K CaMOro marepiany He
CHiBMAAal0Th. 30KpeMa, eKCIIEpUMEHTATOPH 3BEPTAIOTh yBary Ha XapaKTepHi
JUIsl pyWHYBaHHs 3a 3TMHY Ta IO3allEHTPOBOI'O HABaHTA)XYBaHHS Habararto
OinblIi  3HaueHHS BiAHOCHUX Jedopmainiii KpadOBOIO BOJIOKHa OETOHY
CTHCHYTOI 30HH B MOPIBHSHHI 3 BiJIIOBITHUMHU BEIHMYMHAMH, IO (QIKCYIOTHCS
IpU HOro pyliHYBaHHI B yMOBaX OChOBOT'O CTHUCKY.

HeBignoBinnicte  miarpaM  gedopMmyBaHHS O€TOHY, OTPHMaHUX 32
CTaH/IAPTHOIO METOMKOIO, THM TXHIM (popMam, sKi 3 MiHIMAaJIbHUMU TTOXUOKaMH
Moryu O OyTH BUKOPUCTaHI B IPAKTHUIIl NPOEKTYBAaHHS 3ITHYTHX 32113006 TOHHUX
€JIEMEHTIB, 3MYIIYE EKCIIEpPUMEHTATOPIB IIyKaTH IIUISAXH BUPIMIEHHS IHOTO
Ha/3BUYAlHO Ba)KJIMBOTO MUTaHHs. Haifyacrime mpu 1bOMY BIAFOTBCS JIO
HENpSIMUX METOJIIB, BUIPOOOBYIOUH B «M’SIKOMY» PEXHMI €TaloHHI OeTOHHI
MPU3MHU  TIO3AIICHTPOBUM CTHCKOM [8,9] abo apMoBaHi NPU3MOBI 3pa3KH
ueHTpanbHuM ctuckoM [ 10, 11, 12], nociimkyoun 3pa3ku-1uiiHapy 3 OETOHY B
crieianbpHii TeH3oMeTpuuHii TpyOi [13], migmaroum 3ami3o0eToHHI Oanku 3
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MPY)KHUMH BCTaBKaMH «4UCTOMY» 3ruHy [14, 15, 16] Ta iH. OueBugHO, 1O Yy
BCIX IIMX JOCTI/PKEHHIX Ba)KKO JIOMOTTHChH €AMHOCTI Jiarpamu Je)opMyBaHHS
OeTOHY, OCKIJBKM Ha I1i OKpECICHHS, a, OT)Ke, Ha MapaMeTpu HETiHIHHOCTI
neopMyBaHHs MaTtepially iCTOTHO BIUIMBA€ Iijla HU3KAa YMHHHKIB: ¢opma i
PO3MIpH eKCIEepUMEHTATFHUX 3pa3KiB, CTYIiHb IXHROrO apMyBaHHS, HasBHICTH
abo BIACYTHICTb 1 piBeHb IIONEPEIHHOTO  HANPYXEHHS apMaTypH,
eKCLEHTPUCUTET PUKJIIaIaHHS 30BHIIIHFOT0 HABAHTAKEHHS Ta 1H.

Binbur cTiliKy TBOBITKOBY 3 BUCXIJHOIO W HU3XIHOIO AUITHKAMU Jliarpamy
nebopMyBaHHs 6eTOHY G, = f(€,) (IyHKTHpHA JiHis Ha puc. 1, (B)), IpuIaTHY
IpH OAHOYACHOMY i1 3aCTOCYBaHHI 3 Jiarpamoro 0, =f(&,) (CylinbpHa JiHisA HA
puc. 1, (B)) y pasi CHOpaBeIMBOCTI TillOTe3d bepHYymWI mis mepexomy Bif
omHOpimHOoro g0 HeomHopimHoro HJIC, MoXHa OTpHUMATH MPSIMUM
eKCIIEpUMEHTAJIbHUM ~ [UIAXOM, BHIIPOOOBYIOUM PpyHHYBAaHHSM  €TaJOHHI
MIPU3MOBI 3pa3ku 3 OETOHY CTYNIHYaCTHM KOPOTKOYaCHHUM OCHOBHUM CTHUCKOM Y
TaK 3BAaHOMY <OKOPCTKOMY» PEXKHMi HaBaHTaXyBaHHS. TyT i -aji CBiZOMO
HaIpyXXeHHs OETOHY MO3HAYaeEMO Oe3 BEPXHBOI PUCKH, MalOuX Ha yBas3i, 10 TIpH
OIHMX 1 THX ke caMHX AedopMallisix &, 3a Pi3HMX CHJIOBUX PEXHMIB MarOTh
MicIle BiIMiHHI OJTHE BiJl OIHOTO 3HAUECHHS HATIPYXXeHb O, 1 T, .

Takuii peXUM CTBOPIOIOTH 3a JOMOMOrOK BIMIHHHX BiJ] CTaHIApPTHUX
CrieniajJbHO BHUTOTOBJICHHX JIOPOTMX BHIPOOYBAJIBHHUX IPECIB, IO JO3BOJISIOTH
30epiraty MOCTIHOO MIBHIKICTh MPUPOCTY BiJTHOCHUX JedopMaliiii (ToOTo Komu
V, =de,/dt =const) [17,18,19], abo HONOMDKHHX IPUCTOCYBAHb, 3NATHHX

CIpUHAMATH 3YCHUIA 1 PO3BAHTAKMTH OCTOH IMCIS JOCSTHEHHA MaKCHMyMY
CTUCKAIOYMX HAIpyXeHb, TOOTO MICHS TEPEXOIy Yepe3 BEPIINHY KPUBOI CTHCKY
[20, 21,22,23]. OnHak, i MCHs OPCTKOPEKUMHHUX BUIPOOYBaHb ETATOHHUX
OETOHHUX IPHU3M B YMOBaX KOPOTKOYACHOI'O OJTHOPITHOI'O CTHCKY IPaBOMIpHICTh
3aCTOCYBaHHS OTPHMaHHX NpH IIbOMY Jiarpam JeopMyBaHHS OETOHY JIO
PO3paxyHKy HEOJHOPITHO CTHCHYTHX TIIEpepi3iB 3IrHYTHX 3aTi300€TOHHHX
€JIEMEHTIB 3aJIMIIIa€ PHBiA ISl CyMHiBiB. [Ipo 1ie cBiyaTh i cami MPUXUIHLHUKA
MPSIMOTO  €KCTIEPUMEHTATIBHOTO TIUISIXY BCTAHOBJICHHS KPHBOI CTHCKY, HABOISYM
pe3yNbTaTH BUBUESHHS YyTJIMBOCTI 1l OKPECIIEHHS JI0 3MiHU KOPCTKOCTI €lIEMEHTIB
caMoi BUIPOOYBAJILHOI YCTAHOBKH Ta HMIBHIKOCTI jaedopmysanHs [8, 14, 18, 21,
24], a TaKOX YKa3yrOuH Ha iCTOTHHH BIUIMB Ha SKICTh €KCIICPUMCHTAILHHX JaHUX
TaKoro Cy0’€KTMBHOrO YMHHHKA, SIK TPAaKTUYHUX HAaBUYOK IIPOBE/ICHHS
BIMOBIIHMX JIOCHI/PKEHb, 1 B MEpHIy 4Yepry — peaklii eKcriepuMeHTaropa,
oco0mmBO TpH (Qikcarii MOKAa3HUKIB BHMIPIOBAILHOI amapaTrypy Ha HU3XIiIHIH
BiTLI poOoTH OETOHY B yMOBaxX HOro iHTEHCHMBHO 3pOCTaroduX jedopMarii npu
OMM3BKUX JI0 pYyHHYIOUMX HaBaHTaxeHHsx [10,23,25,26]. Sk Hacmigok,
PE3yABTATH PI3HUX JOCTIIB HE 3aBKIM MPUIATHI IS MOPIBHSIHHI MiX CO0OI0, a
4acTo, 3a TBep/HKeHHsM aBTopiB [11, 18, 27], — myxe cyrnepednusi.

Merta Ta 3aBnaHHsi AochigkeHb. OCHOBHOIO METOIO JOCITIKEHb €
TEOPETHYHO OOTPYHTYBATH, pO3POOHTH Ta arpoOyBaTH Aiarpamy CTaHy OETOHY
y BUINIAAI PIBHSAHHA 3B’SI3KY O, =f(g,), MpUOATHY I 3aCTOCYBaHHSA O

0azoBaHMx Ha aedopMaliifHii Mozaemi poO3paxyHKIB MIIHOCTI 3IrHYTHX
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3aJ1i300€TOHHUX EJIEMEHTIB, a TaKOX OLJBII ITOBHOI OILIHKHA HEOJHOPIIHOIO
HJIC mepepi3iB e€IeMEHTIB Ha BCIiX CTalisfX iXHbONO HABAHTA)KYBaHHSA aX IO
pyiiHyBaHHs Oe3rocepeHbO 3a 3HAYCHHSIMU BiTHOCHHUX Aedopmaiiii OeToHy
&, 1BIANOBIIHUX HANIPYXKEHb O, .

Jlis peanizaniii mocraBieHOI METH BUPILTYBAJIHUCh TaKi 3aBAaHHS:

1) po3poOuTH aHANITHYHUN METOJ AiarpaMHOro TpaHCQOPMYBaHHS, IO
JIO3BOJISIE  TIEPETBOPUTH  ETAJIOHHY jiarpamy JnedopmyBaHHs OeToHY,
BCTaHOBJIIOBaHY IIPU HOTO CTAHAAPTHOMY BUIIPOOYBaHHI B «M’SIKOMY» PEXKUMI
HAaBaHTA)XKYBaHHS, B IMITAIlifHO MOJAEIbOBaHY TpaHC(HOPMOBaHY diarpaMmy
nedopmyBaHHs OETOHY, IO BiJIOBIJIAE€ HOTO «KOPCTKOMY» HaBaHTa)KyBaHHIO
1 OTpUMaHHS SKOI MPSIMUM €KCHIEPUMEHTAIBHUM NIISIXOM TEXHIYHO YTpYAHEHE
1 EKOHOMIYHO HEBUIIPAB/IAHE;

2) OAHOYACHUM 3aCTOCYBaHHSIM OTpPUMaHUX Jiarpam aedopMyBaHHS
OETOHY JUISl «M’SIKOTO» 1 «OKOPCTKOTO» PEeXHMMIB HaBaHTa)KyBaHHS B yMOBax
OJTHOPIZTHOTO OCBOBOT'O CTHUCKY BHUKOHATH rpadoaHaliTHYHy MOOYAOBY 1
MaTeMaTUYHE OIMCAHHS JiarpaMd CTaHy OCTOHY, IO XapaKTepHu3ye HOro
pobOTy B yMOBax HEONHOPIMHOTO CTUCKY B IIepepi3ax 3irHyTHX
3a11300€TOHHUX €JIEMEHTIB;

3) BHUKOHATH TOPIBHSUIPHUN aHaNi3 pe3yJbTaTiB pPO3pPaxyHKY MIITHOCTI
HOpPMAJIbHUX TEpepi3iB 3rHMHAIBHUX 3a1i300€TOHHUX CJIEMCHTIB 3a PI3HUMHU
METOJMKAMH, y TOMY YHCIi JIepOopMaIlifHUM METOAOM 3 BUKOPHUCTAaHHAM
3aIpONOHOBAHOL Jiarpamu CTaHy OeToHy, 3 BiJITIOB1 THUMU
€KCIIEPUMEHTAILHUMH JaHUMH.

OcHoOBHA YacTHHA J0CTiMKeHb. [IpumycTimMo, 110 1Bi €TasoHHI OeTOHHI
TIPU3MU-OJTU3HIOKH a0 THCS CTYMiHYaCTOMY HaBaHTa)KyBaHHIO
KOPOTKOYaCHUM OCHOBHM CTHCKOM JI0 PYWHYBaHHS B DIi3HHX PEKUMAX —
«M’SIKOMY» (CTaHIAPTHOMY) 1 «’KOPCTKOMY»; NPHU IIbOMY KiJIbKICTh CTYIICHIB
NPUKIaJaHHsl ~ HAaBAaHTQXEHHS  MOCTIMHUMHM  NPUPOCTAMH  BiJIIOBiTHO
HamnpykeHb O, 1 Jdedopmaliit ¢, 1 3araabHHN 4yac BHUNIPOOYBaHHS 000X

JIOCHIJTHUX 3pa3KiB 10 pyHHYBaHHS (10 NPUOIU3HO CTAaHOBUTH 90 XBHIIMH, SIK
1Ie PErJIAaMEHTY€ETHCSI YUHHUMU CTaHAapTaMH [5, 6]) mpuiiMeMo OJJHAKOBUMH.

Panime Oymu oTpuMaHi MaTeMaTH4YHI BUpa3sd Uil ONMCAHHS
BCTaHOBJIOBaHOI 0€3 0COONMBUX CKJIQJHOIIIB JOCHIJHUM [UIIXOM 3a
«M’SIKOTO» PEXHMMY HaBaHTa)KyBaHHS JIOCHTH CTaOiIbHOI €TAJOHHOI JiarpaMu
nebopmyBaHHs OeToHY O, = f(€,) 1 1i TpaHcopmoBaHoi popmu 0, =f(€,) ,
npsiMe  eKCIIEpUMEHTANIbHE  OTPUMAaHHS SKOI 332  JKOPCTKOPEKHMHOI'O
HaBaHTa)KyBaHHs 0B’ s3aHE 3 BUIIE 3a3HAYCHUMH POOIEMaMH TEXHIYHOTO Ta
METOJMYHOTO XapakTepy, a TaKOoXK IIJIO HU3KOK Cy0 €KTHBHUX YWHHUKIB,
BianosigHo y Burisiai (1) [28]1 (2) [29, 30]:

_ Ry (85 /20) 1
i VbR +(1_VbR)(3b/'9bR) M
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5, = Ry (85 /Z1r)
vir +(1=vir s /Zor )]/(]_V”R)

ne R, u R, — TUMYacoBi Omopu KOPOTKOUACHOMY OCBOBOMY CTHCKY OETOHY

)

(mpu3MoBa  MIIHICTh), BUIPOOYBAaHOTO BIANOBITHO 32 «M’SIKOTO» 1
«OKOPCTKOTO» PEKUMiB HAaBAHTAXKYBAHHS; £, U &, — IO3JOBXKHI BiJHOCHI

nedopmariii 6eToHy, IO BiANOBIAAIOTh HAMPYKEHHAM BIINOBIIHO R, H I?b;
Vpr — IPaHUYHMI KoedillieHT NpYyKHOCTI OETOHY MPH CTUCKY; E,, — MOIYIb

MIPY>KHOCTi OETOHY IPH CTHUCKY.

AwnaniTnuHe niarpamHe TpaHc(hOpMYBaHHs Iiependadae (opManizoBaHe
MPEJCTABJICHHS 4Yepe3 BH3HAYCHI 3TIAHO CTaHAApTIB [5, 6] mapamerpu
etamoHHoi  miarpamu (R, , E,), Vyr, &, ) BIIONOBITHUX  IapaMeTpiB
TpanchopMoBaHoi iarpamu po6ot 6eTony (R, , Ry, Eno» Virs Eprs Epy)-
IIpyu upoMy KepyeMOCh OE3CYMHIBHHM 1 MIATBEP/KCHUM YHUCICHHUMHU
EKCIIEPUMEHTAJIbHUMH  JIOCTI/DKEHHAMH  (AaKTOM, M0 XapaKTEepUCTHKH
npyxHoro nedopmyBaHHs O€TOHY 3a OJHOpPA30BOTO KOPOTKOYACHOTO
HaBaHTa)XyBaHHs HE 3aJeXaTh BiJ BUAY CHJIOBOTO PEXKHUMY 1 3aJMIIAIOTHCS
He3MiHHUMH, TOOTO E,) = Ebo =const U Vyp =V, =const [1,25,31,32 1a

iH.], @ TaKOXX MEPEKOHJIUBO JIOBEIEHUM y 0araThboX HAayKOBHX ITyOIiKarisx
CTBEP/DKEHHAM TOrO0, IO Jiarpama JedopMyBaHHS OyJb-SKOrO Martepiany €
HOro eHepreTHYHOI0 XapaKTePUCTHUKOI, a MUTOMa €HEpris, 110 BUTPAYaEThCS
Ha JedopMyBaHHS MaTepially J0 MOMEHTY MHoro pyHHyBaHHS, TIpHU
OJTHAKOBOMY HAaIpy>KEHOMY CTaHi sIK wioma (irypu, oOMeKeHoi 3a3HaueHOI0
JiarpamMoro, He 3aJIeKHUTh Bil MBUAKOCTI AedopmyBanus [33, 34, 35,36 Ta
in.]. KpiM Toro, BBaskaTuMeMo, 110 MaKCUMaJIbHE (I1IKOBE) HAIPYKEHHS I?b y
BepUIMHI TpaHCPOpMOBaHOI aiarpamu AeOpPMYBaHHS BiIIIOBiNAE BEpXHil

IPaHUIl MiKpOTPIIiHOYTBOPEHHS R;;’frc , 3a(hiKCOBaHIl Ha eTaIOHHIN miarpami

(puc. 1, (B)). Ocrannio nepenymoBy 0a3yemo Ha BucHoBkax O.S. Bepra [37]
Opo  TOpPYHICHHS  CTPYKTYpH O€TOHYy 3a  #HOro  M’SKOPEKHUMHOTO
KOPOTKOYaCHOTO OChOBOIO CTHUCKY JO pYHHYBaHHS, a TaKOX JCSIKUX
aHAJIOTIAX, BUSBIICHUX IIPU JIOCHI/PKEHHI TPHUBAJOl MIIHOCTI 1 IUKIJIIYHOI
BTOMH O€TOHY, $Ki 3acBiAYylOTb NP0 Te, IO MpH TpUBAJIOMY abo
KOPOTKOYacHO IOBTOPIOBAHOMY HEPEBUIIEHHI 30BHIIIHIM HAIpPYXCHHAM O,

MIEBHOTO BHYTPIIIHBOTO OIOpPY, SKWUH TOB’A3YIOTH 13 3a3HAYEHOI0 MEXEI0

R;)ofr . » MaTepian Moxe MepeayacHo BTpavaTh MillHICTb IpU 0, < R, B yMOBax

MIPOrPECYI0YOro 3pOCTaHHs TIACTHYHOI fedopMartii.

TakuM 4YMHOM, B OCHOBY MPOIOHOBAHOTO AHAIITUYHOTO METOAY
JiarpaMHOro TpaHcOpMyBaHHS IOKJIaJeHI Taki TiMoTe3W Ta BIAMOBIAHI 1M
MaTeMaTU4Hi BUpPa3H:

— rimore3a Ne 1 (3rimmo 3 [15,25,31,32 Tta iH.]) mpo iHBapiaHTHICTH
XapaKTEePUCTUK TPYKHOT0 AeopMyBaHHs OeToHy (puc. 2, (a)), ToOTO
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E,, = E,, = const (3)

Vpr =Vyr = CONSt , “4)
ne Ey =(do-b/d€b)gh:0; Ebo =(dab/d€b)

Vir = Eperr [Eor 3
— rimore3a Ne 2 (3rimHo 3 [33; 34; 35; 36 Tta iH.]) mpo iHBapiaHTHICTh
mUTOMOi eHeprii cuiioBoro aedopmyBaHHS OETOHY, IO BHTPAYAETHCS [0
MOMEHTY #oro pyiiHyBanHs (puc. 2, (0)), ToOTO
Wy = Wu = const , (5)

ne Wep=Apo o3 Wy=Ay5-5 Apoe 1 A5, — 110MA Diryp, 0OMeKEHUX

e=0°  VBR = EbeliR /gbR >

niarpamamu aedopmyBanHs OeToHy O, =f(€,) 1 6,=f(€,) BiAMOBiaHO NpH
«M’SIKOMY» 1 «OKOPCTKOMY» PEKUMAaM HaBAHTAKyBaHHS;

0,30, A
b>~b & —
LS _do, F o doc,
Ebel;R_ EbplR e 2ty
¢ | L b £,=0 dgb £,=0
___________ Eyy =Ey
— £ &
= f(e _ “beliR . — _ “beliR |
. - Lf( b) Vi = S VR T
e 0 bR Epr
g it i Ve =V,
ol geEn) . bR bR
0 /_ ; \ : )
Ehelir &p
Epr _
8bu
B (@)
b>~b
WR = u
Oy = j(gb) WR = AR,a~a
Ry [ s . o
— E VVu = Au,5~£
Ry |y :
— L AN o N ".0 _ ptop
Rbu 3 NN R, = Rb,crc
NN
0¢ : e
Eur EbR &y, &Ep
©)

Puc. 2. I'padivna inreprnperauis rimore3 Ne 1 (a), 21 3 (6), , 3acTOCOBaHHUX AT TpaHCHOPMyBaHHS
€TaJIOHHOI Jliarpamu 1epOopMyBanHs GETOHY 3a OHOPIIHOIO CTUCKY: O, = f(€,) 1 G, =f(€,) —

BI/ITIOBIZIHO e€TaOHHA 1 TpaHchopMoBaHa aiarpamu aedopMyBaHHs
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— rinore3a Ne 3 (3rimHo 3 [37]) mpo BIANOBIAHICTE MaKCHMAaJIbHOTO
(mikoBOro) HampykeHHS R, y BepuUMHi TpaHC()OPMOBAHOI Jiarpamu
nedopmyBaHHs OeToHy o,=f(&,) BEpXHil rpaHuIi fioro

MIKpOTPIIIUHOYTBOP EHHSI R;)‘jfrc, mo 3agikcoBaHa Ha ETAJOHHIM aiarpami

0,=f(&,) (ous. puc. 1, (B)), T06TO

D _ ptop
Rb - Rb,crc . (6)
Poskpurts  chopMyIbOBaHUX  TINOTE3  MPHUBOAUTH 10  TaKHX
CITiBBITHOIIIEHD:
— 13 rinmore3u Ne 1

Ey = doy =d{ Ry(ep /1) :|/d‘9b
de) 2y=0 Var +(1=vie Xew 1z 620
) (7)
_ Ver€r Ry | __ R
[(VbR —1)51; ~VirEbR ]2 |s,,:o VorEbR
E _45, -d Eb(gb/gbze) de _
P de N (] )( z )]/(]—ka) b -
ble,=0 Vir +(1=Vir Nep /E1r 5,20
_ o ®)
_ Ver Ry [1_('9b/ bR )]/(]_V”R)] | __R
2 —_— b
Epr ViR +(1_VbR )('91;/ Epr )]/(]_VM)] L,):o VbRE bR
R R,
v ©)
VorEbR  VbREBR
— 13 rimore3u Ne 2
€pr
R e v
WR = AR,o‘~s = J.de‘gb =1 - (1+1 ok 111|va |J 5 (10)
0 ~ VbR —Vir
Epy = _
= = 1 Rye
W,=A4,5,= |5,dey =— —L —x
e [ = G ) N
-1
x{(zva —1){2va .Lerchphi(V”VR 1, —2va}+1} +2(Vyr —1)};
bR
v 1 Ry,
Ry&p| 1+ —2R —1nly S i T
b bR( 1_VbR | bR|J 2 (2va _1) .

x {(2va —1){2‘/“ -LerchPhi( "’:f - 2V J + 1} +2(vy —1)},
bR
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ne LerchPhlz a, u ZZ / U+n —  CIeljajbHa  CIPOIIyBaJbHA

TpaHCIEHCHTHA (byHKul;{ «Lerch s Phi function» (pynkuis Jlepua «®Di»), sixa
BKa3ye Ha o0JyacTh ail criporneHns [38, 39, 40].

CymicHe po3B’si3anHs piBHAHB (9), (12) 1 (6), 1110 BUILTUBAIOTH i3 TiOTE3
Bimosinno Ne 1,21 3, BinHOCHO R, , £, i &, /A€ Takuii pe3ybTar:

R R}’)Ufn > (13)

Epr = (Rb/Rb)gbR§ (14)

5 - 2epp 1—va(3—ln|va|)+2v}?R(l—lnlval) .(15)
" Ry/Ry

-1
2Vpp (2va 3vir + I)LerchPhl[ 1,—2vep J + 4v}?R —7vpp +3

VbR
I'pannuny (KpUTHYHY) MIIHICTH  OETOHY Ebu , 3BaOXalOYd Ha

criBBiTHOIIEHHS (2), 32 BitOMUX R, , &,, 1 €, MOXHa OTPUMATH 3 BUPA3y

= R, (2, /5
R, = A bu_/ bli) T (16)
Vi + (L= Vi NEp /Epr)
Yucnosi 3HaueHHS QyHKIIT LerchPhi[(va - l)/va 1= 2va] y 3aJIeXKHOCTI
Bill v, TpescTapieHi B Tabmumi 1.

Tabmuns 1
Cora 3HaueHHs QyHKIGT LerchPhi[(v bR~ l)/ Virsl, = 2ve ]
4acTka y . . .
SHAYCHNI IIpH BETHYNHI IPaHHYHOro KoedilieHTa IpyKHOCTI GETOHY V pp
ViR 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

0,00 -0 |[-8,3821-5,908]-5,706|-7,656| 497,7 | 2,939 | 0,624 (-0,062]-0,356
0,01 |-54,86(-7,902|-5,821(-5,768|-8,170| 47,72 | 2,505 | 0,521 |-0,102]-0,356
0,02 ]-29,31(-7,506]-5,750(-5,849 |-8,824 | 22,75 | 2,146 | 0,429 |-0,140|-0,393
0,03 ]-20,68(-7,174]-5,695(-5,9501-9,679 | 14,44 | 1,845 | 0,345 |-0,174]-0,410
0,04 ]-16,33(-6,895]-5,654(-6,076|-10,83 | 10,30 | 1,590 | 0,270 |-0,206|-0,426
0,05 ]-13,69(-6,658]-5,628 (-6,229|-12,46| 7,825 | 1,371 | 0,202 |-0,236|-0,440
0,06 ]-11,93(-6,456|-5,615(-6,414|-14,93| 6,183 | 1,180 | 0,139 |-0,264|-0,454
0,07 ]-10,66(-6,284]-5,616(-6,639|-19,06 5,016 | 1,014 | 0,082 |-0,289|-0,467
0,08 -9,711(-6,137]-5,631(-6,911|-27,36| 4,145 | 0,868 | 0,030 |-0,313|-0,467
0,09 ]-8,971(-6,012]-5,660(-7,245]-52,34| 4,145 | 0,739 |-0,018|-0,335]-0,490

IMpumitka. 3HaueHHs QyHKUIT LerchPhi[(va - l)/va, I, - 2va] IpH TPOMIKHUX

BENIMYMHAX V,p, CJIiJl NpUiMaTH NiHiHOW0 iHTeprosIieto.

MaxkcumainbHe (I1iKOBE) HarpyKeHHs Eb y BepuIuHI TpaHc(HOpMOBaHOT
Jiarpamu neopMyBaHHs OeTOHY Oy, = f(€,) , IO BiAmMoBigae 3adikcoBaHiil Ha

€TaJIOHHIH Jiarpami o,=f(&,) BEpXHil rpaHuIi foro
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MikpoTpeliHoyTBoperHst R\’  (nuB. puc. 1, (B)), Moxke OyTH BHU3HAucHE 3a

b,cre

pawiie oTpuMaHo GpopmyIorw [41]
top R, \/Vb,l;Rgb,l;R _\/2vb,tr;Rgb,tr;R )

Rb,crc = ( ( ? (17)
L=y 0 NVbi:rEb iR —\L=Vi 1. N2V 1R ED 1R

Jie TAPSIKOBI TO3HAUEHHS «/» 1 «f» BKa3ylOTh BIJIIOBIHO Ha TO3/I0BXHIH 1
HonepevyHHit HapAMKK AeQopMyBaHHA OCTOHY; Vi, p =Viyr 1 &0 =Epp —

MPY)KHO-TUTACTUYHI XapaKTEePUCTHKHA TO3J0BXHBOro nedopMyBaHHs OETOHY
(mapamerpu Ti x cami, mo i B dopmymi (1)); Vv, ,.z> Ep,r — HPYXKHO-
IUIACTUYHI  XapaKTEPUCTUKH TOMNepeyHoro nedopMyBaHHS OETOHY, MIO
BHU3HAYAIOTHCS OJHOYACHO 3 QHAJOTIYHUMH  XapaKTepHCTHKaMu HOro
TIO3/IOBXHBOTO JIepOpMyBaHHS MiCNIsl TIPOBEICHHS CTAaHIAPTHUX BUIPOOYBAaHb
€TaJIOHHUX OETOHHUX MPU3MOBUX 3Pa3KiB.

Skmio x po3paxyHoK 3a hopmysoro (17) 3 Oyab-sIKoi MPUIUHA BUKOHATH
HEMOXKIIMBO, TO 3HaueHHs R,” =~ Moxe OyTH BCTAHOBJICHO 3 IHIUMX BiZOMHX

CITIBBiTHOIIICHB, 30KpEMa.:
— 3 opmynu bepra O.51. [37; 42] mis BaKKUX OETOHIB y IOCUTB 3PiJIOMY
Bini (Oinbie 28 n1i6) 3 MinHicTiO B Mekax 10...100 MIla

R [R, =035IgR, —0.175; (18)

b cre

— 3 ¢dopmymu /[lerrepesa B. B.-I'arapina 1O0. A. [43; 44] mna Bakkux
OETOHIB ITiIBUIIIEHO] MII{HOCTI

R [R, =137-0,01,/5929-4R, ; (19)

— 3 dopmynu Ispaemita M. M.-Tany3o I'. C. [45] misa nerkux OCTOHIB i3
MIIHICTIO B Mexax 15 ... 47 MIla (orpumMaHoi 3a pe3ynbraTaMu BUIIPOOYBaHb
arJIONOPUTOOCTOHIB Ha KBAPIIOBOMY i IIOPUCTOMY arjIONOPUTOBUX IMTiCKaX)

R /R, =0.135Ig R, +0,495 (20)

b cre
(y dopmynax (17)...(19) R, —y Kr/em?).
Ipuknagy aHANITUYHOrO MEPETBOPEHHS ETAJOHHUX AiarpaM oy, = f(€,)

TIO3/IOBXKHBOTO 1 IONEpevHoro Je)OpMyBaHb 32 KOPOTKOYACHHX OCHOBHX
CTHCKYy W pO3TATY, MOOYJOBaHMX 3a pe3ylbTaTaMH BIACHUX BHUIPOOYBaHb
JIEKUTBKOX BHUIIB OCTOHY, a TaKOX JOCIIAHUMH JaHUMH IHIIMX aBTOpIB [46,
47,48,49,50] y mHMpoKoMy Jiama3oHi BHUAIB, MIIHOCTeH 1 BIKYy
JOCTIDKYBaHUX MaTepiaiiB (ychoro 38 OCTOHHUX 3pa3KiB i3 JIeB’SITU BUIIB
OeToHYy), B ajekBaTHi TpaHchopmoBaHi (GopMmu Oy =f(€,), BCTAHOBIEHI

PO3paxyHKOBUM LIISXOM, MpezcTasiieni B Tabnuii 2, Ha puc. 3, 4.

Sk 6aunMo, eKcIiepUMEHTAIbHI €TaIOHHI Tiarpamu aedopMyBaHHS OCTOHY
SKICHO W KUIBKICHO BIJPI3HSIOTBCA BIiJl BIANOBITHUX PO3PaXyHKOBHX
TparchopmoBanux ¢opMm. [lpu 1BOMY, HANpHKIAA, IS IO3I0BKHHOIO
nepopMmyBaHHS 3a ocboBoro ctucky (Tabm. 2 1 puc.3) ¢ikcyemo Taki

CHIBBITHOIICHHS  JiarpaMHHUX  [apaMeTpiB: R, »=(0,6...0,99) Ry;
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Ebu =(0,3...0,99) R, ; &, =(0,6...0,99) &, ; &,,=(0,90...1,50)&,, . ¥ mexax
Ke camMux TpaHC(OPMOBAHUX JiarpaM MaeMO I?bu =(0,4...1,00) 17,) i
&y, =(1,00...2,52) &, . AHanoriyni 3a3HaueHMM TEHIEHIII crocTepiraemo i

JUIsL TIONEPEYHOro ne)opMyBaHHS OETOHIB 32 OCHOBOTO CTHCKY (TaOum. 2), a
TAKOX JUIsl BUMAJKIB OCbOBOT'0 po3TATY (Tabi. 2 1 puc. 4).

Tabmums 2
Bik | INapamerpu eranonHoi aiarpamu o, =f &) I[TapameTpu TpancdopmMoBaHoi giarpamu &, = f (g,,)
Bun Gerony | 6ero- | R, |E,x107, s\ Wx10%,| Ry, | Ryyo |Eyox107) | s s |, X107,
by, 06| it Mz | " | 5N vt | aarta| warta| hama | |5 SN

r,OB,EIOB.KHE' ued)o MYBaHHS 32 OCbOBOI'0 CTUCKY

I135-1%, I3B-11*| 410 [20,98] 36,18 [0,914] 63,44 | 686 |18,94]1504] 36,18 |0914] 57,29 | 67,39 | 689
K3B-I* 143 [2020] 36,49 |0,511] 108,33 | 1335 [16,97]16,52| 3649 [0,511| 91,00 | 114,17 | 1335
K3B-11* 127 [15,72] 39,43 [0324] 123,05 | 1316 | 938 | 7,94 | 3943 |0324| 7342 | 184,79 | 1316
K3BJ-I* | 349 (3135 31,02 [0,830| 121,76 | 2027 (2345|947 | 31,02 |0,830| 91,08 | 150,51 | 2027
K3BJ-IV* | 213 |32,53| 28,96 [0,792| 141,83 | 2486 [24,33|13,24| 28,96 |0,792| 106,09 | 173,48 | 2486

Bbrasi. [3K[46] - (2530 39,00 [0,569| 114,01 | 1710 [1543] 9,67 | 39,00 |0,569| 69,55 | 165,74 | 1711
BB-1 [47] 28 |18,30] 35,10 |0,274| 190,28 | 2453 |15.46[1531| 35,10 |0,274] 160,79 | 20337 | 2453
mB-1[47] | 28 [18,50| 3530 |0396] 132,34 | 1592 |15,06]14,66| 3530 |0396| 107,73 | 144,57 | 1592

HMBB-1-2 [48] [70-150| 53,96 | 37,91 0,661 | 21534 | 6607 |42,31(36,56| 37,91 |0,661| 168,86 | 24531 | 6607

HMBB-II-2 [48][70-150[ 72,01 | 39,75 [0,720| 251,63 | 10049 [59,62(53,56| 39,75 [0,720| 208,35 | 273,82 | 10049

KB-1* 136 [19,70| 16,54 [0,615| 193,70 | 2215 |15,88(14,63| 16,54 |0,615| 156,10 | 213,65 | 2215
KB-II* 303 [25,90| 16,77 [0,876| 176,28 | 2384 ]21,29(11,20| 16,77 [0,876| 144,80 | 201,40 | 2383
KB-111*, Kb-1V*| 347 (22,70 17,09 |0,779| 170,50 | 2096 |18,48|14,82| 17,09 |0,779| 138,82 | 190,99 | 2096
KB-V* 378 [20,04| 17,65 [0,699| 162,48 | 1822 ]16,17(14,16| 17,65 [0,699| 131,10 | 180,80 | 1822

KITB-1I [49] 28 22,20 10,10 |0,973| 226,00 | 2532 [21,98|21,97| 10,10 |0,973| 223,74 | 224,44 | 2532
KITB-III [49] 28 22,80 9,65 |0,949| 249,00 | 2888 [21,89|21,17| 9,65 |0,949| 239,04 | 251,64 | 2888
KIIB-1V [49] 28 121,40 8,45 0,938 270,00 | 2951 |20,12|18,41| 8,45 ]0,938| 253,80 | 277,07 | 2951

HITTB-I [50] -- |47,40| 26,49 |0,817| 219,02 | 5540 |40,64|3525| 26,49 |0,817| 187,77 | 235,29 | 5540
LIITB-1I [50] --- 146,10 26,50 |0,753| 231,03 | 5827 |39,45|36,46| 26,50 |0,753| 197,69 | 244,77 | 5827
LITIB-II [50] | --- |46,10| 24,83 |0,829| 223,96 | 5485 |39,45|33,27| 24,83 |0,829| 191,65 | 241,91 | 5485
BB-1 [50] --- |31,00| 33,11 |0,483| 193,85 | 3721 [21,70|18,61| 33,11 |0,483| 135,67 | 245,24 | 3721
BB-II [50] --- |28,70| 33,22 0,443 | 195,02 | 3542 |19,75|17,12| 33,22 |0,443| 134,21 | 251,28 | 3542
BB-I11 [50] --- 128,00 32,34 0,449] 192,83 | 3405 |19,16]16,46| 32,34 10,449 131,98 | 249,80 | 3405

[Tonepeune aed)OpMyBaHHS 38 OCbOBOIO CTHCKY
J136-1%, I3B-11* 410 120,98| 276,3 |0,853| 8,90 98 18,94|17,80| 276,3 |0,853| 8,04 9,18 98
K3B-1* 143 [20,20| 208,7 [0,285| 33,96 479 116,97(16,78| 208,7 [0,285| 28,53 36,43 479
K3B-11* 127 [15,72] 219,5 |0,341| 21,00 222 938|784 | 219,5 |0,341| 12,53 31,47 222
K3BJ1-111* 349 131,35 217,8 0,541 26,61 501 [23,45|20,74| 217,8 |0,541| 19,90 | 31,51 501
K3BJI-IV* 213 [32,53]| 196,6 [0,460| 35,97 734 |24,33]22,33| 196,6 |0,460( 26,91 42,62 734
BB-1[47] 28 |18,30| 2558 |0,056| 127,75 | 2053 [15,46|15,43| 2558 |0,056| 107,95 | 145,81 | 2053
LIIB-1 [47] 28 [18,50| 248,0 [0,105| 71,04 1080 |15,06]14,96| 248,0 ]0,105| 57,83 82,38 1080
TTo310B3KHE J1ehOpMYBaAHHS 32 OCBOBOTO PO3TSATY
BB-1 [47] 28 | 1,39 | 27,60 |0,635| 7,93 6,34 | 1,17 | 1,12 | 27,60 [0,635| 6,70 8,39 6,34
LIB-1 [47] 28 | 1,48 | 29,50 |0,776| 6,47 5,19 [ 1,20 | 0,97 | 29,50 |0,776| 5,26 7,27 5,19
BB-1II [47] 28 | 1,53 | 36,50 |0,572| 7,33 6,64 | 1,29 | 1,25 | 36,50 [0,572| 6,19 7,71 6,64

wB-[47] | 28 | 1,23 | 32,10 |0,589| 6,51 | 4,70 | 1,00 | 094 | 32,10 |0,589| 530 | 7,11 | 4,70
KB-I* 136 | 1,00 | 16,61 [0,596] 10,10 | 591 |081]075| 1661 [0,59| 814 | 11,07 | 591
KB-IT* 303 | 1,30 | 12,41 |0852] 12,30 | 842 | 1,07 ] 0,69 | 1241 [0852] 10,11 | 13,92 | 842

KB-IIT*, KB-IV*| 347 | 1,90 | 1926 |0,873| 11,30 | 11,22 | 1,55 | 078 | 19.26 |0,873| 920 | 12,99 | 11,22
KB-V* 378 | 140 | 1513 [0907| 1020 | 7,37 | 1,13 ] 026 | 1513 [0907| 823 | 12,02 | 737

Hpumitku. 1. Y rabmuni npuituari Taki nosnavenns: J[35 — Baxkuii apiGHO3epHuCTHIl HemenTHO-Nimanuii Geton; K36 —
BA/KKHH KPYITHO3EPHUCTHI GETOH Ha TpaJMUifHUX 3amoBHIOBaYax (i3 rpaHiTHOro mebeHio i kBapuoBoro micky); K3BJI — Bak-
KM KpyITHO3ePHHUCTHIT 6ETOH Ha TPaIMIIHHNX 3aMOBHIOBAYaX i3 MoaudikoBanoo n06aBkoto «Jlopen»; Bb Ha Binx. 3K — Baxk-
KHii GETOH, B IKOMY sIK APiOHMIA 3aN0BHIOBAY 3aCTOCOBYIOTh BiZIXO/H ripHU4030aradyBanbHOro kombinary; BB — Baxkuii 6eTon
Ha TPaJMIiHHNX 3anoBHIoBauax; 1B — Baxkknii GeTOH, B IKOMY YacTHHA KPYNHMX i ApiOHHMX 3aMOBHIOBAYIB 3aMiHEHA IIAKOM
TEC; HMBB — HaaMiuHumii Baxknii 6€TOH Ha TPaJMIiHHUX 3aI0OBHIOBAYAX | BUCOKOAKTHBHUX MOpTiaHleMenTax; Kb — kepam-
suroberon; KITb — kepamsutonep:itoderon; LIB — uuakonem3o6eToH. 2. «3ipodykami Mo3HaueHi 6eTOHH, MEXaHiuHi Xapak-
TEPUCTHKH SKHX OTPUMAHI 3a pe3yJIbTaTAMH BJACHUX BUNPOOYBaHb.

He Bakko MOMITHTH, IO 3a HaWMEHIIOl IJIACTUYHOCTI OETOHIB iXHI
TpaHcdopMoBaHi fgiarpamu Oy, = f(€,) MaroTh HU3XiAHi BiTKH. [IpudomMy, dum

OETOHM TPYXKHi, THM 3a3Ha4YeHi BITKH KOPOTIII i OUIBII CTPIMKI SIK TIPH CTHCKY,
Tak 1 po3tary (puc. 3 miarpamu mis JA3b-1, JI3b-11, K3BA-II1 HIIIB-I, a Ha
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puc. 4 — nia 1IB-1, KB-11, KB-11I, KB-1V, Kb-V). HatoMicTh OibIII TUTACTHYHI
0eTOHHM MaIOTh MOPIBHSHO MPOTSDKHIII W O1IBII MMOJIOT] HU3X1IHI BiTKHU (pHC. 3
niarpamu st K3b-1, Bb na Binxin. I'3K, 11IB-1, a va puc. 4 — st Kb-I).
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Puc. 3. Ilpukiaau tpanchopMyBaHHS Jiarpam MO3I0BKHBOr0 Ae(hOpMyBaHH Pi3HUX BUAIB
6eTOHY 32 KOPOTKOYACHOI'0 OCHOBOIO CTHUCKY (IO3HAYCHHS Ti % cami, o y Tabiri 2 i puc. 2)

Baxnuso

BiI3HAYNTH, IO

3aMpONOHOBAHUN

aHaJI THYHUH MECTOL

JiarpaMHOro TIEPETBOPEHHS TaKOX J03BOJSIE OTPHUMATH TpaHc(opMoBaHi
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JiarpamMu 3 HU3XIJHOIO BITKOIO 1 JUIsl HEHTPAILHO PO3TATHYTOro OETOHY B TOW
caMMiH dYac, KONM Ha JAyMKy Oumpmiocti  aBtopiB  [S51]  mpsMumu
BUIPOOYBaHHSIMHU [[LOTO JIOCSTTH HEMOXKITUBO.
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Puc. 4. Ilpukiaau tpanchOpMyBaHHS Jiarpam M0O3I0BKHBOTr0 Ae(OpMyBaHH Pi3HUX BUAIB
6eTOHY 32 KOPOTKOYACHOT'O OCHOBOTO PO3TATY (IIO3HAYCHHSI Ti K cami, o y Tabu. 2 i puc. 2)

TakuM YMHOM, BHUXOISYU 3 TINOTE3 IPO IHBApiaHTHICTH XapaKTEPUCTUK
NpY)XHOTO  JeopMyBaHHS O€TOHYy Ta NUTOMOI €Heprii  CHJIOBOTO
neopMyBaHHS OCTOHY, IO BHUTPAYAETHCA HAa HOro poOOTY 1O MOMEHTY
pyHHYBaHH:S, pO3pOOJICHO IMO30aBJICHUIA YMOBHOCTEH 1 3aliBOrO eMIIipU3MY
e(peKTUBHMI 1 3aranbHOAOCTYIHHUN aHATITUYHUHA METoJ] TpaHC(OPMYBaHHSI
nmiarpamu neopMyBaHHA OETOHY 3a HOro KOpPOTKOYAaCHOTO OJHOPIIHOTO
ctucky. OCHOBHUI pe3ynbTar peanizalii 3a3Ha4eHOr0 METOIy — MaKCHMaJIbHO
TOYHE BU3HAUEHHA TPAHUYHOI CTUCIMBOCTI OeToHy ¢&,, (puc.l (a),(B) i

¢dopmyna (15)), ska OJHOYACHO € TPAHUYHOK KpairoBow Aedopmaliiero
HEOJHOPITHO CTHCHYTOro OeToHy. Sk Oaummo, y dopmymnax (13)...(17)
MPUCYTHI BUKIIIOYHO MAapaMeTpH, SKi MaroTh CTPOrHi (i3MuHMH 3MicT i
BHU3HAYAIOTBCS 31 CTAaHOAPTHUX BUNPOOYBaHb OETOHY, IO [O3BOJISIE
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BHUKOPHCTOBYBATH 3a3Ha4yeH1 CITiBBIIHOIICHHS HE3aJIeXKHO BiJl Oro BULLY, BIKY,
KJIacy, TEXHOJIOTI] MPUTOTYBaHHs ToUIO. [IeBHY rpoMi3AKicTh, IO IPUTaMaHHa
Bupaszy (15), He cnif po3rysimaTd SIK MEepeniKoay; NP CY4acHOMY piBHI
00YHMCITIOBAJILHOT TEXHIKH 1151 Tpo0iiemMa MiJKOM BHpIlyBaHa.

Po3risiHeMO MOXJIMBICTH  OIHOYACHOTO 3aCTOCYBAaHHS  aHAJITHYHUX
BUpa3iB 1714 Aiarpam aedopmysanHs 0, =f(g,) i 0,=f(&,) (bopmymu (1) i
(2)), orpuMaHuX BHUIPOOYBAaHHAMH OETOHY KOPOTKOYAaCHHM OJHOPIIHUM
CTHCKOM JI0 pyHHYBaHHS, A0 TpadiuHOi MOOYyIOBM Ta MaTeMaTHYHOTO
omucanHs (i3MYHO OOIPYHTOBAHOI W HaIiiiHOi JiarpamMu craHy OeTOHy, IO
BioOpaxkae (pyHKIIIOHATBHUI 3B’S30K MiX HalpyXeHHsIMHU U neopMarisMu
OCTOHY CTHCHYTOI 30HHM B 3ITHYTHX OCTOHHHX 1 3aJ1i300€TOHHUX €JICMCHTaX,
nepepisu SIKUX MPaIOI0Th B YMOBAaX HEOAHOPIAHOTO HANIPY)KEHOT'O CTaHy.

O.. bepr y cBoili ¢yHmamenTanbHid mnpami [37], mpoaHai3yBaBIIN
niarpamu neopMyBaHHsI OETOHY 3 HU3XiIHOIO BiTKOIO, orpuMani K. E. Tanem
y Iociiiax 3 UEHTPAIbHO CTHCHYTHMH apMOBaHHUMH IIPU3MaMHM, CTBEPIUKYE,
IO TpH HEOTHOPIJHUX HANPYKEHUX CTaHaX MIIHICTh Marepialy Ha CTHUCK
(Tak 3BaHa MILHICTh HA CTUCK NP 3THHI R, ;) MOXe 3HAYHO IIiABUILYBATHCH

(s mpuknaxy, y 0araTopiyHMX IIBOBUX AOCHKEHHSX [52, 53, 54] nns
OeToHiB 3 KyOmkoBoi Minnictio R =20..90 MIla 3adikcoBano 30iabIICHHS

R, ; 1o BigHoweHnHio 10 R, y 1,2..2 pasu) 4epe3 ocoOIMBHH MeXaHi3M

PO3BUTKY MIKPOTPIIIMH 1 TMOAANbII PO3PHUBH OETOHY Ta, SIK HACHIJIOK,
MePEPO3IO i 3YCHIb 3 OLIBIN CIa0KUX MICIh Ha MICIII MEHII ClIa0Ki, y TOMY
YHUCIi — 3 HEMOPYLIEHOI CTpyKTypoto. [lomiOHi TBepmkeHHS Tpo (Qi3uuHy
MIPUPOAY MIIHOCTI OETOHY Ha CTHUCK TPH 3TWHI, 0 0a3yrOThCS Ha aHawi3i
BEIMYE3HOTO MAaCHBY JIOCHITHHMX JaHHX, HAKOMWYEHUX TIOKOJIiHHAMHU
BITYM3HSHUX 1 3apyODKHHMX IOCIIJIHHUKIB, 3HAXOAMMO TaKOX B ITyOJIKaIlisx
[55, 56, 57,58]. 3 iumoro 6oky aBTOp [37] BKa3sye Ha Te, IO 3arajbHHUA
XapaxTep 3B’s3Ky AedopMmalliii 3 HamnpyKeHHSIMH B OETOHI CTHCHYTOI 30HH
3ITHYTOrO €JeMEeHTa aHAJOTIYHUHA Till 3aKOHOMIPHOCTI, IO BUSBJICHA NPHU
OJTHOPIZHOMY CTHCKY. TakuM 4MHOM, BJIACHI JOCIiIKEHHS, PE3YyNIbTaTH SIKHX
Mpe/IcTaBiieHi B Tabuuii 2 i sIKi CBIAYaTh MPO Te, IO IS MIMPOKOTo iala3oHy
BUIIB i KiaciB OeToHy R, =(l,01...1,68)§b, a TakKOX BHCJIOBIIOBaHHS W

BHCHOBKM IHIIMX AaBTOPIB JAIOTh MiJICTABy BBAXKAaTH, L0 JJIsI CTHCHYTOTO
OeTOHY, SIKMH IpaIfo€ B YMOBaX HEOAHOPIMHOIO HAMPYKEHOTO CTaHy, MOXe
OyTH 3acTOCOBaHWI 3aKOH JeOpMyBaHHS Yy TakoMmy (opmasi3oBaHOMY
BHTJISAII:
Rb (‘917 / ‘9bR) 21
; @D
+ (] — )( )1/(1*V11R)
VbR Vir Nes /€ 1r

ae R, , v,p 1 €,z —MapaMeTpH Ti 3k cami, mo # y ¢popmymi (1).

Opp =

Pasom i3 TuM, y Bupasi (21) 3a TpaHHYHY CTHCIHBICTH OETOHY &, , IIO

BIJINOBIJIa€ TPaHIYHIN KpaloBiii (TOOTO BUIbHIH BiJl BIUTMBY CyMIXKHUX BOJIOKOH )
nedopMallii CTHCHYTOro Iepepisy 3iCHYTOro €JIeMEHTy, CJiJ NpHiAMaTd
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nedopMaliio &€,,, OTPUMaHy NpH peaii3allii BHILE ONMUCAHOTO AHATITUYHOTO
METOy JiarpaMHOro Tpanc(opMyBaHHs Ta BH3HA4YeHY 3a dopmysaoro (15). Tomi
IPaHMYHY (KPUTHYHY) MIlHICTh OETOHY Ha CTHCK TpH 3THHI R, 3a BiJOMHX

Ry, ViR =V =Vig 15 Epr 1 Epy = Epy, CITIL OOUMCIIOBATH TaK:

Ry (& /E1r)
Ru — b \®bu/ °bR . (22)
’ Vpr + (1 — ViR )(51714 [€br )l/(liv"R)

AC150450, 4

I
0 >
Epr EbR gbu =&

Puc. 5. I'padivna imocTtparis TpaHchopMyBaHHs giarpam aedopMyBaHHs OeToHy: | — eTanoHHa

niarpama G, = f(€,) OIHOPIIHOTO CTUCKY 32 «M’SIKOTO» PEKUMY HaBaHTaXYBaHHS; 2 —
TpanchopMoBana jiarpamMa O, = f(£,) OHOPIAHOTO CTUCKY 32 «GKOPCTKOT0» PEXUMY

HABAHTAKyBaHHs:; 3 — liarpama o, Y = f(&,) HEONHOPIHOTO CTHCKY MPH 3TUHI

3anpornoHOBaHUi aHANITHYHUN METOJ| JAiarpaMHOro TpaHc(hOpPMYBaHHS
O0eTOHY B YMOBax OJHOpPIIHOTO CTHUCKY Ta OTpHMMaHHi Ha HOro OCHOBI
MaTeMaTu4Hui 3anuc (21) miarpaMu cTaHy HEOTHOPIJHO CTHCHYTOrO OETOHY
OynH yCHilIHO arnpoOoBaHi MPU PO3PaXyHKY 3a Pi3HUMHU METOAUKAMHU (Y TOMY
Yuclni 32 HAliOHAIFHMMHU ~ OyHNiBEeIbHUMH  HOPMamH, €BPONEHCHKUM
CTaHAapTOM 1 OyHiBEJIbHUMH HOPMaMH JAESKUX IOCTPASIHCBKUX PECITyOIIiK)
MIIIHOCTI HOpPMaJBHUX Iepepi3iB 13 3acTocyBaHHAIM JedopMariiiiHoi Momerni
3TUHAIBHUX CTPW)KHEBUX 3ai300€TOHHUX €NEMEHTIB 3 OJUHOYHHUM 1
MOJBIHHUM apMyBaHHAM (SKICHO ¥ KIJIBKICHO BiJIMIHHOIO apMaTypO0, Y TOMY
YHCITi 3 M’SKUX 1 TBEpAMX CcTajei) i3 JpiOHO3EPHUCTOrO IIEMEHTHO-ITIIIAHOTO
O0eToHy, OCTOHY Ha TpPaJWIIIHHUX 3allOBHIOBa4Yax, OETOHY, B SKOMY YacTHHA
KpyImHUX 1 JpiOHMX  3alOBHIOBAadYiB  3aMiHEHAa [UIAKOM  TEIUIOBUX
€JIEKTPOCTAHIIIH 1 JIeTKOro OETOHY Ha IPHPOAHUX MOPHUCTUX KPYIMHHX 1
JIpiOHUX 3alOBHIOBAYaX 3 BYJIKaHIUYHHUX IUIaKiB (ychoro 35 0Oanok). Hatikpama
30KHICTh pe3yJbTaTiB PO3PAaXyHKY MIITHOCTI (TOOTO I'paHMYHHX MOMEHTIB

M;h BiJl PaBHOMIIOUMX YCiX BHYTPIIIHIX MO3JIOBXHIX 3yCWIb B OeTOHI i
apMatypi BIIHOCHO HEWTpaJdbHOI OCI CIEMEHTIB) 13  BiIIOBITHUMU
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eKCIIEPMMEHTAIbHUMH JaHUMHU (TOOTO 3rMHalbHUMHU MoMeHTamu M “P Bin
30BHINIHROIO0 PYWHYHOUOTO HABAaHTAXEHHS) CBIMYHTH TMPO JOCTATHIO
OOIPYHTOBAHICTh 1 KOPEKTHICTh BHKJIQJACHONO METOJMYHOIO IMIiAXOAY IO
MOOYJOBH Ta MATEMAaTHYHOI'O OIMHCAHHA miarpaM naedopMyBaHHsS OETOHY B
YMOBaX OTHOPIAHOrO 1 HEOMHOPITHOTO CTUCKY. CTaTHCTUYHI XapaKTePUCTUKH
(cepemHe 3HAYeHHS BapialiiHoro psmy M , cepemHE KBaIpaTUYHE

BiIXWIIEHHSI O , KoedilieHT Bapianii /' 1 MOKa3HUK TOYHOCTI P ) BUABJIEHI 3a

HOPMAJLHUMH  Bapiauifiaumu  psgamu A= M P / M™ | mpencraBmeni B

Tabmui 3.
Tabmums 3
. +P (y %)
Crioci6 BU3HaUSHHS I'PaHUIHHX T
+ +V,%|+P, ¢
MOMEHTIB M;h N, M to |2V % P, % P=95%i
t,=1,96
3 ypaxyBaHHAM IPOUOSHUI | 3511 0393 10,0555 | 5,34 | 0,00 | 1,77
aBTOpa
3a meroaukoro [1] 35 11,0286]0,0585] 5,69 [ 0,96 1,88
3a MeTomKoo [3] 35 [1,0320(0,0572 | 5,54 | 0,94 1,84
3a MeTomKoo [4] 35 10,985210,0756| 7,68 | 1,30 2,54
[IpumirTka.B ocranHiii KOJOHII TaOyMIli HABEIEHI 3HAYEHHS TMOKa3HMKA TouHOCTI +P (y %) 34
bikcoBanoi 1oBipuoi iiMoBipHOCTI P,=95%, sIKiii BiIOBia€ MoKa3HuK BiporigHocti £,=1,96 [59].

BucHoBkn

1. Po3pobneHo eeKTHBHUN 1 3arajJbHOAOCTYIHHN AHAITHYHHA METO[
MIEPETBOPEHHS MapaMeTpPiB €TAIOHHHUX Jiarpam JeQopMyBaHHsS OETOHY, IO
BU3HAYAIOTHCS JIOCHIJHAM IIUIIXOM TIIPU  CTaHAAPTHUX BUIPOOYBAaHHIX
MPU3MOBUX OETOHHUX 3pa3KiB y «M’SKOMY» DPEKHMi HaBaHTa)XyBaHHsI, B
mapaMeTpy IMITAIlifiHO MOJENTbOBAaHUX TPaHC(HOPMOBAHUX JiarpaM, IO
Bi/INIOB11AI0TH KOPCTKOPEKUMHOMY HaBaHTa)KyBaHHIO OeTony,
eKCIIEpUMEHTAJIbHE OTPUMaHHS SKUX TEXHIYHO YTpyJHEHE il HEEeKOHOMIYHE, a
iXHsI IOCTOBIPHICTh BUKIIMKAE Cepes JOCIIJHUKIB TMEeBHI CyMHIBH. BiacHuii
METOJl 3aCHOBAHO Ha YSBJICHHI NpO Jiarpamy JnedOopMyBaHHs MaTepiany sK
HOro eHepreTH4Hid XapaKTEpPUCTHI Ta 13 3aCTOCYBaHHSM CITiBBiJHOLIEHBb
(13)...(17) mpoiTrOCTPOBAaHO Ha MPUKJIAAaX MEPETBOPEHHS €TaJOHHUX JiarpaM
MO3/IOBXXKHROTO Ta MONEpeYyHOro aedopMyBaHHS pI3HHX BUIIB OETOHY B
YMOBax KOPOTKOYACHHX OCBOBUX CTHUCKY MW pO3TAry Yy BiImoBimHI
TpaHncdopmoBaHi (opmu. BincyTHICTH Oynb-SKHX €MITIpHYHUX HapaMmeTpiB i
CHIBBITHOIICHb, IO HE MAIOTh CTPOTrOoro (i3MYHOrO 3MICTY, IO3BOJISE
BUKOPHCTOBYBaTH 3a3HaueHi Bupasu (13)...(17) He3anexHo Bix Buay OeTOHY,
Horo BiKy W KJlacy, TEXHOJIOTil NMpPUTOTYBaHHS Ta MOAAIBIIOTO 30epiraHHs
TOWIO.

2. Ba3yrouuch Ha BIIOMUX YSABJIECHHSX PO (i3W4HY MPUPOAY MIIHOCTI
OCTOHY, 3alpOIIOHOBAHO CIIOCI0 OJHOYACHOTO 3aCTOCYBAaHHS aHAJITHUYHHX
BUpa3iB 174 AiarpaM aepopMmyBaHHA O, = f(&,) i 0, = f(g,), OTpUMaHUX
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BUIPOOYBaHHAMH 0ETOHY KOPOTKOYACHMM OCHOBHM CTHCKOM J0 PyHHYBaHHS
(ToOTO B yMOBaxX OJHOPIAHOTO HAMPY)KEHOTO CTaHy), U1 IEPEeXomy MO
Aiarpamu ctaHy OeToHy O}, ;= f(€,) , 1o onucana Bupasom (21) i BinoGpaxkae

(YHKI[IOHAJIBHUI 3B 530K MIDXK HamlpyKeHHAMH i aedopmalisMu OeToHY
CTHCHYTOI 30HU B 3irHYTUX OETOHHUX 1 3a/1i300€TOHHUX €JIeMEHTaX, repepizu
SIKHX TIPAIIOIOTh B YMOBaX HEOAHOPIIHOTO HAMPYKEHOT'O CTaHy.

3. Amnpobamit0 MaTeMaTW4HOrO 3aIlkcy JiarpamMu crany Oerony (21)
cnibHO 3 popmyroro (15) anst BU3HAYEHHSI TpaHUYHOI KpaioBoi nedopmarii

&, HEONHOPITHO CTHCHYTOTO Iepepi3y 3irHyTOro ejgeMeHTa 3JiHCHIOBAIH

IIPU PO3paxyHKy MIITHOCTI HOPMaJIbHHUX IEpepi3iB 3TMHAJIbHUX CTPHKHEBHX
3ali300€TOHHUX ~EJIEMEHTIB, BUTOTOBJIEHUX 3 MatepiamiB (OeTtoHy Ta
apMarypu) i3 IIMPOKHM Jialla30HOM BHUIIB 1 KiaciB. [IopiBHAIBHUN aHai3
pe3yNbTaTiB PO3PaxyHKy MIITHOCTI 3a PI3HUMH METOIAMKAaMH, Y TOMY YHCIi
nedopMarifHIM METOOM 13 3aCTOCYBAaHHSIM 3aIPOIIOHOBAHHMX AHAIIITHYHHX
BupasiB (21) i (15), 3 BIXNOBIAHUMHU €KCIIEPUMEHTAIbHUMH JTAaHUMHU CBITYUTH
PO JOCTAaTHIO OOIPYHTOBAHICTh 1 KOPEKTHICTh BHUKIIAQJEHOTO METOAWYHOIO
migxony no rpadiyHOi MOOYZOBM Ta MaTeMaTHYHOrO OIMCAaHHS Jiarpam
nedopMyBaHHS OSTOHY B YMOBaxX OJHOPITHOTO i HEOIHOPITHOTO CTUCKY.

4. TlepCrieKTUBHMM HANpSIMKOM TOJAQIBUIMX EKCHEPUMEHTaJIbHUX 1
TEOPETHYHHUX  JIOCHI/DKEHb € BHBYCHHS  MOMJIMBOCTI  3aCTOCYBaHHS
PO3pO0JIEHOI METOMMKHM IMOOYAOBM Ta MaTeMaTHYHOTrO OIMCAaHHS Jiarpam
nedopmyBaHHS OETOHY B YMOBax OIHOPIAHOIO W HEOJHOPIJAHOTO CTUCKY IO
pO3paxyHKy OCTOHHMX 1 3alli300CTOHHHMX €JIEMEHTIB 1 KOHCTPYKIIiH,
eKCIUIyaTOBaHUX IPU  TPUBAIUX 1 KOPOTKOYACHMX  MAaJIOLUHUKIIOBHUX
HaBaHTa)KyBaHHSIX.
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Cmamms naoitwna 07.04.2021

Krus Yu.O.
TRANSFORMATION OF CONCRETE DEFORMING DIAGRAMS IN CONDITIONS OF
UNIFORM AND NON-UNIFORM STRESS STATES

The aim of the research is formulated, which is the theoretical substantiation, development and

testing of the concrete state diagram, suitable for use to calculations of the strength of bended
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reinforced concrete elements based on the deformational model, as well as for more complete
assessment of non-uniform stress-strain state of the cross-sections of elements at all stages of their
loading up to the destruction directly on the values of the relative strains of concrete and the
corresponding stresses.

In this paper, an analytical method of converting the parameters of reference concrete deforming
diagrams, which are determined experimentally during standard tests of concrete prismatic specimens
by short-term axial compression and tension up to the destruction in «soft» mode of loading, into
parameters of simulated transformed diagrams, which correspond to the «rigid» mode of loading of
concrete, is developed. The way of simultaneous application of analytical expressions for the
specified defoming diagrams, which describe the operation of concrete in conditions of uniform
compression, for transition to the state diagram, which displays the functional relationship between
the stresses and strains of the concrete compressed zone in bended concrete and reinforced concrete
elements, cross-sections of which operate in conditions of non-uniform stress state, is proposed.

The results of testing the obtained mathematical model of the concrete state diagram during the
calculation by different methodics of strength of the normal cross-sections of bendable reinforced
concrete elements are presented.

It has been determined that a promising direction for further experimental and theoretical
research is the study of the application of the developed methodics of graphical building and
mathematical descripting of concrete deforming diagrams under conditions of uniform and non-
uniform compression to the calculation of concrete and reinforced concrete elements that are operated
under the action of long-term and short-term low-cycle loadings.

Key words: concrete, mode of loading, diagram of deforming, stress-strain state, deformational
calculate model.

Kpyco FO.A.
TPAHC®OPMUPOBAHUE JUATPAMM JTE®OPMUPOBAHUS BETOHA B
YCJIOBUSX OJJHOPOJHOI'O M HEOJHOPOJHOI'O HAITPSIKEHHBIX
COCTOSIHUI

B nanHoii pabote pa3paboTaH aHAIMTHYECKUI METO/ MPpeoOpa30BaHKsl MapaMeTPOB STATOHHBIX
nuarpaMM  ieopMHUpOBaHKs OCTOHA, OMNPEACIAEMBIX OIBITHBIM MyTEM TIPH  CTaHIAPTHBIX
UCHBITAHUAX NPU3MEHHBIX 6C'TOHHI>IX 06pa3u03 KpPaTKOBPEMEHHBIMHA OCCBBIMU  CXKATUEM H
pPACTSHKEHHEM JI0 Pa3pyLICHHs B «MATKOM» DPEXMME HArpy)KeHHs, B IapaMeTpbl MMHUTALIMOHHO
MOJEIHPYEMBIX TPAaHCHOPMHUPOBAHHBIX JHArpaM, OTBEYAIOLINX JKECTKOPESKHMHOMY HArPYKEHHUIO
OeroHa. IlpennoxkeH cmocod OXHOBPEMEHHOrO HPHMEHEHHsS AHAJIMTHYCCKHX BBIPOKCHHH I
yKa3aHHBIX AWarpaMm aeOpMUPOBAHUsI, OIUCHIBAIONMX paboTy GETOHA B YCIOBHSX OJHOPOXHOIO
CKaTHs, U Nepexofa K JAuarpaMMe COCTOSIHUSI, OTOOpakarolieil ()YHKIHOHAIBHYIO CBSI3b MEKIY
HaNPSUKCHUSIMA | Je(popMalusiMi GETOHA CKATOM 30HBI B M30IHYTHIX OSTOHHBIX U HKEJIE300€TOHHBIX
9JIEMEHTAaX, CEYCHHsI KOTOPBIX PAOOTAIOT B YCIOBUSIX HEOJHOPOAHOIO HANIPSDKEHHOTO COCTOSHUSL.

IpuBeneHbl pe3yibTaThl anpoOaluy IOJyYCHHOW MAaTeMaTHYeCKOW MOICIN JHarpaMMBbl
COCTOSIHMSL OeTOHa MpH pacuyére Mo pas3jMYHbIM METOJMKAM MPOYHOCTH HOPMAJIBHBIX CEUCHMIA
M3rH0aeMbIX IKEIe300€TOHHBIX JeMeHTOB. OIpenencHo, 4TO MEPCHEKTUBHBIM HAIpaBICHUEM
LlaJ'leeﬁLLlPlX OKCHEPUMCHTAJIbHBIX Hu TEOPETUYECKUX l/lCCJ'le}:[OBaHl/lﬁ SIBJISICTCSA H3YYCHUEC
BO3MOXKHOCTH ~ IIPUMEHCHUsI  pa3pabOTAHHOW  METOAMKHM  rpad)MuecKoro  MOCTPOCHUSI |
MaTe€MaTHYCCKOTr0 OIMCaHUsA auarpamMm Jle(bOle/lpoBaHl/lﬂ 6C'TOHa B YCIOBHAX OAHOPOJHOIO H
HEOIHOPOIHOTO CXKATHSI K pacuéry OCTOHHBIX H JKENe300C€TOHHBIX 3JIEMEHTOB, KCIUTYaTHPYEMbIX
npu }leﬁCTBHH JJUTEIBbHBIX U KPATKOBPEMEHHBIX MaJIOLMKIIOBBIX Harpy30K.

KiroueBble cyioBa: GETOH, PSKMM HArpyXKeHHs, Juarpamma 1epOpMHUPOBAaHMS, HANPSHKEHHO-
neopMHpOBaHHOE COCTOsIHUE, 1e(OPMALIMOHHAs PaCUETHAS MOJICIIb.

VK 691.327:539.383:539.4

Kpyco 10.0. TpanchopmyBaHHs aiarpam gegopmyBaHHsI 0eTOHY B YMOBAaX OJHOPiIZHOIO Ta
HEOIHOPITHOTO Hampy:keHUX cTaHiB // Omip MarepiaiiB i Teopist criopya: Hayk.-tex. 30ipH. — K.:
KHVYBA, 2021. - Bumn. 107. - C. 211-235.

Po3pobneno ananimuunuii Memoo nepemeopents: napamempie emaioHHux oiazpam 0egopmyeans
bemony, Wo 6U3HaYaOMbCs OOCHIOHUM WIIAXOM 34 CMAHOAPMHUX GURPOOYEAHL NPUIMOBUX
6emonHUX 3PA3KI6 KOPOMKOUACHUMU OCbOSUMU CIUCKOM I PO3MSA2OM 00 DVUHYSAHHS 8 «M SAKOMY»
DedACUMI HABAHMAICYSANHHSL, 8 NAPAMEMPU IMIMAYIIHO MOOETbOBAHUX MPAHCHOPMOBAHUX JlacpaM,
Wo  6iONOGIOAIOMb  JHCOPCMKOPENCUMHOMY HABAHMAIICYBANHIO 6emoHy. 3anponoHosano cnocio
00HOUACHO20 3aCMOCYSANHHA AHANIMUYHUX 6UPA3i6 Ol 3a3HaUeHux oiazpam O0eopMy6anis, ujo



ISSN 2410-2547 235
Omip marepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 107

onucyroms pobomy 6emony 8 yMogax 0OHOPIOHO20 CMUCKY, O/ nepexody 00 diazpamu Cmany, uo
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Abstract. The analysis of the main modern trends in the development of views on the issue of
cleaning of the cooling channels of turbine blades in gas turbine engines in the process of
manufacture and repair at military repair enterprises has been carried out; the usage of the method
of thermo impulse treatment with detonating gas mixtures for cleaning of the cooling channels of
turbine blades in gas turbine engines is proposed.

Cleaning the cooling channels of turbine blades of modern gas turbine engines is one of the
most complex processes in their manufacture and repair. At the manufacturing stage, the cleaning
process is necessary to remove microparticles of ceramics and cutting chip that are produced
during the formation of the output edges of the cooling.

Key words: weapons and military equipment, aircraft engine, aircraft turbine cooling system.

1. Introduction. In modern conditions of armaments and military
equipment development to maintain high combat readiness of aviation units, to
ensure constant readiness of military aircraft to perform their tasks on time,
timely and high-quality repair of aircraft engines RD-33 and AL-31F MiG-29
and SU-27 aircraft accordingly, it is important. In modern conditions, repair of
aircraft gas turbine engines in technical condition is difficult due to the lack of
reliable information characterizing the real state of the surface of parts and
units in the stages of demolition. This causes the sudden failures associated

© Kuznetsov B.T., Diadechko A.V., Hudyma V.P., Ovcharenko I.V., Yaroshenko O.V.,
Sampir O.M., Horbachova Y.S., Tsurkan M.V.
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with the destruction of hot gas turbine engine parts leading to flight events and
accounting for approximately 70% of their total.

Cleaning the cooling channels of turbine blades of modern gas turbine
engines is one of the most complex processes in their manufacture and repair.
At the manufacturing stage, the cleaning process is necessary to remove
microparticles of ceramics and cutting chip that are produced during the
formation of the output edges of the cooling holes and channels. And at the
repair stage — to remove products of high-temperature oxidation and sulfide
corrosion Abrasive cleaning of cooling channels in the manufacturing process
leads to impregnation of abrasive particles into the surface, which dramatically
reduces the quality of protective coatings that are applied (Fig. 1) [1]. The
resistance of oxidation products to the effect of acidic and alkaline electrolytes
and their high firmness also makes it impossible to use traditional chemical or
abrasive methods for their removal [2].

(a) (b)
Fig. 1. Impregnation of the abrasive particles of corundum into the flow channel of single crystal
turbine airfoil of GTE with alloy ZhS26-VI and the formation of defects in the protective coating:
(a) surface after preventative treatment; (b) surface after applying ion-plasma coatings [1]

Cracks, which arise as a result of thermal fatigue is yet another difficulty
during repairment (Fig. (2)). Their characteristic feature is a high density (crack
width can be up to 1 um). Such cracks can hardly be found by means of non-
destructive testing, which are used during production. Removal of high-
temperature oxidation products from the surfaces of such cracks is rather difficult.

At the present stage, a limited number of methods are used to clean the
surface of the cooling channels of turbine blades. These include: fluorocarbon
purification method at temperatures from 815°C to 1000°C [3]; reducing heat
treatment in hydrogen at temperatures from 1000°C to 1200°C [1];
hydrothermal treatment in concentrated alkaline solutions and thermochemical
treatment in the melt of alkali metal fluorides [5].

It is important to note that the common disadvantage of these methods is
the processing time and the need for high-tech equipment. It is possible to
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carry out such repair works with the specified technologies only at the
specialized enterprises. In our opinion, one of the possible solutions to this
problem of cleaning the cooling channels is the use of thermal impulse
treatment with detonating gas mixtures [6].

@ ' (b)
Fig. 2. Damage to the surfaces of the single crystal turbine airfoil of GTE with alloy ZhS26-VI
during operation: a) oxidation of the inner surface of the cooling channel; b) formation of thermal
fatigue cracks in the cooled channel [2]

However, the use of this method is complicated by the fact that the
diameter of the cooling channels of the blades, as a rule, is less than the critical
value that allows flame propagation [7]. This makes it impossible to use
thermal impulse treatment of cooling channels in its traditional version.
Therefore, the purpose of this work is to find technological solutions to
enhance the capabilities of the thermal impulse cleaning method for its use in
military repair facilities. In order to achieve this, during the first stage, we used
multiple modeling of the flame propagation process in the channel, taking into
account the heat exchange of combustion products with the walls.

2. Problem Formulation. We have considered the results of experimental
studies [8, 9] that examined the characteristics of combustion gas in the small
tube and used them during our task. Experiments were carried out during work
[9] with a U-shaped quartz tube at a wall temperature of about 1000°C, they
have shown the possibility of stable flame propagation in a methane mixture in
the channels with a critical diameter.

Therefore, the simulation was tasked to evaluate the possibility of using
preheated parts to ensure the spread of flame in the channels with a critical
diameter of the mixture pressure, which is typical for thermal impulse
treatment. In numerical studies, the diameter of the channel and the
temperature of its walls varied.

The model of single-phase multicomponent flow of reacting gases was
used for the calculations [10]. The model uses the laws of conservation of
mass, momentum and thermal energy, and in order to determine the
component composition of the gas — the concentration equation. Neglecting
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mass forces and considering the inflow of energy only through thermal
conductivity, these equations were written in the following form:

9P | div(pit) =0, (1

ot
p% — divP, )

de . o 7
P = div(AgradT)+ Y, 0; = Oy, + P- gradi, 3)
i1
8ci . Ti Si .

pgz—dzvl +8§°,i=1,...,N-1, 4)

where p(p'), p(p') — stands for the density and pressure of the mixture and its i
component; P— the stress tensor; O,— emission (absorption) of heat for all

reactions with the formation of the i” component; Q,,, — volume gas emission;

I' = p'W — the flux vector diffusion; S’— mass velocity of the formation of the

i component of the mixture; e— is the internal energy of the gas.
In Eq. (3), the last term is a component of two second-rank tensors with
two indicestensor [10: P-gradu =—p-divi +T-gradu , where T —is the

viscous stress
The mass rate of formation of the i component was determined by
summation over all K reactions in which it participated:

K
ST=Ym' (v, = V)0, Q)
m=l1

where ,,— is the speed of the m" chemical reaction; v';,,,v',, - stoichiometric
coefficients of the i component before and after the m” reaction.

In the study of combustion model the finite speed of chemical reactions
was used. Arrhenius factors were used to determine the constants of forward

and reverse reactions [11]:

E
ot on{ -] 0

E
B, = A4,,TPm eXP(—R—";j, (7)

where A4,,, f,, — stands for empirical coefficients; E,,— activation energy.
The value of heat O, release/absorption for the i component is calculated
as the sum of reproduction for all elementary reactions with its participation:

K
O, =W' X (Vi = Vi), ®)
m=l1
According to the recommendations contained in [12] the mechanism of
combustion of methane was used during the simulation, which consists of 52
elementary reactions, which include 19 of the reactants.
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Standard mixing rules are used to calculate the density, pressure, enthalpy,
and gas constant of a mixture with N components. The model was closed by
the SST equations of the turbulence model [13].

A scalable method of wall functions based on Kader's analytical solution
was used to determine the temperature profile in the wall layer [14]:

T* =Pr " exp(-I)+[2.12In(1+ 5*)+ B |exp(-1/ I, (9)

0.01(Pr- 7%)*
1+5Pr 3*
In Eq. (9) the dimensionless temperature calculated as:
Tt = pcpﬁT(Tw - Tf) ’ (10)
qW
where 7,~ stands for the wall temperature; 7~ temperature of combustion
products in the core of the flow; g,, — convective heat flow into the wall; 7, —

_ /3 2 o
where 8= (3.85Pr"?~1.3)" +2.12In(Pr) ; I'=

velocity profile in the layer at the wall.
From Egq. (10) the dependence for calculation of convective heat flux is
obtained:

ppT

a (T, ~T)). (11)

In the simulation, taking into account the short duration of the thermo
impulse treatment process, the wall temperature was considered as constant. Its
value, as already noted, was one of the variable parameters in the problem.

3. Simulation results and discussion. To reduce the computation time, the
problem was considered in a symmetric formulation. The propagation of the
flame in the chamber of the thermo impulse machine with its subsequent inflow
into the channel was simulated. The
tetrahedral grid of finite elements was
condensed at the place of ignition of the
methane-air mixture and in the area of the
studied channel (Fig. 3).

During the simulation, a significant
influence of the diameter of the channel and
the temperature of its walls on the possibility
of flame propagation was determined.

Using Ansys CFX software, the
combustion of the stoichiometric methane-
air mixture was simulated with an initial
pressure of 0.5 MPa at a chamber and
channel surface temperature of 300 K,
which corresponds to the usual conditions
Fig. 3. Finite element model of the of detpnation cleaning during production
camera with the channel of critical operations.

diameter The simulation results for this case,
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namely the value of the end time of combustion for different values of the
diameter of the dead channel, as well as the distribution of the variable
progress of the reaction (for channels with a diameter of 3.0; 2.6; 2.2 mm) and

temperature (for channels with a diameter of 1.8, 1.4, 1.0 mm) are shown in
the Fig. 4.

t=0,0300275 s

t=10,035s

2,2 mm, T=383.47K |¢=0,0300178 s

@ 1,4 mm, T=567.6K | £=0,0300175 s

@ 1,0mm, T=700 K [¢=0,0300853 s

Fig. 4. Influence of the diameter of the dead channel on the completeness of methane
mixture combustion

At such wall temperature, thermal impulse treatment of channels with a

diameter less than 3 mm is impossible.
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The characteristic diameter of the channel of the cooling channels of
turbine blades of GTE is 0.5-1 mm, so the influence of the wall temperature on
the possibility of flame penetration into the channel was further investigated.

The simulation results showed that for a diameter of 3.0 mm the
combustion of the fuel mixture in the channel with a relative length //[1= 6
was incomplete. With decreasing diameter, the part of the channel with the
unburned mixture increased, and with a diameter of less than 1.5 mm, the
combustion of the mixture in the channel almost stopped.

Further modeling was performed with increasing channel surface
temperature in the range from 300 to 900 K. This choice of the range of
variation of the temperature of the walls of the channel is due to the properties
of some materials used for the manufacture of parts of the gas turbine engine.

For example, the temperature of phase transitions in titanium alloys widely
used for the manufacture of gas turbine parts is: for alloy VT6 — 950...1000°C;
VT3-1 — 920...960°C; VT9 — 910...940°C, and for modern heat-resistant
nickel-based alloys used for the manufacture of parts of aviation gas turbine
engines exceeds 1200°C (Table 1).

Table 1
Temperatures of phase transformations in foundry heat-resistant nickel alloys, °C
Tn.p T. TMeC
the temp of complete melting ;‘;Tim of T T the temp of
H - c J
Alloy Q1ssolut10n ofthq nonequilibrium solidus | liquidus th.e
dispersed y-phase in hases of ¢ B carbides
the matrix y-solid tp 2:. L emp emp release
solution cutectic origin beginning
ZhS3DK 1186 - 1262 1366 1300
ZhS6K 1230 - 1257 1346 1322
ZhS6U 1234 1249 1276 1360 1324
VZhL12U 1229 1256 1273 1333 1320
VZhL12E 1250 1275 1282 1353 1300
VZhL20 1244 1265 1265 1348 1308
ZhS26 1275 1280 1294 1382 1350
ZhS30 1245 1272 1295 1404 1318
ZhS32 1276 1310 1310 1408 1350

The results of numerical simulations showed that increasing the
temperature of the wall of the cylindrical channel to 900 K provides the
penetration of flame into the channel with a diameter of less than 0.5 mm.

In Fig. 5 there is a graph of the obtained dependence of the minimum diameter
of the channel at which the flame propagation is possible on the temperature of the
channel wall. The pressure of the fuel mixture is the same in all cases. The
simulation results showed that for the diameters typical for the cooling channels of
turbine blades, their temperature should be from 700 K to 900 K. This temperature
range is significantly lower than the operating temperatures of fluorocarbon
purification processes of the reducing heat treatment in hydrogen and
thermochemical treatment in the melt of alkali metal fluorides.
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Thus, the results of numerical simulation show that the preheating of the
turbine blades of GTE with cooling channels can provide conditions for their
thermal pulse cleaning. Further studies of this process should be carried out
experimentally, according to the methodology that is determined in the studies
[15, 16].

T, K 1000
900
800
700
600
500
400
300
200
100

0 2 ,mm
0 05 1 1,5 2 2,5 3 3,5

Fig. 5. Dependence of the minimum diameter of the channel to the temperature
of the wall for the thermal impulse cleaning

Conclusions. It is shown that the diameter and temperature of the channel wall
significantly affect the possibility of flame propagation in it, which is the main
condition for the possibility of carrying out the thermo impulse cleaning process.

Based on the numerical study of combustion process with heat exchange
with the walls of the channel, it has been shown that for the dimensions of the
channel characteristic of the cooling channels of turbine blades of GTE, thermo
impulse cleaning is possible when the temperature of parts is from 500°C to
700°C, which is significantly below the operating temperature of the methods
used at the present stage for this purpose.

Using the advanced capabilities of thermal pulse cleaning method of the gas
turbine engines blades RD-33 and AL-31F of the MiG-29 and Su-27 aircraft
during their repair at military repair enterprises will reduce the risk of flight
accidents due to the destruction of the components of gas turbine engines.
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Kysneyos B.T., [{noeuxo A.O., ['youma B.I1., Osuapenko 1.B., Apowenxo O.B., Camnip O.M.,
TI'opoavosa A.C., Llypxan M.B.

YUCEJBHE JOCIIAKEHHS YMOB IIOIIUPEHHS ITOJIYM’SA Y BY3bKUX
KAHAJIAX 3 BUKOPUCTAHHSM TEXHOJIOTI'Ti TEPMIYHOI IMITYJIbCHOI
OBPOBKHU JIOITATOK TYPBIHU

IIpoBeneHO aHai3 OCHOBHHX Cy4aCHHX TEHICHLIH PO3BUTKY HOIJISIB HA IMUTAHHS OYMILECHHS
KaHAJIB OXOJOKEHHS JIONATOK TypOiH y ra3oTypOiHHHMX IBHTYHAX y IpOLECi BUTOTOBJICHHS Ta
PEMOHTY Ha BifiCbKOBO-DEMOHTHHX MiANPHEMCTBAX; 3alIPOIIOHOBAHO BHUKOPHCTAHHS METOLY
TEPMOIMITYJIbCHOT OOpOOKHM JCTOHYHOUMMH Ta30BUMH CyMilIaMM JUISi OYMILCHHS KaHaJiB
OXOJIOKCHHSI JIONATOK TYpOiH y ra30TypOiHHHUX IBUTYHAX.

OuMILEeHHs KaHAJIB OXOJIOPKEHHS JIONAaTOK TYpOiH Cyd4acHHX ra30TypOiHHHX JIBHI'YHIB € OTHUM
i3 HAWCKJIAAHIIIMX MIPOLECIB MPH X BUTOTOBJCHHI Ta peMOHTI. Ha erari BUroTOBJICHHS HEOOXiqHHI
HPOLEC OUUIIEHHS JUTS BUAAICHHS MiKPOYaCTHHOK KEPaMIKH Ta PLXYJOI CTPYIKKH, IO YTBOPIOIOTHCS
1pu GOpMyBaHHI BUXITHAX KPOMOK OXOJIOKECHHSI.

Kuiaro4oBi ciioBa: 030poeHHsI Ta BiliChbKOBa TEXHiKa, aBialliiiHUI JBUI'YH, CHCTEMA OXOJIOKSHHS
TypOiHH JiTaKa.

Kuznetsov B.T., Diadechko A.V., Hudyma V.P., Ovcharenko L.V., Yaroshenko O.V., Sampir O.M.,
Horbachova Y.S., Tsurkan M.V.

NUMERICAL RESEARCH OF FLAME PROPAGATION CONDITIONS IN NARROW
CHANNELS USING THE TECHNOLOGY OF THERMAL IMPULSE TREATMENT OF
TURBINE BLADES
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The analysis of the main modern trends in the development of views on the issue of cleaning of
the cooling channels of turbine blades in gas turbine engines in the process of manufacture and repair
at military repair enterprises has been carried out; the usage of the method of thermo impulse
treatment with detonating gas mixtures for cleaning of the cooling channels of turbine blades in gas
turbine engines is proposed.

Cleaning the cooling channels of turbine blades of modern gas turbine engines is one of the most
complex processes in their manufacture and repair. At the manufacturing stage, the cleaning process
is necessary to remove microparticles of ceramics and cutting chip that are produced during the
formation of the output edges of the cooling.

Key words: weapons and military equipment, aircraft engine, aircraft turbine cooling system.
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The analysis of the main modern trends in the development of views on the issue of cleaning of
the cooling channels of turbine blades in gas turbine engines in the process of manufacture and
repair at military repair enterprises has been carried out; the usage of the method of thermo impulse
treatment with detonating gas mixtures for cleaning of the cooling channels of turbine blades in gas
turbine engines is proposed.
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DYNAMICS UNDER INTERNAL AXISYMMETRIC PULSE
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The impact assessment results of a three-layer truncate conical shell taper angle in its strain-
stress state under an internal axisymmetric pulse load are presented in the article. Impact of
physical and mechanical characteristics of the polymer filler reinforced by discrete ribs has been
considered. The shell taper angle impact on its strain-stress state has been determined, which
corresponds to the length change of the pipe system transition section.

Key words: conical three-layer shell, conical angle, strain-stress state (SSS), polymer filler,
finite element model, internal axisymmetric pulse load.

Introduction and problem statement. In modern engineering systems, the
use of layered shell structures has increased significantly, allowing to reduce the
weight and metal intensity in structures, with the purpose of ensuring their
reliability and cost-effectiveness. Largely, this is facilitated by the studies of the
stress-strain state of layered shells, which characterize the influence of geometrical,
physical, mechanical, and other factors on the SSS of such structures [1-3].
Therefore, the determination of such factors and evaluation of the effectiveness of
their influence can be significant for the use of layered shells.

In conical layered structures, the shell taper angle defined by the deviation of
its generatrix from the vertical axis can be such a factor. A number of
circumstances determine its value, including the change of the system’s transition
section length provided similar diameters of the connected elements or the change
in the diameters of these elements given the constant length of the transition
section. There is also an option when the shell taper angle changes provided the
constant length of its generatrix. In this case, one of its diameters remains
unchanged and the length of the transition section changes less significantly.

Taking into account the significant possibility of changing the value of the
indicated factor and the limited information regarding the effectiveness of its
impact on the stress-strain state of conical structures, the effect of changes in
the taper angle value of a three-layer conical shell on its stress-strain state is
being investigated under different physical and mechanical characteristics of
its polymeric filler, which is reinforced with discrete ribs when an internal
axisymmetric impulse load is applied to the shell.

© Gaidaichuk V.V., Kotenko K.E.
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Investigation and analysis of obtained results. The research included
analysis of theoretical aspects of the tapered structures’ stress-strain state
problem and numerical calculations of the displacements and stresses of
tapered shell bearing layers as function of the value of its taper angle and the
corresponding length of the forming tapered structure.

According to the theory of thin shells [4], modeling of vibrations of three-
layered conical [3, 5] and cylindrical shells [6, 7], the deformed state of the
structures’ bearing layers is determined by the components of generalized
vectors of displacements U, = (ul,ui, @)’ and U, = (uf,u3,¢7)" . The
displacement of 3 and u; bearing layers along the generatrix S and the angle

of rotation @] at hourly moment ¢ in case of minor linear displacements are

represented by the following dependences:
uf (s,z,t)= ué] (s,t) +z;0,(s,1), 0
uy(8,2,t) = ugs(s,1),i =1,2

where z, is a vertical coordinate of each bearing layer; ¢, is a normal line

angular deflection to the median surface of the bearing layer.
Application of the light filler reinforced by discrete ribs rigidly connected

to the shell’s coating features the displacement of the given layer u(s,z,?)

and u5(s, z,t) with the following dependencies:

ul (s,2,t) = (1 +ijut (5,8)+zu (s,0);
1 R, 1o ! 2
ug (s,z,0)= uf)] (s,0).

Combining these dependences provides a theoretical determination of the
displacements of the whole shell structure, and the use of the stationary action
principle enables the control of forces and moments within the shell layers and
reinforcement of ribs by means of relations (3) and (4).

a) for bearing layers:

i _pi (g gl N i —pi (el i)
Iy —311(311+V11311)’ T22—311(€11+V11€11)a

. o . S o 3)
Ty = B3€13; My, = Djykyy; Ty = Bézglzzjs
where:
. Eh S E.h’
 __ A r 1z I, I _ 11 . —
By, = 1_"1'2 s Bis=Dysky; Dy = 12(1_‘}?)’ B22j _EJFJ"
b) for the light-weight filler:
T, = B;, (31t] +Vt3§2)§ Ty, = By, (31t] +"t51tl);
“4)

t _pt . t Nt
Ti3 = Bis&3; My, = Dyjkyy,
where:
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E ER
By, :_tht2§ By :Dlt3k12; Djy=—"—5- NG
1- 12(1-v?)

t
In equations (3) and (4) El-;Et;Dli3;D]’3;vl-;v,,Ej;vj are parameters of

physical and mechanical characteristics of the load-bearing layers’ materials,

light-weight filler and reinforcing ribs; k]2 is transverse shear coefficient in

the theory of Timoshenko-type shells.

So, theoretical determination of the stress-strain state allows us to solve this
problem for tapered layered structures. However, this process is rather labor-
intensive and, in some cases, requires nontrivial approaches. Therefore, the
finite-element modeling method was used to determine the stress-strain state

parameters of a conical structure.
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Fig. 1. Constructional design of a conical type three-layer shell:
1 — internal layer; 2 — filler; 3 — external layer; 4 — reinforcing ribs

A three-layer sheared conical structure (Fig. 1) with rigidly fixed ends was
used for the studies. The taper angle effect at constant and variable lengths of
the generatrix on the stress-strain state of the conical shell was considered. In
first case, the length of generatrix S in the middle of shell layer was 295 mm
and was constant, changing only the taper angle (from o = 10° to a = 20°) and
one of the diameters of the shell; in second case, the generatrix length was
changed from 580 mm to 295 mm as a result of a similar taper angle change
with constant diameters of elements connected by a conical structure.

The thickness of the sheathing layers was the same and was #;=h;=10 mm.
The lightweight polymer filler was reinforced with 5 discrete ribs rigidly
connected to the coatings and had a thickness of #,=0 mm. The discrete

reinforcing ribs were located at points
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5, =[6+(k~1)16]* A5,k = 15,45 = (S 5,)/30.

The Young modulus ratio of the filler’s and sheathing’s materials
corresponded to the following values E1/E;=500 and E,/E;=50. Their specified
values were E; = E; =70 GPa, Er= 0.14 and 1.4 GPa, and other indicators of
physical and mechanical characteristics had the following values u; = 13 = 0.3,
p1=p3=2.7-10° kg/m’. The diameters of the end cross sections of the studied
shells in first case were D = 800 mm and d = 697.32 mm and 600 mm, and in
second case D = 800 mm and d = 600 mm.

The boundary conditions corresponded to:

a)at s=us;:
uf:(so,t)=0; gg(so,r)=o, i=12; )
u (S,0)=0; u5(S,0)=0, i=12,
b) zero-initial conditions at /=0 have been assumed as below:
u (s,0)= %(s,o) =0,i=12;
(6)

i

1 (5,0) =%(s,0) =0,i=1.2.

The distribution of an internal pulse load QO has been implemented as
below:
k

O(t) = A*sin ", )
T

where: A4 is the pulse power load amplitude; 7 is the load duration; ¢ is the time
interval.

The following loading parameters have been accepted: 4 = 10° Pa; T =
50%10°s.

Distribution of displacements’ and stresses’ magnitudes along the spatial
coordinate S was determined by the software complex Nastran through the
direct transient dynamic process algorithm within the time interval 0 <¢ <107.
The time interval step duration was 0.25%10%s and the total number of steps
was 200. The detailed and accurate calculation results have determined the
choice of the solid finite element type.

The finite element model (Fig. 2) with the generatrix length of 295 mm had
20060 solid finite elements and 24480 nodes, and with the length of 580 mm
included accordingly 39440 of such elements and 47736 nodes.

In addition to the horizontal displacements (deflections) and stresses of the
bearing layers of the analyzed conical structures, their first natural frequency
(f1) was also calculated.

In a sheared conical structure with constant cross-section diameters (D, d —
const) and a variable length of the generatrix S (depending on the taper angle),
the distribution of displacements U; along the generatrix was the least
contrasting, and their peak values were at a = 10° and the relation £, 3/E7=500.
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The maximum displacement value meeting these conditions was 29 mm and
was observed at the timepoint 77. The taper angle increase to a value of a=20°
and consequently decrease of the generatrix length from 580 mm to 295 mm
has increased the uneven distribution of horizontal displacement and reduced
its maximum value by almost 18%.

Fig. 2. The three-layer conical shell finite element model:
(a) — the loadbearing internal sheathing; (b) — the loadbearing external sheathing;
(c) — polymeric filler; (d) — reinforcing ribs

The first natural frequency of the shell in first case was fj=1072 Hz, and in
second case — 2074 Hz. At the relation £, 3/Er=50 and taper angle a=10°, the
displacement distribution along the generatrix corresponded qualitatively to its
distribution, similarly to that at £, 3/Er=500, and its maximum value 26 mm
was almost by 12% less than the similar value at £, 3/E=50. In case of the
taper angle increase to 20° and the generatrix length reduction to 295 mm, the
distribution of displacement along the generatrix length was similar, and its
maximum value U; was almost at the same level as the similar value. The
natural frequency f; was 1154 Hz at the taper angle a=10°, and it was 2203 Hz
at a=20°.

The obtained displacement results are presented in Tab. 1.

At a constant generatrix length (S=295 mm, Tab. 1), the change from 10°
to 20° of its inclination angle to the vertical axis has reduced by 21% the value
of the maximum displacement of the outer load-bearing shell layer provided
the relation FE;3/E;/=500, and almost did not change the value of this
displacement provided the relation £ 3/E7=50.
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Table 1
Maximal axial horizontal displacements u{ of the shell sheathings with

different physical and mechanical properties of the polymer filler at a
timepoint (¢)

o £, 2 Ratio of the shell inner layer Young’s moduli to the polymer filler
o £ g %’J
D 2 - =
* E\/E;=500 E\/Er=50
. Us*105,(m) 2 Us*10°,(m)
R 28 m /\\
g . /\\\ ~ @ ZANWEPN
2,12 ANV | \WIV/ZN
52 E |- (BN AVA L N N
o &y / =R A \ 2 / \ 2
S£2 | /] \X A/
°or © 0 /| A\ S ‘ 7, \
o / ] o ok odis \ YL 0 / _—)
T 4 A % p—_ a1 o odos ok
3 N “
=0,00035 s =0,000315 s
» Us*105,(m) 2 Us*106,(m)
E 28 = 24
g 2 N\
g 20 / \\\ “
(gl \ 16
8 1 // \ ‘\ 12
IC] ® 1 /’& \ \ s
°o° j W \ 4
t=0,000285 s
32 Us*10°,(m) - Us*10°,(m)
E 28 24
E I N\
& . 7N\ \ ” X
N / 16 AN
1 / \ \
2 12 / \ \ = / 2 \\
= YA \ P < \
o . i \\ S
I -4 -4
=0,000285 s =0,0002825 s
. Us*10,(m) » Us*10°,(m)
é 20 /7\ 20 7N\
g 16 / 16 / \
N 12 M 12 // 2 \‘\
g | . Ak AN NIV & \
s / / \
.g 0 L 4 \\K_ S,(m) 0 ,4// \ S, m)
IS] 4 4
=0,000285 s =0,00049 s

1 —shell internal layer; 2 — shell external layer

The impact of angle a change on the shell stress state was similar (Fig. 3).
The maximum value of normal stress o, which was determined in the inner
bearing layer of the shell when the angle a has changed from 10° to 20°, has
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decreased by 22% when the interrelation was E| 3/E7=500, and did not change
when the interrelation was E;3/E7=50. Changes in the shell taper angle had a
different impact on the time of reaching the maximum stress values. At a
constant length of the generatrix and the relation E)3/E;=50, increase of the
angle o by 10° has increased the time required to reach the maximum stress,
however remained unchanged at £, ;/E=500.

6y*10°,(Ma) 0y*10%,(Ma)
16 16

4 it 2 % ] 0 |—<4 e S
~—_" o a1 oms 0 - a0 o N— o

4 -4
(a) =0,000285s (c) £=0,0002825s
0y*10%,(Ma) 0Oy*10%,(Ma)
16 16
12 /\ 12
8 i 8
4 s - If 4
0 —— / - W: - - a"m» - ﬁ,S,w) 0 - S,(m)
4 4
(b) =0,000285s (d) £=0,00049s

Fig. 3. Maximal stress 0, of the shell bearing layers
(1 — of the internal layer, 2 — of the external layer) provided the generatrix length of 295 mm and
different taper angle values: (a) at £1/E,=500 and o=10°; (b) at £,/E>,=50 and 0=10°;
(c) at E1/E>=500 and 0=20°; (d) at E/E»=50 and 0=20°

Conclusions. The inclination angle increase of the conical layered shell
generatrix reduces significantly the stress-strain state provided the Young’s
moduli ratio of the shell and filler bearing layers is £, 3/E7=500. The maximum
displacements and stresses of the bearing layers have decreased by almost 20%
when the angle a was doubled (from 10° to 20°) and the generatrix length
remained constant. The shell stress-strain state changed significantly when the
generatrix length was increased and its inclination angle was reduced (from
20° to 10°). Its maximum displacements and stresses have decreased by 18%
and 22%, respectively.

The use of polymeric filler with relation E,3;/E;=50 has practically
eliminated impact of the generatrix shell inclination angle on the shell’s
stressed-strain state.
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Cmammas nadiviwna 22.05.2021

Tatidatiyyk B.B., Komenxo K.E.
JOCJII)KEHHA IMHAMIKH OBOJIOHKOBOI CTPYKTYPHU KOHIYHOI'O TUITY
IIPU BHYTPILIHBOMY OCECUMETPUYHOMY IMITIYJIBCHOMY
HABAHTAKEHHI

HaBeneHi pe3ysipTaTd OLIHKM BIUIMBY KyTa KOHYCHOCTI TPHUIIApPOBOI 3pi3aHOi KOHIYHOI
000JIOHKH Ha Ti HaNpyXeHO-Ie()OPMOBAHHMI CTAH MiJ Mi€F0 BHYTPILIHBOIO OCECHMETPUUHOIO
IMIyIBCHOrO ~ HABaHTAXCHHs. BpaxoBaHo BIuMB  (Di3MKO-MEXaHIYHHUX  XapaKTEPHCTHK
HOJIMEPHOTrO 3alOBHIOBaYa apMOBAHOTO AHUCKPETHHMMH peOpamu. Bu3HayeHo BIIMB KyTa
KOHYCHOCTI OOOJIOHKH Ha ii HampyxeHo-1e()OpMOBaHMI CTaH, BiANOBiJal0YMN 3MiHI JOBXKHHU
HepexiqHol JUISTHKY TPYOHOI CHCTEeMH.

KuriouoBi ci1oBa: koHiuHa TpHuIIapoBa 00OJOHKA, KYT KOHYCa, HAIpPYXeHO-Ie)OpMOBaHHI
CTaH, IMOJIMEPHHH 3alOBHIOBAY, CKIHYCHHO-CJIEMCHTHA MOJENb, IMIYJIbCHE BHYTPILIHE
0CECHMETPHYHE HABAHTAXKCHHSL.

Gaidaichuk V.V., Kotenko K.E.
INVESTIGATION OF THE CONICAL TYPE SHELL STRUCTURE DYNAMICS UNDER
INTERNAL AXISYMMETRIC PULSE LOADING

The research included analysis of theoretical aspects of the tapered structures’ stress-strain
state problem and numerical calculations of the displacements and stresses of tapered shell bearing
layers as function of the value of its taper angle and the corresponding length of the forming
tapered structure. The taper angle effect at constant and variable lengths of the generatrix on the
stress-strain state of the conical shell was considered.

The three-layer sheared conical structure with rigidly fixed ends was used for the studies. The
thickness of the sheathing layers was the same and was 10 mm. The lightweight polymer filler was
reinforced with 5 discrete ribs rigidly connected to the coatings and had a thickness 20 mm.
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In first case, the length of generatrix S in the middle of shell layer was 295 mm and was
constant, changing only the taper angle (from a = 10 ° to a = 20 °) and one of the diameters of the
shell; in second case, the generatrix length was changed from 580 mm to 295 mm as a result of a
similar taper angle change with constant diameters of elements connected by a conical structure.

Distribution of displacements’ and stresses’ magnitudes along the spatial coordinate S was
determined by the software complex Nastran through the direct transient dynamic process
algorithm within the time interval 0 <z < 107. The time interval step duration was 0.25*10 s and
the total number of steps was 200. The detailed and accurate calculation results have determined
the choice of the solid finite element type.

In addition to the horizontal displacements (deflections) and stresses of the bearing layers of
the analyzed conical structures, their first natural frequency (f;) was also calculated.

Key words: conical three-layer shell, conical angle, strain-stress state, polymer filler, finite
element model, internal axisymmetric pulse load.

Tatidatiuyx B.B., Komenxo K.E.
HCCJEJTOBAHUE TUHAMUKHA OBOJTOYEYHOM CTPYKTYPbl KOHUYECKOI'O
THUIIA IPA BHYTPEHHEA OCECUMMETPUYHOMW UMITYJIbCHOM HATPY3KE
IIpuBeneHsl pe3yibTaThl OLEHKHM BIUSHUS YIjJa KOHYCHOCTH TPEXCIOWHOH cpe3aHHOH
KOHHYCCKOH O0O0JOYKM Ha ee¢ HampsDKeHHO-IC(OPMHPOBAHHOE COCTOSIHHE HPH BHYTPEHHEH
OCECHMMETPUYHOM  HMITYJIBCHOM  Harpy3ke. YUYTEHO  BIMSHHE  (DH3HKO-MEXaHHIECKUX
XapaKTePUCTUK  HOJIUMEPHOr0  3alOJHUTENs  apMHPOBAHHOTO  JUCKPETHBIMH  pebpamu.
OmpeneneHo BIMSHHE Yrila KOHYCHOCTH OOOJIOYKM Ha €€ HaNpsHKeHHO-Ie()OpMHPOBAaHHOE
COCTOSIHUE IPH U3MEHEHUH JJIMHBI IEPEXOJJHOI0 Y4acTKa TPYOHOH CUCTEMBI.
KiroueBble ciioBa: KOHHYECKash TpPEXCJOHHAsh 000JI0YKa, Yrol KOHYCHOCTH, HANpPSHKCHHO-
neOpMHPOBAHHOE COCTOSHHE, IIOJIMMEPHBIN HAIOJHHUTENb, KOHEYHO-JIEMEHTHAsE MOJElb,
UMITYJIbCHAas BHYTPEHHASA OCCCUMMETPHUYHAA Harpys3Ka.
KiioueBble cjioBa: KOHMYECKAas TPEXCIOiHAs 000J0YKa, Yrojd KOHYCa, HaIpsDKEHHO-
nehOPMHUPOBAHHOE COCTOSIHHE, IOJMMEPHBIA 3aIlOJHUTENb, KOHEYHO-3JIEMEHTHAs MOJENb,
UMITYJIbCHAas BHYTPEHHASA OCCCUMMETPHUYHAA Harpys3Ka.

YK 539.3

TIaiioaiiyyx B.B., Komenko K.E. JlocligKeHHs ATNHAMIKH 000JOHKOBOI CTPYKTYPH KOHi4HOIo
THITy IPH BHYTPIIIHBOMY 0CeCHMEeTPHYHOMY iMITyJIbCHOMY HaBaHTazkeHHi // Omip Marepiaiis
i Teopis cnopya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2021. — Bun. 107. — C. 247-256.

YV cmammi nasedeni pesyibmamu OYiHKU HANPYHCEHO-0POPMOBAHO2O CMAHY MPUULAPOBOT
KOHIYHOI  000NOHKU,  6paxosyioui  ii  cmpykmypHy — 0coOmugicms,  (Di3uUKO-MEXAHIUHI
XapakmepucmuKu noAMepHO20 HANOBHIOBAUd, APMOBAHO20 OUCKPEMHUMU pedpamu.

Ta6. 1. . 3. Bi6miorp. 7 Ha3s.

UDC 539.3

Gaidaichuk V.V., Kotenko K.E. Investigation of the conical type shell structure dynamics
under internal axisymmetric pulse loading/ Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles — Kyiv: KNUBA, 2021. — Issue 106. — P. 247-256.

The article presents the results of assessing the stress-strain state of a three-layer conical shell,
taking into account its structural feature, physical and mechanical characteristics of a one-piece
polymer filler reinforced with discrete ribs.

Tab. 1. Fig. 3. Ref. 7.

YK 539.3

TIawoaiiyyx  B.B., Komenxo K.O. HWccnenoBaHue JAMHAMHMKH 000J104€4YHOH CTPYKTYpPBI
KOHHYECKOr0 THIIAa TPH BHYTPeHHEH OCeCHMMETPUYHONl MMINYJIbCHOH Harpyske //
CorpoTuBIIEHHE MaTEPUAJIOB U TeOpUs coopyxenuit. —2021. — Boin. 107. — C. 247-256.

B cmampve npusedenvt pesyromamel OYeHKU HANPAHCEHHO-0EPOPMUPOBAHHOZ0 COCMOSHUSL
MPexcRounol 000A0UKU KOHUYECKO20 MUNA, YYumvléaiowjiue ee CMmpyKmyphylo 0cobeHHOCHb,
Pusuko-mexanuueckue XapaKxmepucmuKi YeabHo2o NOAUMEPHO20 HANOIHUMENS, aAPMUPOEAHHOZO
OUCKpemHbIMU pedpamu.

Tab6n. 1. Wn.3. bubmuorp. 7 Ha3B.
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YK 539.3

CTIMKICTb BAJIIB, IIIO 3HAXOJSATHCS I JIEIO
HNEPIOUMYHUX IMO3JO0OBKHIX HABAHTAKEHb

ILII. JlizyHoB,
JI-p TEXH. HayK, npodecop

I''M. IBaH4yeHKoO,
JI-p TEXH. HayK, npodecop

B.O. Henin,
KaHJl. TeXH. HAYK, JOLECHT

Kuisckuil nayionanvhnuil ynieepcumem 0yo0ignuymea i apximexkmypu
THosimpogromcokuii npocn., 31, m. Kuis. 03680

DOI: 10.32347/2410-2547.2021.107.257-264

B po6ori HaBeneH1 pe3yIbTaTH JOCIIPKCHHS BIUIMBY FAPMOHIHHUX MEPiOJHMYHNX O3T0BXKHIX
HABaHTA)KCHb Ha CTIMKiCTh Baja BaJoONpoBoAy. Taki HaBaHTAKECHHS MOXYTh BHHHMKATH IIiJ 4yac
pyXy CyAHa IpH IPOXOKEHHI 30H TypOYJIEHTHOCTI 3 GOKy I'BHHTAa Ha Banomnpoin. Takox y
BAJIONPOBOZIAX IEPIOANYHUM MOXKEe OyTH BIUIMB KOJNHMBAJIBHOIO PYXY CYCIIHBOI MINSHKH, SIKHIf
HepelacThcsl  4Yepe3 3 €IHyBalbHy My(Ty 3aBISKH IO3J0BXKHIM IEpEMilleHHAM. ToMy
AKTyaJbHUM € IIMTAHHS CTIHKOCTI TaKMX BaJliB py obepTanHi. [Ipu bOMy MOXIIHBI Pi3HOMAaHITHI
(hopMH KOJIMBAHB 1 BTpaTH CTIHKOCTI. Y 3B’S3KY 3 UM JOCIIKEHHS 3111l CHEHO, BUKOPHCTOBYIOUH
po3pobiieHe mnporpamMHe 3a0e3NedyeHHs, B SKOMY peaji3oBaHa METOANKA KOMII' IOTEPHOro
MOJICJIFOBAHHS KOJIMBAJIBHOTO PyXYy CTEP)KHIB 3HAYHOI [OBXKHHM, IO OOEPTAIOTHCS I €0
MO3/I0BXKHIX MEPIOANYHUX HaBaHTaXEHb. Take MporpamMHe 3a0e3MeueHHs I03BOJISIE MOJCIIOBATH
KOJIMBAIBHUI pyX BajiB, a TAKOXK BH3HA4YaTH [ApaMeTpH, NPU SIKMX MOXe BinOyTHCsl BTpata
JIMHAMIYHOT CTIMKOCTI 3MOJE/IbOBAHOI CHUCTEMH. 3a JOINOMOIOK 3a3HAa4€HOr0 IMPOrpaMHOI0
3a0e3neyeHHs Mo0yJ0BaHi JiarpaMu, 10 BiZoOpaxarTh 00JacTi CTIHKOrO Ta HECTIHKOro pyxiB
CTEPXKHs, SKUMH MOJICIIOETHCS poOoTa TUISIHKA BaJOIPOBOIY MPU PI3HUX MapamMeTpax CHCTEMH.
IIporec KOIMBAIBHOTO PyXy PO3IIISIHYTO y HPOCTOPI 3 YpaxyBaHHAM iHEpLifHUX HABaHTAXCHb Ta
reOMETPUYHOI HETiHIHHOCTI cTepkHs. Iloka3zaHo, [0 HPHM IEBHHUX 3HAYCHHSX LIBHIKOCTEH
o0epTaHb 1 9acTOT [ii NepioAUYHOr0 HABAHTAXKEHHS iICHYIOTh 00JACTi HECTIHKOro pyxy, IpHU SIKUX
eKcIuTyaTawist o0JiaJHaHHs MOXKE HEMHHY4YEe NPU3BECTH 10 HOro pyifHyBaHHs. 3iHCHEHO aHai3
OTPUMAaHHUX PE3yJbTATIB Ta 3pO0JIEHO BHCHOBOK IIPO MOXJIMBICTH €KCILIyartallii o0JiafHaAHHS Y
IEBHUX Jiaa30Hax 4yacToT.

Kiarw4oBi ciioBa: reoMeTpuyHa HEiHIMHICTh, IHEpUifiHI HABaHTAXEHHS, I103/I0BXKHI
HABaHTAXKCHHsI, AMHAMIYHA CTIHKICTh, YHCENIbHE AU(DEPCHIIIOBAHHS.

Beryn. 3amavi qUHAMIKE CTEPIKHIB, IO 00EPTAIOTHCS, a TAKOXK CTEP)KHIB, IO
3HAXOMATHCSA TN JIEF0 TO3J0BXKHIX IEPIOAWYHUX 1 yIApPHUX HAaBaHTaKCHb,
JIOCHipKeHI B poborax Oararbox aBTOpiB. Y poborti [10] po3risiHyTi crathka i
JMUHAMIKA CTEp)KHS TpU TO3J0BKHROMY HaBaHTaXeHHI. JlociipkeHi yMOBI
BUHHMKHEHHSI TapaMeTPUYHHMX PE3OHAHCIB 1 BCTAHOBJICHA MOXIIMBICTH BTPaTH
CTIHKOCTI TIPH HABaHTa)KEHHI, 110 MeHIne 3a Eitnepese. B pobori [11] posrisHyTa
JMHaMiKa poOOTH CTEP)KHS HPH KOPOTKOTPUBAJIOMY MO3/I0BXKHBOMY ynapi. B
JIHIMHIA [TOCTAHOBIII 3HaW/IEHI YMOBH BUHUKHEHHSI MAPaMETPUYHOIO PE30HAHCY,
noOyoBaHi 001acTi HECTIMKOCTI B IUIOIINHI «IOBXKWHA CTEPXKHSI-HABAHTAXKEHHSD)
Ta OOYMCIIeH] XapaKTepUCTUYHI MOKa3HUKU. B ctatTi [3] posmsimaerscs 3amaua
yaapy TPYKHHUM TUIOM IO KIHIFO TPYXKHOIO CTEPXKHSI. B 3aleXHOCTI Bix

© Jlisynos ILII, Isanuenxo I'.M., Henin B.O.
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rapaMeTpiB 3a/jaui TEOPETUYHO 1 eKCIIEPUMEHTAIBHO BU3HAYAIOThCS: Yac, (hopma
yIAQpHOTO IMITYJIbCY Ta MaKCHMMaJbHa aMIUNTy/a IONEPEeYHHX KOJIWBaHb NPH
MapaMeTpUIHOMY pe3oHaHcl. B [4] po3misHyTa 3a71ada npo AMHAMIYHY CTIHKICTh
HIApHIPHO OOMepTOoro Crep>kHA B pasi [Jii  CTpHOKONOAIOHOTO  OCHOBOTO
HaBaHT)KEHHS. 3aCTOCOBAHO METOJl PO3KIaJaHHs B psi 32 ()OpMaMH BLJIBHHX
KOJIMBAHb SIK JUIS TO3/IOBXKHIX, TaK 1 JUIs 3TMHANBHUX KoiuBaHb. [loOymoBani
00JacTi HECTIMKOCTI, BHIl SIKMX 3aJI&KUTh BiJl CIIEKTPaJbHHUX BJIACTHBOCTEH
TIO3JIOBXKHIX 1 3rUHAJIBHUX KOJIHMBaHb, BEIMUMHH AEMII(pipyBaHHs 1 O3IOBKHBOI
cuni. B [5] posrisiiaeTbest MO3M0BXKHIN yap 10 TOHKOMY NPY>KHOMY CTEPIKHIO,
IO MOPOIKYE B HHOMY NEPIOAMYHY CHUCTEMY IO3Z0BXKHIX XBIIb. [IpoBeneHo
SIKICHUI aHaJ3 pIlleHHs], 3HaliZieHa BEeJIMYMHA MAaKCHMAaJbHOI'O MOIEPEYHOro
NPOTMHY B 3aJI©KHOCTI BiJ CHOCOOY HaBaHTaXEHHS. PO3MIsTHYTO —sIK
KOPOTKOYaCHHM, Tak 1 TpuBaimii immynbcu. [loka3aHo, m0 B pasi pamToBO
NIPUKJIAICHOTO TPHUBAJIOTO IMIYJbCY, MeHIIoro 3a EiinepeBy KpuTuuHy cuiy,
MOXXJIUBH# PO3BUTOK IHTEHCHBHHUX MONEPEYHNX KOJIUBAHb.

Y pobGori [12] po3risiHYyTI NPOCTOPOBI KOJIMBAHHS TOPHU30HTAIBEHOTO
CTEPIKHS TP IIEPIOANYHOMY F'APMOHIHHOMY BILUIMBI PO3MOIIICHOT ITO JOBXKUHI
CHJIM BJIACHOI Bar. 3ajiauya TaKoXX PO3TIITHYTa 3 ypaxyBaHHSAM TipOCKOMIYHHX
HaBaHTaxeHb. Y [13] mocmimkeHa mpobiema MpYKHOI CTIHKOCTI BaiiB MpH
OMKTIYHIA 3MiHI 30BHIIIHIX BIUIMBIB, II[0 BHHHMKAIOTh BHAC/IIJOK HAasSBHOCTI
eKCIIEHTPUCHUTETIB. 3ajada pO3MNISIHYTa 3 YpaxyBaHHSM TipOCKOMIYHHX
HaBaHTA)KEHb, B JIIHIHHINA TOCTAHOBIII.

B wmonorpadii [1] mnpuBeneHi pe3ynbTaTd YUCEIBHUX IOCIIHKEHb
JUHAMIYHOI TIOBEIHKH BiOpOyJapHOI CHUCTEMH, SKa € CHJIBHO HENiHIHHOI
HErJIaJKOI0 PO3PUBHOIO JAWHAMIYHOK cucreMoro. Hanmani  pesynbratu
CIIOCTEpeKeHb 0araThOX MiKaBHUX SIBHII, 30KpeMa TaKHX, SIKI € YHIKaIbHHUMHU
JUTS HETJIAJKUX CHCTEM. 3HaiieHi 30HM CTIMKOro Ta HECTIHKOro pyxiB i3
3aCTOCYBaHHSIM METONY TPOJOBKEHHS pO3B’S3KYy 3a IapamMerpoM i
MyabTHILTIKaTOpiB DIioke. Omucani: po3puBHi Oidypkailii; epekr ricrepesucy;
creHapii KBa3inepioJUYHOro Mepexoy O Xaocy Ta Mepexoy J0 Xaocy yepes
nepeMikHicTh K mepeximHuii Xaoc; rpaHWYHa KpH3a; PiOKICHHUHA aTpaxTop;
MepexiTHi peKUMH. BUKOHAHUI MOPIBHUIBHUMA aHAJI3 METOIIB MOICTIOBAHHS
yIapy y BiOpoymapHUX CUCTeMaXx 3 TBEPAUM (KOPCTKUM) Ta M’SIKHM yIapaMu.

B pobGori [15] HaBeneHi pe3ynbTaTd IOCHTIIKEHHS KOJIMBAJIBHOIO PYyXY
CTep)KHS, IO MOJENIIOE po0OTY OYpHJIBHOI KOJIOHM NPU OOEpTaHHI IMiCis
BUBEJIEHHsI Horo 3i craHy piBHOBaru. BimmiueHo, mo ais 3ocepemkeHoi Ha
HIDKHBOMY KIHIII BaroMoro CTEp)KHS CHIIM, IO CTHCKAa€, TNPHU3BOAUTH 0
301IBIIEHHST aMIUTITYIN BUTUHY CTEp)KHS B Or0 HIDKHIN YaCTHHI, B HACIIIOK
YOro MOYMHAE BiOYBATHCS 3aKpyIyBaHHS CTEPIKHSI.

VY [8] mpencramieHO pe3ynbTaTH YHUCEIBHOTO JOCTIDKCHHS BIUIMBY Jii
MepiOANYHOI MMO3/IOBXXKHBOI CHIIM Ha TOMEpedHi KONMBAaHHS JIOBIMX CTEP)KHIB,
o obepTaroThes. KonuBanbHUI pyX pO3IIISIHYTO B IIPOCTOPI 3 YpaxyBaHHSM i
TIPOCKOIMIYHUX CHJI | T€OMETPHYHOI HENIHIMHOCTI cTepskHs. s mocimimKyBaHuX
00’€KTIB TIOKa3aHO, II0 HA PI3HUX MIBHIKOCTSAX OOEpPTaHHS Ta YacToTax Jii
yIAApHOTO TO3J0BKHHOTO HAaBAaHTAXXCHHS, KOJWBAJIBHUHA PyX BinOyBaeTbcs 3
HEOJTHAKOBOIO MOBEIIHKOK. Ha MeBHMX MIBHAKOCTSX, 3 PI3HOI0 YacTOTOMO ii
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OCBOBOTO HAaBaHTA)KEHHS, KOJNWBAHHS MAalOTh BCTAHOBJICHY IEPiIOJMYHICTD 1
BUHHKAIOTH 13 OUTTSIMH, IO € PE3YJILTATOM il MepioAMIHOT OCbOBOI CHIIH.

B [14] nocnmimkeHO BIUIMB IIO3J0BXKHIX YJapHUX HaBaHTa)KEHb Ha
XapaxTep HOIEePEeYHUX KOJIMBaHb POOOYMX OpraHiB mnepdopaTopis, M0 MaIOTh
3HA4YHy THYYKicTh. HaBeneHi miarpamu, siki BizoOpakaloTh 00JacTi CTIHKOTrO
Ta HECTIHKOIO PyXiB CTEPI)KHIB IPH PI3HUX MMapaMeTpax i IpaHMYHUX YyMOBaX.

Y pob6oti [9] mOCHiIKYyeThCS MUHAMIYHA ITOBEIIHKA POOOYHMX OpraHiB
BiOpOOYPHIIBHHX arperaTiB MiJ Ji€l0 M03/I0BXXKHBOTO YapHOTO HaBAaHTAKEHHI.
Taxi 3aja4i BUHHKaIOTh MpH OypiHHI CBEPAJIOBHH uepe3 TBEpPAi MpOIIapKh
T€0JIOTTYHMX TOpiJ a0 Mopij i3 BKIIOYEHHSM BEIMKOYJIaMKOBHUX MaTepiaiB.
IMpouec OypiHHS TakMX CBEpPAJIOBHH CYTTEBO IOJETHIYEThCS y pasi Aii
BiOpoynapHoro HaBaHTakeHHs. OCKIJIbKM PYHHYBaHHs MOPOAU TPU TaKOMY
OypiHHI BinOyBaeThCS dYepe3 CHUIBHHH BIUIMB BiOpOyJapHHX IMITYNBCIB 1
00€epTaIBHOIO PYXY, aKTYaJIbHUM CTa€ MHUTAHHS CTIMKOCTI CTEp>KHS poOodoro
opraHa OypoBOro IPHCTPOIO, a came, NP SIKUX IIBUIKOCTSIX OOEepTaHb i
YacToTax il MO30BXKHIX yJapHUX HaBaHTa)XEHb MOXKE BiIOyTHCS BTpaTa Horo
CTIMKOCTI, pO3IOYaTUCs IHTEHCUBHHUI KOJMBAJIBHUI PYyX, 110, B CBOIO Yepry,
3MOJKE ITPU3BECTH JI0 BUXOAY 00 qHaHHA 3 a1y a00 HOro pyiHYBaHHSI.

IIpu mocmimKeHHI AUHAMIKHA 00’€KTIB, IO PO3IJIAIAIOTHCS, I[IKABUM €
MUTaHHS JOCITIDKEHHS MapaMeTPUYHUX KOJIMBaHb CTEPXKHIB 1 BaJIB MiJ| €0
MepiOAMYHNX TO30BXKHIX TAPMOHIHHUX HABAHTaKEHb.

B nmaniit poOOTI JOCHIIKYEThCS TUHAMIYHA TOBEIIHKA JUITHKA
BaJIONPOBOAY IpU [ii MEpioJMYHOrO MO3J0BXKHHOI'O HAaBaHTaKEHHS 3 OOKY
TBHHTA Ha BaJ NPU MPOXOKEHHI 30H TYpOYJIEHTHOCTI.

IMocranoBka 3amaui. [lpu 3xificCHEHHI KONMBAJIBHOTO pyXy BaliB Ta
CTEpIKHIB 3HAYHOI TIOBXKHHH, 110 00EPTAOTHCS, MOXKIIUBI PI3HOMaHITHI (hOpMHU
BUTHHY, IO 3MIHIOIOTBCS B 4Yaci NpU pi3HUX (i3MYHMX, T€OMETPUYHHX 1
JTUHAMIYHUX TapaMeTpax.

Y'y

0 XX,

Puc. 1. JlunamiuHa MOJ€JIb CHCTEMH

B sxocTi tuHaMi4HOI MOJIENi PO3TJISIHEMO CTEP)KEeHb JOBXHHOIO / (puc. 1),
Ha SIKMA Ji€ TepiOOUYHE TMO370BXKHE HaBaHTaxeHHA P(f). CrepkeHb
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0o0epTa€eThcss 3 KYTOBOIO IIBHAKICTIO @ HABKOJIO MIPsAMOJIHIAHOI oci 01X
HepyxoMol cuctemu koopauHat O1XY1Z;. 3i cTepkHEM TOB’s3aHa pyxoma
cucrema koopauHaT OXYZ. KonuBajbHUIA pyX CTEp)KHS B CUCTEMI KOOpAWHAT
OXYZ xapakTepu3yeThCsl NepeMillleHHsIMU Y(X,¢) 1 z(x,f) TOYOK, IO HaJIeKaTh
Horo oci, y HanpsIMKy KoopAuHaTHUX oceid OY ta OZ BiANOBiAHO.

KonuBanbHuili pyx crepkHsi B cucTeMi koopauHat OXYZ onucyetbes
BiJITIOBITHUMU PIBHSHHSAMH, 5IKi, 3 YpaXyBaHHSIM I'€OMETPUYHOI HENiHIHHOCTI
Ta Jii MO30BKHBOI0 HABAHTAYKCHHS, MAIOTh BUTJIAA [0, 14]:

d* Ell(x) _of d'y 2 dzy dz d’y
—-mre| ———+o —20m % — i’ y+in—a +P t
a2\ P dr*d* dx? dt T ( )
2 (EI 4
—d2 20 |y “; z +w2—d 2 )20 o s+l 2 Z+P(z)
dx*\ P2 dr*dx* dx* dt dr?

ne E — Momynp mpyXHOCTI MaTepiaiy cTepxHs; /1, [, — MOMEHTH iHepui'l'
nepepizy CTep)KHS y B3a€MHO MNMEPHEHAMKYJSPHUX IUIONIMHAX; » — pajiyc
iHepIii mepepi3y CTepXHs; m — Maca OJMHUIN JIOBXHHHU CTEpXHS; © —
HIBHIKICT 00EpPTaHHS CTEP)KHS HABKOJIO OCi, IO CIHIBIIAJIA€ 3 HOr0 BIiCCIO Y
HenedopmoBaHoMy craHi; P(f)=cos(0f) — 30BHILIHE TNEPiOJUYHE IO3OBKHE
rapMoHiiiHe HaBaHTaXeHHs; 1/p,, 1/p, — TONOBHI KPUBHHH OCi CTEPKHS y

B3a€MHO IEPIEHANKYISPHUX IUIONUHAX.

Metoguka aocaimkeHHs. J[as MOCTIIKEHHS DUHAMIKM 00’ €KTIB, IO
PO3IIISIAI0THCS, BAKOPUCTOBYETHCSI METO/IMKA, sIKa OMKcaHa B podorax [7, 14].
3rifHO 3 1IIi€}0 METOJMKOI0 MOJIEJIOBAaHHS KOINMBaHb IPH OOEpTaHHI
3IIMCHIOETHCSI HA OCHOBI 0araTOKpaTHOro (LMKIIYHOTO) pPO3B’SI3KY CHCTEMH
PIBHSHD KOJHMBAJILHOTO PYXY JUISl KOXKHOI TOUKH MEXaHIYHOI CHCTEMH 3 METO0
TIOIIYKY HOBUX KOOPJHMHAT IIOJIOKEHHS LMX TOYOK Y KOXKHHMH HACTYITHHHA
MOMEHT Yacy ¢+At.

Peamizanist Meroauku 3/iiicHEHa 3a JOMOMOTrOI0 PO3pPOOJICHOI aBTOpaMu
KOMIT'FOTEpHOI mporpamMu 3 rpadiyHuM iHTepdelicom, sKa JT03BOJIIE:
JIOCII/DKYBAaTH JWHAMIKY 3MOJIENIbOBAHOI CHUCTEMH NUISIXOM OOYHMCIEHHS 1
g ct noOynoBH y ii Bi.KHi MTOTOYHUX (1)op1.\4

BUTUHY CTEp)KHIB TPH KOJHMBaHHI;
3MIHCHIOBATH  aHaNi3  JMHAMIYHOL
MTOBEIIHKH, BUSIBIIATH obmacri
CTIHKOrO Ta HECTIHKOIO0 pyXiB;
OynyBaTH JiarpaMu IMx 00JacTei.
Pesynbratn. B paniii  pobori,
BHUKOPHCTOBYIOUH 3a3HavYeHy
nporpaMy, 3IiHCHEHO JOCIIiJDKEHHS
JMUHAMIKA JUITHKE TIPUBONY TBUHTA
cynHa. PosrmsiHyro poGory Bama B
@ ¢! jianasoHi MBHAKOCTI OOEPTAHHS /1=
R 8 g 1200...1200 06./XB., 3 4acTOTOIO il
TapMOHIIHOTO HaBaHTKEHHSI
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Puc. 2. O6aacti AMHAMiYHOI CTIHKOCTI Basia
JIOBXKHHOI0 [ = 5,8 M
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0=0...125 ¢, Bax giamerpom d=0,17 M i noBxuHOI0 /= 5,8 M.

Ha miarpami (puc. 2) B KOOpJUHATHIN TUTONIMHI M, 0 BigoOpaxkeHi obimacTi
CTIMKOIO Ta HECTIHKOTO KOJNMBAJIBHOIO PyXY B 3aJIEKHOCTI BiJl CITIBBITHOIICHHS
HIBHIKOCTI 00epTaHHs ® 1 4acToTd 0, mio Oyiau BWU3HAYEHi /sl 32a3HAYEHOTO
00’ €KTY JOCIIIDKEHHS TP Pi3HUX 3HAYSHHSIX JOBKHH CTEPKHSI.

Ha niarpami cipum KoJIb0poM BioOpaskeHi o0JiacTi HECTIHKOro pyxy, OLmm
— crilikoro. YopHOIO JTiHi€l0, BIAIOBIAHO, TPAHHII 00JIACTI CTIHKOTO PyXYy.

Sk BuaHO 3 miarpamu, B poOOYOMY Jiamna3oHi MBHIKOCTEH 00EpTaHb i
4acToT Aii MO3J0BXHBOI'O IEPIOJUYHOr0 HABAHTAXKEHHsS ICHYIOTH 00JacTi
HECTIMKOTO KOJMBAJILHOTO PyXy. XapakTepHHUM € Te, MIO MpH 301UIbIIEHH]
LIBHIKOCTI  O0EpTaHHsS TpaHWYHE 3HAYEHHS YacTOTH TO3J0BXHBOTO
HaBaHTA)XEHHS, TNPU SKOMY € MOXJIMBUM CTIHKIH KOJNUBAJIBHUN DYX,
BIJIMIOBITHO 3MEHINYeThCsl. [Ipy 9acToTi Mii MO3M0BKHHOIO HaBaHTaXCHHS O
no6mu3y 30 ¢! ta 70 ¢! Hectiitka po6oTa 061aTHAHHS MOYXe PO3IOYATHCS IPU
3HAYHO MEHMIMX MIBUAKOCTSAX OOEpTaHHs Baja, HDK MPH IHIIMX Jiara3oHax

gacTor 0.

BucnoBok. IlpencraBneHi pe3yabTaTH AOCTIKEHb BIUTUBY I103/I0BXKHIX
NepioAMYHNX HaBaHTa)KEHb Ha CTIHKICTHh Bajy, IO 00EPTaIOThCS Y MPOCTOPI,
Ha TPHKIIaAi BTy AUITHKHA BaJONPOBOLY MPUBOJIa TBUHTA Cy[HA IJIIOCTPYIOTH,
IO TpH TNEBHUX CIIBBiJHOMEHHSIX YacTOT OOEpTaHHS Ta YacTOT BIUIMBY
TO3/IOBXKHFOT'0 HAaBAaHTA)XKEHHSI iICHYIOTh 00JIaCTI HECTIHKOTO PYyXY, IPH SKHX
eKCILTyaTallisi o0JiaJlHaHHSI MO)KE€ HEMHHYYE MPU3BECTU JI0 BUBEIEHHS HOro 3
nmany. besmedna ekcrutyatamis MOXJIMBa B Jliala3oHaX 4acToOT, IO
3HAXOIATHCS B 00JIACTi CTIHKOrO KOJNMBAJIBHOTO PyXY, SIKi BimoOpaskeHi Ha
niarpami  3aJ€KHOCTI YacTOTH il IO3JIOBXKHBOI'O HABaHTaXXECHHS Bif
IIBUIKOCTI 00epTaHHS.
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Cmamms naoitwna 08.10.2021

Lizunov P.P., Ivanchenko G.M., Nedin V.O.
THE STABILITY OF SHAFTS UNDER THE ACTION OF PERIODIC AXIAL LOADS

The paper presents the investigation results of the harmonic periodic axial loads’ influence on the
stability of shaft. Such loads can be appeared during the running of the vessel passing the turbulence
zones from the side of the propeller to the shafting. In shafting, the influence of oscillatory motion
performed in adjacent part, which is transmitted through the coupling due to longitudinal movements,
can be periodic, too. Therefore, the question of the stability of such shafts during rotation is relevant.
In this way, the task of such drill-rod study stability has actuality. In this case, the various modes of
vibration and stability loss are possible. In this regard, the study was done by developed software, in
which a technique of computer simulation of the oscillating motion of considerable length rotating
rods under the action of axial periodic loads is implemented. Such software gives the possibility to
model the oscillatory motion of rotating rods and determine the parameters by witch the dynamic
stability loss of the studying system can occur. Using this software the diagrams with regions of stable
and unstable motion of the rotating shaft were drawn for various parameters of the considered system.
The process of oscillation is considered in space with account of inertia forces and geometric
nonlinearity of the rod. It is shown, that on certain rotational speeds and frequencies of vibro-impact
load there are ranges of unstable motion where the run of equipment can inevitably lead to
destruction. The obtained results are analyzed. The conclusion about the possibility of running the
equipment in certain frequency ranges is made.

Keywords: geometric nonlinearity, inertia forces, axial forces, dynamic stability, numeric
differentiation.

Jlusynos I1.11., Heanuenro I'.M., Heoun B.O.
YCTOMYHUBOCTH BAJIOB, HAXOJSIIIUXCS MO JEMCTBUEM
MNEPUOAUYECKHUX MPOJOJbHBIX HATPY30K

B paGore npuBeneHbI Pe3yibTaThl MCCICAOBAHUS BIIMSHHS TAPMOHHYECKUX IEPUOINYCCKHX
HPOJIOJIbHBIX HArPY30K Ha YCTOMYMBOCTH Bajia BaJONpPOBOja. Takue HArpy3KH MOI'YT BO3HHUKATh CO
CTOPOHBI BUHTA Ha BAJIONPOBOJI [P IBUKECHUH CY/HA, IPOXOSIIETo 30HbI TypOyaeHTHOCTH. TaKke
B BaJIONPOBO/IaX MEPUOANYCCKIM MOXKET OBITh BIMSIHHE KOJIEOATEIBHOIO JBHXKCHHUS, COBEPILIAEMOM
Ha COCEIHEM y4acTKe, KOTOpoe Hepeaaérest yepe3 COoeaeHUTeNbHYI0 My(d)Ty Onarofaps mpoRoIbHEIM
nepeMenieHussM.  [103TOMy  aKTyasbHBIM SIBJISICTCS  BONPOC YCTOMYMBOCTH TAKUX BaJOB IIPU
BpALICHUU. B CBsI3U ¢ 9TUM HcCIeJoBaHNE TIPOBEACHO C HCIIOIB30BAHUEM Pa3pabOTaHHOrO LISl ATHX
Hesneil POrpaMMHOrO  OOCCIedeHHs, B KOTOPOM pEajld30BaHAa METOAMKA KOMIIBIOTEPHOIO
MOJICIIMPOBAHHUS KOJICOATEIBHOTO JIBH)KCHHSI BPAILAIOIIMXCS CTEP)KHEH 3HAYUTEIBHON JUIMHBI MOJ
JICUCTBUEM TPOJOJIbHBIX MMEPHOIUYECKUX HArpy30K. Takoe MporpaMMHOE 00ECreueHUe MO3BOJISET
MOJENHPOBaTh KoJeOaTeNbHOe IBIKCHHE BPALIAIOIIMXCS CTEpKHEl, a Takke OmpenesTh
HapaMeTpbl, MPH KOTOPBIX MPOUCXOIMUT MOTEPs JTHHAMHUYECKON YCTOWYHMBOCTH CMOICIHPOBAHHOM
cucrembl. C MOMOIIBPIO YKAa3aHHOIO IPOrPAMMHOIO OOECHEUYEHHSI TOCTPOCHBI [HArPaMMBl,
oToOpaxkarolpe 00JacTH yCTOWYMBOrO M HEYCTOMYHMBOIO JIBHXKEHHH CTEPIKHs, KOTOPBIM
MoJenupyercs: paboTa yuacTka BasonpoBoza. IIporecc koneOaTeabHOrO JBHXKEHHST PACCMOTPEH B
HPOCTPAHCTBE C YYETOM HMHEPLUUOHHBIX HArpy30K M TE€OMETPUYECKON HEIMHEWHOCTH CTEPIKHSL.
Iloka3aHo, YTO HPH OMNPEACICHHBIX CKOPOCTSX BpAIUCHHS M YacTOT JCHCTBHs BHOPOYAApHOI
Harpy3Kd CYyLIECTBYIOT OOJaCTH HEYCTOMYHMBOIO [BM)KCHHs, IPH KOTOPBIX OSKCIUTyaTaIHs
000py/I0BaHHsT MOXKET HEM30EKHO MPUBECTH K €ro paspylueHuo. [IpoaHaIM3upoBaHbl MOIYYEHHBIC
pe3yibTaThl W CHEJIaH BBIBOA O BO3MOXXHOCTH SKCIUIyaTallid OOOPYIOBaHUS B OIpPEICICHHBIX
J(Hana3oHax 4acToT.

KiroueBble CJI0BA: reOMETpPUYECKasi HEIMHEHHOCTh, WHEPLMOHHBIC HArPy3KH, MPOIOJIbHBIC
Harpy3Kd, JMHAMUYECKasi yCTOMYMBOCTb, YUCICHHOE MU PEpeHIIMPOBAHUE.
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The method for determining the optimal frequency of maintenance of individual samples of
aerodrome construction equipment, which is operated outside the established resource, is
presented. The developed methodology takes into account the frequency and duration of
maintenance, routine maintenance, the reliability of equipment control, the probability of receiving
signals about a failure, and the duration of the complete restoration of the product.

Also, the analytical dependence of the unit costs per hour of stay of a sample of aerodrome
construction equipment in good condition on the scale factor and the shape of the diffusion-
monotonic distribution law of random variables has been established, in turn, makes it possible to
develop a methodology for assessing the technical and economic efficiency of the operation of
aerodrome construction equipment.

Keywords: aerodrome alarm technology, the system of technical service, diffusion-
monotonous law of distribution, optimal periodicity of technical services.

Introduction. Analysis of the operation of aerodrome construction
equipment (ACE) in terms of performing various tasks related to the
construction or restoration of destroyed airfields of the State Aviation of
Ukraine (SAU) shows that the increase in the intensity of its use has led to an
increase in the number of failures. A significant proportion of failures are due
to non-compliance with the rules of retention of ACE samples in storage,

© AvramenkoO.V., MatskoO.Y ., Polishchuk V.V., Pidhorodetskyi M.M., Salii A.H.,
Salii O.Y., Korshets O.A., Duzhyi R.V.
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incomplete implementation of the entire list and scope of work on their
maintenance during removal from storage, as well as non-compliance with the
rules of operation during its use.

In this paper, we will analyze the operation of ACE, which is used mainly for the
construction of new and reconstruction of destroyed airfields in the Armed Forces of
Ukraine, so the maintenance system (MS)will be considered the one adopted by the
Armed Forces. Namely, planned and preventative maintenance system (PMS).
Guiding documents governing the timing of regular maintenance operation on the
base chassis set the following frequency: MO-1 — 1200-1600 km, MO-2 — 6000-
8000 km, as well as periodic technical servicing (PTS) on special equipment (PTS-1
— 50 mh, and PTS-2 — 200 mh) At the same time, this frequency is recommended for
all brands of cars.

The existing maintenance system does not fully ensure the implementation
of the tasks assigned to it to maintain the ACE samples in a good condition.
This issue is explained by the fact that the adopted planning and preventative
strategy of ACE maintenance are designed mainly to maintain in working
condition samples that are in operation for no more than the period specified
by the manufacturers 18 — 20 years.

That is why, in the current difficult conditions of ensuring the operational
readiness of the aerodromes of SAU, especially in the East of Ukraine, when
the readiness of the airfield determines the crucial role of maintaining its
troops in the Joint Forces operation. ACE operated for more than 20 years and
finding ways to improve its efficiency.

One of the promising ways to increase the efficiency of ACE operation,
which is in the maximum allowable operating condition, is to determine the
required for each type of ACE frequency of its technical servicing.

The existing scientific and methodological apparatus for determining the
frequency and scope of maintenance work does not take into account the
impact of operating time and service life on the technical condition of ACE
samples, so it is difficult to determine the optimal frequency and scope of
maintenance for samples that are in operation more 20 years.

Analysis of the existing scientific and methodological apparatus for
determining the frequency and scope of maintenance showed that improving
the efficiency of ACE can be determined only in the presence of an adequate
mathematical model of its operation, which will take into consideration both
scheduled maintenance and periodic technical servicing.

When building a mathematical model of ACE operation, the physical
nature of the object of operation must be taken into account. According to the
failure model, modern foreign and domestic standards recommend the use of
logarithmic-normal distribution law, Weibull distribution law, and diffusion-
monotone (DM) distribution. The most promising of these laws is the DM-
distribution as the most adequate description of the actual process of operation
of mechanical products, which are the moving samples of ACE, but also the
least used, primarily due to the complexity of the mathematical description.

Thus, today it is important to establish the optimal frequency of
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maintenance of individual samples of ACE, which is operated outside the
installed resource, which, in turn, will increase the efficiency of its operation.

1. Methods for determining the optimal frequency of maintenance for
a particular sample of ACE. Maintenance of samples in working order is
carried out by carrying out maintenance work on the componentsand
aggregates of the base chassis and periodic technical servicing on special ACE
units. The proposed method is based on the optimization of the criterion of
operational efficiency, namely the coefficient of technical use of K;,, on the
indicator — the specific cost of one hour of the sample in working condition
C1um at specific times of maintenance.

The initial data for calculations is:

— the scale parameter u, which coincides for the DM-distribution with the
statistics on the failure time of a particular sample;

— the parameter of the form v (for DM-distribution almost coincides with
the coefficient of variation of the failure distribution);

— the intensity of false alarm signals A;

— the intensity of the failure that occurred A;p;

— duration of control by external tools of control #;;p;

— period of periodic technical servicing T

— duration of control by built-in tools of control ¢7,;

— duration of preventative maintenance #p;

— recovery time in case of its failure #z;

— reliability of control by external control systemsdy;

— reliability of correct definition of a faulty condition by the built-in tools
of control 4. ;

— reliability of correct definition of a serviceable condition by the built-in
tools of control d;

— the probability of receiving a signal about the failure of the object of
control from the built-in control system p.

The technique can be used to determine the probability of failure-free
operation, both samples of ACE and other types of automotive equipment if
you know the value of the parameter of the flow of failures.

The main task of the method of determining the optimal frequency of
maintenance for a particular sample of ACE is to ensure the maintenance of
the coefficient of technical use at the maximum level in the process of using
them for their intended purpose with minimal human and material resources.
The method is intended for samples that are in operation beyond the deadlines
set by the manufacturers, i.e., more than 20 years.

Determining the frequency of preventative work to prevent failures is based
on the analysis of the dependence of the coefficient of technical use on
changes in operating parameters.Such as the reliability of the built-in tools of
monitoring the technical condition, the duration of the complete recovery of
the failed sample, and the probability of a signal from the built-in control
system of the failure of the sample ACE.Values of operating time, which
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correspond to the optimal periodicity of planned preventative measures, are set
by the maximum level of the coefficient of technical use K.

The minimum allowable level of K, in determining the timing of planned
preventative measures is set in the range of 0.8-0.75.

This level of K, provides prevention of 75-80% of possible failures, and
20-25% of failures are eliminated as needed.

It is known that the performance of regular maintenance work on ACE
samples increases the probability of their trouble-free operation. However,
when applying the maintenance strategy according to the technical condition, it
is proposed to carry out maintenance, in contrast to the planned and
preventative strategy, not according to rigidly established deadlines for all
equipment, but taking into account individual performance indicators of a
particular sample. The value of the numerical value, which increases the
probability of failure-free operation after maintenance work, depends on the
type of maintenance. It is known that for samples that are in operation for up to
10 years, the performance of numbered technical servicing provides a certain
probability of their trouble-free operation before the next numbered technical
servicing.For specimens that have been in operation for more than 10 years, a
certain number of ongoing repairs must be performed to maintain their
serviceability between regular maintenance. The number of current repairs
depends on the operating time and service life of the samples, and before
performing maintenance work it is necessary to eliminate the identified
deficiencies in the technical condition. The scope of work to eliminate the
identified shortcomings also depends on the operating time and service life of
the samples.

Based on the calculated values of the coefficient of technical use, a graph
of K, dependence on the frequency of maintenance and periodic technical
servicing is built.

The design of the point of intersection of the curve of change of the
coefficient of technical use with the line of the allowable value of K;,, on the
axis of the periodicity of maintenance shows the optimal frequency of planned
preventative measures to improve the trouble-free operation of the ACE
sample.

Analysis of the dependence of K,,, on the frequency of maintenance and
periodic technical servicingshowed that the permissible level of K,,, does not
coincide with the established frequency of maintenance for ACE that is in
operation.

However, when analyzing the dependence of the unit cost of one hour of
the sample in working order on the frequency of maintenance, it was found
that with increasing frequency, its growth is observed. With the help of the
method, it is possible to determine the timing of maintenance when achieving
the minimum unit cost of maintaining the sample ACE in working order.

The decrease in the probability of failure-free operation of ACE samples is
due to an increase in the specific number of failures with an increase in their
service life.
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The proposed method of determining the optimal periodicity of ACE
maintenance is based on the following task: to ensure a trouble-free operation
of the ACE sample within certain limits during a certain period of time by
timely detection of the pre-failure condition of systems, components and
aggregates of ACE, and preventative work to eliminate identified
shortcomings.

The essence of the proposed method is to predict the probability and failure
of ACE and on the basis of the results of the adoption and decision to take
measures to maintain them in working order.

Prediction of the probability of failure-free operation of ACE is achieved
by the fact that based on the analysis of the results of calculations obtained
using known mathematical expressions, calculations of technical capabilities,
which allows predicting failures in systems, components and aggregates
depending on certain operating parameters.

The calculation of the specific number of failures is carried out on the basis
of statistical data of failures in the operation of systems, components, and
aggregates of ACE with different operating times and service life.

Maintaining ACE in working order using the proposed method shows that
for some samples of ACE, the frequency of additional work and their volume
will be different and does not coincide with the regulatory development of
numbered periodic technical servicing.

To increase the efficiency of individual systems, components, and
aggregates that have the greatest impact on increasing the specific number of
failures, it is possible by timely detection of their pre-failure condition and
measures to improve their efficiency.

The conducted researches, and also a practice of operation of ACE have
shown that owing to operational failures the repair fund can reach 3-5% of a
regular number of samples for days of intensive operation. At the same time,
most of the failures are hidden (errors of the second kind) and fall on the
systems and units of the engine-transmission compartment. As the experience
of maintenanceunits shows, the time to find such faults can be 50-80% of the
total time to eliminate them.

The conducted researches also show that at the existing time standards it is
impossible to control the technical condition of ACE at all types of technical
servicing due to the lack of this time. Time for maintenance will be enough
only for maintenance in the amount of daily technical servicing (DTS). The
impossibility of control over types of maintenance does not allow to carry out
all defined operations in full and with the necessary quality.

The frequency of additional work and the amount of additional work are
determined for a single sample of ACE separately, depending on the operating
time and duration of its operation and the specified operating parameters. This
approach ensures the maintenance of their efficiency within certain limits with
minimal human and material costs.

Attempts to perform the scope of numbered technical servicing in full
before or during the implementation of the tasks were not provided with
sufficient time, human and material resources, led to the unreasonable
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replacement of elements in the nodes, and aggregates of ACE. Therefore, this
technique can significantly reduce time, human and material resources in the
implementation of measures to maintain ACE in working order.

1.1. Determination of component costs for the technical operation of
ACE samples. For the criterion «cost — efficiency» it was necessary to
establish the dependence of the cost of operation on the main parameters of the
mathematical model. This dependence has the form:

¢ (r)=C,(r)n,(1)+ 3. P, (1) €, (1), (1)

Cii(T)— the cost of the product in the state of the process of technical operation,
UAH/hour.

In further calculations it is considered that the C;(7) represents the
purchase price of the product intended for 20 years of operation, but are in
operation for 25 and more years;

C;(T)— the cost of the product from the condition of technical operation,
UAH,;

P(T) — matrix of transition probabilities of the semi-Markov process from
statei to state ;.

To obtain the cost of operation of ACE in real units of value, it is necessary
to know both the purchase price of a new product and the cost of its
operation.The greatest practical interest is the cost of keeping each of the
samples of ACE in good condition. For clarity of perception of information, it
is necessary to construct graphic dependences of the criterion of efficiency of
operation and cost of stay of a product in a serviceable condition on the
periodicity of maintenance, reliability of control by external control systems,
duration of recovery in case of failure, duration of performance of preventative
works (maintenance). The presence of such schedules will allow the organizers
of the operation to determine: at what price the maximum value of K,,from the
specified parameters is achieved.

The technical operation of ACE is associated with certain economic costs,
which depend on the intensity of their operation, the intensity of failures,
frequency, and duration of routine work and maintenance, duration of repairs,
quality of built-in control systems, the purchase price of these products, and
more.

As a criterion for the efficiency of technical operation of these products, we
will use the coefficient of technical use of K,,,,.

For the ACE failure model, we will use the diffusion-monotone distribution
law, which is recommended by All-Union state standard (DSTU 2862-94) for
mechanical type products.

As ACE samples we will use: the KS-4561 truck crane (on the basis of the
KrAZ-257 chassis), the DZ-110 (T-130) bulldozer, the motor grader

DZ-143, excavator EOV-4421 (KrAZ-255B).

Table 1 shows the operating parameters of the studied ACE.

On each of the specified samples of ACE, there are certain built-in tools of
control that control the current condition of work of the car and its special
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equipment. Under the external tools of control are those tools of control that

are involved in the conduct of periodic technical servicing and maintenance.
To calculate the technical and economic efficiency of ACE operation, we

will assume that the average cost of the product in the condition ; and exit

from the condition j is determined by the formula (1).

Table 1
Parameters of operation of the investigated samples of ACE
= \
G S 2
Samples of ACE | N @ 3
< D @ L~
. v [ — /|
No Operating parameters < s | 3 ISEA
= <
o < | A NN
@ N >
Q
] [a) Q
wn
2 ol
1 scale parametery,h 230 [ 179 | 759 170
2 form parametery 0,5 0,5 0,5 0,5
3 intensity of false alarm signalsA, 1/h 10° [10° | 107 10°
the intensity of the failure that occurred in the sample 2 2 2 2
4 of ACE Azp. 1/h 10 10 10 10
5 duration of control by external tools of control #,,, h 1 1 1 1
6 period of scheduled technical servicing 7, h 100 | 100 | 100 100
7 duration of control by built-in tools of control s h 0,5 0,5 0,5 0,5
8 duration of preventative maintenancet,, h 5 4 2 4
9 guratlon of recovery of sample in case of its refusal ¢, 10 3 4 ]
10 ;’ehablhty of sample control by external control system 0.8 0.8 0.8 0.8
HI™
reliability of correct definition of a faulty condition by
! the built-in tools of control dyr 0.35 10,551 055 0,35
reliability of correct definition of a serviceable
12 condition by the built-in tools of control dr 0,7 0,7 0,7 0,7
the probability of receiving a signal about the failure
13 of the object of control from the built-in control 0,7 0,7 0,7 0,7
system p

To determine the average cost of the product in condition, it is necessary to
know the recoverable amount of the sample. The recoverable amount is
calculated using the formula:

B,=1,-K,, (2
where [l the initial cost (purchase price) of ACE before 1991, g —
indexation coefficient, which as of January 1, 2019, was 3.4277.

The cost per unit of calendar time of the product is equal to

S
2.C(T)-7(T) :
c, =i, A3
" () (1)
where 7 (7 ) —the average frequency of Markov chain to hit states; 5 (7 )—
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the average length of stay of the product in any state s, ; Ci(7)— the average cost
of the product and exit from the state 7, .

Next, we calculate the sample cost per unit of calendar time of ACE in
good condition according to formula (3).
For clarity, these characteristics are listed in Table 2.
Table 2
Characteristics of costs and average duration of the Semi-Markov process in
the state of the model

~ @
Samples of ACE [ - -
Q S a
N o 3
Cost characteristics < = ¢ N
Ne v, ) = )
and average length of stay = S N
semi-Markov process 2 E A q
in the states of the model ;E A 3
¥ >
Q
sl
1 C; 70 136 152 26
2 C; 19796 | 21324 | 8505 | 17251
3 E - d exit from th C; 19793 | 21320 | 8502 | 17251
3 Xpenses for stay SZH“' om the state, = 65080 | 71069 | 28339 | 57502
5 Cs 6598 | 7106 | 2834 | 5750
6 Cs 6598 | 7106 | 2834 | 5750
7 C; 47 92 101 18
8 Mepr | 947 | 93,7 | 952 | 934
i Neps | 6 5 3 5
10 ) ) Neeps 2 1,8 1,4 1,8
The average duration of stay in the states
1 of the semi-Markov process M., h Neepa 10 8 4 8
cop
12 News | 05 | 05 | 05 | 05
13 News | 05 | 05 | 05 | 05
14 MNepr | 63,2 | 632 | 632 | 632
15 Specific costs per unit of calendar time C,,,,, UAH. 225 287 91 242
16 Specific cost per unit time in good conditionCj,m,
24 1
UAH/A 3 318 94 270

According to formulas (1) and (3) calculations of the coefficient of
technical use and specific costs for maintaining ACE in working conditions are
performed.

The results of the calculations are shown in Fig. 1-5, where the axis of the
ordinates on the left are the values K, and on the right, the unit cost per unit
time of the samples of ACE in good condition.

The abscissa axis in Fig. 1 deferred values of the frequency of periodic
technical servicing, in Fig. 2 — the reliability of the control of the technical
condition of ACE by external tools of control, in Fig. 3 - duration of recovery,
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in fig. 4 — duration of control of a technical condition of ACE by external tools
of control, on fig. 5 — duration of maintenance work.

All calculations are performed at constant values of the parameters listed in
Table 1, except for those that vary along the abscissa. From fig. 1 shows that
for all samples of ACE there is an optimal period of maintenance work, which
provides the maximum value K,,,. At the same time, there is a pattern: that the
larger uthe more K,,, and less often you need to carry out maintenance work.
From fig. 2 shows that with increasing d,. increases K,,,. From fig. 3 shows
that with increasing duration of recovery ¢, decreases K,,,, and the unit cost per
unit time of the product in good condition ¢ does not depend on the

conditions set out in the Table 1.

Eope &
a4 apuiod

08% 110

i

[} n H 206 288 300 132 4 576 L, 0

Fig. 1

From fig. 4 it is seen that the increase in the duration of preventative work 7,
leads to a decrease K,, in the linear law, and the unit costs are almost unchanged

for the conditions of table 1. The nature of such dependencies are shown in Fig.
5 is similar to the curve of Fig. 4. The unit cost per unit time of products in good
condition C,  varies approximately according to the law of function y= 1 The
X
lowest costs are observed for the product DZ-143. At 7 = 240 h, the specific

costs for DZ-143 are approximately SOUAH/h. For other products, the unit cost
per unit time in good condition varies insignificantly.
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2.Methods for assessing the technical and economic efficiency of ACE
operation. The developed technique is designed to establish the cost of unit costs per
unit time of the product in good condition to achieve the maximum value K,,,. The
values of operating time, which correspond to the optimal periodicity of planned
preventative measures, are set by the maximum level of the coefficient of technical
use K, and the minimum value of the unit cost of one hour of product in good
condition Cjym.

According to the results of calculations made in section 1.2 and construction of
the dependence of K,,; and min Cj,,, the periodicity of technical servicing (Fig. 1),
using the graph-analytical method of optimization

As mentioned above, the determination of the frequency of maintenance is
based on the analysis of the dependence of the coefficient of technical use on
changes in operating parameters, namely the reliability of built-in tools of
monitoring the technical condition, the duration of complete recovery of the
failed sample and the probability of signal failure control systems. For
example, for the investigated sample DZ-143 the maximum value of x =

0.98 is reached at an optimum periodicity of carrying out PTS 7,,,= 240 h. At
the same time, the specific costs per unit of time spent in good condition are
equal to C},.,,=50 UAH/hour.

Similarly, the assessment of technical and economic efficiency of operation
for the rest of the investigated samples.

For KS-4561 the maximum value of K,,~0,94 is reached at optimum
periodicity of carrying out PTST,,,.xc.456:=90 h thus specific expenses for unit
of time of stay in a serviceable condition are equal to Cj,mxs.s56:= 250 UAH/h,
for DZ-110 — Kms: 0,93 at ToanZ—110:72 h at the same time ClnumDZ—]]O
=350 UAH/h, for EOV-4421 —-K,=0,92 at T,,.z0,/=70h at the same time
Crumeor=290 UAH/h.

Table 3
The proposed timing of maintenance of ACE

= o
gg \E < Frequency of maintenance, km | The value of K,
e >
Name of equipment EDS g 3
quip § @) § 8 | According to the S ted Set | Received
« f S 5 |guiding documents uggeste ¢ ceeve
oo 2
=°3 A~
= <
KS-4561 (KrAZ-257) 5 90 1200 — 1600 450 0,7 0,94
EOV-4421 (KrAZ-255B) 5 70 1200 — 1600 350 0,7 0,92
DZ-110(T-130) 5 72 1200 — 1600 360 0,7 0,93
DZ-143 5 240 1200 — 1600 1200 0,7 0,98

Given the fact that the average speed of ACE at the aerodrome is 5 km/h,
by multiplying the obtained values of T,,, in hours by speed, we obtain the
value of T,,,, in kilometers. The results of the calculations are shown in Tab. 3.

Thus, using the method of assessing the technical and economic efficiency
of operation, the determined optimal periodicity of maintenance was assessed
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by the criterion of «efficiency-cost». Using certain T,,, values, the K, was
increased to 0.92... 0.98 in contrast to the set 0.7.

Conclusions.Thus, the article describes the method of determining the
optimal frequency of maintenance. The values of operating time, which
correspond to the optimal frequency of planned preventative measures, are set
at the maximum level of the coefficient of technical use of K,,,. The developed
technique takes into account the frequency and duration of maintenance,
routine work, the reliability of equipment control, the probability of failure
signals, the duration of complete recovery of the product.

The analytical dependence of unit costs per hour of the ACE sample in
good condition on the coefficient of scale and form of diffusion-monotone
distribution law, periodicity, and duration of routine works, probability of
information on failures of ACE samples, reliability of control, and duration of
preventative maintenance, etc.

The method of estimation of technical and economic efficiency of
operation of aerodrome construction equipment is offered. The level of K,
and specific costs per unit time of the product in good condition for the actual
operating parameters of the studied samples are determined.

REFERENCES

1. Mirnenko, Volodymyr I, Serhii O. Pustovyi, Petro M. Yablonskyi and Oleksandr V.
Avramenko. Porivnyannya efektyvnosti tehnichnogo obslugovuvannya vyrobiv aviacijnoyi
tehniky, shho ekspluatuyutsya za tehnichnym stanom, dlya modelej dyfuzijno-monotonnogo
I dyfuzijno-nemonotonnogo rozpodiliv vidmov (Comparison of aerotechnics devise
maintenance efficiency which ape exploited with the technical condition for diffusion-
monotonic and diffusion-nonmonotonic failure distributionmodels). - Modern Information
Technologies in the Sphere of  Security and Defence, 2015.
http://sit.nuou.org.ua/article/view/59649.

2. DSTU 3433-94. (1996). Nadijnist tehniky. Modeli vidmov. Osnovni polozhennya
(Reliability of equipment. Failure models. Mainprovisions). (All-Union State Standard of
Ukraine) 42 p.

3. DSTU 2862-94. (1996). Nadiynist tehniki. Metody rozrahunkiv pokaznyikiv nadiynosti.
Zagalni vymogi (Machinery reliability. Methods of calculating reliability indices. General
requirements). (All-Union State Standard of Ukraine)39 p.

4. Polianskyi, S. Ekspluatacia Stroitelnyh mashyn (Operation of Construction Machines). -
Kyiv, Ukraine: Vyscha schola, 1986. - P. 304.

5. Strelnikov V. Sostoyanye y perspektyvy teoryi I praktyky nadezhnosty / Nadezhnost I
dolgovechnost mashyn I sooruzheny;j (State and prospects of theory and practice of reliability
/ Reliability and durability of machines and structures). - International scientific and
technical collection. — 2005. — N 24. — P. 27-38.

6.  Sheinyn, A.M., Kryvin A.P. and Filipov B.I. Ekspluatacia Dorojnyh mashyn (Operation of
Road Machines). - M.: Mashinostroenie, 1980.

Cmamms naoitwna 30.07.2021



278 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 107

Aspamenko O.B., Maywsxo O.H., Honiwyx B.B. ITiozopodeyviuii M.M., Caniii A.I"., Caniii O.A,
Kopweyw O.A., [lyxcuii P.B.

BU3HAUYEHHSA ONITUMAJIBHOI NEPIOAUYHOCTI MPOBEJEHHS TEXHIYHUX
OBCJIYITOBYBAHB 3PA3KIB AEPOJIPOMHOI BYIIBEJIbHOI TEXHIKHA

HaBeneHO MeETOAMKY BH3HAYCHHS ONTHMAJIBHOI MEPIOAMYHOCTI  MPOBEACHHS TEXHIYHUX
00CIIyroByBaHb OKPEMHX 3pa3KiB acpoipOMHOI OyIiBEIbHOI TEXHIKH, SKa EKCILIyaTyeThCs 1103a
MEXaMH BCTaHOBJICHOTO pecypcy. Po3poliieHa MeToauka BpaxOBYE IMEpPiOAMYHICTH 1 TPHUBAIICTh
IPOBEACHHS TEXHIYHUX OOCIyroByBaHb, PErJIaMEHTHHX POOIT, JOCTOBIPHICTH KOHTPOIIIO
o0nafHaHHs, HMOBIPHICTh HAIXOMKEHHS CHTHANIB [P0 BIAMOBY, TpPHBAJIICTh I[OBHOIO
BiTHOBJICHHSI BUPOOY.

TakoX BCTAQHOBJICHO AHANITUYHY 3aJEKHICTH HMUTOMHUX BHTpPAT Ha TOIMHY NepeOyBaHHS
3pa3ka aepoApOMHOI OyaiBenbHOI TEXHIKM Yy CIpaBHOMY CTaHi Bix KoedilieHTy Macmrtaly i
tdopmu udy31HHO-MOHOTOHHOTO 3aKOHY PO3MOZINY BHIAIKOBUX BEIMYMH, LIO B CBOIO 4YEpry
HAZa€ MOXJIMBICTH PO3POOMTH METONHMKY OL[HIOBAHHS TEXHIKO-CKOHOMIYHOI e()eKTHBHOCTI
eKCIUTyaTawii aepoapOMHOi OyAiBEIbHOI TEXHIKH.

KuarouoBi cioBa: aepoppoMHa OyjiBesibHA TEXHiKa, CHCTEMa TEXHIYHOro OOCIYyroBYBaHHSI,
UQy31iHO-MOHOTOHHHUIM 3aKOH PO3MOIiJIY, ONTHMAJbHA MEPIOJUYHICTh TPOBEACHHS TEXHIYHOrO
00CITyroByBaHHSI.

Aepamenko A.B., Mayvko A. ., [loniwyyk B.B., I[loocopodeyvkuii H.H., Canuit A.I'., Canuit A.A.,
Kopweyw O.A., [yacuii P.B.
ONPEJEJEHUE OITUMAJIbHOM NEPUOJUYHOCTHU ITPOBEJEHU S
TEXHUYECKHX OBCJYKUBAHMI OBPA3IIOB APOJAPOMHOM
CTPOUTEJIbHOM TEXHUKHU

IlpuBeneHa  METOAMKAONMPENETICHHS]  ONTHMAJIbHOH  NEPUOAMYHOCTH IPOBECHUS
TEXHUYECKUX 00CITyKNBaHHUHOTAEIBEHBIX00Pa310Bad POAPOMHON CTPOUTEILHON TEXHUKH,
KOTOPAsIIKCILIyaTHPyeTCsl 33 IpeAeiaMUyCTaHOBICHHOrO pecypca. PaspaboraHas Meromuka
YYHTBIBACTHEPHOJUIHOCTD UUTHTENBHOCTD HPOBEICHUS TEeXHUYECKUX00CTY)KHBaHUH,
perjaMeHTHBIX padoT, MPaBIMBOCTb KOHTPOISIO0OPYHAOBAHMS, BEPOSTHOCTh CHTHAIOB HAOTKas3,
JUTHTEIBHOCTD TIOJIHOIO BOCCTAHOBIICHHST M3CIIHS.

KiioueBble  €JI0Ba:adpOJPOMHASCTPOUTENbHASI  TEXHHKA,  CHCTEMa  TEXHHYECKOro
00CITy)KHBaHHUS, 1 y3MOHHO-MOH OTOHHBII 3aKOH pacripezeneHus, ONTHMAJIbHAS
HEePHOIUIHOCTh IIPOBEICHHS TEXHUUECKOTO 00CTy)KUBAHHS.
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The article presents the assessment results of a three-layer cylindrical shell stress-strain state
provided the different parameters of physical and mechanical characteristics of polymeric filler
reinforced by stiffening ribs. Impact rate on the stress-strain state of the polymeric filler
reinforcement due to the involvement of the discrete stiffening ribs has been determined.

Key words: three-layer cylindrical shell, stress-strain state, polymer filler, stiffening ribs,
axisymmetric pulse load, finite element model.

Introduction. Problem statement. Layered shells are widely used in
mechanical engineering, nuclear energy, aircraft construction, defense and
other fields of technology. Their specific features allow to decrease the
specific quantity of metal per strucrure, increase efficiency, ensure reliability
etc. Works by P.Z. Luhovoy, V.M. Meysh and some other authors, as well as
operational practice of concerned facilities witness that the structures
themselves, or their separate elements exist under the conditions of periodic
dynamic loads, which in most cases are of the impulse nature.

Investigation of the stress-strain state of layered shells evidence its
dependence on the shell type, on its structural features, physical and
mechanical characteristics of the material etc. Therefore information, which is
characteristic of the importance of such dependencies and which demonstrates
the character and extent of their impact on the stress-strain state of the layered
structures can considerably contribute to the early optimal decision-taking,

Nevertheless, the diversity of the layered shells’, numerous natural and
engineering impacts on them, the restricted nature of the regulatory and calculation
basis, as well as peculiarities of the stress-strain state calculations are limiting such
information acquisition. With regard to that, the investigations described below are
aimed at amending the theoretical aspects of the problem with practical rationale,
which would illustrate the character and importance of impact on the stress-strain
state of engineering solutions, operational and natural factors, physical and
mechanical properties of structural materials etc.

© Gaidaichuk V.V., Kotenko K.E., Snizhko N.A.
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Investigation and analysis of investigation results. A three-layer
cylindrical shell with the permanently fixed edges, a structural element of which
is presented on Figure 1, has been used as a basic structure for investigations. Its
geometric parameters had the following values: L=250 mm; R=200 mm,
h=h;=10 mm, #h,=60 mm. Physical and mechanical characteristics were
accordingly: E\= E;=70 GPa, E;=0.14 and 1.4 GPa, u; = u;= 0.3, py = p3 =
2.7%10° kg/m’. The shell has been loaded with the axisymmetrical internal

impulse load, the distribution parameters Q of which have been set up as below:
k

P L4
O(t)= A*sin 7 (1)

where: A4 is the amplitude of the pulse power load height; 7'— load duration; ¢ —
time duration.

The following loading parameters have been accepted: 4=10°Pa; 7=50%10°s.

Parameters of the stress-strain state have been identified through the finite
element model, which included 8000 solid finite elements and 9360 nodes. The
calculating software Nastran has performed calculations. Choice of the type of the
solid finite element was due to obtaining more detailed and precise calculation
results.

The power load amplitude was 4 = 10° Pa; The displacements and stresses
values have been calculated through an algorithm of a direct transient dynamic
process within the time interval 0 < ¢ < 107 The time interval was 0.25° 10 s,
and the total number of steps was 200. Investigation results for cases without
the polymeric filler reinforcement [1] evidence the considerable impact on the
stress-strain state of physical and mechanical characteristics of namely the
filler and the internal and external coating variation.

A «mechanical effect» caused by reinforcement of polymeric filler with
discrete (stiffening) ribs can be an essential factor impacting the stress-strain
state. Such approach to enhancing the layered structures’ rigidness is getting
widespread and is especially applied in the three-layered shells, demonstrating
a relative unsophistication of enginegring and process solutions.

.
n S

> 5
LN * =, A P k%Y i

m g (AN y

Fig. 1. Design of the three-layer shell:
1 — internal layer; 2 — filler; 3 — external layer; 4 — reinforcing ribs
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The reinforcement efficiency for the structures of this type has been
determined by means of the finite-element simulation of the three-layer
cylindrical shell with the circumferential reinforcement ribs, stiffly binding
internal and external shell layers (Fig. 1).

Table 1
Maximal axial horizontal displacements 7, of the shell layers with different
layers’ structure and different physical and mechanical properties of polymeric
filler over the time interval (¢)

Correlation of elasticity modulus of the internal shell layer to the polymeric
filler

Reinforce
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1 — internal shell layer; 2 — also external

Options with three and five reinforcement rings have been considered; rings
had to be evenly distributed over the shell length. In first case, distance between
rings was 0.06 m, and in second case 0.04 m. Values of horizontal displacements
(T} and T),) for each reinforcement scheme have been determined through
separately created finite-element models of each design variant. The layered
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shell wall structure corresponded to the correlation #,=hs/hy=1/6, other power,
geometric and physical and mechanical characteristics met the above parameters.
Calculations have been performed for options £ 3/E7=50 and E 3/Ez=500. The
resulting patterns (Tab. 1) show that the horizontal displacements of both bearing
layers appeared to be unidirectional and have equal absolute values with
amounts reaching their maximum at the same time moments. When the
reinforcement is armored E;3/E7=500 with three armoring rings, the maximal
displacement has decreased by 21%, with five rings — by 39%. Provided the
correlation E,3/E7=50, horizontal displacements are distributed along the shell
length more uneven.

They remain unidirectional and equal in values, however reach their
maximum only in the center of the shell length. The more intense
reinforcement (five rings instead of three) narrows the segment of maximal
displacements at £, ;/E7= 50 to almost 1/3 of the shell length.

The maximal value of displacements within this range in relation to the
non-reinforced shell has decreased by almost 15% in case of three
reinforcement ribs and by almost 30% in case of five ribs.

The three-layer cylindrical shell was used for the above investigations; the
diameter of the cylindrical shell outreaches its length. When the shel wall
thickness and length increase, decrease of the reinforcement rings impact is
observed, the deformation picture has a different nature. Thus, provided the
dimensions D=240 mm, L=400 mm, /;=h;=10 mm and /#,=10 mm and the
distances between five reinforcement rings 60 mm, absolute value of
horizontal axial displacements in the median surface of the polymeric filler
structure’s external layer F;;/E7=500 reaches 0.25 mm, and displacement of
external and internal layers became contra-directional [2].

A high-standard picture of distribution of the normal stresses along the
shell length (Fig. 2) shows that their values reach the maximum value at the
moment of time 9.37 (¢ = 0.000465 s) provided the reinforcement of polymeric
filler £, 3/Er = 50 with three discrete ribs. The more intense reinforcement of
the filler (5 reinforcement rings instead of 3) has decreased the maximal
stresses by almost 12.5 %.

In all cases investigated, the external sheeting layer of the shell appeared
more stressed, independent on the physical and mechanical characteristics of
the filler or intensity of its reinforcement.

The obtained data correlate with the conclusions of other authors [3-5] and
contribute to solving some practical issues.

Conclusions. Optimization of the design and engineering decisions
regarding the layered shells envisaged for operating under the nonstationary
loads, increases their reliability and decreases the specific quantity of metal per
structure. Application of the polymeric filler, which ensures the ratio £, 3/Er =
50 and intensity of its reinforcement, decreases displacements of the external
shell layers by over 30%.
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Fig. 2. Maximum stresses o, of bearing layers of the shell
(1 — inner layer, 2 — outer layer) with different reinforcement options:
(a) provided correlation E;/E; = 500 and 3-ribs reinforcement; (b) also for 5 ribs;
(c) provided correlation E;/E; = 50 and 3-ribs reinforcement; (d) also for 5 ribs

Provided equal thicknesses of the inner and outer sheeting and equal
intensity of the polymeric filler’s reinforcement, the external sheeting layer
appears more stressed. At £ ;/Er= 50, the maximal outer layer stresses exceed
those of the inner layer by over 10%.
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Tatioaiiuyk B.B., Komenko K.E., Cniocko H.A.
BILJTUB KOHCTPYKIIAHO-TEXHOJIOTTYHUX ®AKTOPIB I HECTALIIOHAPHOI'O
HABAHTAKEHHS HA HATIPY)KEHO-TE®OPMOBAHMIT CTAH TPUIIIAPOBOI
HUITHIAPAYHOI OBOJIOHKH

HaBeneHo pe3ynbTaTH OL[HKH HAINpYXeHO-Ie()OPMOBAHOTO CTaHY TPUILAPOBOI LIMIIIHIPHIHOL
O0OJIOHKH HPU PI3HUX (I3UKO-MEXAHIYHUX XapaKTePHCTUKAX IOJIMEPHOrO HAIOBHIOBAYA.
Busnaueno edexruBHicts BrumBy Ha HJIC apMmyBaHHS IOJIMEPHOro HAIOBHIOBa4Ya OOOJIOHKH
JIHCKPETHUMHU pedpamu.

KarouoBi cioBa: TpumiapoBa LHIHAPUYHA OOOJIOHKA, HANpPyKeHO-1eGOpPMOBaHMI CTaH,
NOJIIMEPHUI  HAIOBHIOBaY, pedpa JKOPCTKOCTI, IMITYJbCHE OCECHMMETPHUYHE HABaHTAXKCHHS,
CKIHYCHHO-CJIEMCHTHA MOJICITb.

Gaidaichuk V.V., Kotenko K.E., Snizhko N.A.
IMPACT OF ENGINEERING/TECHNOLOGY FACTORS AND TRANSIENT LOADS ON
THE STRESS - STRAIN STATE OF A THREE-LAYER CYLINDRICAL SHELL

An issue of a stress-strain state of a three-layer cylindrical shell under variable loads has been
considered. Assessment results of a three-layer cylindrical shell stress-strain state with regard to the
physical and mechanical characteristics of an aggregate polymer filler and its reinforcement intensity
by means of the stiffening rings rigidly connected to the shell coating are presented in the article.
Calculations have been performed using the software Nastran. Values of displacements and stresses
have been calculated by applying the direct transient dynamic process algorithm. The time interval
was 0.0000025 sec, and the total number of steps was 200. Choice of the three-dimensional finite
element type was conditioned by the need of acquiring more detailed and accurate calculation results.
The finite element model included 8000 three-dimensional solid finite elements and 9360 nodes.
Impact of the physical and mechanical characteristics’ parameters of integral polymeric filler through
the stiffening rings on the shell’s stress-strain state under the axisymmetric inner impulse load has
been investigated. Numerous results concerning dynamics of the three-layer structure, which have
been obtained by the finite elements method, allow distinguishing the stress-strain state of a three-
layered cylinder-type elastic structure at any moment within an analyzed time interval. Optimization
of the shell design is recommended. Intensity of the polymeric filler reinforcement impacts
considerably the stress-strain state of the shell, as well as its performance characteristics. Increasing
the intensity of the shell’s polymeric layer reinforcement decreases considerably the deformation of
the shell’s bearing layers. Comparison of the obtained results to the impact of other factors indicates
the credibility of the approach used and that the unbiased information was received.

Key words: three-layer cylindrical shell, stress-strain state, polymer filler, stiffening ribs, pulse
axisymmetric load, finite element model.

Tauioaiiuyk B.B., Komenko K.E., Chuacko H.A.
BJIMSTHUE KOHCTPYKIMOHHO-TEXHOJIOTHYECKUX ®AKTOPOB 1
HECTALIMOHAPHOWM HAI'PY3KH HA HAMIPSI’KEHHO-TE®OPMUPOBAHHOE
COCTOSIHUE TPEXCJIOMHOMN HUJIUHAPUUYECKOM OBOJIOYKH

IIpuBeneHsl pe3yabTaThl OLICHKH HANpPsDKEHHO-Ie()OPMHUPOBAHHOIO COCTOSIHUSI TPEXCIIOHHOM
[WIMHAPHYCCKOH OOONOYKM @PH pPasHbIX pPa3HBIX (PU3NKO-MEXAHHYECKHX XapaKTEePUCTHKAX
noaumepHoro Hanonuutens. OmpeneneHa s¢dextuBHocts BuusHus Ha HJC  apmupoBaHms
HOJIMMEPHOT'0 HATIOJIHUTEIIST 000I0UKU AUCKPETHBIC peOpaMH.

KiroueBble ¢j10Ba: TpeXCIONHAs MIMHIPHIECKash 000JI0YKa, HANPSHKEHHO-Ie(hOPMUPOBAHHOE
COCTOSIHME, TIOJMMEPHBII HaNoOJHUTEb, pedpa JKECTKOCTH, HMIlyJIbcHOe OcecHMMeTpUYHas
Harpy3KH, KOHEYHO-3JIEMEHTHAs! MOJIENIb.

VK 539.3

TIatioaiiyyx B.B., Komenko K.E., Cuixcko H.A. BIJIUB KOHCTPYKUiiiHO-TeXHOI0riYHNX daKTOpiB i
HECTAIOHAPHOTO HABAHTA’KEHHsI HA  HANpPY:KeHO-1eOPMOBAHMII CTaH TPHIIAPOBOL
nuTiHApUYHOI 06ooHKH // Omip MatepianiB i Teopist cropyn: Hayk.-Tex. 30ipH. — K.: KHYBA,
2021.— Bumn. 107. — C. 281-287.

YV cmammi npueedeno pesymvmamu oyinku HANPYJICceHo-0epopmMo8anoco Ccmany mpumaposoi
YuniHOpUYHOI  0OONOHKU, — 6pAX0o8yIoui  iI  CHMpYKmMypHy — 0COOIUSICMb,  (DI3UKO-MeXAHIUHI
Xapakmepucmuky YitbHo20 NONIMEPHO20 HANOBHIOBAYA, APMOBAHO20 OUCKPEMHUMU pebpamu.
Pexomendyemubcs onmumizayiss KOHCmMPYKYitiHo20 piuierst 060J10HKU.

Ta6. 1. . 2. BiGmiorp. 5 Ha3B.
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UDC 539.3

Gaidaichuk V.V., Kotenko K.E., Snizhko N.A. Impact of engineering/technology factors and
transient loads on the stress - strain state of a three-layer cylindrical shell // Strength of Materials
and Theory of Structures: Scientific-and-technical collected articles — Kyiv: KNUBA, 2021. — Issue
106.—P. 281-287.

The article presents the results of assessing the stress-strain state of a three-layer cylindrical shell
provided the different parameters of the polymeric filler’s physical and mechanical characteristics
reinforced by the discrete stiffening ribs. The reinforcement intensity efficiency of the polymeric filler
due to the discrete stiffening ribs on the stress-strain state has been determined.

Tabl. 1. Fig. 2. Ref. 5 names.

YK 5393

TIatioaiiyyx B.B., Komenxo K.O., Cuixcko H.A. BiusiHMe KOHCTPYKUMOHHO-TEXHOJIOIMYECKHX
(akTOpoB M HecTAMOHAPHOW HArpy3KH Ha HaNPSUKeHHO-1eOPMHPOBAHHOE COCTOSTHHE
TPEXCJI0iHON HUIHHAPHYecKoi 00010uKH // CONPOTHBIICHHE MAaTEPUAIIOB H TEOPHSI COOPYIKECHHM.
—2021.— Bpm. 107.— C. 281-287.

B cmamve npugedenvi pe3yibmamvl OYEHKU  HANPSICEHHO-0ePOPMUPOBAHHO20 ~ COCMOAHUS
MPexcaouHOl YUTUHOPUYECKOU 000IOUKU, YHUMbIAIoujue ee CmpYKmypHyIo 0COOeHHOCb, U3UKO-
MexanuuecKue — Xapakmepucmuku — YeibHo20 — NOMUMEPHO20 — HANOJIHUMENs, — apMUpOSaHHO2O0

Ouckpemmuvimu pedpamu. Pexomenoyemcs: onmumusayus KOHCmMpyKYUOHHO20 peuterusi 0O0IoUKU.
Tabm. 1. Un. 2. Bubmnuorp. 5 Ha3B.
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VIK 531.533+534.511+530.182

MOZJAEJIOBAHHS PEXKUMIB BUTTA ITIJT YAC OBEPTAJIBHO-
KOJIMBAJIBHOT'O PYXY CKJAJTHOI AEPOJJMHAMIYHOI
KOHCTPYKIIII S3 BUABHAYEHHSM YMOB iX BAHUKHEHHSI

B.IL. Koraisipos',
JI-p TEXH. HayK, npodecop

1
O.1. BoJiomeHko ,
KaHJ[. BIICbK. HAYK, CTAPIIHI JOCIITHIK

0.A. Ky3uenos',
KaHJ. BifiCbK. HAyK

M.TI. Kymnipenxko®,
KaHJl. TEXH. HaYK, JIOLEHT

1. . N . -
Lenmpanvhuii haykoo-0ocaionuti incmumym 36poinux Cun Yrpainu

2. . o . o . . . .
Kuisecvkuil hayionanshuil ynisepcumem 0yoignuymea i apximexkmypu

DOI: 10.32347/2410-2547.2021.107.288-300

MeTol0 CTaTTi € BU3HAYCHHS yMOB BHHUKHCHHS PEKUMIB OUTTS B HEJNIHIHHIN AuHAMIvHIN
Cl/lCTeMi BHUCOKOro MOpsAAKY 3 MNoAaJbLIINM KOMH,}OTCPHMM MOJCIOBAHHAM IHUX pe)Kl/lMiB.
3acTOCOBYIOTBCSI  METOIM  JIOCHI/DKCHHS HCIHIHHHX KOJMBAJBHUX CHCTEM HA OCHOBI
BUKOPUCTaHHS (QYHKIIIi MaJoro napamerpa.

Jlocii/uKeHHsT  CKJIAJHOTO BHIJBIAY O0CpPTaJbHO-KOJIMBAJIBHOTO PYyXy aepoIHMHAMIYHOrO
00’€KTa HAa [OYATKOBOMY €Talli MICTUTh BHAUICHHS i3 IOBHOI JAMHAMIYHOI CHCTEMH JBOX
B3a€MOIIOB SI3aHUX ABTOKOJIMBAIIBHUX KOHTYDIB IIO3[OBXXHBOrO Ta OIYHOTO PyXiB SIK OCHOBH
(HeOOXITHUX YMOB) AJIs iCHYBAaHHSI PSKHMIB OWTTS, 10 BHHHKAIOTh CaMe IPH JBOYACTOTHOMY
XapakTepi mpoiecy.

PosrisparoThess [Ba BHIAIKH B3a€EMO3B’SI3KY 10 0OepTaHHIO (ClabKUH Ta CHUIIBHHUM) MiX
KOJIMBaJIbHUMH KOHTYpaMH.

VY mepiioMy i3 HUX yMOBaMHU ICHYBAaHHs PEXKHMIB OUTTS € MPUONH3HO OIHAKOBI 3HAYCHHS
HaplialbHUX YaCcTOT IO310BXKHBOIO Ta OIYHOTO KOJIMBAJIBLHUX PYXiB IPH HOCTIHHOMY 301IbLICHH]
[0 MOAYJIO BEIMYMHH 3CyBY (a3 MDK LMMH KOIMBaHHAMH (pyX mo (a3oBoMy mapamerpy €
HECTIHKHM).

Ilpy cunpHUX CHIaX B3a€MO3B’SI3Ky (KOe]ili€HTH B3a€MO3B’S3KY PI3HHX 3HAKIB) PEKHMHU
6l/l’TTﬂ BHHHUKAKTh 34 6.]'[1/13])](14)( 3HAYCHb BCJIMYHH I'OJIOBHHUX 4aCTOT B3a€M0l’IOB7H3aHHX KOJIMBaHb,
IO JIeKaTh Yy Jiama3oHi MDK HapliadbHUMM 4acToTamu. Taki pexumu (y BHIAAKY BiICYTHOCTI
HapaMeTpuyHOi B3aeMOJii MK KOHTYpaMH) MOXUIMBI, KOJIH JOTPUMYIOTBCS YMOBH CTiHKOCTI
GirapMOHIYHOrO MPOLECY.

Y BUNaAKaX NJOTPUMAHHA YMOB iCHyBaHHﬂ OJTHOYACTOTHHUX aBTOKOJIMBAJIbHHUX npoueciB npu
BHHHUKHEHHI TapaMeTPUYHOI B3a€MOZIT Ll TPOLIECH TAKOX MOXKYTh EPEXOAUTH y PSKUMH OUTTA.

Ha npaxrtui (1103a pe30HaHCHOI0 00JIACTIO TOJIOBHHUX YACTOT) 11 JOCHTh YacCTO Peai3y€eThes,
KOJIH (YHKI[IOHAIBHO O YaCTOTH KOHTYpPY OIYHOrO pyXy BXOMATH CKJIAJOBi, MPOMOPLIOHANIbHI
HapaMeTpaM Mo3I0BKHBOTO PYXY.

Bci HaBeeHi BUMa KK MiAKPIIUICH] YUCEIBHUMHI MOJCIBHIMH €KCIICPUMEHTAMH.

Ki04oBi ci10Ba: [rHAMiYHA CHCTEMa, PSKUMH OUTTS, HENIHIMHI KOIMBaHHS.

Beryn. Hepinko Ha mpakTtuii mij 9ac pyxy CKIagHOI aepoJUHAMIYHOI
KOHCTPYKLIi (aepoJuHaMiYHOrO 00’€KTa) B MOBITPIHOMY CEPEIOBHILI
BUHHMKAIOTh HeOakaHI pexuMu y ¢GopMi OHUTTA 3 pI3KMM 30UIBLICHHAM
BEIMYMHHA aMIUTITYJl KOJMBAaHb NapaMeTpiB y TMIeBHI IHTEpPBaIM dYacy 3

© Kornspos B.II., Bonomerko O.1. Kysuenos O.A., Kyumiperxo M.T.
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HACTYITHUM KOPOTKOYACHUM 3aTyXaHHSIM 3a MeXaMHu iHTepBauiB. [laHi IuKin
KOJIMBaHb MarOTh NepioAndyHuil Xapakrep. Hebe3neka pe:kxuMiB OUTTS monsirae
y TOMY, IIO0 y JESKMX BUMAAKaX MaKCUMaJIbHI 3aKHJAaHHS aMILITYI MOXYTh
TIepEBUIILYBATH BCTAHOBJICHI EKCILTyaTalliiiHi OOMEKEHHSI.

I'padixu Takoro mpouecy s BEPTHKAIbHOIO IIEPEBAHTANKCHHI 1,

(koopAMHATa  IO3JOBXKHBOIO  PYXy), OIYHOrO MEpPEBAHTAXKEHHI 7,
(xoopauHaTa GiYHOTO PyXy) Ta KyTOBOI IIBHAKOCTI KpeHy , (KOOpAMHATa

o0epTaHHs) TOKa3zaHI Ha puc. 1, e 3aKUIaHHS MapaMerpa BepTHKaJIbHOTO
NIepEeBaHTAXKEHHA Y MOMEHT 4acy # =15cTa t,=27 c fKpa3 i IepeBHUILyBaIx

JIOMyCTUMY BCIIMYUHY.
Hy, Hz,

00. GlM.
. n}’ / AlA \ i
2 M A N
A \ i

N LW v
o A A N
O N T
S SAVAVINVERAVATA/HTRVERYAY
S EMEEI i
0 10 i 20 i 30 te

Puc. 1. I'padiku mporiecy OUTTS 1JIsl BEPTHKAILHOT0, GI4HOIO MEPEBAHTAXKECHHS Ta KYTOBOL
IIBUAKOCTI KPEHY CKJIAJHOT aepoJHHAMIYHOI KOHCTPYKLIT (aepOANHAMIYHOrO 00’ €KTa) y
HOBITPSIHOMY CEpPEIOBHILI

TakuM YMHOM, JOCHIPKEHHSI PeXXUMY OUTTSI, SKHH Yepe3 CBOI0 CKIIaIHICTh
HaliMEHII BHBYEHWH Yy CHEIialbHIA JiTepaTypi MO JAWHAMILI pPYyXy
aepoAMHAMIYHUX O0’€KTIiB, € JOCUTHh aKTYaJbHOIO 3a/a4el0 SK 3 TOUYKH 30pY
3aro0iraHHs MoJiOHUM pEeXUMaM, TakK i 3 TOYKH 30py BHXOAY 3 HHX Yy pasi
HEHAaBMHCHOTO iX BUHUKHEHHSI.

Y MaremMaTn4HOMY IUIaHI NEPIIOYEeproBoo Oy/e 3afaya BU3HAUYEHHS! YMOB
ICHYBaHHS PEXHUMIB OHTTS SK IpOLECIB, IO XapakKTEepHi Uil HeNiHIHHUX
KOJIMBAJIbHUX AWHAMIYHUX cucTeM. Lli nuranHs i OyIyTh pO3IIISIHYTI Yy CTATTI.

Meta crarTti. Meroto cTaTTi € BU3HAUCHHS YMOB BUHUKHEHHS PEXHUMIB
OWUTTS B HENIHIAHIN NMHAMIYHIA CHCTEMi BHCOKOI'O IOPSAIAKY 3 MOJAJTBIIHM
KOMIT FOTEPHUM MOJICITFOBAHHSM X PEKUMIB.

Buxkian ocHOBHOro Marepiajy aociigkenns. J[Ji1 onucy pyxy CKIaaHol
aepoAMHAaMIYHOI KOHCTPYKIIi (JliTaka) y MOBITPSHOMY cepenoBuili (puc. 2)
LIMPOKE PO3IOBCIOKEHHS OTpHMaJa cUcTeMa AU(epeHIiaIbHUX PIBHSHB, SKa
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y 3araJbHONPUIHATHX Mo3HaYeHHsX [ 1] mae Burmsiz (1).

Puc. 2. Cxema st OIUCYBaHHsI PyXy CKJIaHOI aepOJAMHAMIUHOI KOHCTPYKLIi (J1iTaka) y
HOBITPSIHOMY CEpPEIOBHILI

G =0, —sech ((F, —o, sinf)sina+(F, + o, sinp) cosa);
B= F.cosB—(Fsinf-o,)coso+(F, sinf+w,)sina;
b, =, —1)I 00, +0,5pV>b,SI'm.(m, ..);

b, =, 1) 00, +0,5pV>SI m, (m),mb*, .);

b, =1, —1)I 0,0, +0,5pV>SI m (m),mb*, ..); 0
V =V (F,cosBcoso—F, cosPsina + F, sinB);

9=, sina+w, cosy; 7 =0, —1gHo, cosy—w_siny);

y
pVS prs g
F = C, C ——smS F, = —2-cosJcosy;
* ( ) 2M YV !
Z pVSC +§cos€)cosy
2M 14

3arajgpHOBIZIOMO, 10  TPH  JTOCTIDKEHHI  HENIHIHHMX  CHCTEM
nudepeHIliaTbHiX PIBHAHL BaXKJIMBE MICIe IIOCiJae TimoTe3a IMpPo BUI
LIYKaHOro pimeHHs. TakuM YHHOM, MalO4YM HasBHUH 30BHIIIHIA BUIJIS
MepexXiIHOrO MpoIecy OUTTS SK CKIAJHOTO IMKIIYHOTO KOJUBAIBHOTO PYXY
(puc. 1), MOXXHA KOPEKTHO MiTIHTH, 3TITHO 3 IIMM MPOIECOM, IO BHOOPY
3arajJbHOi CTPYKTYpH BHAY MOJAENI Yy BHUIJBSIII JBOX  KOJHMBAIBHHX
(aBTOKONMBAJILHUX) KOHTYPIB Ul y3araJdbHEHUX KOOPJMHAT TO3J0BXXHBOTO
X Ta GiuHoro Y pyxiB, 3B’A3aHMX MO OOEPTAHHIO OKPEMHM HENiHIHHUM
nmudepeHIiagbHIM PIBHSAHHIM /I TapaMeTpa Z . Taki piBHSHHS y BUTJISII
CHCTEMH I’ SITOTO MTOPSIIKY OTPUMYIOThCA 13 BUpasiB (1) IUISXOM crieniaibHOTO
AHATITUYHOTO TMepeTBOpeHHs [3] y mependaycHHi, MO PE3yIbTYHOUl CHIH
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(aepomuHaMIivHI 1 Tsra) KOMIIEHCYIOTBbCS cuiolo TsokiaHsS F._~0. Tomi

.z
V ~ const , IO BIATIOBIIAE PYXY Y PSKUMI OUTTI.

3ayBakuMO, 110 pIBHSAHHA OOepTaHHI MOXe OyTH HE3aJIeKHO
MPOIHTErPOBaHO BimHOCHO KoopauHaT X Ta Y. ToMy BOHO TyT He
PO3TJIIAETBCSA, OMHAK WOro pO3B’SA3aHHSA BPAXOBYETHCA Yy PIBHIHHAX
KOJIUBAJBHUX KOHTYPIB, KOTpPi, OCpydd MO yBarW 3a3HaucHe, 3aIlUIIYThCA Y
TaKOMY BUTJISIII:

AX+07(Z3,mS . JAX+Z; o AY =0 ([ (AZ,AZ AX )+...); 5
AY+@3 (25 mE b IAY+Z; £, (m mP P )AX=\(f, (AZ,AZ,AY )+...). @
Cucrema (2) 3amucana y IpUpOLICHHSX (CKJIQZOBI 31 3HAKOM A) BiZJHOCHO
0aJaHCYBaJIbHUX (CTAlllOHAPHMX) 3HAYEHb ITapaMeTpiB (TI03HAYEHHUX 1HIEKCOM
0 ), SIKi BU3HAYAIOThC 13 cuctemH (1) IpH MpHUPiBHIOBaHHI MOX1THUX IO HYJS.
OTKe, 3alNeXHOCTI y NpaBuUX 4YacTHHax (2) y 3arajlbHOMY BUIIAIKY €
HENHIAHMMU QYHKIIAMH CBOiX apryMeHTiB, a CKIanoBi f,, Ta f, Y JiBHX

YacTHHAX PIBHAHb XapaKTePH3YIOTh B3a€EMO3B’SI30K MIDK KOJHBaJbHUMH
KOHTYpaMH (y MOJAJIBIIOMY PO3TIISAAI0THCS BUMAIKU CIa0KOro Ta CHIIBHOTO
B32€MO3B s3Ky). [Ipn iboMy QyHKIIs f,, HE 3MiHIOE CBOTO 3HaKY, a BEIMYNHA

f,. Mae 3HaKornepeminnui xapakrep. OCoONMBICTIO CHCTEMH (2) TaKOX € Te,

o i ii JOCHIMIKCHHS MOXKJIMBO BBEACHHSA Majoro mapamerpa W (p>0).

[MizcraBoro ajst #oro BBENEHHS € PE3yAbTaTH HATYPHUX EKCIEPHMEHTIB, a
TaKOX 3HAYEHHS OKPEMHX KOe(IIi€EHTIB aepoJMHAMIYHUX MOMEHTIB. Bapro
HaroJOCHTH, 1[0 caMe y LbOMY BHIIAJIKy y 3araJlbHOMY BHUTJISI MOXKe OyTh
MIPOIHTETPOBAHO PIBHAHHS IS 00epTalibHOI KOoOpAWHATH. TakuMm YHWHOM, Y
MOAAJIBIIOMY aHANI3YEThCS AMHAMIYHA CHCTEMA YETBEPTOrO MOPSIKY.

Crnix  3a3HayWTH, 10 aHANI3 HEJTIHIHHMX TpoleciB  o0epTaibHO-
KOJIMBAJILHOTO PYXY JOCHTh YacTO pO3INIAJAEThCA Y TakuX o0O0NacTiax
JIOCII/DKEHb, SIK TEOpis MalliH Ta MeXaHi3MiB (Hampukian, pobora [4]), y
Teopii cropyn (podotu [5, 6] Tomro.). He € BUHATKOM i mpenMeTHa 00JacTh
JIOCII/DKEHHST CKJIQJIHOTO TPOCTOPOBOTO PYXY aepoAWHAMIYHUX OO0 €KTIB Yy
MO3aMEXHHUX O0JacTsIX 3MIHM TapaMeTpiB mporecy. TyT 3ae0uIbIIoro
aHaJTI3yI0ThCsl OJJHOYACTOTHI aBTOKOJIMBAJIbHI TIporecH [7].

VY3aragpHIOIOYM HABEACHI pPE3yNbTaTH, MIIHAEMO 1O JOCIHIHKEHHS
PSKUMIB OWTTS 3 TO3WIII BUHUKHEHHS IIMX TMPOIECIB Yy HeNiHIHHUX
KOIIMBAJIbHAX CHCTEMax 3 MOXIIUBICTIO TIEpEHECEHHS BXKE BiJOMHX
pe3ynbTaTiB (32 NPUHLUIIOM aHAJIOTii) y MpeAMEeTHY OO0JIacTh JIOCIHIKEHB,
3aJIcKIapOBaHy y Ha3Bi CTATTI.

Bunagox caadkux cWi1 B3a€MO3B’A3KY 1O  O0epTaHHIO  MiXK
KOJHBAJIBHAMH KOHTYpamMHu. CIMparoyuch Ha 3aralbHOBIZOMI pe3yibTatd [8],
BI/I3HAUMMO, 1110 PEXUMH OUTTS y cucTeMi (2) MOXJIMBI, KOIU YacTOTH @, Ta O,

HaOJIKeHi MK co00t0, a KIiHIIEBI I0JJaHKH Y JTIBUX YaCTHHAX PIBHSHB (2) MOXYTh
OyTH BHECeHI I/ BEIMYMHY Majioro mapamerpa (. Tomi Oyagemo urykatu

MOPOJDKYBAHE PO3B’SI3aHHA CHCTEMH Y BHIVISII OJTHOYACTOTHHX KOJIMBAaHb:
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AX=acos(wt+¢,); AY =bcos(wi+9,), 3)
Jie napaMerpu a,b,®,,®, € MOBUIFHO 3MiHHUMH (DYHKIIISIMH yacy.

VY npomy BHUIQJKY, 3 ypaxyBaHH;IM (3) Ta JOTPUMYIOYHCH METOY MaJloro
rapameTpa, CKJIaJaroThCsl CKOPOYEHI PIBHSHHS JUIS aMIUTITYX 1 pisHumi a3z
N=¢,—¢, Ta 3OiiCHIOETbCA mpoluenypa ix ycepeaHeHHsS. OcCTaToyHO Iii
PIBHSIHHS HAOEPYTh BUIIISY:

a= f(aa a,at 0)],0)) b ZSf sinm;
b=y 65", 5, 0y, 0)—5 0= Z, , sinn; )

. b
n=w,— 2b ZSfyxcosn 2o Zﬁf cosM+...

3arampHa TEOpisl JOCIIKEHHS CHUCTEMH (2) y BHUIQAKYy MalluX CHI
B3a€MO3B 53Ky MIK KOJMBAJIGHHMH KOHTypamMH Toka3ye [8], mo criiiki
MepioANYHI PEeXUMH CHHXPOHI3YBAIBHMX KOJIMBAaHb ICHYIOTH JIMIIE B
HEBEJIMKI 30HI Y4acTOT —30HI B3a€EMHOI CHHXPOHI3allii, Je € ABa PEeXUMHU
KOJIMBaHb: cHH(pa3HUI — 31 3cyBOM (pa3, OIU3BKUM JI0 HYJIA, 1 YaCTOTOIO JIEIIO0
OUTBIIOI0 32 KOXKHY 3 MapIliaIbHUX YacToT, 1 aHTH(da3Hui — 31 3cyBoM (a3,
OJIM3BKUM JI0 T, 1 YACTOTOO JIEI0 MEHIIOK0 33 KOXKHY 3 MapliajJbHUX YacToT.
[Toza 30HOIO CHHXpOHI3alil NEPIONUYHI PEKHUMU CTAIOTh HECTIHKUMHU 1
MIePEXOATh Y PEXKUM OUTTS.

Ha puc. 3 HaBeneHO MpHKIIAM TAaKOrO PeXUMY OUTTS 11t KoopauHat AX
Ta AY .

AX, padic AY, pad
13 22 2 2

g ﬂ f I ﬁ . f .
) |( ]| / I\ fﬁl | I/ || |r ) /U J‘l {\ }\
o7 |||r I'. ||[ T |||| 0,78 v U iy

B¥Y vy l I
0 15 4. W 4

I———
-]

118

1] 15 o 43
fe
Puc. 3. I'padiku napameTpis MO310BKHBOTO Ta OIYHOIO PYXiB ISl BUMAAKY CIAOKUX CHII
B3a€MO3B’SI3KY

st cucremu (4) rpadikd mepexiHOro mpomecy 3a KoopAuHATaMu a,b,m
nokazaHo Ha puc. 4. Tyr mpomnec mis ammurtyn (¢>30c) Mae cridikuit
aBTOKOJIMBAJIGHUMA XapakTep, a BEJIMYMHA 1) CTAJUX 3HA4YeHb HE Mae Ta

MOHOTOHHO 3MEHIIYETHCS Y Yaci.
TakuM 4yMHOM, AaHWi BUA OUTTS MOXe OyTH peasli3oBaHUM IpU Maii
BEIMYUHI MapameTpa Z; 1 TaKuX BEIMYMHAX KOe(illieHTiB MO310BKHBOI
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(m?), nornepeynoi (mE) Ta NUIIXOBOI (m[;) CTaTUYHOI CTIHKOCTEH, 3a SKUX
9acToTa KOHTYPY IO3JOBXHBOIO PyXy @, IPHUONU3HO MOPIBHIOE YacTOTi

KOHTYpY O14HOT0 pyxy o, .

a, padic; b, pad o, pad
i Yy ™ ™ 355
7 L W AW
TA\FYAYA'RAYATAY _\"\,\
; f Uh Y I.l 1 & | . Ny
A 7 ¥, T o TE Il .I - «d A3
P '.I U \f LA |
Ly 1} . N
ORI | 77 ¥ 12,4
;.l .“I "
o
b Lj -204
f LA T M 4 o 18 30 a5

te
Puc. 4. I'padiku amrutitTy i pisHuLli (a3 KOJIMBaHb U BUIIAAKY CIAOKHUX CHJI B3AEMO3B SI3KY

Bunagok CcHIBHMX CHJ  B32€MO3B’SI3KY 10  O0EPTAHHIO MiXK
KOJIMBAJTbHUMH KOHTYpamMu. Po3risiHeMO Tenep BHIIANOK BHHUKHEHHS
PEKUMIB OUTTS, KOJIM CHJIM B3a€EMO3B 3Ky MIXK KOJIMBAJIbHUMHU KOHTYPaMH He
MOXYTb OyTH BHECEHI MiJi BEIMYMHU Majoro mapamerpa. Tomi, 3rigHo i3
3araJbHONPUHHATHM miaxonoM [8], [9], po3s’s3aHHs (2) IMIyKAEMO Y BUTIISIL:

AX=asin(kt+@,) +bsin(k,t+9,); 5)
AY =lasin(kit+@))+Lbsin(kyt+¢,) ,
ne a,b,e,,p, — NOBUIbHO 3MiHIOBaHi QyHKUIT 9acy, k. k,. k, >k, —ronosHi
YaCTOTH, 10 € KOPSHSIMH PiBHIHHS
4 2, 2Np2 2 2 0 _ 6
k(o +0))k +07 03~ Z3 [, [, =0. (6)

Koedimientu posmoniny y (5) 3HaX0AAThCS 3a MapaMeTpaMu npu (ha3oBUX
KOOpAWHATAaX y JIBUX YacTHHAX PiBHAHB (2). Jlami, BiAMOBIIHO JO METOIY
MaJIoro mapamerpa, Tak camo SIK i JJIsl BUMAAKY CTa0KOl CHIIM B3a€MO3B’SI3KY,
CKJIaJIAlOThCS CKOPOYEHI PIBHSAHHS IS aMIUNTYd 1 (a3 Ta 3miiCHIOETHCS
mporeaypa ix ycepemHCHHsA. 3a3HayMMo, II0 y CHeHiajbHii JIiTepaTypi,
MIPUCBSYEHIN HETIHIHHUM KOJIMBAHHSM, SIK MPABUIIO, PO3TJISIAIOTHCS BUITAIKH,
xonu QyHkuii f,, Ta f,, OZHOrO 3HaKy, TOAI MEHIIA roJOBHA 4acTora K
Oyle MeHIle MEHINOi IapLiabHOI 4acTOTH (Hexail 1e Oyne 3HaueHHA ), a

OinpIa TONOBHA yacTota k, Oyxe Oinblue iHOIO 4acTOTH ®, (@, > ;).
Tobto wacrotu k, i k, OyayTh y IbOMY BHIAIKY Lie OULIBINI BifJajeHi oqHa
BiJl OAHOI (HIX 4acTOTH ; Ta ®, ). Toai HeoOXiHA yMOBa JJIsl BUHUKHEHHS
pexumy 6urTa (Onu3bKicTh yacToT k; i k, ) 1oTpUMyBaTUCA He Oyne HaBiThb y

BUIAKY PIBHOCTI MapIiajJbHUX YacTOT M Ta , .

VY upomy Bunanaky y cucreMi (2) moxnusi [8], [9]: pexuM piBHOMipHOTO
o0epTanbHOrO PyXy (KOJIM CTIHKHI CTaH CIIOKOK0), JBa PEKUMH B3aEMHOL
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CHHXpOHI3alii (y 3araJiskHOMY BHIIQ/IKy OZHOYACTOTHI PEKUMH PYXY), & TAKOK
KBa3iMepiOJUYHUI JABOYACTOTHUI OIirapMOHIYHHIA TIpOIleC, KOJNU pyX Oymae
B33a€MOIOB’3aHO MO JBOX YacTOTaX OJHOYACHO, MPHUYOMY OFHA 3 HUX €
YacTOTOIO OIYHOTO pyXYy, a iHIIA — MO3J0BXHBOTO.

Ane 30BCiM IHINOIO KapTUHa pyxy Oyae y BUMAiKy, Koiu (yHKIii
B3a€EMO3B 513Ky MiJK KOIMBAIBHMMH KOHTypamu f,, Ta f,, MaTumyTb pi3Hi
sHaku. lle, Mo peui, XapakTepHO I CyJaCHHMX aepOAMHAMIYHHX 00’ €KTIB 3
MaJIMMH 3aIlacaMH1 TI0310BJKHBOT CTATUYHOI CTIHKOCTI.

Toni ronosHi wactotu k; i k, nepedyBaTUMyTh BCepeAnHI Aiala30Hy, MixK
o 1 ®,, Ta MOXyTb OyTH OJM3bKI OfHA IO OAHOI, @ 3HAUYUTh, BUHUKHYTh
YMOBH JIJIsI peaizamii peskuMy OUTTsL.

. -1

Ha puc.5 mnokasaHo rpadiku Takoro pexumy, komu o, =1,03c™ ;

o, =1,82¢7"; k=1,32¢"; ky, =1,62¢7"; [, =—0,344c; [, =—0,78¢c.

4y "

O o .
|\ 'l' T HH QU0
VLI 1 L e A LR

0 20 A0 &0 L 20 40 ]

4

Puc. 5. l"pa(bum HapaMeTpiB MO30BKHBOTO Ta GIYHOTO PyXiB
y BUINAAKY CUJIBHUX CHJI B3a€M03B ﬂ3Ky
Jlost miaTBeppKEHHS IBOTO (akTy 31 30epeKeHHAM MONepeaHIX YMOB ( fxy
Ta fyx Pi3HHX 3HaKiB) OyIO MPOBEICHO YHCEIbHE MOICIIOBAHHSI CHCTEMHU
mudepeHIianbHuX piBHAHb He y mpupomieHHsx AX ta AY, a y Bursai
«HOBHUX» KOOPAMHAT ¢ Ta (), (KOOPIMHATH IIO3JOBXHBOIO PYXY), B

(KOOpAMHATA GIYHOrO PyXy), a TAKOXK Mapamerpa odepTanus Z = f (0,,®,) 3

Bupasis (1). Li rpadixu pexumy OUTTS HABSICHO HA PHC. 6.
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Puc. 6. I'padixu pexxumy OUTTS y CHCTEMI I1’SITOr0 HOPSIAKY
3a3Ha4nMO, IO XapakTep MPOLeCy OUTTS IS BHIAAKY, KOJIU fxy Ta fy,

PI3HUX 3HAaKiB, HE 3MIHIOETHCSI HABITH 32 YMOB 3MiHHU NapaMeTpiB HelTiHIHHUX
dynxuiii f, ta f, y Bupasax (2). Tak, ;s «NOBHHX» KoOpAuHAT (pHc. 6),

MOYMHAK0UH 3 ¢ = 60c, Oys10 3MiHEHO TaKy ()YHKIIIIO Y PIBHAHHI OIYHOT'O PYXY.

OpHak, SIK 1 paHile, rmporec OUTTS MPOJOBKYBAB CBOE ICHYBaHHS, aje 3
JIENO 1HIIUMH 3aKUJIAHHSAMH aMIUTITY. 3aJHIIal0oYuch Y MeXax I0CIiDKEHHS
cucreMd (2) y BHNQAKY CHIBHUX CHJ B3a€MO3B’S3KY MK KOJWBAJILHUMHU
KoHTypamu ( f,, Ta f,, PpI3HMX 3HAKiB), HaBE/JEMO LI OJMH BHUIANOK

peamizauii pexxumiB  OutTs. Tyr OyaeMo IPOBOAMTH  aHANOTIIO 3
rapamMeTpuuHNM BUHHMKHEHHsSM nux npoueciB [10]. Toxi, Hanpukmam, mjis
Jpyroro piBHAHHA cHcTeMH (2) HEoOXigHO ()YHKIIOHAJIBHO Y BEIUYHHY (M,
BBECTU ITapaMeTPH MO3/J0BXKHBOTO PYXY.

®i3uuHa CYTHICTH peajJbHUX MPOIECIB HAa BEIMKUX KyTaxX arakd Ie
no3Bosisie. J{iicHO, 31 3pOCTaHHSAM KyTa aTakd y HaJIKPUTHYHIA 30HI HOro

3MiHH 00’ €KTUBHUM (PaKTOPOM € Te, IO IIIIXOBa CTIMKICTh (KoedillieHT mE)

Ma€ TECHICHINIO J0 3HIKCHHS, a monepedHa (KoegillieHT mE ), HaBMaKu — JI0

30inpmeHHs [2], [10]. HaBenene motpeOye y (GhyHKIIIOHATBHIN 3aJICKHOCTI IS

®, JOJaTKOBO BPAaxOBYBATH aepOJWHAMIYHI MOXiaHI mga i mﬁ" SIKi, SIK

NPaBUJIO, HE BUKOPHCTOBYIOTHCS IMIiJ| Yac TOYHOrO aHalizy. A came, 3a
JIOTIOMOT'OI0  [IMX KOe(illi€HTIB Bi0yBa€ThCA MEPEXPECHUI MapaMeTpUIHUHA
BIUIMB YaCTOTH [TO3/I0BXXHBOT'O PyXy Ha O1UHHH.

Jlns  moka3y HMaHOTO TBEpPKEHHS 3MIHCHAMO MOJIENIOBAHHS ITOBHOI
cucTeMH audepeHiabHUX PiBHAHB (1) U1 IBOX BHIIAIKIB.

VY nepuiomy 3 HUX Koe]illieHTH mga i mE“ , IpUIMEMO PIBHUMH HYIIO, &
y APYromy — BpaxyeMo (i3uKy iX 3MiHH B Jialla30Hi BEIMKUX KyTiB aTaKu.

. : ol ol

Ha puc. 7 noxasaHo rpagiky HepexiJHOro Ipolecy, Koau mE = mE =0.
VY 1poMy BHIIQ/IKy BUHUKAE OJAHOYACTOTHHH TMEPIOAMYHUI aBTOKOJIMBAILHUN
MIPOIIEC i3 YACTOTOK KOHTYPY OIYHOTO pyXy.
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Puc. 7. I'padiku nepexigHoro mporecy 3a BiJCyTHOCTI apaMeTPUIHOIO B3a€EMO3B 3Ky
Ha puc. 8 3a TMMH caMUMU BI/IXiI[HI/IMI/I JaHUMHU 3MOACJIBOBAHO HepeXi}lHI/Iﬁ

MpoLIeC AJIsl BUMAAKY, KOJM KOE(DillieHTH MOMepevyHol i NUITXOBOI CTaTHYHOI
CTIMKOCTEH 3aJexarh BiJl KyTa aTaKH.
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Puc. 8. I'padiku nepexigHoro mporecy npH napaMeTpuIHOMY B3aEMO3B SI3KY

VY HaBelleHOMY PEXUMI BUHUKAE TIEPEXiIHUIA NPOLIEC Y BUIIISAL OUTTS, IPU
LLOMY 3aKUJIAHHS BEJIMYMHU aMIUTITYId KOOPJIUHATH MO3JJOBXXHBOTO PYXY o
(y mo3utHBHY 00JNacTh 3MiHM I[LOTO TapaMeTpa) TYT AOCATAI0Th 3HAYHO
OLIBIINX BEJMYHH, HDK y BUNAAKY OHOYACTOTHOT'O PEXKUMY.

i 3akupanHs qOCUTh HebaXkaHl 3 TOUKU 30py 301IbIICHHS BEPTUKAIBLHOTO
nepeBaHTa)KeHHsS (Il BEIMYHMHA IIPONOpIiiiHA 3HAYCHHIO KyTa aTakH), sKe
MOXE MEPEBUIIUTH EKCIUTyaTalliiiHi OOMEXEeHHs, M0 BKOTpPE IiJIKPECIIOE
BaXUTUBICTh JTOCIIDKEHHS PEXKUMIB OUTTSI.

BucnoBkn. [locmikeHHsT CKJIATHOTO BUIIIANLY OOEpTaIbHO-KOIUBAILHOTO
PYXy aepoIMHaMIYHOrO 00’€KTa Ha MOYATKOBOMY €Talli MICTHTh BUIUICHHS i3
MOBHOI JMHAMIYHOI CHCTEMH JIBOX B3a€MOIIOB’SI3aHUX aBTOKOJIMBAIBLHHX
KOHTYPIB I103/I0BXKHBOTO Ta OIYHOTO PYXIB SIK OCHOBH ISl ICHYBaHHS PE&KUMIB
OUTTS, 110 BUHUKAIOTH Came TIPH IBOYaCTOTHOMY XapaKTepi MpoIIecy.

Y mnopmanbmioMy Ui TAaKOi CHCTEMH 3aCTOCOBYETBCS METOZ Majioro
rmapaMeTrpa 3 poO3MJISIOM JIBOX BUIMAJKIB B3a€MO3B’SI3Ky MO OOEPTaHHIO
(c1abKOro Ta CUITBHOT0) MiXK KOJTMBATLHUMH KOHTYPaMH.
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VY nepmioMy 3 HHX YMOBaMH ICHYBaHHS PEXKHMIB OUTTS € TNPHOIM3HO
OJTHAKOBI 3HA4YEHHA TapLIaTbHUX YacTOT IIO3JIOBXKHBOTO Ta  OIYHOro
KOJIMBAJIBHUX PYXiB MPH MNOCTIHHOMY 30UIbIICHHI IO MOAY/IIO BETMYMHH 3CYBY
(ha3 Mi>K IMMHU KOJTMBaHHSMH (PYX 110 )a30BOMY MapaMeTpy € HECTIHKUM).

[lpu cuibHEX cuiax B3a€MO3B’s3KY (KOe(illieHTH B3a€EMO3B’SI3KY Pi3HHX
3HaKiB) PEXHMH OWTTS BHHHMKAIOTh 3a OJM3bKUMH 3HAUCHHSIMH BEIUYUH
TOJIOBHUX YaCTOT B3a€MOIIOB’SI3aHMX KOJIMBaHb, IO JIGKATh Y Jarna3oHi Mix
napIiaIbHIMH YaCTOTaMHU.

Taki pexumu (y pasi BIACYTHOCTI IAapaMETPHUYHOI B3a€EMOJIl MiX
KOHTYpaMH) MOJIIUBI, KOJIM JIOTPUMYIOTHCS YMOBHU CTIHKOCTI OirapMOHIYHOTO
HIpOI1IEeCy.

VY pa3i goTpuMaHHS yYMOB ICHYBaHHsS OJHOYACTOTHHX aBTOKOJIHMBAJIBHHX
MpOLIECiB TIPY BUHUKHEHHI MapaMeTPHYHOi B3a€MOAIl I MPOLECH TaKOX
MOXYTb MEPEXOANUTH Y PEXUMH OUTTSL.

Ha mpakrtumi (mo3a pe3oHaHCHOIO OOJNACTIO TOJIOBHHMX YacTOT) 1€ JOCHUTh
YacTo peali3yeThesl, KOMU (PyHKIIOHANBHO Yy 4acTOTy KOHTYpPY Oi4HOTO pyXxy
BXOJISITH CKJIAJI0BI, TIPOIIOPIIiiHI TapaMeTpaM MO3/I0BXKHBOTO PYXY.
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SIMULATION OF BEATING MODES DURING THE ROTARY-OSCILLATING
MOVEMENT OF COMPLEX AERODYNAMIC ENGINEERING WITH
DETERMINATION OF THE CONDITIONS OF THEIR OCCURRENCE

The aim of the article is to determine the conditions of occurrence of beating modes in a
nonlinear high-order dynamic system with subsequent computer simulation of these modes.
Methods of research of nonlinear oscillatory systems are applied with consideration of two cases
of interrelation on rotation (weak and strong) between oscillatory circuits.

In the first of them, the conditions for the existence of beating modes are approximately the
same values of the partial frequencies of longitudinal and lateral oscillating motions with a
constant increase in the modulus of the phase shift between these oscillations (phase motion is
unstable).

At strong forces of interconnection (coefficients of interrelation of various signs) modes of
beating arise at close values of sizes of the main frequencies of the interconnected fluctuations
lying in a range between partial frequencies. Such modes (in the absence of parametric interaction
between the circuits) are possible when the conditions of stability of the biharmonic process are
observed.

The study of the complex form of rotational-oscillating motion of an aerodynamic object at
the initial stage includes the selection from the complete dynamic system of two interconnected
self-oscillating contours of longitudinal and lateral motions as a basis (necessary conditions) for
the existence of beating modes.

In cases of observance of existence conditions of single-frequency self-oscillating processes at
occurrence of parametric interaction these processes can also pass to beating modes.

In practice (outside the resonant region of the main frequencies) this is often realized when the
functional frequency of the contour of lateral motion includes components proportional to the
parameters of longitudinal motion.

All these cases are supported by numerous model experiments.
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Komnsapos B.11., Bonowenko A.U., Kysneyos A.A., Kywnupenxo H.I".
MOJAEJUPOBAHUE PEXKUMOB BUEHMUS I1PU BPAILIATEJIBHO-
KOJIEBATEJBHOM JIBUKEHUHU CJIOKHOM ASPOJIMHAMUYECKOM
KOHCTPYKIUH C ONPEJEJEHUEM YCJOBUIM UX BOSHUKHOBEHU A

Lenbto craThu sIBISETCS OIPENCICHUE YCIOBUH BO3HUKHOBEHUS PEXKMMOB OHMEHUS B
HEJIMHEWHOH JMHAMMYHOW CHCTEME BBICOKOI'O MOpAAKAa C JaJbHEHIIMM KOMIIBIOTEPHBIM
MOJCIUPOBAHUEM 9THX PEXKUMOB. le/lMeHﬂK)TCﬂ METO/1bI HCCJICIOBAHUS HEJIMHEHHBIX
KoJIe0aTeIbHBIX CHCTEM Ha OCHOBE MCIIOIb30BaHMs (DYHKIMH MAJIOro mapamerpa.

Hccnenobanue CJI0AKHOTO BHUJA BpaLIATEIbHO-K0JICOAaTETBHOTO JIBYKEHUS
a3pPOJIMHAMHMYECKOr0 O0BEKTa Ha HayaJbHOM JTale COIEPXKUT BbIJCICHUE U3 IIOJHOM
Lll/lHaMl/l‘-leCKOﬁ CUCTEMBI IBYX B3aMMOCBA3aHHBIX aBTOKOJI€0aTENbHBIX KOHTYPOB NIPOJIOJIBHOI'O U
OOKOBOr0 IBIKECHHII KaKk OCHOBBI (HEOOXOOMMBIX YCIOBHi) [UIS CYIIECCTBOBAHMSI PEKHUMOB
OueHs, KOTOPbIe BOSHUKAIOT HMEHHO IPH ABYXYaCTOTHOM XapaKkTepe Iporecca.

PaccmarpuBaroTcst 1Ba cily4as B3aMMOCBSI3M 110 BpallleHUIO (ClIaOblii M CUJIBHBIN) MEXIy
KoJIe0aTeIbHBIMU KOHTYPaMH.

B IEPBOM M3 HHUX YCJIIOBHAMH CYIICCTBOBAHHUS PEXXUMOB OMEHHUsI SIBJISIOTCS l'IpHGJTMISMTCJ'IbHO
OJMHAKOBBIC 3HA4YCHHA TMapUHaJbHBIX YaCTOT IMPOAOJIBHOIO H OOKOBOI'0 K0JIeOaTEIbHBIX
LlBl/l)KeHl/lﬁ IIpA MOCTOSAHHOM YBCIIMYCHHUU 110 MOAYJIXO BEJIWYMHBI CABUTA d)a3 MEXAY STUMHU
KOJIeOaHHsAMH (ABIDKEHHE 110 (a30BOMY IapaMeTpy SIBILSIETCS HEYyCTOHYUBBIM).

Ilpy CHUJIBHBIX CHJIAX B3aMMOCBSI3H (KO3()(UIMEHTHl B3aHMOCBS3H PAa3HBIX 3HAKOB) PEKHMBI
6l/leHl/l${ BO3HUKAKOT IPH OJIM3KUX 3HAYECHHUSAX BEIMYMH TJABHBIX YacTOT B3aMMOCBSI3aHHBIX
KoJIeOaHHH, JeKALMX B AHANa30HE MEXIY NapluaIbHbIMU yacToTaMu. Takue pexuMbl (B ciydae
OTCYTCTBHMSI IapaMETPUUYECKOr0 B3aUMOICHCTBUS MEXJY KOHTYpaMH) BO3MOXHBI, Korja
COOJTIOIAFOTCS YCIIOBHUSL YCTOMYMBOCTH GHIapMOHHYECKOr0 IIpoLecca.

B ciydasx coOnofeHusi yCIOBHH CYIIECTBOBAHHUS OJHOYACTOTHBIX AaBTOKOJEOATEIbHBIX
HPOLIECCOB NPH BOSHUKHOBEHUH MapaMeTPUYECKOr0 B3aUMOCHCTBUS 3TH MPOLIECCHI TAKKE MOT'YT
NEPEXOANUTH B PEKUMBI OueHus.

Ha npakTtrke (BHE pe30HaHCHOI 00JIACTH TJIABHBIX YACTOT) 3TO JOBOJIbHO YaCTO Peajin3yercs,
Koraa (yHKIHOHAJIPHO B YAcCTOTY KOHTypa OOKOBOIO [BHIKCHHS BXOIAT COCTABILIOLINE,
IPOMMOPLHHXOHAJIBHBIC ITapaMETPpaM NPOAOJIBbHOTO ABUKCHUA.

Bcee IIPUBEACHHBIC Cl1ydan MMOAKPEIIIICHBI YUCICHHBIMA MOACIIBHBIMU DKCIIEPUMEHTAMH.

KiaroueBble cJIoBa: IWHAMUYHAS CHCTEMA, HEIIMHCIHbIC KOJICOaHUs1, PSKUMBI OHEHHUS.
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The task of simulation of beating modes during the rotary-oscillating movement of complex
aerodynamic engineering with determination of the conditions of their occurrence. Methods of
research of nonlinear oscillatory systems are applied with consideration of two cases of
interrelation on rotation (weak and strong) between oscillatory circuits.

Fig. 8. Ref. 10.
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PARAMETERS OF BEARING LAYERS OF A BRIDGE STRUCTURE
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The problem of the thermally stressed state of a two-layer fragment of a bridge structure under
conditions of a change in the ambient temperature at different values of the coefficients of thermal
linear expansion of the layers is considered. Using the finite element method, the fields of thermal
stresses, deformations and displacements are constructed for various values of the
thermomechanical characteristics of the layers. It is shown that with an increase in the
incompatibility of these characteristics, the intensities of stresses and strains increase. The zones of
concentration of these functions are found.

Key words: two-layer bridge structure, incompatibility of thermomechanical parameters,
thermal stress fields, finite element analysis.

Introduction. In thermomechanics of substantially heterogeneous
structures consisting of composite materials and layered massifs (for example,
in road construction), the heterogeneity of thermal stress fields, their
concentration and system strength largely depend on the inhomogeneity and
incompatibility of their thermomechanical parameters (thermal conductivity
coefficients, thermal linear expansion coefficients, moduli of elasticity,
Poisson's ratios, etc.). For example, in [1] it is shown that an attempt to
strengthen the asphalt concrete layer of the road surface with metal and non-
metallic (fiberglass, basalt, polymer, etc.) reinforcing rods with different
(incompatible) thermomechanical parameters can lead to unexpected negative
effects associated with an increase in thermal stresses in the conjugation zones
of contacting bodies.

A special case in the thermomechanics of layered media arises if the medium
has a low coefficient of thermal conductivity, and the ambient temperature changes
rapidly over time (ie, the so-called "thermal shock" occurs). Then, since the
temperature does not have time to quickly equalize, a high-gradient temperature
boundary layer arises, leading to large shear stresses and contributing to the
destruction of the structure [1]. At the houschold level, an example of this
phenomenon can be the cracking of a faceted (thick-walled) glass when boiling

© Gaidaichuk V.V., Shevchuk L.V., Bilobrytska O.1.
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water is poured into it. In this case, a thin-walled (so-called «tea») glass is not
subject to destruction, since the temperature in it levels out faster.

Book [1] also drew attention to the negative thermomechanical phenomena
that occur in the asphalt concrete layer laid on a metal or cement concrete base in
bridge structures. It established that the incompatibility of the thermomechanical
properties of the upper layer and the lower base leads to significant tangential
stresses on the contact plane of dissimilar materials and can be the cause of
thermal bending and delamination of the two-layer structure.

Moreover, the authors have shown [2-6] that an attempt to increase the
strength of this structure by increasing the thickness of the upper layer only
worsens the state of the system and leads to an increase in thermal stresses.

It is interesting to note that similar thermomechanical phenomena are used in
the design of electrothermal relays for thermal action on a bimetallic plate with
different coefficients of thermal linear expansion, so that, as a result of the bending
movement of its elements, electrical switches on and switches out are activated.

In this article, the issues of thermal deformation of an inhomogeneous two-
layer bridge structure are studied in more detail.

Below, on the basis of the finite element method, a computer study of the
thermally deformed and stressed states of a two-layer bridge structure
consisting of a lower metal plate and an upper asphalt concrete layer is carried
out at different values of their thermo-mechanical parameters.

Mathematical model of the thermally stressed state of a two-layer bridge
structure. The problem of the thermally stressed state of a two-layer bridge
structure with different thermomechanical properties can be considered as a
special case of the thermally stressed state of unidirectional layered composites.
At different values of thermomechanical characteristics, they often exhibit
significant shape distortions, local stratification, and general thermal destruction
[7-8]. Moreover, attempts to reduce thermal stresses in such systems by
increasing the thicknesses of different layers or their modulus of elasticity only
lead to a worsening of the situation. Various formulations of such cases on the
examples of road surfaces are considered in works [9-13]. The issues of
mechanics of composite and laminated materials, as well as road structures,
close to those discussed above, are analyzed in [14-24]. In this regard, the issue
of reducing the level of thermal stresses in the asphalt-concrete layer of the top
coating of the metal running track of the bridge structure is of scientific and
practical interest. If the materials of the asphalt concrete pavement and the metal
base have different values of the coefficients of thermal linear expansion, then
with seasonal and daily changes in the ambient temperature, the elements of each
of these materials expand and shorten in different ways, leading to their various
incompatible deformations and displacements on their contact surface. To
combine these deformations and displacements, significant tangential stresses
are generated in the contact zone of these elements, ensuring the absence of their
mutual slippage and delamination and joint deformation. In works [1-6], finite
element modeling of the main features of these effects was carried out on the
example of the construction of the South Bridge in Kiev within the framework of
the theory of thermoelasticity. It is shown that the greatest shear stresses between
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the layers of asphalt concrete and the metal base are concentrated in the edge
zone of the system, and normal longitudinal stresses prevail in the central
sections of the system. Note that similar features also take place in the mechanics
of composite materials [7, 8, 15].

This effect is one of the factors that helps to establish the reason for the
intense detachment of the asphalt concrete layer from the metal base in the
winter-spring period. It can be argued that the intensity of the indicated
interlayer tangential stresses is primarily determined by the difference in the
values of the coefficients of thermal linear expansion and the thickness of the
asphalt concrete layer, which affect the incompatibility of deformations and
displacements of contacting structural fragments that are subjected to
alignment. In this case, the thickness of the metal layer of the bridge structure
obviously plays a lesser role due to the low elastic deformability of steel.

To check the influence of the factor of incompatibility of the
thermomechanical parameters of asphalt concrete and steel, finite element
calculations of the thermally stressed state of a fragment of the section of the
bridge structure, the cross section of which is shown in Fig. 1, were performed.
For this case, the thickness of the steel base was 4, =0,014 m, and the

thickness of the asphalt concrete layer was /4, = 0,07 m.

At the bottom, the structure is reinforced with vertical ribs with a step of
0,3 m, which practically do not affect the thermally stressed state of the system.

) [ Asphaltconcrete

0.03m

2
0.084m

Steel sheet

0.3m

Fig. 1. Dimensions of structural elements

The thermomechanical characteristics of the steel were chosen unchanged:
modulus of elasticity E =2,1-10'" Pa, Poisson's ratio v =03, coefficient of
thermal linear expansion «; =13-10° K'; for asphalt concrete, the
parameters E = 5-10° Pa, v = 0,2 were fixed, the coefficient of thermal linear
expansion (in order to study its effect) was assigned the wvalues
op = 1,9-10°K ™", 2,4.10° K", 3-10° K", The influence of these values on
the change in the general thermally stressed state of the structure at these
values of o, was investigated. It was assumed that the initial ambient
temperature was 7; =0 and then dropped to 7' =-25°C.

In the general case, the evolution of the temperature field in each fragments
of the system is determined by the equation [25-26]
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Here a=A4, /cob — the thermal diffusivity coefficient, A,— the thermal

V2T -

conductivity coefficient, ¢, — the specific volumetric heat capacity, the term

VT is equivalent to the expression ()ZT/()x2 +()2T/()y2 +()2T/()zz.

We believe that in the case of thermoelastic deformation of the entire
massif, inertial forces can be neglected. Then the field of elastic displacements
u(x, y,z) is described by the vector equation [25-26]

szu +(A+ w)grad diva— (32 +2u)argrad(T) =0, (2)
where A and u are the Lamé isothermal parameters.

At the conditional ends of the selected area, it is assumed that there are no
heat fluxes in the normal directions, therefore, the derivative of 7 in the
normal n direction is equal to zero,

oT[on=0. ©)

When formulating the boundary conditions for the vector function u(x, y,z),
we assume that on all free surfaces the normal and tangential stresses are equal
to zero, and on the plane of contact of the asphalt concrete layer with the metal
base, the conditions for the compatibility of displacements are set.

The accepted formulation of the problem of thermoelastic deformation of a
selected two-layer massif made it possible to use an algorithm for its solution,
in which the problem of unsteady heat conductivity for equation (1) is first
solved in a time ¢ range equal to 12 hours (43200 s). Then, at the right

moments in time ¢, , using the temperature fields 7(x, y,z,t;) , using equations

(2), the fields of displacements, deformations and stresses are found.

The solution of these equations is carried out by passing to the finite
element model [27]

[Kp HT}=[ANUT} = AT (0},
(K, Ty = [LHT (1)}

Here [K ] — is the matrix of coefficients of the finite element model of the

(4)

heat equation, [A] — is the matrix of the coefficients of the model at the
derivative T, {T'r(#)} —is the vector of specified temperature 7' values on the
coating surface, [K, ] — is the stiffness matrix for the finite element model of
an elastic massif, [L] — is the matrix reflecting the effect of temperature on the

displacements of the elements of the massif.
After calculating the values of the displacement vector components {u} at

the nodes of the finite element model, the components of the strain € ; and

stress o ; tensors are calculated. They are determined using the equalities [25]
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discretized at each ngde of the mgde}. 2000+ 7., kPa
In these equalities, the indices e
J,k,I run through the values 1,2, 3; 1600 1221.75

the directions x;,x,,x; correspond to 1200—1/

the directions x,y,z; u; :()uj/()xk sl

and 811 :8” +822 +833; 5]k — iS the 400
Kronecker symbol equal to 0 at j#k 0 é ; ; i ; i

and equalto 1 at j=k.

X, M
In our case, the considered structure b s 1 %
has the property associated with the fact (a)
that it is in free contact with the air 2000 . . kPa
environment. Therefore, for example, at T~
night (in the absence of solar thermal ~— '%°7
radiation), the temperature of all its 50, i
elements has time to equalize and ]
instead of the initial value Tj) =0 takes 00
the same value 7, = -25°C. 400
In contrast to work [1], we believe 0
that the coefficient of thermal linear 1 .M
expansion o, of the asphalt concrete — S T,
p T P 0 05 1 15
layer can take on the values (b)
_ _ Y 4 T, . kP
oy =19-107, 2,4.107°, 3-10°5(K"). 2007 T B
For these cases, Fig. 2 shows the graphs 1600
of the functions of shear stresses 7, (x) — q 7
on the left section of the contact plane of 1 A

the coating and the base.
As you can see, these functions have 400
a noticeable concentration at the edge 1

x =0, and quickly subside with distance 9 ‘L‘_""—"’_“’_’“‘_

from the edge. In the places where the 400 . -
vertical reinforcing ribs are located, they 0 05 1 15
have small bursts. This kind of these ©

functions contributes to the delamination  Fig. 2. Diagrams of shear stresses 7, (x) on
of the structure in the marginal zone. the interface plane between the asphalt and steel

Calculations have confirmed the
opinion that with an increase in the S
. _ — -1
coefficient a; of asphalt concrete, the o =2.4-10 "K' (b)and

maximum values of shear stresses o =310 K" (¢)

layers for values oz, =1.9-107° K (),
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increase significantly. They also extend over a large contact area. Their values
for the considered cases are given in the table of the values of the most
characteristic parameters of the system.

Table 1
ar ) Ty, max P(X) (N/m) o, asph oy asph
(kPa) (MPa) (kPa)
1 1.9-107° 571.2 11871 0.6604 —3.2447
2| 24.10° 1221.7 25392 1.4127 ~6.9403
3 3.107° 1849.1 38431 2.1380 —-10.5039
It also gives the values of the integrals
X
PX) = [z, dx (©6)
0

from these stresses in the sections 0<x < X corresponding to the shaded
areas in Fig. 2. As you can see, they have concentration on the left edge and
then quickly decrease.

Analyzing the graphs of the forces 7,,(x) and the values of the integrals
P(X), it can be concluded that they are7 (x) concentrated only in the near-

edge zone, and then quickly acquire almost zero values. At the same time, the
integrals P(X) of the stresses 7,,(x) are the resultant limiting stresses o ()

in both the upper and lower layers, and since the integrals P(X) practically do
not change with increasing X , the longitudinal forces P(X) also change

little.
Calculations also confirmed the position that with an increase o, for

asphalt concrete, stresses 7,,(x) and forces P(X) rapidly increase.

Fig. 3 shows graphs of changes in the thickness of the structure of forces
o.(¥) in its central section for the values of the coefficient a; of asphalt

concrete. The upper parts of the graphs correspond to the asphalt concrete
layer, the lower parts correspond to the steel base.

Within each layer, these functions are distributed linearly, which is
consistent with the theory of bent plates, and in the upper layer the stresses of a
positive sign (it is stretched bent) prevail, in the lower layer of stress of a
negative sign (it is compressed bent). The maximum modulus values of
stresses are shown in the graphs and are summarized in the table. Note that the
resultant of these forces over the entire thickness of the structure is equal to
zero, therefore, the condition is valid

[ o.dy+ [ o, (dy=0. o
() (hy)
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Analyzing the values of the power
characteristics shown in the graphs
and in the table, it can be noted that
for the same temperature value in the
considered inhomogeneous two-layer
structure, the stress fields significantly
depend on the difference in the
coefficients of  thermal linear
expansion of its components. Indeed,
for example, with an increase a; in
asphalt concrete by about one and a
half times, the stresses 7,,(x)

increased by about three times, and the
stresses o, —more than three times.

The general picture of the
thermally deformed state of a system
of ten sections for the three
considered cases is shown in Fig. 4.
Qualitatively, these cases are the
same and differ only in the deflection
arrows H , which are equal to the
difference between the vertical
displacements of the edges of the
system and its middle. These values

were H,; =0.0011 m,

H, =0.0029 m, H; =0.0068 m.
Naturally, with an increase in the

coefficient « the value H

T?*
increases markedly.
Conclusions

1. As shown by numerical studies,
under the considered thermal
perturbations, the functions of
deflections and longitudinal
displacements of the system are
smooth and have relatively small
values, however, the deformation and
stress fields caused by them are
significantly inhomogeneous and in
places of concentration their values
are significant.

2.The values of thermal stresses
increase  significantly  with an
increase in the difference in the
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Fig. 3. Diagrams of function & ,.(y)

distribution in the vertical central cross-
section for cases for cases

ar=19-107 K'(a), a; =2,4-107 K
(b), and a; =3-107 K (¢)
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values of the coefficients of thermal linear expansion of the asphalt concrete
pavement and the metal base of the bridge. Moreover, the most noticeable is
the concentration of shear stresses in the edge zone of the contact plane of the
layers. This effect can be the reason for the phenomenon of the initial and
subsequent stratification of the system, which is often observed in practice.

Fig.4. Sectional diagram of the bridge structure in a thermally deformed state

3.In this regard, it is possible to recommend that bridge designers, when
choosing construction materials, avoid their combination with large differences
in the values of their thermal expansion coefficients.
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Tatioaiuyk B.B., llesuyx JI.B., Binoopuyvka O.1.
BIIJIUB HECYMICHOCTI TEPMOMEXAHIYHUX TAPAMETPIB HECYUYHUX LIAPIB
MOCTOBOi KOHCTPYKIIITi HA ii TEPMOHAIIPYKEHHWI CTAH

Ha 6asi Teopii TepMONpy)KHOCTI PO3IILIHYTO 3aJady PO TEPMOHAINPY)KEHHI CTaH BOLIAPOBOrO
(parMeHTa MOCTOBOI KOHCTPYKIII, IO CKJIAJa€ThCS 3 METAJeBOI OCHOBU 1 ac(haibTOOCTOHHOIO
BEPXHBOrO IIapy, B YMOBAaX 3MiHH TEMIIEPATypH HABKOJMIIHBOIO CEPEIOBHINA INPH Pi3HHX
3HAYEHHSX KOCDILIEHTIB TEMIEPaTypHOro JiHIHOrO PO3IMIMPEHHs LIapiB. 3a JOIOMOrOK METOLY
CKIHYCHHHX €JIEMEHTIB [OOYAOBaHI MOJISI TEMIIEPATypPHUX HANpy)XKeHb, AedopMaliii i nepemilieHb
IpH PI3HUX 3HAYCHHSIX TEPMOMEXAHIYHMX XapaKTepPUCTUK wiapiB. BukoHaHMI aHami3 BIUIUBY
3HAYEHb TEPMOMEXAaHIYHHX IApaMeTpiB Ha HampyxeHo-nedopMoBaHuil ctaH cucremu. IlokasaHo,
[0 3i 30LIBIICHHSM HECYMICHOCTI LMX XapaKTepPHCTHK IHTEHCHBHOCTI HampyXeHb 1 Jedopmarii
3pOCTaoTh. 3HalICHI 30HN KOHIeHTpauii uX (yHKIii. PekoMeHI0BaHO HPU MPOEKTYBaHHI MOCTIB
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JULSL YHUKHEHHS 1X Mepe4acHoi ACCTPyKIii BUKOPUCTOBYBATH MaTepiaiy 3 OMM3bKUMH 3HAYCHHSIMH
X TEPMOMEXaHIYHHX ITapaMeTpiB.

KirouoBi cioBa: fBOmIapoBa MOCTOBA KOHCTPYKLIS, HECYMICHICT TEpMOMEXaHIYHHX
HapaMeTpiB, OJIs TEPMOHAIPYKEHb, CKIHYCHHOCIEMEHTHHUI aHaJIi3.

Gaidaichuk V.V., Shevchuk L.V., Bilobrytska O.1.
INFLUENCE OF INCOMPATIBILITY OF THERMOMECHANICAL PARAMETERS OF
BEARING LAYERS OF A BRIDGE STRUCTURE ON ITS THERMO-STRESSED STATE

On the basis of the theory of thermoelasticity, the problem of the thermally stressed state of a
two-layer fragment of a bridge structure, consisting of a metal base and an asphalt-concrete upper
layer, under conditions of a change in the ambient temperature at different values of the coefficients
of thermal linear expansion of the layers is considered. Using the finite element method, the fields of
thermal stresses, deformations and displacements are constructed for various values of the
thermomechanical characteristics of the layers. The analysis of the influence of the values of
thermomechanical parameters on the stress-strain state of the system is carried out. It is shown that
with an increase in the incompatibility of these characteristics, the intensities of stresses and strains
increase. The zones of concentration of these functions are found. It is recommended to use materials
with close values of their thermomechanical parameters when designing bridges to avoid their
premature destruction.

Key words: two-layer bridge structure, incompatibility of thermomechanical parameters, thermal
stress fields, finite element analysis.

TIatioauuyk B.B., Llesuyk JI.B., bunobpwiyvka E.H.
BJIUSIHUE HECOBMECTUMOCTU TEPMOMEXAHUYECKHUX TAPAMETPOB
HECYIIMX CJIOEB MOCTOBOM KOHCTPYKIIUH HA EE TEPMOHATIPS)KEHHOE
COCTOSIHUE

Ha ©6a3e Teopuu TepMOYNpyrocTd paccMOTpeHa 3ajiaya O TEPMOHAINPSHKEHHOM COCTOSHUH
JIByXCIIOMHOrO (hparMeHTa MOCTOBO# KOHCTPYKIIMH, COCTOSILCH M3 META/UIMYECKOM OCHOBBI M
ac(haIbTOOCTOHHOrO BEPXHETO CJI0s1, B YCIOBUSX H3MEHEHUSI TEMIIEPATyPhl OKPYIKAIOLICH Cpebl U
PA3IMYHBIX 3HAYCHHAX KOI(D(HULIHEHTOB TEMIIEPATYpHOrO JHMHEHHOro pacumpeHus ciaoeB. C
MOMOLIBI0 METOJA KOHEYHBIX 3JIEMEHTOB IIOCTPOEHbI IIOJISI TEMIIEPATYpPHBIX HANpsHKEHUi,
nedopManii ¥ TMEpeMELeHNIl NPH Pa3INYHBIX 3HAYCHHAX TEPMOMEXAHHYECKHX XapaKTEPUCTHK
cy0eB. BBINONHEH aHanu3 BIUSAHUS 3HAYEHUH TEPMOMEXaHHYECKUX MapaMETPOB Ha HANPSHKEHHO-
nehOpMUPOBAHHOE COCTOSIHHE CHCTeMBbI. [10Ka3aHO, YTO ¢ YBEIMYCHHEM HECOBMECTHMOCTH JTHX
XapaKTepPHUCTUK HHTCHCHBHOCTH HAIPsDKGHHMH H nedopmarmit BospactaroT. HaiineHsl 30HBI
KOHLEHTpALMHU 3TUX (YHKUMHA. PeKOMEHIOBaHO MpH MPOEKTHPOBAHMH MOCTOB I M30EraHus UX
IPEKACBPEMEHHON  IECTPYKLMH HCIOJb30BaTh MaTepHaibl C OJH3KUMH 3HAYCHHSMH HX
TEPMOMEXAHHUYECKUX T1apaMeTpoB.

KarueBble  cioBa:  JBYyXCIOiHas MOCTOBast KOHCTPYKLIUS, ~ HECOBMECTHMMOCTb
TEPMOMEXAHMUYECKUX TapaMeTpoB, MOJIS TEPMOHAIPSDKEHUH, KOHEUHONIEMEHTHBIN aHAIIN3.
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thermomechanical parameters of bearing layers of a bridge structure on its thermo-stressed
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The article presents the results of a computer analysis of the stress-strain state of a multilayer
asphalt pavement under the influence of traffic loads.

Tab. 1. Fig. 4. Ref. 27.
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OCOBJINBOCTI IOCTAHOBKHU TA PO3B’SA3YBAHHSA
JAAHAMIYHUX 3AJTAY TEPMOIIPYKHOCTI

10.B. Bopona,
KaHANJAT TeXHIYHUX HAYK, JOLEHT, Ipodecop kadeapu OyaiBenbHOI MEXaHIKu

L.1. Kapa,
KaHANJAT TeXHIYHUX HAYK, JOLEHT Kadeapu OyaiBebHOI MeXaHIKu

M.B. I'onuapeHko,
KaHANJAT TeXHIYHUX HAYK, JOLEHT, TOLEHT Kadeapu OyaiBenbHOl MEXaHiKH

Kuiscokuil nayionanvhuil ynisepcumem 6yodienuymea i apximexkmypu

DOI: 10.32347/2410-2547.2021.107.312-322

Posrismaetbes 3amaga Npo MOIIMPEHHS CHEPUYHHX XBHIb Y TEPMONPYKHOMY CEPEIOBHIL.
[TopiBHIOIOTBCS Ba MIAXOAH JO BpaxyBaHHs B3a€EMHOIO BIUIMBY AWHAMIYHUX HOJIB HedopMariii i
Temreparypu. IIpOCIifIkOBaHO BiIIOBIAHICT, MK 3HAYeHHAM KoedillieHTa 3B’S3aHOCTI |
HOXHOKOI0 Ppe3yJbTATiB, CIPHIMHEHOI BHKOPHCTAHHSM CHPOIICHHUX CIIIBBIIHOLICHb TEOPIl
TEeMIIEpaTypHUX HanpyxeHb. [0ka3aHo, IO AJsI €JICMEHTIB KOHCTPYKIIN 3 ACAKHX IOJIMEPHUX
MaTepialiB 3aCTOCYBaHHsI CIIPOLIEHOTO MiAXOAY IIPU3BOAUTE 0 HEMPHHHATHO BEJIUKOI HOXHOKH.

KarwuoBi ciaoBa: TepMorpykHe cepenoBuine, cdepuuHi XBui, 3B’SI3aHICTh  IMOJIB,
TeMIIepaTypHi HaNpyKEHHsI1, IOTEHLIal HepeMillieHb, ITOJIIMEpHI MaTepiaiy.

Beryn

OcraHHIM YacoM y 0araTb0X TEXHOJIOTIYHMX OIEpalisX MOpsi 13 CHIOBUMHU
3aCTOCOBYIOThCSI 3HAUHI TEIUIOBI HABaHTa)KEHHs. TaKoXK CHJIOBI 1 TeMIepaTypHi
BIUIMBM BHCOKOI I1HTEHCHBHOCTI CYNPOBOKYIOTh BHOYXOBI poOOTH Ta
BUIAJKOBI BHOYXM TNaiuBa B PI3HOTO poay €MHOCTsX. [Ipu mpomy Moxe
crocTepiraTuch e(eKT 3B’SA3aHOCTI MEXaHIyHMX 1 TemioBux moii. Li
00CTaBHHHU 3yMOBIIIOIOTH AKTYaJlbHICTh PO3POOKH MiAXOMIB A0 PO3B’SI3aHHA
JMUHAMIYHUX 3a/a4 3B’s3aHOI TepMONpYKHOCTI. [lepiri po3B’s3KM JUHAMIYHHX
3a/1ay Ipo TEIUIOBUH ymap Oyiu oTpuMani B podortax B.I. Janinoscekoi [1, 2] B
MeXKax Tak 3BaHOi Teopii TeMIlepaTypHUX HarpyxeHb. [lomanbin gocmimKeHHs
mpo0JieM 3B’SI3aHOI TEPMOINPY)KHOCTI, a TaKOX OUIBII TPOCTHX 3a1ad IpPo
TeMIlepaTypHi HampyxXeHHs 1oB’si3ani 3 imeHamu b. bomi, [x. Yeiinepa [3],
I'. [Tapxyca [4], A . KoBanenka [5], B. HoBampkoro [6], S.C IToxctpuraua,
IO.M. Konsto [7], B.®. I'pubanosa, H.T'. [lannukuna [8], E.M. Kapramosa,
B.3. ITaprona [9]. Cepen 4MCenbHHUX MAXOMIB IO PO3B’SI3aHHS JUHAMIYHHIX
3a7la4 TEPMOIIPYXHOCTI BapTO 3raJiaTH TakKi, MO0 BHKOPHCTOBYIOTH amapar
MeToAy ToTeHIiany. IloyaTok IIbOro HAmpsSMKy IIOB’S3aHUH 3 POOOTOIO
B.JI. Kynpamze [10], B sxiii Oyno mpoBeaeHO Yy3aranbHEHHS (opMyiu
Comimiann Ta  OTpUMaHoO  (yHJAMEHTANbHUH  PO3B’S30K  PIBHSHb
TepMonpyxHocTi. [licis Buxomy mepimx myOmikamii 3’ IBIIach JOCHTh BEJIUKa
KUIBKICTh po0iT (Bim3Haummo, Hampukian, [10-19]), mpucBsUeHHX pPi3HUM
aclieKTaM 4YHCEJIbHOI pealizanii MEeToqy TPaHHYHHMX IHTErpajbHUX DiBHSHB,

© Bopona 10.B., Kapa 1.J]., 'onuapenko M.B.
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KM BUABUBCA €(QEKTUBHUM 3acOO0OM aHaji3y XBWIBOBHX IIPOILIECIB B
TEPMOIIPYKHUX TiIaX, sIKi MalOTh HECKIHUEHHI po3MipH. BogHoUuac mosiBa HOBHX
MONIMEPHUX MaTepiaiiB MOBEPTAE B 30HY yBaru JOCHIIHUKIB MUTAHHS TIPO TE, B
SIKMX BUMAJAKAX CJIiT BPaXOBYBATH BIUIMB JWHAMIYHMX JedopMariiidi Ha po3moIia
TeMIlepaTypy B cepenoBuIl. B maniii craTti poduthes cnpoba 3’scyBaTH, sKi
(i3UKO-MeXaHIuHI XapaKTepPUCTUKH Marepialy 3YMOBIIOIOTh HEOOXiTHICTh
ypaxyBaHHsI [IbOTO BIUIUBY B 33/1a4ax IO TOIMUPEHHS TEPMONPY>KHUX XBUITb.

1. OcHOBHI cniBBiTHOIMIEHHS

JudepeHuianbHi CHiBBIIHOIIEHHS, SKI OMUCYIOTh YCTaleHI TapMOHIYHI
KOJIMBAaHHSI 3 YaCTOTOIO ® OAHOPIIHOTO TEPMOMPYXNKHOTO TiJa, 33 BiJICYTHOCTI
MacCOBHX CHJI Ta BHYTPIILIHIX TEIJIOBUX JPKEPeT MalOTh BUTJISIT

2
7y +(k+u)uk’kj +pm uj—y(-),jzo, (1)

e’kk +%9+i0)1’]uk’k =0, (2)

Ie u, — AMIUNTyJHe 3Ha4YeHHS KOMIIOHEHTH BEKTOpa MepeMillleHb, A 1 [ —

KoHCTaHTH Jlame, p — rycTuHa Marepiany, 0 — aMmIUIiTyga TeMmeparypH,
y=3Ka,, o, — Koe}illieHT TEIUIOBOr0 PO3IMIMpPeHHs, K — MOIylb 00’€MHOro

3h+2u .. . . vT,
crucHeHHs | K == | K — KoeillieHT TeMITepaTypOIpOBiAHOCTI, n=-—,
0
T, — TeMmepaTypa B HEHalpYKeHOMY CTaHi, A, — KoedilieHT

TEIIONPOBITHOCTI.
AMIIIITYIY HamnpyXeHb BH3HAYalOThCS 3a JOIMOMOIOIO CITiBBiJHOLICHHS
Jroramens-Heiimana
oy =0y (he—y0)+2uey; , 3)
sKe 3 YpaxyBaHHSM JHIAHOrO 3B’A3Ky MK AedopmauisMu g |
MepeMilIeHHIMH

&y :%(uk’j g ), =€ =l
MIEPETBOPIOETHCS HA
05 =0 (Mt 5 —YO)+ 10ty + 1) “)
B Toukax rpaHHIl po3paxyHKOBOI OOJIACTI BiIOMUMH € TEPEMILICHHS U,
abo HABaHTAXCHHS ;=G ;n; (n; — KOMIOHEHTAa BEKTOpAa 30BHILIHBOL

HopMami). Kpim TOoro, Ha rpanHumi Mae OyTH 3amaHMM a0oO PO3IMOALT
TeMIIepaTypH, ad0 IiIBHICTh TEIUIOBOTO TOTOKY ¢ Yepe3 MOBEPXHIO, IPHUOMY
el:)
on
2. [lommpeHnHs cepunyYHUX XBWIb B TEPMONPY/KHOMY CepeaoBHIIi
Po3risiHeMO  pPO3MOBCIO/KEHHS TapMOHIYHUX XBWJIb Bif  chepruyHOl
MOPOXKHHUHU Ppajiycy a. B TakoMy pa3i HOTEHI[a] aMIUTITYA paaiadbHHUX
MepeMIIIIeHb 3aa€ThCs BUpa3oM [6]:

3TifHO i3 3aKoHOM Dyp’e g=—A,
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oMk R
o= AR,

ne R —paznianbHa KOOpAMHATA, a Ay 1 A, 3aJ0BOJIBHAIOTH CIiBB1JHOLICHHS

k2+k2_zm iom | po’ 2.0 io po
A2p A2 Tk k+2u

Ta € KOMIUIEKCHUMH BEIWYMHAMHU 3 JIOAATHUMHU JIHCHUMH 1 YSBHUMH
YaCTHHAMH.
3a BiZIOMOro HOTEHIlially TEMIIEpPaTypy MOXKHA 3HANTH 3 PIBHSHHS

(A+kf)DP-mO=0, )
po’ Y
A+20° A+21°
3BaKarouM Ha Te, IO y BUMAAKY LIEHTPaJIbHOI CUMETPil
A=(0%/aR*)+(2/R)(3/0R),

IUIAXOM 0€3M0CepeIHhOro UG ePEHITIFOBAHHS 3HAXOTUMO

ne k2 a A — onepatop Jlamaca.

l)\.]R 2 l)\.zR
A(D(R) A])\, + A 7\, ’
R
miciist yoro 3 Bupasy (5) Uit BUSHAYEHHS TeMIepaTypu OyeMo MaTu
2 25 MR 2 2\ iAyR
O(R) — A] (k] _kl)el ! +;2(k] _7\‘2)61 2 . (6)
m

B cBoro 4epry Bupasu Uil paiadbHUX NEpeMillleHb 1 HaNpyKeHb MaIOTh
BHTJISA

oD _ Ay (iR~ De™R 4 4, (ih,R—1)e™2R

ur(R) =5 = NG
) 1 i i
cRR(R)=—7“g—R—p@2q>=—F[ql (R)Ae™ ™ +g,(R) ™ ], (8)

ne
=4u(l=ir 22 i—1.2
¢;(a)=4u(1-ikja)~pola®, j=1,
3a momomororo cmiBBimHOImIEHb (6-8) Moxke OyTH po3B’si3aHa 3HAYHA
KIJIBKICTh 33j1a4 TPO IMOMIMPEHHS TAPMOHIYHUX CHEPHUUHUX XBHIb. Tak, SKIIO
Ha TpaHUIl [OPOXHUHU 3aJaHi YMOBU Opp(a)=—¢,0(a)=0, TO
migcTaBuBIM R =a y Bupasu (6) i (8), BHXOISYM 3 TpaHUYHUX YMOB,

OTPUMAEMO CUCTEMY aireOpaiuHuX pIBHSHb BITHOCHO KOeQilieHTIB A, A,
PO3B’sI3aBILH Ky Oy/1eMO MaTh

3 ) 3 )
w=-T03 ke ™ =T 0F -k )e M,

Tyt BBeieHO NIO3HAYEHHS Z = (kl2 - klz)qz (a)— (kl2 - k%)ql (a).
OTKe, po3B’sI30K 3a/1a4i MA€ HACTYITHUAHN BUIJIST
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3
_ 99 22 4202 4 2\[ ik(R-a) _ ik,(R-a)
OR) =L (kF ~AD)(KF ~13) e e ], ©)
OR) _ g@® 2 22002 2 i i(Red) oy iha(R-a)
T =L AT <23)| (R -De (iR~ |,

up(R) =15 (= 23)(i0 R - D™ 0 (i a7 )(iny R -1 |,

C]d3
R*Z
3
a i _ ; :
O (R) == 03k )y (R )~ ~ gy (R |,

2
D 10D
Ogp (R) =—2M (g?-FEg—RJ—p(DZq) =

3 . o
= 03D (R = (ks (R ,
IS
s;(R)=2p(1—ik ;R-)DIR*) +pa’R*, j=12.

Ha rpanuni napamerpu HJIC MaroTh HACTYIHI 3HAYCHHS
00(R)

2
a . .
. =90 (k2 202\~ A3 ) (ihya —ikya), (10)
n mZ

R=a

ur (R, =T F =13)ha =1~ ~3)za-D . (1)
Sra (R, =L 13-k (@-(1F =k ga(@) |, (12)

Sao(R) =2 (3= )si (@) -(Ai ~kD)sy(@) | - (13)

3. 3acTocyBaHHS NMOJIOKEHb TeoOpil TeMIepaTypHHUX HANIPY KEHb

CrisBignomenus (9), (10) cBiguaTb mpo Te, MO MOMIMPEHHS XBWIb
PO3LIMPEHHsI 1TOB’s13aHe 3 BUPOOJICHHSIM TEIIOBOI eHeprii. MexaHiuHa eHepris
XBWJII PO3IIMPEHHS YaCTKOBO NEPEXOIHWTh B TEIUIO, IO IPU3BOIUTH 0
MJIBUIIEHHST TEMIIEpaTypu. AJie HeoOXiJHO 3ayBaKUTH, IO B 0araTbox
BUNIaAKaX TpPYXKHI aedopMaiii CHOPUYMHAIOTH JOCHTh Maily 3MiHY
TemrepaTypy. 3 L€l NPUYMHE HalvacTille B MPAKTHYHUX PO3paxyHKaX €0
3MIHOIO HEXTYIOTh. B MaTeMaTHuHi# Moneni el (pakT BpaxoBYETHCS THUM, IIIO.
BonHouac BIUIMB TeMIlepaTypy Ha HAIPY)KEHUIH CTaH € CYTTEBHM 1 PIBHSHHS
(1) 36epirae cBiit BUTISA .

[Ticns mnpuCBOEHHS mapaMeTpy 1 HYJIbOBOI'O 3HAa4YEHHS OTPUMYEMO
HACTYITHI BUPa3H:

2 .
M=k= 7»2=\/% L Z=05 -k (a).

B pe3yJ'H)TaTi BUKOPUCTAHHS SIKHUX B 3az[aqi, IO pO3TIAAAETHCA 6y;[eMo MaTtu
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0(R) _

6(R) =0,
(R) R

0
qa3 2 A 2v: ir,(R—a)
“R(R)=@(k1 =AM R —T1)e™ ,

3
a ihi (R—
oRR(R>=——Z3 ~ (A3 —kD)g (R)e™F),

3
a ihy (R—
Gee(R):_]qg3Z (;\é_kIZ)s](R)el 1(R-a)

30KkpemMa, Ha TpaHuIll chepUIHOT IIOPOKHUHU CIPABEIITUBO

up(a)=-LL (1-ina), (14)
q1(a)
oee(a)=$s, (a) . (15)

4. TlopiBHSIHHS pe3yJIbTATIB, OTPUMAHMX 32 JABOMA MiAX0AaMHU

Jns  Oinblmocti  MaTepiajiiB, IO BHKOPHCTOBYIOTBCS B TEXHIIl 1
OyIiBHMIITBI, JaHi, OTPUMaHi 3 ypaxyBaHHSM BIUIMBY JMHAMIYHOI qedopmartii
Ha 3MiHy TeMIlepaTypH (3a HEHYJIbOBOI'O 3HAYEHHS MapaMerpa 1)), HE3HAYHOIO
MIpOI0 BIAPI3HAIOTBCS BiJl pPE3yNbTaTiB, SKI Ja€ 3acTOCYBaHHS Teopii
TEMIIEpaTypHUX HANpyXeHb. Tak, Ko cepuyHa MOPOKHUHA MICTHUTHCS B
TPaHiTHOMY CEpEOBUILI, TO TPaHIYHI MTEPEMIIEHHS 1 HAIIPpY>KeHHs, OTPUMaHi
3a Qopmynamu (11), (13) BiApi3HSIOTBCS BiJ aHAJOTIYHUX IApaMETPiB, SKi
narote Gopmynu (14), (15) na BennumHy, mo He nepeBuurye 1% y BCbOMy
Jiama3oHi JOCTIDKYBAaHMX YacTOT KOJWBaHb. JIOIIBHICTh ypaXyBaHHS
BIUIMBY JedopMariii Ha TEIIOBI XapaKTEPUCTUKU IOB’S3YETHCS B PoOOTAax
[15,16,20] 3 BeaWYMHOI Tak 3BaHOrO0 OE3pO3MIpHOrO KoedilieHTa
3B’SI3aHOCTI TIOMIB O, SKUI BU3HAYAETHCA 32 (HOPMYIIO0

_ (I+V)o ET, (16)
“3(1-v)(1-2v)c,
VY dopmyni (16) uepes3 E noznaueno monyib FOHra, a yepes ¢, — IuTomy 00’eMHY
TEIUIOEMHICT Martepiasry. Takuii Marepian, SK TpaHIT XapaKTepU3YeThCs
HACTYITHUMHU TapaMeTpaMu: E=O,49'105 MlIla, v=0,2, ott=0,749'10'5 K'l, «=0,89-
10 M, A=2,21 BrK M, ek '=2,48-10° [ K 'm™.

Ipu Ty=293 K xoedimient 6 mna rpanita gopisuioe 0,0003, a BrumB
TUHAMIYHUX JedopMaliii Ha 3MiHy TeMIeparypu € Maike HEeBiIUYTHUM.
BonaHouac icHye HU3Ka MONTIMEPHHUX MaTepiaiiB, 30KpeMa, MOoJIiBiHiIaleTaieH,
y sKHX Koe(illieHT 3B’s3aHOCTI IIONIB € MOPIBHAHO BenWKuUM. Haciimku
NepexoJly MeXaHIuyHOI eHeprii B TEIUIOBY B TaKUX BHUIMAJKaX € JOCHTh
TIOMITHUMH, 1 HEXTYBaHHS HUMH MOYX€ TIPU3BECTH JI0 3HAYHUX MTOXUOOK.

Jlns  miaTBEepIDKEHHS 1€l Te3W PpO3MIIIHEMO MOJENbHY 3ajady IIpo
TIOMIMPEHHS. CEPUYHUX TEPMOIPY)KHHX XBWIIb B CEpeloBUII 3 (i3uKo-
MEXaHIYHUMHU XapaKTePUCTHKAMH MOJIBIHIIOYTUpas, Yy skoro 3rimao [20]
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E=2,2-10° MIla, v=0,4, 0,=9,2:10° K, ©=2,28-10° m’c’!, %=0,271 BrK''m",
=Nk '=1,19-10° i K'm™ .

Omxe, Oe3po3mipHHl Koe(illieHT 3B’sA3aHOCTI MOJIB O, OOYMCIEHUH 3a
¢dopmynoro (16) mpu 7,=293 K, mus Takoro marepiany nopisaroe 0,18. Ha
pucynkax 1(a) i 1(0) mokaszani rpadiky 3aJeXHOCTI BiJl Mapamerpa 4acTOTH

p=aw x p 3 HOPMOBaHUX BEJIMYMH TPAHUYHUX PallialbHUX MEPEeMIIICHb
+
U, 1 HOpMaJIbHUX TAHTCHINIAJIbHUX HAMPY)KEHb Ggy BiIIOBITHO.
Urp [
00
Rq T
0,4 2 3 -
—~
0,25
0,2
0

Puc. 1

Ha pucyHkax CymijbHI JIiHIT = BIANOBIZAIOTH JIHCHUM  YacTHHAM
KOMIUIEKCHHX aMILTITYHd, & MyHKTHpHI — ysaBHUM. [{udppamu 1 1 3 no3HaueHi
rpagiku mapamerpiB HJIC, orpumani 3a a uudpamu 2 1 4 — rpadiku,
NoOyI0BaHI BUXOJSTYM 3 TIOJIOXKEHb TEOpil TeMIlepaTypHHUX HarpyKeHb, TOOTO
3 BukopuctanusMm ¢opmyn (14), (15). Ludporo 5 mo3HayeHi JiHil, 110
Bi/ITIOB1IAIOTh 3HAYEHHSM U, 1 Ggg IPU CTATHIHOMY HaBaHTa)KEHHI. 3a3HAYUMO,
IO MAiCHI YaCTUHHM AaMIUTITY/l TEpeMIllleHb JOCSATaloTh MaKCUMyMY MpHU
3Ha4YeHHI 0e3pO3MIpHOro MapaMerpa 4YacTOTH KOJIMBaHb, IO JopiBHIOE 0,6.
P0301KHICTD JaHUX, OTPUMAHMX 3a JBOMA ITiIXOJaMH, CTAHOBUTH 7,9%. VsiBHI
YaCTHHU MEPEMIIIeHb JOCITatoTh HaHOLIbIIKMX 3Ha4eHb npH p=0,86. s HuX
PO3ODKHICTE pPE3yNbTATIB MpPHU TakKid dYacToTi cTaHOBUTH 18,7%. JliticHi
YaCTHHU HAIIPY)KEHb Ggg OTPUMYIOTh MakcUMallbHi 3HaueHHs npu p=0,6. [Ipu
3aCTOCYBaHHI MiIXOMy, IO 0a3yeThesl Ha Teopii TeMIlepaTypHUX HaIlpYXKEeHb,
HeJI0OoMiHKa MifiCHUX yacTUH Moxe csiratu 15,1%. 1le 6inpiioro € po30oiXHICTh
MaKCUMaJlbHUX 3HAa4eHb YSIBHMX YacTMH HamnpyxeHb. Ilpu p=0,86 BoHa
craHoBUTh 18,6%.

Ha pucynkax 2(a) i 2(0) mokaszani rpadiku THX caMuX MapameTpiB
HamnpyXeHo-1e()OpMOBaHOTO  CTaHy, OOYMCIIEHMX 32 [pUITYIIEHHs, IO
TEPMONPY)KHE  cepemoBuile  Mae  (Di3UKO-MEXaHIYHI  XapaKTePUCTHKU
nomiBiHiIOyTHpane-bypdypamst [20], a came F=2,4-10° MIla, v=0,4, 0~13,1-10
K, 1=2,3910°w ¢!, A=0271 BrK'M!,  c=hok'=1,13-10° K 'm>.
[Nosnayenns mapamerpie HJIC cmiBmagae 3 TO3HAUCHHSAMH ITONECPEIHBOIO
npuknany. KoedimieHr 3B’s13aHocTi O, oOuucienuii 3a opmyroro (16), B upomy
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Bunajky aopisHioe 0,41. BianoBiaHO i pi3HHUI MK pe3yJbTaTaMy, OTPHMaHHMH
3a JBOMa mWiAXomamu crae Oumbmioro. Tak, BiHOCHA pPO30DKHICTE MiXK
MaKCHMaJIbHUMU 3HAUEHHSMH AiHCHUX YacTHH U,, OOYMCICHUMH 32 JIOTIOMOT'OI0
JIBOX PI3HMX TMiAXOMiB, JOpiBHIOE 16,5%, a 11 YABHHX YacTUH IEpeMilllcHb
noxuoka cTaHoBUTH 31,7% . [Ipu 0OUMCIICHHI Gy MAaKCUMAJbHI JIHCHI YaCTHHH
BiZpi3HsUTUCH Ha 24,8%, a ysiBHI — Ha 31,6%.

Urn %0
Rq T
0,4 2
0,25 1
0,2 05
0
0 -1

0 1 2 14 0 1 2 D
(a) (©)

Puc. 2

HaBeneni pesynbratu cBig4aTh Mpo Te, L0 NpPU BUOOpI alrOPUTMY
PO3B’s13aHHS 3a/1a4i PO TEPMOIIPY)KHI KOJIMBAHHS KOHCTPYKIiH, BUPOOICHUX
13 Cy4acHHX MOJIMEPHUX MaTepialliB, HEOOXiTHO Opi€HTYBAaTUCh HAa 3HAYCHHS
0e3po3MmipHOro KoedimieHTa 3B’A3aHOCTI JeOpPMAaIifHUX 1 TeMIlepaTypHHX
nomiB. Ilpy Manux 3HaueHHSAX Koe]illieHTa, XapaKTepPHUX ISl TPAAWUIIHHIX
KOHCTPYKIIMHUX 1 OymiBeNbHHUX  MaTepiajiB, MOXHAa 1 JOIUIBHO
KOPHCTYBAaTHCh TIJIXOJOM, IO ©0a3yeTbcs Ha Teopil TeMIepaTypHHX
HaNpy)XeHb 1 HE BPaxOBy€ BIUIMB AMHAMIYHHUX JAedopMaliiii Ha pO3MOALT
TemIiepaTypu. B Tol ke yac mpu po3paxyHKy BHPOOIB, MarepiajoM SIKHX €,
HaNpHKIaA, MOJiBiHIIAIETalli, HEXTYBAaHHS TaKMM BIUIMBOM IIPU3BOIUTH 0
3HAYHUX TTOXUOOK.
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Bopona IO.B., Kapa I/]., ['onuapenxo M.B.
OCOBJIMBOCTI IIOCTAHOBKU TA PO3B’SI3YBAHHSI AUHAMIYHUX 3AJIAY
TEPMOIIPYKHOCTI

Posrispaetbes 3amaya Npo MOIIMPEHHS CHEPUYHHX XBHIb Y TEPMOIPYKHOMY CEPEIOBHIL.
ITopiBHIOIOTBCS [BA MIAXOAH JO BpaxyBaHHs B3a€EMHOIO BIUIMBY IMHAMIYHHUX MOJIB gedopmarii i
Temneparypu. [lepumii miaxing BHKOPHCTOBYE A PO3paxyHKy y3arajibHEHy MOAENb 3B’sI3aHOI
TEPMOIPY)KHOCTI, a APYrHil CIUPAETHCS HAa CHIBBITHOIICHHS TEOPIil TeMIIEpPaTypHUX HAIPYKCHb,
Ipu MOOYHOBI SKHX 3HEXTYBAHO 3MIHOIO PpO3IOAUTY TeMIeparyp MiA [i€l0 MeXaHIdHUX
HaBaHTaXeHb. [100yn0BaHI aMIUTITYIHO-4aCTOTHI XapaKTEPUCTUKH pPadiajbHUX HEpeMiIleHb i
HOPMAJIbHUX TAHTCHLIAJIBHUX HANpPYXKeHb Ha TIpaHHULl Cc)EpUIHOl MOPOKHUHHU, OO SIKOI
NPHUKJIAJICHE HAaBAHTAXKEHHS, 110 3MIHIOETHCS 3 YaCOM 3a TapMOHIYHHUM 3aKOHOM. ITpociiiakoBaHo
BIAMOBIZHICTS MK 3HAYCHHSM KOe]illieHTa 3B’I3aHOCTI 1 MOXUOKOK PE3yJbTaTiB, CIPHYHHEHOO
BUKOPUCTaHHSAM CIIPOIICHOI MOJEJ B3a€MHOrO BIUIMBY IMOJIB. PO3rISIHYTI XBHJIBOBI HpoLecH B
MacHBax i3 Cy4acHHX IIONIMEpPHHX MarepiaiiB, TakuxX sK [OMIBIHUIOyTHpans Ta
nouiBiHiNOyTHpanbGypdypais, 1m0 BiAHOCATHCS [0 CiMeWcTBa MOJiBiHINIALETaNCH, SKi MaKTh
JIOCHTh BeJMKUi koedinienT 3B’s3Hocti mosie 0,18 Ta 0,41 Bignosigno. Iloka3aHo, 10
BUKOPUCTAaHHS Ul PO3PAaXyHKYy KOHCTPYKILIH 3 TaKMX MarepiaiiB CIPOLIEHOI MOAeli 3B’sA3aHOI
TEPMOIPY)KHOCTI IPU3BOIUTH 10 HEPHUITYCTHMO BEIUKHX PO30DKHOCTEH B pesynbraTax. Tak, 1
HOJIBIHIIOyTHPAJIS. TP BUKOPUCTAHHI y3arajlbHEHOI MOJIE/i MaKCHMMAaJIbHI 3HAUCHHS MapaMeTpiB
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HJIC 6ymnu Ha 18% GinbIMMHU, HDK Y BUIIAAKY 3aCTOCYBAHHS TEOPii TEMIIEPAaTypHHX HAMPYKEHb.
Jliist cepenoBuina 3 NoMiBiHIIOyTHpanbPyphypass pisHHLSA B pe3yibTaTaX, OTPUMAaHUX 3a JABOMa
HiIX0AaMK Ha JIeIKUX YacToTax rnepesuinyBaia 30%. 3po6ieHo BUCHOBOK PO Te, IO PH aHai3i
JIMHAMIYHOI peaKilii MACHBHHX €JIEMEHTIB KOHCTPYKILIil 3 MOAIOHMX MaTepiaiiB CHPOIIEHA MOJEIb
B3aeMoii fedopMalifiHUX 1 TeMIIepaTypHHX IIOJIiB MOYKE BUSBUTHCH TPyOUM HAaOIMIKCHHSM.

Kawo4oBi ciioBa: TepMONpy)XHE CepeioBHIIe, CPEpUdHi XBUI, 3B A3aHICTh IMOJIB,
TeMIIepaTypHi HaNPy)KEHHsI, TOTEHLIal HepeMillieHb, IToJiMEepHi MaTepiaiy.

Vorona Yu.V., Kara I.D., Goncharenko M.V.
PECULIARITIES OF FORMULATION AND SOLVING THE DYNAMIC PROBLEMS
OF THERMOELASTICITY

The problem of propagation of spherical waves in a thermoelastic medium is considered.
Two approaches to taking into account the mutual influence of dynamic fields of deformations and
temperature are compared. A generalized model of coupled thermoelasticity is used for calculation
in the first approach and the second one is based on the ratio of the theory of thermal stresses,
which are neglecting the change of temperature distribution under mechanical loads action. The
amplitude-frequency characteristics of radial displacements and normal tangential stresses at the
boundary of a spherical cavity being under action of load, which changes according to the
harmonic law in time, are obtained. The correspondence between the value of the coupling
parameter and the results error caused by the use of the simplified model of field interaction is
traced. Wave processes in solids of modern polymeric materials, such as polyvinyl butyral and
polyvinyl butyralfurfural belonging to the family of polyvinyl acetals, which have a fairly high
coefficient of field connectivity of 0.18 and 0.41, respectively, are considered. It is shown that the
use of a simplified model of coupled thermoelasticity for the calculation of structure of such
materials leads to unacceptably large differences in the results. Thus, the maximum values of the
stress-strained state parameters obtained using the generalized model were 18% higher than in the
case of the application of the theory of temperature stresses for polyvinyl butyral. The results
difference obtained using this two approaches at some frequencies exceeded 30% for the polyvinyl
butyralfurfural medium. It is concluded that the simplified model of the interaction of deformation
and temperature fields can be a rough approximation in the analysis of the dynamic reaction of
massive structural elements made of such materials.

Keywords: thermoelastic medium, spherical waves, fields coupling, thermal stresses,
displacement potential, polymeric materials.
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Abstract. The article investigates the influence of partial stiffness of the hinge joint of single-
span and multi-span freely supported beams with lower structures on their stress-strain state under
the action of vertical evenly distributed load. Joints of freely supported beams under the action of
external load are opened on supports and mounting bolts interfere with their full opening, that is
joints work as partially rigid. Knowing some initial parameters of ideally hinged joints, it is
possible to establish what influence their change will have both on the calculation scheme of
beams, and on calculation schemes of cross frames of frameworks of buildings and constructions,
to which they enter, as a whole. The method of initial parameters was used to determine the
influence of the resistance of the mounting bolts on the opening of the support joints on the stress
state of the elements. The offered technique allows to define real rigidity of any bolted hinge
connection taking into account its actual work and to adjust it stiffnesst by changing the diameter
of the bolts, the strength of the material from which they are made, their number, distance between
them, as well as use additional material resource by reducing the maximum stresses in the
calculated cross sections. This is especially true of elements made of perforated profiles, because
the change of stress-strain state in the support zones will cause redistribution of stresses in the
calculated points of their cross sections, both on the supports and in the span of the beams. This
must be taken into account by including certain coefficients in the calculation formulas, depending
on the specific operating conditions.

Keywords: bolt, connection, bearing capacity, resistance, rigidity, hinge joint, beam.

Introduction. The design of buildings and structures for any purpose
begins with the development of a spatial planning solution, due to the specified
in the design task certain technological or functional requirements. Based on
this decision, the basic dimensions and structural schemes of load-bearing
structures, including the schemes of nodal joints, which can be made using
assembly welding or joining bolts, are adopted in the first place. The presence
of a carefully designed structural scheme allows us to make a design scheme of
a single structure or frame as a whole, which takes into account the effect on
the building of all external, both concentrated and evenly distributed loads.
The development of structural and design schemes must take into account the

© Romaniuk V.V, Supruniuk V.V., Bezniuk L.I, Misyuk T.Y.
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type of node connections of the elements and the purpose of certain boundary
conditions.

At present, in the current domestic and European design standards for steel
structures [1, 2] the boundary conditions of bolted and welded joints are
idealized, that is rigid, hinged fixed, hinged movable, etc., which does not fully
correspond the actual conditions of their work and structures in general. If we
consider single-span split and multi-span continuous beams, which rest on
certain supports (below are beams, columns, etc.) and fastened to them with
mounting bolts, then in calculations using an idealized calculation scheme,
such a connection is considered hinged and bolts perform only the functions of
beam retainer in the design position. In fact, under the action of external load
beams are bent and as a result of their deflection bolts are stretched and
interfere with free deformations on the supports, that is these supports become
partially rigid, which affects to the redistribution of forces along the length of
the beam, and, for example, rigid flange bolted connections, in turn, on the
contrary, work as partially hinged. Theoretical and experimental studies [3—11]
performed earlier, including by the authors of this work, confirm this.

From the correct consideration of the actual stiffness of the bolted joints
depends not only their load-bearing capacity and deformability, but also the
load-bearing capacity of the structural elements, connected in these nodes. In
particular, the authors as a result of tests of a steel perforated arch with a rigid
flange ridge node [3, 4, 5] found a significant difference in stresses calculated
theoretically and obtained experimentally, in cross sections near it (the
difference was 56.6% ... 67.1 %.), and the pliability of the hinged single-span
frame with rigid nodes [11] was 6% ... 10%.

This can be explained by the pliability of the flange bolted joint, which was
opened by the action in the node of bending moment and longitudinal force,
and in theoretical calculations, this connection was taken absolutely rigid. As a
result, the ridge node worked not as rigid, but partly hinged, and the actual
calculation scheme of the double-hinged arch was partly three-hinged, and
therefore the value of the bending moment in the node was less, than
calculated earlier, due to its pliability. Experimental and theoretical studies
[3, 5] found that the stiffness of the bolted connection was 0.412 compared to
the stiffness of the ideal flange connection taken as a unit. It was also found
that the rigidity of the node changes with the changing of parameters of its
details.. So, for example, with changing of diameter of a bolt from 10 to 24
mm rigidity changes accordingly from 0,412 to 0,897.

Purpose and Research Methods. The purpose of these studies is to
theoretically determine the actual stiffness of bolted joints of steel structures,
as well as to develop an effective method for determining the influence of
resistance of mounting bolts on the opening of hinged support units in
particular and their stiffness in general.

To achieve this purpose, the method of initial parameters, the method of
finite elements, implemented in the software package "Lira", as well as the
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results of numerous theoretical and experimental studies, performed by the
authors.

Main Results. To study the effect of the stiffness of the hinge assembly on
the stress-strain state of the elements, we can consider both single-span and
multi-span beams, which perceive the vertical load g evenly distributed in the

span (Fig. 1). Fastening of beams to the

lower constructions is accepted hinged q

according to the storey scheme of

beams connections. A B
Since the design position of the ) ! X

be_am .IS fixed by bolts, tenSﬂe_forceS Fig. 1. The calculation scheme of single-

arise in them due to the action of anan heam

external load ¢ on this beam and they
will interfere with the full opening of the support nodes, which, as a result, will
become partially rigid. Knowing some initial parameters of ideally hinged
nodes, it is possible to establish what influence their change will have both on
the calculation scheme of a beam, and on the calculation scheme of a frame or
a framework as a whole, and also on separate elements.

The calculanion scheme of the beam taking into account the actual stiffness
of the support nodes is presented in Fig. 2.

To determine the magnitude of the opening of the hinged nodes the method
of initial parameters is used

2 3
EIB,;=EI0y+Y M ;(x;—ay)+ Y F; bima) S a. (xi=a3)

2 6
- (D)
(xi‘“1)2 (xz"‘lz)3 (xi—a3)
Ely, =Elyy+ EI0yx + Y Mt Y R A2 Y g S
whereis 6 ,; , y,; —the angle of rotation and deflection in the cross section of

the element under consideration; 6, y, — angle of rotation and deflection of
the element at the beginning of the system (initial parameters); M ;, F,;,q,; —
respectively concentrated moments, concentrated forces and the value of
evenly distributed load, which are applied to the structure; Xx; — the distance
from the beginning of the system to the cross section in which the deformation
is calculated; a;, a,, a3 — distances from the beginning of the system to the
points of application respectively of concentrated moments, concentrated
forces and to the

beginning of areas of M., q M
application of distributed

load; I — moment of 0.(60’) 0:(05)

inertia of the section; F —

modulus of elasticity of
steel. Fig. 2. The calculation scheme of the beam, taking into
account the partial stiffness of the support nodes

A A

Taking the initial
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parameters, namely that the deflections of the beams on the supports,
respectively in nodes 4 and B of the single-span beam or on all supports of the
multi-span continuous beam, are zero, using the right part of formula (1) and
taking the origin in node 4, you can determine the angle of rotation in the
idealized calculation scheme of the hinged node of the beam on the support.

3
EI0 ,=EI8, :q% . )

Since the fixative mounting bolt resists the opening of the support node,
which as a result becomes partially rigid, the angle of rotation in the node A
(see Fig. 2) can be determined from the formula

EIO = ﬁ—M L 3
A_qz Aza ()

where is M, — additional bending moment that occurs in node 4 due to the

resistance of the bolt to the opening of the node.

The change of the angle of rotation in node 4 due to the resistance of the
bolted connection is defined as the difference between the values of formulas
(2) and (3)

EI9 ,~E18,=M ;% 4)

That is, the value of reduction of the opening of the support node is directly
proportional to the value of the bending moment that occurs in the support part
of the beam, and vice versa, the value of the bending moment that occurs in the
support part of the beam is directly proportional to the value of reduction of
opening of the support node.

2(6,-0,)EI
2l »

The value of the actual opening of the hinged bolt node A, that is the value
of the angle of rotation 6',, can be determined by considering the calculation
scheme of the bolted joint in this node under the action of forces determined

by static calculation of the beam (Fig. 3). The same considerations can be
applied to the intermediate support of a multi-span beam (Fig. 4).

5

Fig. 3. Deformation of the supporting Fig. 4. Deformation of the support part
part of the single-span beam of the multi-span beam on the intermediate support
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The force in the stretched bolt under the action of evenly distributed load ¢
on the beam

q!
N bt =2_I’l s (6)
where is n — the number of bolts in the connection.

Elongation of the most stretched bolt

Ny )t
Aly= E”’E : (7

where is Zt — the sum of the thicknesses of the elements to be joined; 4, —

the cross-sectional area of the bolt.

The opening angle of the flange connection in the node, the elements of
which are the upper belt of the lower beam and the lower belt of the beam under
consideration, and accordingly the angle of rotation of the beam in this node is

\ Al
0, =arctg7” , ®)

Thus, considering the calculation scheme of support of the beam in the
node and determining the value of the opening angle of this connection, as
well as having the selected cross section of the elements, their length and the
initial opening angle of the support part, you can determine the value of
bending moment in the hinged support M ,, which occurs due to the limitation
of the opening of the node.

The ratio of the bending moment in the hinged support M , to the value of

the maximum bending moment M, =q/°/12 for an absolutely rigid node
M,
M

max
support due to stresses in the fixative bolt on the support, and the rigidity of the
node is

100% indicates on what percentage increases the stiffness of the hinged

M
k=—-H=— ©)]
Mmax
The magnitude of the dependence # in formula (5) is constant and

indicates, that the decrease of the value of the bending moment is directly
proportional to the magnitude of the decrease of the opening of the hinged bolted
joint, and also depends on the length of the element, its rigidity, location of bolts
in the connection, that is size x - the distance from the edge of the support of the
beam to the axis of the bolts in this connection (see Fig. 3).

In a beam on two supports under the action of evenly distributed load over
the entire span the greatest stresses occur in the cross section in the middle of the
beam length, and in multi-span continuous beams under the same load the place
of occurrence of the largest value of bending moment does not coincide with the
middle of the beam span. In any case, the support hinged nodes become partially
rigid, and the calculation scheme of the beam changes. As a result, the value of
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the maximum bending moment in the span changes and there is an additional
resource of the load-bearing capacity of the beam as a whole, which allows you
to more rationally design such elements.

Summary. The data obtained as a result of theoretical and experimental
studies [3, 4, 5, 11] showed that in determining the diameters of bolts in which
the values of tensile stresses are close to their calculated resistance R, and

which are located at the minimum distance from the edge of support according to
requirements [1], the effect of additional bending moment on the support is
almost absent. However, if you increase the diameter of the bolts, and,
accordingly, their cross-sectional area, it is possible to reduce the tensile stresses
in them to 0,5R, and, removing the bolts from the edge of the support, thus

limiting the free rotation of the support nodes, to achieve rigidity of the node
k=0,035...0,096 , which has a significant impact on the work of both the nodes

themselves and the elements connected in it.

It is theoretically established that in the presence of several such nodes in the
structure, its total stiffness increases by a magnitude equal to the sum of the
increase in stiffness of all nodes. The calculations allow us to state that, for
example, for a beam on two supports (see Fig. 1), where there are two hinged
nodes, the total stiffness depending on the geometric parameters of all elements
can increase by 7... 15%.

Since in beams with hinged supports, the cross sections in the span are
usually the most tense, taking into account the real stiffness of the hinged bolted
joints on the supports allows you to redistribute the force along the length of the
beam and more rationally perform its design. As a result, the stresses in the
calculated sections of the split beams near the nodes will increase slightly, which
makes the structure more rigid, but, at the same time, allows you to unload it as a
whole; in the continuous beam, the stresses on the extreme supports will increase
due to the increase in the stiffness of the nodes, and on the intermediate supports
will decrease due to the pliability of the bolts.

The refined calculations proposed by this method make it possible to
calculate the actual stresses in the sections, the maximum values of which are
less than those calculated by the traditional method, and as a result to obtain
material savings on one beam of about 3... 8%. This is especially true of
elements made of perforated profiles [3, 4, 5], because the change of stress-strain
state in the support zones will cause redistribution of stresses in the calculated
points of their cross sections, both on the supports and in the span of the beams.
This must be taken into account by including certain coefficients in the
calculation formulas, depending on the specific operating conditions.

In general, the proposed method allows to determine the actual stiffness of
any bolted hinge connection, taking into account its actual operation on the basis
of static calculation data. In addition, it allows you to adjust the stiffness of the
bolted joint by changing the diameter of the bolts, their placement or changing
the estimated length of the bolts by using additional gaskets. Taking into account
the additional rigidity of the nodes and, as a consequence, the structure as a
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whole, allows you to somewhat unload the elements and calculate the additional
resource bearing capacity during the design of the frame elements.
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Pomanrox B.B., Cynpyniok B.B., besniok JI.1., Miciox T.Al.
BILTUB ®AKTUYHOI )KOPCTKOCTI BOJTOBHUX IIAPHIPHUX 3’€THAHb HA
HECYYY 3JATHICTb EJIEMEHTIB

B craTTi JOCHIIKYETHCS BIUIMB YACTKOBOI JKOPCTKOCTI LIAPHIPHOTO BYy3Ja 3’€IHAHHS
OJIHOIPOJILOTHOI 1 0araTompoibOTHOI BiNIBHO 00MmEPTHX O0aJOK 3 HIDKYE PO3TAILOBAHHMHU
KOHCTPYKLISIMH Ha iX HampykeHo-1epopMoBaHMH CcTaH 3a 1ii BEPTUKAILHOTO PIBHOMIPHO
PO3IO/IIICHOr0 HaBaHTAXEHHs. By3i BiJIbHO 00mepTiX GaoK 3a il 30BHIIIHBOI0 HABAHTAKEHHS
PO3KPUBAIOTHCS HA OIOpPax, 3 MOHTaKHI OOJITH 3aBa)KaIOTh iX OBHOMY PO3KPUTTIO, TOOTO BY3/IH
HPALOIOTh K YAaCTKOBO JKOPCTKI. 3HAIOYM [EsAKI [MOYATKOBI MapaMeTpH iIeanbHO LIAPHIPHHX
BY3J1iB, MOJKHa BCTAHOBUTH, SIKHI BIUIMB Oy[€ MaTH iX 3MiHa SIK HA PO3PaxyHKOBY CXeMy OaJlokK,
TaK i Ha PO3PaxyHKOBI CXEMH IIOIEPEYHHX paM KapKaciB OyaiBenb i Criopyn, 40 CKJIaay SKUX BOHH
BXO/ITh, B IioMy. Jlisi BU3HAYCHHs BIUIMBY OIOPY MOHTQ)XHHX OONTIB PO3KPHUTTIO OMOPHUX
By3IiB Ha HampyKEHHIl CTaH €JEMEHTIB BHKOPHCTAHO METOJ IO0YAaTKOBUX IIapaMeTpiB.
3anporoHOBaHa METOAMKA J03BOJISIE BH3HAYUTH PEAJIbHY JKOPCTKICTh OYAb-SKOro OOJITOBOrO
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IIAPHIPHOr0 3’€IHAHHS 3 ypaxyBaHHAM HOro MifiCHOI pPoOOTH. a TAKOXK PEryjIoBaTH HOro
JKOPCTKICTh, 3MIHIOKOUH JiaMeTp OOJTiB, MIIHICTh MaTepiany, 3 SKOr0 BOHH BHTOTOBJICHI, 1X
KUIBKICTB, BiICTaHb MiX HHMH, @ TAKOX BHKOPHCTOBYBATH JOJATKOBHI pecypc Mmatepiany 3a
PaxyHOK IesKOro 3MEHLICHHS] MAKCHMAJIbHUX HAIPY)KEHb B PO3PaxXyHKOBUX IIepepi3ax elIeMEHTIB.
Oco0aMBO 1€ CTOCYETHCS €IEMEHTIB, BUKOHAHHX 3 HephOpoBaHUX MPOdiNiB, OCKUIBKH 3MiHA
Hanpy>KeHO-1e()OPMOBAHOr0 CTaHy B OHMOPHHX 30HAX BHKJIMKATHME [EPEPO3IOALT HAIPY)KEHb 1 B
pPO3paxyHKOBUX TOYKax IX Iepepi3iB sIK Ha ormopax, Tak i B mposbori Ganok. e 060B’s3k0BO
HEOOXIZHO BPaxoBYBaTH IUIIXOM BKIIOYEHHS 10 PO3PaxXyHKOBUX (OpMys MEBHHX KOe(ili€HTIB
3aJIOKHO BiJl KOHKPETHUX YMOB POOOTH.
KurrouoBi ciroBa: 6onr, 3’ €AHaHHS, HeCcyda 3AaTHICTb, OMIp, XKOPCTKIiCTh, MIAPHIPHHUI BY3011,

Oaika.

Romaniuk V. V., Supruniuk V. V., Bezniuk L. 1., Misyuk T. Y.
THE EFFECT OF THE ACTUAL STIFFNESS OF BOLTED HINGED JOINTS ON THE
BEARING CAPACITY OF THE ELEMENTS

The article investigates the influence of partial stiffness of the hinge joint of single-span and
multi-span freely supported beams with lower structures on their stress-strain state under the action
of vertical evenly distributed load. Joints of freely supported beams under the action of external
load are opened on supports and mounting bolts interfere with their full opening, that is joints
work as partially rigid. Knowing some initial parameters of ideally hinged joints, it is possible to
establish what influence their change will have both on the calculation scheme of beams, and on
calculation schemes of cross frames of frameworks of buildings and constructions, to which they
enter, as a whole. The method of initial parameters was used to determine the influence of the
resistance of the mounting bolts on the opening of the support joints on the stress state of the
elements. The offered technique allows to define real rigidity of any bolted hinge connection
taking into account its actual work and to adjust it stiffness by changing the diameter of the bolts,
the strength of the material from which they are made, their number, distance between them, as
well as use additional material resource by reducing the maximum stresses in the calculated cross
sections. This is especially true of elements made of perforated profiles, because the change of
stress-strain state in the support zones will cause redistribution of stresses in the calculated points
of their cross sections, both on the supports and in the span of the beams. This must be taken into
account by including certain coefficients in the calculation formulas, depending on the specific
operating conditions.

Keywords: bolt, connection, bearing capacity, resistance, rigidity, hinge joint, beam.

Pomanrwox B.B., Cynpyniok B.B., besniok JLU., Muciox T.A.
BJUSHUE ®AKTUYECKOM )KECTKOCTH BOJITOBBIX IIAPHUPHBIX
COEJMHEHMI HA HECYIIYIO CIIOCOBHOCTH 3JIEMEHTOB

B CTaTb€ MCCICAYETCA BIIMAHUC ‘laCTM‘lHOﬁ KECTKOCTU IMIAPHHUPHOrO Yy3jJa COCAUHCHUSA
OJJHONPOJIETHOH M MHOTOPOJIETHOM CBOOOJHO ONEPTHIX OalOK € HMXKE PaCIONOKEHHBIMU
KOHCTPYKUMSIMH Ha UX HaIpPsDKEHHO-Ie()OPMHPOBAHHOE COCTOSIHHE IIPH JEHCTBUU BEPTHKAIBHON
PaBHOMEPHO pAaClpeIeliCHHON Harpy3kd. Y3Ibl CBOOOJHO OIEPTHIX OaloK Mpu JIeHCTBUU
BHEIIIHEH Harpy3Kd pacKpbIBAIOTCS HA OMOpPax, a MOHTa)KHbIE OOJTHI MPEHATCTBYIOT UX IOJIHOMY
PACKPBITHIO, T.€. Y376l pA0OTAIOT KAK YACTHYHO JKECTKHE. 3Hasi HEKOTOPbIe HavYalbHbIC IIapaMeTpPbI
UACAJIbHO IIAPHUPHBIX Y3JI0B, MOXXHA YCTaHOBUTH, KAHOC BJIUSIHUEC Gy):leT HMETh UX U3MCHCHHC
KaK Ha PacuyeTHYIO cXeMy 0alloK, TaK M Ha PaCYCTHBIC CXEMBI IIONIEPEUHHX PaM KapKacoB 3JaHUH
COOpY)KEHHMH, B COCTaB KOTOPBIX OHHM BXOAAT, B wueioM. Jlius ompeneneHus BIMSHUS
COIPOTUBJICHUS MOHTAaXXHUX 60J'ITOB PACKPBITUIO OIIOPHBIX Y3JIOB Ha HANPSXKEHHOC COCTOSAHHUEC
9JIEMEHTOB HCIIOJIb30BAaH METOJ HadyaJbHBIX MapamMeTpoB. lIpemsoxkeHHas METOOUKA MO3BOJSICT
OIPEIENATh PEATbHYI0 KECTKOCTh JI0O0ro GO0NTOBOrO INAPHIPHOTO COCAUHEHHUSI C YYETOM €ro
JIEHCTBUTEIPHON PabOThI, a TAKXKE PEryJInpoBaTh €ro JKECTKOCTb, W3MEHs JuaMeTp OOJTOB,
IPOYHOCTh MaTE€pHaia, U3 KOTPOro OHU HU3rOTOBJICHBI, X KOJIMYECTBO, PACCTOAHUC MEXKAY HUMH,
a TaKKe HCIONIB30BaTh OIOJHUTENBHBI pecypc MaTepuana 3a C4eT HEKOTOPOrO YMEHBILICHHS
MaKCHMaJIbHUX HANPSDKCHHH B PACCUCTHBIX CEUCHHSAX dJeMeHTOB. OCOOCHHO 3TO KacaeTcs
JJIEMEHTOB, BBINOJHEHHBIX U3 MePHOPHPOBAHHBIX MPOQUICH, MOCKOIbKY H3MEHCHHE
HANPsDKEHHO-Ie(hOPMUPOBAHHOTO COCTOSIHHSI B ONOPHBIX 30HAX BBI3OBET IepepacipelcicHue
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HANPSDKEHUH ¥ B PACYCTHBIX TOYKAX MUX CEYCHMIl Kak Ha OIOpax, TaK M B Mpojere 0ajiok. DTo
0053aTeIbHO HEOOXOIMMO YYUTBIBATH ITyTEM BBEICHHUS B PacCUCTHBIC (hOPMYJIBI OMpPEICICHHBIX
KOC(HULHEHTOB B 3aBUCHMOCTH OT KOHKPETHUX yCIOBHH paboTHL.

KutoueBble ciioBa: Goit, COSAMHEHUE, HECYILasi CIOCOOHOCTb, CONPOTUBICHUE, KECTKOCTb,
IIAPHHUPHBII y3eu, Oaka.

VK 624.014.2:624.078.46:624.042.062

Pomaniox B.B., Cynpyniok B.B., Besuwox JII, Miciokx T./l. BB ¢GakTHYHOI KOPCTKOCTI
00JITOBUX IIAPHIPHHX 3’€IHAHb HA HeCcy4y 3/1aTHICTH ejieMeHTIB // Omip MartepiaiiB i Teopis
criopyn: Hayk.-Tex. 30ipauk. — K.: KHYBA, 2021. — Bun. 107. — C. 323-332.

3acmocysannsn 3anponorHo8anoi MemooOuKu po3paxyHKy, wo 6azyemvcs Ha Memooi NOYAMKOGUX
napamempie, 003601A€ BUSHAYAMU IHCOPCMKICMb  OOIMOBO2O  WAPHIPHO20 3 €OHAHHA 3
YPAxXyeanHsM 1020 OICHOI pobomu, a MaKoic 3MIHIO8AMU il 3a PAXYHOK 3MiHu diamempy 60umis,
MiyHoCmi mamepiany, 3 SIKO20 GOHU GU2OMOGIEHI, IX KITbKOCMI, 8IOCMANI MIJIC HUMU, A MAKOIC
BUKOPUCMOBYBAMU ~ 000AMKOGUIL  pecypc — Mamepiany  6HACAIOOK — OesK020 — 3MEHUIeHMHs.
MAKCUMATLHUX HANPYIHCEHb 8 PO3PAXYHKOBUX Nepepi3ax eleMeHmie.
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Romaniuk V.V, Supruniuk V.V., Bezniuk L.I., Misyuk T.Y. The Effect Of The Actual Stiffness Of
Bolted Hinged Joints On The Bearing Capacity Of The Elements // Strength of Materials and
Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA, 2021. — Issue 107.
—P.324-333.

The application of the proposed calculation method, based on the method of initial parameters,
allows to determine the stiffness of the bolted hinge joint taking into account its actual work, as
well as change it by changing the diameter of the bolts, the strength of the material from which
they are made, their number, distance between them, and also to use an additional resource of
material owing to some reduction of the maximum stresses in calculation cross sections of
elements.

Il. 4. Ref. 11.
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323-332.
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HEKOMOPO20 yMeHbUIeHUSI MAKCUMATbHBIX HANPAICEHULL 8 PACHETNHBIX CeYEHUSIX INeMEHIMNO8.

Wi 4. BuGsworp. 11 Ha3s.

ABTOp (HayKOBHMii CTyHmiHb, BYeHe 3BaHHS, IOCANA) KAaHIUIAT TEXHIYHHX HAyK, HOLCHT,
npogecop Kadeapu MPOMUCIOBOro, UBIIBHOIO OyAiBHUITBA Ta iHXeHepHux cropyn HYBITI
Pomantok Bonoxumup Bonogumuposuy.

Anpeca poooua: 33000, Vkpaina, M. Pigne, Bys. Cobopna, 11, HYBI'TI, kadeapa nmpoMuCIoOBOro,
LIMBUIBHOTO OYAIBHHUITBA Ta IH)KEHEPHUX cropyn, Pomaniok Bonogumup Bonoaumuposuy.
Moboinbumuii Teaedon: +38(096) 804-31-77.

E-mail: v.v.romaniuk@nuwm.edu.ua.

ORCID ID: https://orcid.org/0000-0002-2539-4654



332 ISSN 2410-2547
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2021. Ne 107

ABTOp (HayKOBHii CTyNiHb, BU€HE 3BAHHS, 10CAJa) KAaHIWAAT TEXHIYHUX HAYK, TOLECHT, JOLICHT
kadeapu aBTOMOOUTBHHMX 1opir, ocHoB 1 ¢ynmamentis HYBITlI CynpyHiok Bomomumup
Bonogumuposuy.

Anpeca pooouya: 33000, Vkpaina, m. Pigne, Byir. Cobopna, 11, HYBI'TI, kadeapa aBToMoGiIbHIX
nopir, ocHoB i ¢pysnamenTis, CynpyHiok Boaogumup Bonognmuposuy

Mobinbumii Tenedon: +38(097) 732-99-01

E-mail: v.v.supruniuk@nuwm.edu.ua

ORCID ID: https://orcid.org/0000-0001-9534-4460

ABTOp (HAyKOBMii CTymiHb, BYeHe 3BaHHM, MOCaxa) acHipaHT Kadeapud MNPOMUCIOBOrO,
LMBUIBHOTO OyAiBHHUITBA Ta iHkeHepHUX cropyn HYBI'TI Be3ntox Jleonin IBaHoBHY.

Anpeca poooua: 33000, Vkpaina, M. Pigne, Bys. Cobopna, 11, HYBI'TI, kadeapa nmpoMucIoBoro,
LIMBUIBHOTO OYAIBHUIITBA Ta IH)KEHEPHUX cropyn, besntok Jleonin IBaHoBHY

Moboinbumnii Tenedon: +38(068) 336-51-68

E-mail: bezniuk_bal7@nuwm.edu.ua

ORCID ID: https://orcid.org/0000-0001-6703-5062

ABTOp (HAyKOBMii CTymiHb, BYeHe 3BaHHM, MOCaxa) acHipaHT Kadeapud MNPOMUCIOBOrO,
LMBLIBHOrO OyAiBHUITBA Ta iHkeHepHUX criopyn HYBI'TI Miciok Tapac SpociaBoBuu.

Anpeca poooua: 33000, Vkpaina, M. Pigne, Bys. Cobopna, 11, HYBI'TI, kadeapa mpoMucIoBOro,
LMBUIBHOTO OYAIBHHIITBA Ta IH)KEHEPHHUX cropyx, Mictok Tapac SIpociaBoBuy

Mobinbumii Teaedon: +38 (063) 370-73-93

E-mail: misyuk bal4@nuwm.edu.ua

ORCID ID: https://orcid.org/0000-0003-1242-2350



ISSN 2410-2547

Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 107

333

3MICT

Bazhenov V.A., Pogorelova O.S., Postnikova T.G.
Coexisting Regimes in Hysteresis Zone in Platform-Vibrator with
Shock

Krivenko O.P., Vorona Yu.V., Kozak A.A.
Finite element analysis of nonlinear deformation, stability and
vibrations of elastic thin-walled structures

Solodei 1.1, Petrenko E.Yu., Zatyliuk Gh.A.
Study of parameters of nonlinear slope deformation under the action of
force and natural factors

Yurchenko V.V., Peleshko I.D.
Parametric optimization of steel lattice portal frame with chs structural
members

Mykhailovskyi D.V.
Method of calculation of panel buildings from cross-laminated timber

Shidlovskiy M.S., Musiienko O.S., Zakhovaiko O.P., Lisachenko Yu.A.
Influence of bone tissue regenerate on rigidity of fractures fixation

Jhyx'anuenxo O.O., bBypay H.1., I'epawenxo O.B., Kocmina O.B.
YacrotH 1 opMH BITaCHUX KOJUBaHb 3aXHUCHOI EMHOCTI pe3epByapa 3
nedeKTaMu 3BapHUX IIBIB MPU CTATUYHIHN JIii 0COBOT0 HABaHTAKCHHS

benos 1.]]., Babiwesuu M.O., [ledos O.11., Cxopyx O.M.
BiOpaiiiHuii MOHITOPHHT CTaHy 30€pEXKEHHS ICTOPUIHUX CIIOPY

€szepos 1./]., I'epaiimosuy FO.J[., Mapuenxo /[.B., Pemnvog B.I.
PizauieBi cxemu ISl 337124 JUHAMIKH

Loveikin V.S., Pochka K 1., Prystailo M.O., Balaka M.M., Pochka O.B.
Dynamic balancing of roller forming unit drive

Kotsiuruba V.1, Datsenko I.P., Dachkovsky V.O., Cherevko R.M.,
Androshchuk O.V., Tsybizov A.L., Kryvtsun V.1

Methodological and scientific approach into the process of calculation a

multilayer underground protective structure

Rudnieva I, Priadko 1., Tonkacheiev H., Priadko N.
Investigation of the effectiveness of strengthening with FRP applied in
metal elements of suspension roof: an analytical approach

VoronaY.V., MaksimyukYu.V., Martyniukl. Yu., Maksimyuk O.V.
Reliability of results obtained by semi-analytical finite element method
for prismatic bodies with variable physical and geometric parameters

Pleshkanovska A.M., Kuznetsova D.S.
Justification of the types of obsolete housing stock as the first stage of
effective reconstruction

20

35

45

75

89

103

120

133

140

159

170

184

193



334 ISSN 2410-2547
Omip matepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

Kpyco 10.0.
TpanchopmyBanHs giarpam nedopmyBaHHSI OETOHY B yMOBax
OITHOPITHOTO Ta HEOMHOPIAHOTO HANIPY)KCHHUX CTaHIB 211

Kuznetsov B.T., Diadechko A.V., Hudyma V.P., Ovcharenko L.V,

Yaroshenko O.V., Sampir O.M., Horbachova Y.S., Tsurkan M.V.

Numerical research of flame propagation conditions in narrow channels

using the technology of thermal impulse treatment of turbine blades 236

Gaidaichuk V.V., Kotenko K.E.
Investigation of the conical type shell structure dynamics under internal
axisymmetric pulse loading 247

Jizynos ILI1., Isanuenxo M., Heoin B.O.
CTilKiCTh BaJiB, 110 3HAXOAATHCS IMiJ] AI€I0 TICPIOMYHIX TT03T0BKHIX
HaBaHTaXEHb 257

Avramenko O.V., Matsko O.Y., Polishchuk V.V., Pidhorodetskyi M.M.,
Salii A.H., Salii O.Y., Korshets O.A., Duzhyi R.V.

Determination of the optimal technical servicing periodicity of samples

of aerodrome construction equipment 265

Gaidaichuk V.V., Kotenko K.E., Snizhko N.A.
Impact of engineering/technology factors and transient loads on the
stress - strain state of a three-layer cylindrical shell 281

Komunsapos B.11., Borowenxo O.1., Kysneyog O.A., Kywnipenxo M.I.
MojenoBaHHS PEKUMIB OUTTS IMiJT 9ac 00epPTaIbHO-KOIMBAIHLHOTO

PYXY CKIIaJHOI aepOJMHAMIYHOT KOHCTPYKIIIT i3 BU3HAUCHHIM YMOB 1X
BUHUKHCHHS 288

Gaidaichuk V.V., Shevchuk L.V., Bilobrytska O.1.
Influence of incompatibility of thermomechanical parameters of bearing
layers of a bridge structure on its thermo-stressed state 301

Bopona FO.B., Kapa 1.]]., ['onuapenxo M.B.
Oco0MBOCTI TIOCTAHOBKH Ta PO3B’s3yBaHHS TUHAMIYHUX 3224
TEPMONPYKHOCTI 312

Romaniuk V.V, Supruniuk V.V., Bezniuk L.1., Misyuk T.Y.
The Effect Of The Actual Stiffness Of Bolted Hinged Joints On The
Bearing Capacity Of The Elements 323



HaykoBo-TexHiuHMi 30ipHUK

OIIIP MATEPIAJIIB 1 TEOPISA CIIOPY L

STRENGTH OF MATERIALS AND THEORY OF
STRUCTURES
Scientific-and-technical collected articles

Bunyck 107

T'onoHuit penaxrop I1I1JIi3yHOB

ian. g0 apyky 29.10.21. ®opmar 60x90 /6. IMamip apyk Nel.

JHpyk opceTHnii. YMOBH. JPYK. apK.
Tupax 100.

KHYBA
M. KuiB, [ToBitpodorceskuii np., 31. 03037




	001-107 Tiitul.pdf
	01-107 Bazh Pogos Postan.pdf
	02-107 Kriv Vorona Kozak.pdf
	03-107 Solodei_petr_zat.pdf
	04-107 Yurchenko  Peleshko.pdf
	05-107 Mikhailovskyi.pdf
	06-107 Shidlovskiy Musiienko Zakhovaiko Lisachenko.pdf
	07-107 Лук'янченко Бурау Костіна Геращенко.pdf
	08-107 Бєлов Вабіщевич та інші.pdf
	09-107 Євзєров Гераймович Марченко Ремньов.pdf
	10-107 Loveikin Pochka  Prystailo  Balaka Pochka.pdf
	11-107 Kotsiuruba Datsenko & many others.pdf
	12-107 Rudnieva I., Priadko I., Tonkacheiev H., Priadko N..pdf
	13-107 Vorona, Maksimyuk, Martyniuk., Maksimyuk  18.10_1.pdf
	14-107 Pleshkanovska Kuznetsova.pdf
	15-107 Крусь.pdf
	16-107 Kuznecov & many others.pdf
	17-107 Gaydaychuk Kotenko.pdf
	18-107 Лізунов Іванченко Недін.pdf
	19-107 Avramenko & many others.pdf
	20-107 Gaydaychuk, Kotenko, Snizhko.pdf
	21-107 Кушніренко та інші.pdf
	22-107 Gayd Shevchuk Bilobricka.pdf
	23-107 Ворона Кара.pdf
	24-107 Romanіuk  Suprunіuk  Bezniuk  Misyuk .pdf
	002-107 Zmist.pdf
	003-107 Last Page.pdf

