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Platform-vibrators are the main molding equipment in the production of precast concrete
elements. Shock-vibration technology for the precast concrete production on low-frequency resonant
platform-vibrators significantly improves the quality of the products front surfaces and the degree of
their factory readiness. This technology is used to produce large elements.

We describe the creation of a mathematical model for platform-vibrator that uses shock to
produce asymmetric oscillations. The values of the upper and lower accelerations of the mold with
concrete have different values with shock-vibration technology.

The created mathematical model corresponds to the two-body 2-DOF vibro-impact system. It is
strongly nonlinear non-smooth discontinuous system. It has some peculiar properties, namely: the
upper body with very large mass breaks away from the lower body during vibrational motion; both
bodies move separately; the upper body falls down onto the soft constraint; the impact that occurs is
soft one due to the softness and flexibility of the constraint. The soft impact simulation requires
special discussion. In this paper, we simulate a soft impact by a nonlinear contact force in
accordance with the Hertz quasistatic contact law.

The numerical parameters for this system were chosen in such a way that: firstly they provide
the fulfillment of requirements for real machine, and secondly they allow analyzing its dynamic
behavior by nonlinear dynamics tools. The created model is well enough to fulfill a number of
requirements, namely: T-periodic steady-state movement after passing the transient process; the
appropriate value of mold oscillations amplitude; the satisfactory value of the asymmetry coefficient
that is the ratio of lower acceleration to the upper acceleration. We believe that the created model
meets all the necessary requirements.

Keywords: platform-vibrator, shock, vibro-impact, mold with concrete, upper and lower
accelerations.

1. Introduction

Molding processes are one of the most important in the manufacture of
reinforced concrete structures. Now 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,
proper selection of vibration equipment do not lose their significance [1].
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At the end of the last century 60s extensive technological researches began
to optimize the molding modes. Gradually, it became clear that low-frequency
compaction modes have undoubted advantages: they allow obtaining high-
density concrete with a shorter compaction time. The asymmetric modes turned
out to be very effective. The values of the upper and lower accelerations have
different values under these regimes. Such modes are called shock-vibrational,
and technology — shock-vibration. For their implementation, low-frequency
resonant platform-vibrators were created. In recent years, shock-vibration modes
have been widely used in various fields of technology.

Shock-vibration technology for the precast concrete production on low-
frequency resonant vibratory platforms significantly improves the quality of the
products front surfaces and their factory readiness degree. Platform-vibrators are
the main molding equipment in the production of precast concrete elements [2].
Such equipment are produced in several factories in Russia.

Studies have confirmed that low-frequency resonant vibration platforms and
shock-vibration technology allow to obtain higher quality products in
comparison with other vibration platforms.

A complex process of concrete mixture particles interaction with each other
occurs 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 [3].

Many experiments have been conducted to study various aspects of the
concrete compaction process.

The magnitude of the working body acceleration w was taken as one of the
most important factors affecting the compaction process. It determines the
values of dynamics strengths in machine elements to a large extent. So, it links
technology process characteristics and strength machine characteristics.

If the working body makes asymmetric oscillations, it is advisable to take

into account the upper acceleration w,, and the lower onew, . Upper

acceleration is the acceleration of the mold with concrete at its highest position,
and lower acceleration is the acceleration of the mold in its lowest position [4].

Studies were carried out at various values of the working body oscillations
frequency.

Experiments with concrete mixtures of other compositions have confirmed
that the concrete macrostructure formation is faster and better at a lower
frequency and increased amplitude of the working body vibrations.

The goal of the paper is to create a mathematical model of platform-vibrator
with shock and to select its numerical parameters so that:

a) the model maximally corresponded to the requirements for a real machine;

b) the model made it possible to analyze its dynamic behavior using
nonlinear dynamics methods.
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2. Two body platform-vibrator with shock

When developing resonant vibratory machines, designers have to take into
account a large number of various requirements presented by modern production
to new equipment. The realization of close to optimal operating mode is one of
the most significant and fundamental. Its successful implementation is largely
determined by the successful choice of the principle vibro-machine scheme and,
as a consequence of this, its design scheme.

The specifics of many dynamic schemes was carefully analyzed in the work
on resonant vibratory machines for compaction of concrete mixtures. It turned
out that the conditions for optimal functioning can be satisfied by relatively
simple two-mass systems. The creation of vibroforming machines with the
number of main moving masses more than two is impractical, since this leads to
an unjustified complication of the machines design.

The two-mass platform-vibrator with shock is one of the successful solutions
for vibration equipment that implements shock-vibration technology for
concrete mixtures compaction and reinforced products molding [5]. Its
principled scheme is shown in Fig.1.
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Fig.1 Principled scheme of platform-vibrator:
1 — working body; 2 — mold with concrete; 3 — vibration exciter.

The shock-vibration platform of block type consists of separate blocks on
which rubber plates limiters are fixed. The mold with concrete mix is installed
on the stops without fastening. With oscillations, the mold breaks away from the
limiters and then falls on them. The mold collides with the limiters with
oncoming movement. Two general vibration exciters are installed on each
block.

One of the most important factors affecting the compaction process is the
value of the working body acceleration w. More precisely, the ratio of the lower
acceleration w, to the upper w;, is important.

This can be explained as follows. With vertical oscillations, separation of the
mixture from the pallet is possible only when the inertial forces applied to the
particles of the concrete mixture act upward. The mixture is pressed to the mold
pallet when inertial forces on the particles act downward [4].

The process of concrete mixture compaction is made more intensive due to

such asymmetric vertical form vibrations. Accelerations w,, that tear off
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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 [4].

It is necessary to take into account the influence of concrete mix on the
machine dynamics when calculating vibration compaction machines. So, it is
necessary to consider the compacting machine and concrete mixture as a single
dynamic system. But the concrete mixture is a complex viscoplastic medium. It
has some elastic properties in the presence of air (especially in the initial period
of compaction). All this makes it extremely difficult to solve a single dynamic
system “compacting machine — concrete mixture”. The question about the
nature of the machine interaction with the medium being processed remains the
most complex and least investigated. However, the influence of the concrete
mixture can be taken into account as an attached mass and some additional
damping when practical calculating and, in particular, determining the
amplitude-frequency responses of a vibratory machine [3].

The forces of resistance, despite their relative smallness, play a significant
role in resonant and close to them oscillation modes. These forces are "used" by
the system to compensate the energy coming from the external load. Therefore,
it is necessary to take into account the resistance force in the resonance zone.
They have not significant effect on the result outside this zone.

The attenuation coefficients are calculated from experimental data. One can
assume that the dissipation energy is relatively small and significantly affects
only on the resonating harmonic. Such an assumption may simplify the problem.
However, accounting for energy dissipation in elastic elements is very important
when studying the vibrations of an elastic system in the resonance region.
Internal friction is determined by a number of factors. Their influence is difficult
to take into account directly. There are many hypotheses to describe dissipative
forces. The most widely used is the Kelvin-Voigt hypothesis. It is often called
the viscous friction hypothesis. It suggests that dissipative forces are
proportional to the strain rate of elastic bonds [6].

The parameters of the exciting force and of the system (the mass of the
frame with the mold and concrete mixture, the stiffness coefficients of the
vibration limiters, etc.) are selected so that the machine operating mode is close
to resonant. That is, so that the natural frequency of the system is close to the
frequency of the exciting force.

Resonant vibration platforms have wide possibilities for regulating the
modes of working body oscillations. One can change both the amplitude and
frequency, and the very law of working body oscillations in the machine tuning
process.

The presence of two main moving masses allows us to solve two problems:
to provide the necessary law of working body movement and to create an
effective vibration isolation system. This can be achieved by appropriate
selection of the elastic bonds characteristics.
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One of the main disadvantages of resonance modes is associated with high
system sensitivity to a change in its parameters, which is due to its strong
nonlinearity. One can observe such sensitivity in real vibratory machines due to
changes in the technological load mass, the characteristics of shock dampers and
SO on.

The calculation schemes for determining the amplitude-frequency responses
of resonant vibration machines are based on assumptions usual to most applied
problems of the oscillations 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. Conditions guaranteeing single-axis motion are also
fulfilled.

Such assumptions turn out to be quite acceptable and do not introduce
significant errors in the final results of resonant vibratory machines calculating.

3. The mathematical model of platform-vibrator with shock

The calculation scheme of platform-vibrator is shown in Fig.2. Exciting
force F(t)=Pcos(ot +¢,), its period is T = 27/ o .

Platform shock table with

is attached to the base by m ™~ Y
2

linear vibration isolating spring of F(?) i T -
stiffness &, and a linear dashpot hie ko NEH <

mass m

m
with damping factorc, . Exciting 2 % t+lc
1 1
external periodic force F(¢) is
generated by electric motors Fig.2

mounted under the table. Elastic
rubber gasket with thickness 4 and stiffness & is attached to the table. A linear

dashpot with damping factor ¢, is placed between the table and the mold. Mold
with concrete with mass m, is placed on the gasket but is not fixed both to the

gasket and to the table. So it can tear herself away from the gasket and bounce.
The machine starts their movement when the electric motors begin their work.
First, the table and the mold move vertically together. Then the mold comes off
from the gasket. The table and the mold are moving separately until the mold
falls down onto the rubber gasket. Impact occurs. The bodies move together
again until the mold comes off the gasket and so on.

This shock-and-vibration machine is two-body 2-DOF vibro-impact system.
The model has the following features: a large mass of the falling body — mold
with concrete; softness, flexibility of one contacting surface — rubber gasket;
separation of the one body (mold) from another (table with gasket) and their
separate motion. One can consider the impact between mold and table with
gasket as soft one because of the softness, flexibility of the rubber gasket.

Thus, we consider three states of the platform vibrator: the initial joint
movement of both bodies, separate movement in case of loss of contact between
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them, and joint movement during the impact due to the form falling onto the
gasket.

The forces acting on the bodies are as follows.

The elastic force in spring is

Fy = kAL =k (=) M
The elastic force in rubber gasket is
Fio=koAly =ky[h—(y, —y)]. (2)

The origin of coordinate y is chosen in the table centre in the state of static
equilibrium. The static deformation of spring is

(m, +m,)g
hy=———- @)
k,
The damping forces are taken to be proportional to the first degree of
velocity:

Fdampl =< -).}] ’ FdampO = cO-)'}l . (4)

The influence of the concrete mixture can be taken into account as some
additional damping ¢, y, .
Then the primary joint movement of the table and the form until the first
separation is described by the equations:
myy =—mg—F, _Fdamp] = Iy +Fdamp0 +F(1),

. . ®)
My Yy ==myg =9y + Fiog = Fyampo-
We introduce the standard notation:
k k c c c m
_]=0)]2a _Oz(’)%a _O=2E_:()0)2a _]=2E_:]0)]a _2=2E_:20)2a _2=X (6)
m m, m, m m, m
The equations of primary joint movement will be written as follows;
. . 1
i =gx— oty — a3 yIh—(y, - y)1- 23 (G0, - S0y x) + ZFU), )
hp=—g+ wzz[h =y = y)1=20,(& 3, + &)
The initial conditions are:
at t=0 wehave ¢, =0, y, =0, y, =0, y,=h-%,, y,=0. ®)
. . . m,g
The static deformation of gasket is: A, = .
0
The equations during the separate movement of bodies are:
¥y = 18 —0fy — 2800 + - F (1),
my )

V) = -8 28,0,)5.
Impact occurs when the mold falls on the gasket. The mold with concrete
and the table are moving jointly during impact. The equations of this movement
are:
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i = gn— oy — 2807 +mLF(f)+
1

+H(z) {25.,00)270"1 —3xlh— (v, - y)]- mL

Feon(n =12 )},
|

(10)

Yy =—g =28y, +
+H(z) {wi[h — (¥ = yD]1-28ym, 1 +mLFcOn W =-» )}~
)

Here H(z) is Heaviside step function relatively bodies’ rapprochement
z=h=(y,-y)-
1, z>20

H(z):{0 2<0" 11

One can see that equations (10) include equations (9). When an impact
occurs, H(z)=1 and the terms in figure brackets begin to act.

F (¥, —y,) is contact interactive force that simulates an impact and acts

only during an impact. The type of this function requires the special
consideration. It can be either a linear or non-linear function. Previously, we
studied the impact simulation in vibro-impact systems with various impact types
[7,8]. We’ll describe the simulation of soft impact in detail in another paper.
We’ll compare the simulation by linear forces with different proportionality
coefficients and the simulation by nonlinear Hertz’ force. Now, when we’ll
choose the numerical system parameters in Section 4, we’ll use the nonlinear
Hertz’s force [9,10] for calculations.

It is worth to point out that Hertz’ contact theory requires that the strains in
the contact region be sufficiently small to be within the scope of the linear
theory of elasticity. “Metallic solids loaded within their elastic limit inevitably
comply with this latter restriction. However, caution must be used in applying
the results of the theory to low modulus materials like rubber where it is easy to
produce deformations which exceed the restriction to small strains” [11]. For an
example we have calculated the impact duration in three cases. We have
compared the values obtained by known formula [11,12] and by numerical
integration of the motion equations (10). The results are shown in Table 1.

Table 1
Moduli of elasticity of . Impact duration by
contacting bodies I;npactldu:zlltllozn by integration of equations
E Nm® | B Nm> | formeRlTLELS (10).s
3.5 E+06 2.0E+11 0.152 0.0135
3.5 E+08 2.0E+11 0.0256 0.0125
2.0E+11 2.0E+11 0.00257 0.00259
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Nevertheless, Hertz’s contact theory is widely used to model impact. It
provides fairly good and reliable results.

The calculation scheme of shock-and-vibration machine corresponds to two-
body 2-DOF vibro-impact system. It is strongly nonlinear non-smooth
discontinuous system. It changes its structure during oscillatory motion. The
right-hand sides of motion differential equations are discontinuous.

4. Selection of numerical system parameters

The basis for the choice of numerical parameters was “Recommendations for
vibratory molding of reinforced concrete products” [5]. But, as we wrote in
Section 2, this system is very sensitive to changes in its parameters due to strong
nonlinearity. The parameters of the exciting force and of the system (the mass of
the mold with concrete mixture, the stiffness coefficients of the vibration
limiters, etc.) are selected in the machine tuning process. In particular, they are
selected in such a way that the operation mode of the machine is close to
resonant.

First of all, it is necessary to set damping ratios &, ,.&, , &. We can assume
that the damping ratio should remain in the range 0< § <1 [13].

The damping effect plays a key role when the excitation of oscillations
occurs at a frequency close to the natural system frequency. With precise
resonance, the amplitude of the oscillations will tend to infinity until damping is
taken into account. The actual amplitude in resonance is determined in fact by
the magnitude of such damping.

We choose the damping ratios so as to obtain firstly, steady-state 7T-periodic
oscillatory process after transient period, and secondly, the amplitude of mold
oscillation, close to the required 0.8 — 1 mm.

Then we select the parameters of stiffness for spring &, and for gasket k. It

is known that the parameters of rigidity are relevant ones. They strongly affect
the oscillatory process. They also determine the natural system frequency. When
selecting these parameters, we are guided by the same principles as when
choosing damping coefficients.

Note 1. Elastic moduli of mold and gasket, Poisson’s ratios, and gasket radius
are included in the expression of contact Hertz’s force. The gasket surface is
flat. But we consider it as sphere of large radius in order to use the expression
for contact Hertz’ force.

It must be said that we cannot calculate the natural frequency of the
oscillatory system. It changes its structure during movement because the mold
comes off the table and then falls down on it. Its oscillatory motion is described
by the equations (10). It is seen that Heaviside function H(z) provides a change

in structure. Separate motion of bodies and their joint motion during an impact
are described by different equations. Therefore, the stiffness matrixes are
different for these equations. We’ll see a resonance after the formation of
amplitude-frequency responses. Then we can clarify some system parameters
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After many numerical experiments, we take the numerical parameters in

vibro-impact system as shown in Table 2.

Table 2
Mass of table m; , kg 7400
Mass of mold with concrete m ,, kg 15000
Stiffness of rubber gasket 4, N-m™! 3.0-10°
Stiffness of spring k,, N-m ™' 2.6:107
Thickness of gasket 4, m 0.0275
Damping ratio of dashpot 1 (spring) & 0.5
Damping ratio of dashpot 0 (gasket) &, 0.02
Damping ratio in concrete mixture &, 0.03
Elastic modulus of mold E,, N-m™ 2-10"
Elastic modulus of rubber gasket £;, N-m™ 3-10
Poisson’s ratio of mold v, 0.3
Poisson’s ratio of rubber gasket v, 0.4
Radius of gasket R, m 10
Amplitude of exciting force P, N 2.44-10°
Frequency of exciting force o, rad-s™’ 157

Note 2. After integrating the equations of motion (7) and (10), we get a
complete picture of the system motion, including the impact time. It should be
noted that we were forced to significantly reduce the integration step during an
impact. This decrease was much stronger than we did before when we
considered a rigid (hard) impact between solids. We think this is due to the great
softness of the rubber gasket. Its modulus of elasticity is small; therefore, its

deformations during an impact may be not smal
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We get a graph of contact forces and graphs of all other forces (Fig.5,6) acting
in the system during movement. We give the graphs of both bodies’ velocities
and accelerations.

Time histories and contact force graph (Fig.3) show that the movement is 7-
periodical with one impact per cycle. We can clearly see the great penetration
one body into another when we look at the curve ( y, —/4 ). The impact is very
soft due the softness and suppleness of the rubber gasket and the penetration is
quite large. Amplitude of mold oscillations is 4=0.76 mm.

The phase trajectories (Fig.4) show that 7-periodical movement is steady-state
after passing the transient process.

w D

0.007 0.012 0.017 0.022 0.027 y,m

Fig. 4

The speed graph (Fig.5) shows the gradual, not instantaneous reverses in
velocities during an impact because the impact is not instantaneous, its duration

is long. Impact time T pact is marked by vertical lines in Fig.5.

And finally, the acceleration graph (Fig. 5) gives the picture of asymmetric
accelerations. We have the lower acceleration w, =39.4 m-s” = 4 g and the

upper acceleration w,, =11.2 m-s” =~ 1.1 g (g is the gravitational acceleration).

w
Its ratio is —= = 3.6.
Wy
5. Conclusions

The created mathematical model of platform-vibrator with shock corresponds
to the two-body 2-DOF vibro-impact system. It is strongly nonlinear non-
smooth discontinuous system. It has some peculiar properties, namely: the upper
body with very large mass breaks away from the lower body during vibrational
motion; both bodies move separately; the upper body falls down onto the
constraint that is on the rubber gasket; the impact that occurs is soft one due to
the softness and flexibility of the rubber gasket. The numerical parameters for
this system were chosen in such a way that: firstly, they provide the fulfillment
of requirements for real machine, and secondly, they allow analyzing its
dynamic behavior by nonlinear dynamics tools. The created model provides: 7-
periodic steady-state movement after passing the transient process; the
appropriate value of mold oscillations amplitude A= 0.76 mm; the satisfactory
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value of the asymmetry coefficient — the ratio of lower acceleration to the upper

. . WL
acceleration is —= = 3.6.
Wu

Thus, we believe that the created model meets all the necessary requirements.

impact
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Cmamms naoitiwna 28.01.2020

Bbaoicenos B.A., [loeopenosa O.C., I[locmuikosa T.I.
CTBOPEHHSI MATEMATHYHOI MOJEJII YIAPHO-BIBPALIIMHOIO
MAMNJIAHYUAKA JJA YIIIJIBHEHHSA TA ®OPMYBAHHS BETOHHUX BUPOBIB

BiOpauiiiHi MalfiIaHYMKH € TOJOBHHM OOJAaZHAHHAM [P BHPOOHHULTBI OCTOHHHX Ta
3a11i300€TOHHNX BUPOOiB. Y 1apHO-BiOpaliiiiHa TEXHOJIOrisl IPH BUPOOHHULTBI 30ipHOr0 3a1i300€TOHY
Ha HU3bKOYACTOTHHX PE30HAHCHUX BIOpO-MaiijaHYMKax 3HAYHO IOJIMILYE SKICTh BHPOOIB Ta
CTYNiHb TXHBOI 3aBOJACHKOI TOTOBHOCTI. Llsi TEXHOJOris BHKOPHCTOBYETHCS [UIi BHPOOHHIITBA
BEJIMKOrabapuTHHX BUPOOIB.

B crarri onmcyeTbcsi CTBOPEHHS MaTeMaTHYHOI MOJENI YAapHO-BiOpalliiiHOro MaijaaHuuKa, Je
peai3y€eThCsl POKUM aCHMETPUYHHX KOJIMBAHb, y SIKOMY BEPXHE Ta HIDKHE MPHCKOPEHHs (GopMu 3
6eTOHOM MaroTh pi3Hi 3HaueHHs . CTBOpeHa MaTeMaTHYHA MOJCIIb BiIIOBia€e ABOX-MacoBiii BiOpO-
yIapHii chcTeMi 3 IBOMa CTYMHSIMHU BUIbHOCTI. 1]e cHiIbHO HelliHiliHA HeraKa po3pyuBHA CHCTEMA,
sIKa Ma€ Taki OCOOJMBOCTI: BEPXHE TINO AyXKE BEIUKOI MACH BIAPHUBAETHCS i 4ac KOJIMBAILHOTO
PyXy BiJl HI)KHBOTO TijJia, I TOAI TiJla PyXalOTbCs OKPEMO; IOTIM BEPXHE TUIO MaJa€ Ha M SIKUi
OOMEKHHUK; BiIOyBa€TbCs M sAKMH ymap. MopemoBaHHS M‘SKOro yxapy HOTpeGye OKpeMoro
00roBopeHHs. Y Wil CTAaTTi ygap MOJETIOEThCS HEMIHIHHOIO KOHTAaKTHOIO CHIIOIO BiINOBIIHO 10
KBA3iCTaTHYHOIr0 KOHTAKTHOrO 3aKoHy I'epiia.

UYucioBi mapaMeTpy CHCTEMH BUOMPATINCS TaKMM YMHOM, 1100 MO-Tepiue, BOHU 3a0e3medyBain
BUKOHAHHSI BUMOT JIO PeajbHOI MalIWHH, Ta MO-APYre, A03BOJIMIIM BUKOHATH aHANi3 1l JMHAMIYHOL
HOBEIiHKK 3acobaMu HemiHiHOI auHamikd. CTBOpEHa MOJENb JOCTaTHBO a0o0pe 3abesnedye
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BUKOHAHHSI HM3KH BHUMOT, a came: T-TepioJuuHuil YCTAJICHUH pyX IiCisl MEepeXiJHOro MpoLecy;
HpUAATHE 3HAYCHHS aMIUITYM KOJIMBaHb (HOPMH; 3aJ0BIIbHY BeIHYNHY KoedilieHTy acuMeTpil, a
caMme BiJHOLICHHS HIKHBOI'O IPUCKOPEHHS 10 BEPXHBOTO.

KuarouoBi ciioBa: ynapHo-BiOpaliiiHiii MaiijaH4uK, BiOpo-yaapHa cucrema, Gpopma 3 6ETOHOM,
BEPXHE Ta HIDKHE IPHCKOPEHHSL.

UDC 539.3

Bazhenov V.A., Pogorelova O.S., Postnikova T.G. Creation of mathematical model of platform-
vibrator with shock, designed for concrete products compaction and molding Lyapunov
exponents estimation for strongly nonlinear nonsmooth discontinuous vibroimpact system //
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.
KNUBA, 2020. — Issue 104. — P. 103-116.

Platform-vibrators are the main molding equipment in the production of precast concrete elements.
Shock-vibration technology for the precast concrete production on low-frequency resonant
platform-vibrators significantly improves the quality of the products front surfaces and the degree of
their factory readiness. This technology is used to produce large elements.

We describe the creation of a mathematical model for platform-vibrator that uses shock to
produce asymmetric oscillations. The values of the upper and lower accelerations of the mold with
concrete have different values with shock-vibration technology.

The created mathematical model corresponds to the two-body 2-DOF vibro-impact system. It is
strongly nonlinear non-smooth discontinuous system. It has some peculiar properties, namely: the
upper body with very large mass breaks away from the lower body during vibrational motion; both
bodies move separately; the upper body falls down onto the soft constraint, the impact that occurs is
soft one due to the sofiness and flexibility of the constraint. The soft impact simulation requires
special discussion. In this paper, we simulate a soft impact by a nonlinear contact force in
accordance with the Hertz quasistatic contact law.

The numerical parameters for this system were chosen in such a way that: firstly they provide the
fulfillment of requirements for real machine, and secondly they allow analyzing its dynamic
behavior by nonlinear dynamics tools. The created model is well enough to fulfill a number of
requirements, namely: T-periodic steady-state movement after passing the transient process; the
appropriate value of mold oscillations amplitude; the satisfactory value of the asymmetry coefficient
that is the ratio of lower acceleration to the upper acceleration. We believe that the created model
meets all the necessary requirements.

Table 2. Fig. 6. Ref. 13

YK 539.3

Baoicenos B.A., [locopenosa O.C., [locmuikoéa T.I. CTBOpeHHs] MaTeMaTHYHOI MojeJi yiapHo-
BiOpaniiiHoro MmaiigaH4ymka UIsi yUIiibHeHHs1 Ta (opMyBaHHsI GeTOHHMX BHPOGiB // Omip
MaTtepialiB i Teopis cnopyn: Hayk.-Tex. 30ipH. — K.: KHVBA, 2020. — Bun. 104. — C. 103-116. —
AHrI1.

Bibpayiini  matioanyuku € 20106HUM OONAOHAHHAM NpU  GUPOOHUYMGEI 6GemoHHUX ma
3anizobemonHux  6upobis.  YoapHo-eibpayitina  mMexHoao2is  npu  GUPOOHUYMEL  30iPHO20
3ani300emony Ha HU3LKOYACMOMHUX PE30OHAHCHUX GIOPO-MAUOAHYUKAX 3HAYHO NONINULYE SKICMb
6upobie ma cmyninb IXHbOI 3a600CbKoi 20moHOCmI. L[ MexHoNo2is SUKOPUCMOBYEMbCS Os
SUPOOHUYMBA 6eTUKO2AOAPUMHUX BUPODIE.

B cmammi onucyembcs cmeopenns mamemamuynoi Mooeni yoapHo-8ibpayitinoco mManoanduxa,
0e peanizyemuCs pedcum acuMempuyHux KoIu6ahb, y IKOMY 6ePXHE Ma HUJICHE NPUCKOPEHHS hopmu
3 Oemonom Mmaiome pizHi 3Hauenus. CMEopeHa mMameMamuina Mooeib 8I0N06iodae 080X-MAco6Iil
6iOpo-yoapuitl cucmemi 3 0goma cmynusamu eiibHocmi. Lle cunvho Heninivina Heanaoka po3pueHa
cucmema, sIKA Mae maki 0CoOIUBOCMI: 6ePXHE MINO O0YCce eIUKOI MACU BIOPUBAEMbCS NIO HAC
KOMUBANLHO2O PYXY 6i0 HUIICHLO2O MINd, i MOOi Mina pyxaromvcs OKpemo, NOMIM 6epXHE MiNo
naoae Ha m ‘sKuil 0omexcHuk; 8i00ysacmucs M SKkuil yoap. Moodenosanis m ‘siko2o yoapy nompebye
0Kpemo2o 002060penHs. Y yill cmammi yoap MOOEMOEMbCs HENHIUHOI KOHMAKMHOIO CULOK0
8ION0GIOHO 00 K8A3ICMAMU4H020 KOHMakmHuoz2o 3akony I'epya.
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Yucnogi napamempu cucmemu GUOUPATUCA MAKUM YUHOM, W00 no-nepuie, 60Hu 3a0e3neuyeanu
BUKOHAHHS 8UMO2 00 PeabHOi Mawunu, ma no-opyze, 00360JUIU GUKOHAMU AHANI3 §T OuHaMiyHOl
nosedinku 3acobamu HemniuHoi ounamixu. Cmeopena Mmooeib 00Cmamubo 000pe 3abe3neuye
BUKOHAHHA HU3KU 6UMO2, a came: T—nepioduunuii ycmanenuii pyx Ricis nepexioHozo npoyecy;
npUOaAmHe 3HAYeHHs AMIIIMYOU KOTUBAHbMOPMU, 3A008LIbHY SeIUYURY KOeIyicHmy acumempii, a
came 8IOHOUIEHHS HUNCHBO20 NPUCKOPEHHS 00 8EPXHbOZO.
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