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In this paper, we consider a two-mass 2-DOF vibro-impact system, consisting of a linear
oscillator, called the primary structure, and an impact damper attached to it. A damper with a small
mass hits a wall rigidly connected to the primary structure. This scheme corresponds to the scheme
of single-sided vibro-impact nonlinear energy sink — SSVI NES. It is shown that even a light
damper can reduce the amplitude and velocity of the primary structure oscillatory movement, that
is, decrease its energy. Further optimization of damper parameters should improve this effect. The
impact simulation using Hertz’s nonlinear contact force makes it possible to take into account the
mechanical characteristics of all colliding surfaces in more detail. The introduction of the initial
distance between the primary structure and the damper into the calculation scheme makes it
possible to take into account the impact between bodies and see when this impact is absent.

Keywords: vibro-impact,primary structure, damper, nonlinear energy sink.

1. Introduction

Vibration reduction in engineering in general and in the construction of high-
rise structures in particular has always aroused great interest among engineers and
scientists. Two decades ago, a proposal appeared to use special dampers for this —
nonlinear energy sinks (NESs). Nonlinear energy sinks have been proposed as a
practical and robust means of passively protecting buildings structures subjected to
extreme transient loads. Recently there has been a significant growth in the field of
NES. Various types of NESs have been introduced for vibration mitigation in
variety of dynamical and structural engineering systems and have been described
in the scientific literature and in particular in the most recent articles. In [1], the
authors compare the different types of NESs. They consider the single-sided vibro-
impact (SSVI) NES to be the most effective and efficient type among the common
ones. The coefficient of restitution is discussed, since in the vast majority of
investigations the impact is simulated by recalculation of the velocity reversal at
the impact moment. The authors consider that using the restitution coefficient 0.45
instead of the commonly used 0.7 (steel-to-steel impact) may significantly improve
the SSVI NES performance. In [2], a new vibro-impact bistable nonlinear energy
sink with relatively light weight attached to a damped linear oscillator is proposed
to form a two-degree-of-freedom nonlinear mechanical system with bilateral rigid
constraints. The state of the system after instantaneous impact is described by the
simplified shock theory and the momentum conservation. In [3], the authors’
attention is focused on the vibration reduction of a beam using a vibro-impact
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absorber with adjustable clearance. The response of the beam under harmonic
excitation demonstrates the existence of an optimal clearance that leads to the
lowest level of vibration of the beam. The article [4] addresses the effect of gravity
and sliding friction on the dynamics around targeted energy transfer of an inclined
VI NES. The authors believe that the results open a door for appropriately taking
advantage of the gravity into the VI NES design to improve its damping
performance. The analysis performed in [5] shows that the energy in the system
can be redistributed between the different impact modes. A new evaluation
criterion called the vibro-impact vibration reduction factor is proposed in order to
better evaluate the energy dissipation performance of the SSVI NES. The
relationship between this factor and the energy free impact mode coefficient is
investigated using the Hilbert transform. The effect of the SSVI NES parameters
on the energy dissipation performance under various initial conditions is discussed.
A satisfactory region for the SSVI NES design, which is identified via numerical
simulation, is proposed. In [6], the authors argue that a properly designed VI NES,
working with 1-2 impacts per cycle, is capable for effective broadband energy
harvesting over a wide amplitude and frequency range. The performed in [7]
asymptotic analysis reveals that the system with attached NES may have
simultaneous stable attractors. Numerical simulations highlights a possible
competition between stable attractors and allows us to investigate their basins of
attraction. The work [8] treats the dynamics of hybrid vibro-impact NES attached
to a linear primary structure as a passive energy absorber. The NES exhibits rich
dynamics, consisting of sustained linear oscillations, sustained impacts of various
frequencies, and alternating transition between both regimes. The analytical results
are supported by numerical verifications. The paper [9] proposes an approach for
the optimal design of NESs installed in structures subjected to stochastic
excitation. Parametric optimization of an NES installed at the top of a shear
building structure is performed to illustrate the proposed methodology. The paper
[10] presents a comprehensive study on seismic response mitigation of building
structures enabled by a novel vibro-impact dual-mass damper. It consists of a
linear oscillator and a nonlinear oscillator with impact surfaces between these two
oscillators. Its experimental studies are carried out on a three-story steel frame
structure with different column layouts. The authors believe that this damper
demonstrates great potential as an effective control strategy for seismic response
mitigation of building structures. The paper [11] presents a track NES and a SSVI
track NES as effective control strategies to mitigate the seismic response of high-
rise buildings. The performance of these devices is evaluated comprehensively
when attached to a representative 32-story high-rise building. Numerical results
show that the SSVI track NES exhibits strong robustness against changes in the
structural stiffness and the input energy level. The cost-effectiveness of the SSVI
track NES is also demonstrated on a 20-story shear-frame building. The seismic
performance of the SSVI track NES can be further improved by adjusting the
position of the impact surface. The authors believe that the track NES and, more
so, the SSVI track NES can be designed as highly cost-effective control strategies
and offer a promising solution for seismic response mitigation of high-rise
buildings.
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In [12], we have indicated some of NES types and described the chosen model
— vibro-impact NES. The article [12] contains a mini-review and the bibliography
of the works on NESs. Now, we study some dynamics aspects of single-sided
vibro-impact nonlinear energy sink — SSVI NES. It is recommended to use low-
mass dampers as NES (about 1% from the primary structure mass). The study of
impact processes in vibro-impact systems is associated with subtle dynamic effects
accompanying impacts between bodies. We want to emphasize two things. First,
we take into account the impacts between the primary structure and the damper.
This impact is absent when the exciting force is not large. However, with an
increase in the exciting force, these impacts exist and affect the system dynamics.
The introduction of the initial distance between the primary structure and the
damper into the calculation scheme makes it possible to find cases where these
impacts are absent, while according to the motion equations without this distance,
these impacts always exist. Secondly, the impact simulation using the nonlinear
Hertz’s contact force allows us to take into account the mechanical characteristics
of the colliding surfaces in more detail. The choice of suitable Young’s moduli of
elasticity can be useful instead of the restitution coefficient choice.

Thus, the goals of this paper are:

* to show a decrease in the primary structure amplitude and velocity during
its oscillatory motion when a low-mass damper is attached to it;

* to show this reduction for various damper masses and different amplitudes
of the harmonic exciting force.

2. Mathematical model
The system under consideration is a two-body 2-DOF vibro-impact system.
A linear elastic spring with a stiffness k; and a damper with a damping
coefficient c;attaches its main body of mass m,, called the primary structure,
to a fixed wall. It moves along the base without friction. An absorber of much
smaller mass m, is connected to the primary structure by a linear elastic spring
with a stiffness k, and a damper with a damping coefficient c;. The harmonic
force F(f) acting on the primary structure causes an oscillatory motion in
which the shock absorber hits a wall rigidly connected to the primary structure.
The bodies coordinates are x; and x,; the zero mark of the x-axis at the
primary structure mass center in an equilibrium state when all springs are not
deformed. The initial distance between the bodies, that is, the length of the
F(1) p undeformed right spring, is
equal to D. The distance to the
sy right movable wall is C; this
. :

f\‘,",-‘ i m, | distance defines the clearance.
YV VW We emphasize that we take into
ki { k> account the distance D and
Q Q insert it into the motion
x| D equations, since this allows us to
X g obtain the movement without

( . .
impact between bodies m; and
Fig. 1. Calculation scheme of SSVINES m,. Otherwise, this impact
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occurs always and must be taken into account. The calculation scheme of this
system is depicted in Fig. 1. It corresponds to scheme of single-sided vibro-
impact nonlinear energy sink (SSVI NES) [12,13].

The motion equations for this system are as follows:

myXy + ¢y X + kyxg — (R — %) —kp(xy —x; — D) =
= F(t) - H(Z)Fcon(z) + H(Zl)Fcon(Zl)l

. . . 1
myX, + ¢y (%, —%1) + ky(x; —x; — D) = M
= +H(2)F;,,(2) — H(Zz1)F ;0,,(27).
Exciting harmonic force F(t) = Pcos(wt + ¢,). Its period T = Zn/w.
The initial conditions are: at =0 we have
xl(o) = 01 xZ(O) = Dl xl(o) = 01 xZ(O) = 01 (pO = 0 (2)

. . . >
Here H(z) is the Heaviside step function H(z) = {(1)5 2 8 F.on(z) — the
contact interactive force that simulate an impact. It has the following form for
impact between bodies, since we are simulating the impact using the Hertzian
contact theory [14,15]:
3
Foon(2) = K[z(1)] 72,
_t_ 4 s _lviog_1ovh 3)
T 3(8148,)VATE. YT Eim’ T2 En’

and the same form for the impact of the damper onthe right wall, moving along
with the primary structure:

Foon(2z1) = Ki[2 (t)]s/zz,

q1 1-v3 1-vg

Grronjaan 93T om0 T T “)

Here zand z; are the colliding bodies » approchement upon impact, since
the Hertz’s theory allows local deformations in the contact zone. v, ,Vv,, Vs, V,
are Poisson’s ratios; E;, E,, E3, E, are Young’s moduli of elasticity for fourth
colliding surfaces; A,A,,B,B;,q,q, are constants characterizing the contact
zones geometry. The absorber surfaces, both left and right, are assumed to be
spherical with large radii R and R;; the contact surfaces of the primary
structure and the right obstacle are flat. Then A =B =1/2R, A, =B, =
1/2R,q = q¢;=0.319 as in the collision of a plane and a sphere.

When an impact between the bodies occurs, then

X; = Xx,, thatis, x; —x, = 0.

There is no impact when x; < x,, thatis, x; —x, < 0. Then z= x; — x,.

The impact of the damper on the right wall, moving together with the
primary structure, occurs when

x, =x;+ C,thatis, x, —x; =C, i.e.x, —x;, —C = 0.

During impactx, —x; —C = 0.

There is no impact when x, —x; —C < 0. Thenz; = x, —x; — C.

Numerical parameters of the considered system are listed in Table 1.

4
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Table 1
Numerical parameters of vibro-impact system (SSVI NES)
m, =1000 kg m, =50 kg A=B =05m"
k, = 3.95-10* N-m™' k, = 3.19-10° N-m™ q=0319
¢; = 4.52-10° N-ssm™! ¢, =4.07-10*N- s-m™ A =B, =05m"
E; =2.1-10"" Nm™ E, =2.1-10" Nm™ q, =0.319
E; =2.1-10" Nm™ E, =2.110" Nm™ D =0.05m
v; =0.3 v, =03 C= 0.06m
v3 =0.3 v, =023 w = 7.23 rad-s™

3. Numerical results

3.1. There is no impact between the bodies, but the damper hits the

right wall, which moves along with the primary structure

Two options are considered when the amplitude of exciting force is 200 N and
500N (Fig. 2 and Fig. 3). The graphs of the both bodies displacements are
presented in figures (a); graphs of their velocities are shown in figures (b). The
brown curves correspond to characteristics of damper; the black curves correspond
to the primary structure. The upper brown sharp peaks on displacement plots
clearly show impacts against the obstacle. The brown and black curves on
displacement plots do not touch because there is no collision between the bodies.
Figures (c) show the difference in displacements x, — x;. The upper blue peaks
x, —x; = 0.06 m show impacts against an obstacle. In figures (d), the contact
force is shown in red along with the exciting force. This is a 7- periodic vibration
mode with one impact per cycle. The impact contact force is much greater than the
exciting force. Figures () and (f) give the phase trajectories for both bodies.
Figures (f) clearly show the velocities reversal when the damper hits an obstacle.
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Fig. 2. Characteristics of both bodies oscillatory movement at the amplitude of the exciting force
P=200 N
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Fig. 3. Characteristics of both bodies oscillatory movement at the amplitude of the exciting force

P=500 N

3.2.There are impacts between the bodies and the damper hits the right

wall, which moves along with the primary structure

With an increase in the amplitude of the exciting force, the impacts between
bodies are added to the impacts of the damper on the right moving wall. The
characteristics of this motion at the amplitude value P=800 N are shown in Fig.
4. We see the tangency of the brown and black curves on the bodies
displacements plot (a), which correspond to impacts between the bodies. The
upper blue peaks in figure (c) at x, — x; = 0.06 m correspond to the impacts of
the damper against an obstacle; the lower blue peaks on this plotat x, —x; =0
show collisions between the bodies. In figure (d), the impact contact forces
highlighted in red are the forces when the damper hits the right moving wall; the
contact forces highlighted in blue are the forces accompanying impacts between
bodies. We see a 37-peridic motion with 6 impacts of the damper against
obstacle in a 37 cycle and 2 impacts between bodies in the same cycle.

The phase trajectories in figures (e¢) and (f) show the velocities reversals
during these impacts; they are small for the primary structure and significant
for the absorber.

3.3. Comparative results analysis

Let’s take a closer look at the influence of a low-mass impact damper on the
motion characteristics of the primary structure, namely, on the oscillatory
amplitude and velocity. Table 2 gives their values during the primary structure



ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 109

26

motion itself without any attached damper and with dampers of two different
masses at three exciting force values.
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Fig. 4. Characteristics of both bodies oscillatory movement at the amplitude of the exciting force

P=800 N

Table 2

Amplitudes of displacements and velocities of the primary structure m,
without any attached damper and with dampers of two different masses

P,N 200 500 800
i Apge, | Viwor | Amgos [ Vo | Amges | Voraws
Primary structure 0%m | 10"ms"'| 10°m | 10"m-s" | 10%m |10"m-s"
without damper 1.51 | 1.09 | 376 | 272 | 6.02 | 4.36
with damper 10 kg 144 | 1.04 | 360 | 261 | 578 | 4.18
with damper 50 kg 1.15 | 0.857 | 3.17 | 2.36 | 5.15 | 3.71

We see that the damper presence decreases the amplitude of both the

displacement and the velocity of the primary structure, that is, reduces its energy
in accordance with the damper name — energy sink. Fig. 5 graphically
demonstrates these results; the colors in the graphs correspond to the colors in
Table 2.

A damper with a small mass of 10 kg, that is, 1% of the primary structure
mass, slightly reduces its vibration characteristics when choosing damper
parameters as in Table 1. A further task arises: to optimize the parameters, that
is, to select the damper parameters (mass m,, stiffness k,, clearance C) in such
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a way that the values of the primary structure oscillatory amplitude and
velocity are minimal.
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Fig. 5. Time series of displacements and velocities of the primary structure at P=800 N. Blue -
without a damper, yellow - with a damper of mass 10 kg, red - with a damper of mass 50 kg.

4. Conclusions

The results obtained allow us to draw the following conclusions.

1. Even a damper with a small mass reduces the amplitude and velocity of the
primary structure vibrations.

2. The selection of the optimal damper parameters should to improve this effect.

3. The introduction of the initial distance between the primary structure and the
damper into the calculation scheme makes it possible to take into account the
impact between them and see when this impact is absent.

4. The damper only hits the obstacle, and there are no impacts between the
primary structure and the damper when the exciting force amplitude is small. The
impacts between the bodies occur with an increase in the exciting force amplitude.

5. The impact simulation using Hertz’s nonlinear contact force makes it possible
to take into account the mechanical characteristics of all fourth colliding surfaces in
more detail.
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Cmamms naodiviwna 18.10.2022

Jizynoe ILI1., ITocopenosa O.C., I[locmuikosa T.I'.
JAHAMWUKA TIEPBUHHOI CTPYKTYPH 3 €JHAHOI 3 OJHOBIYHUM
BIGPOYJIAPHUM HEJIHIMHUM IMOTJTUHAYEM EHEPTIT

Posrispaetbes 1BOX MacoBa BibpoynapHa cuctema 3 2 CTYIMHSMHU BiIBHOCTI, sIKa CKIANAETHCS 3
JIHIHHOTO OCLMJIATOpA, 110 Ha3BaHWW MMEPBHHHOK CTPYKTYPOIO, Ta 3’€JHAHOrO 3 Heto aemidepa.
Jemndep mManoi Mmacu 6’€Tbesi 00 CTIHKY, sIKa )KOPCTKO CKpillJIeHa 3 EPBUHHOK CTPYKTYporo. L
cxema BimoBiZae cxeMi OJHOOIYHOro BIOPOYZAapHOro HENiHIHHOrO moriauHa4a eHeprii (single-
sidedvibro-impactnonlinearenergysink — SSVI NES). Ilokaszano, mo HaBiTh jerkuil nemmdep
MOXK€E 3MCHLIUTH aMIUNTYAy Ta IIBHAKICTH IEPBHHHOI CTPYKTYpH B 1l KOIMBAIbHOMY pYCI.
INopaneiua onTuMizanis napaMerpiB Aemidepa Mae MOCHINTH Lei edexT. MogenoBaHHs yaapy
HEJHIHHOI KOHTaKTHOI cHJIOK ['epia dae MOXIHMBICTb JOKIAAHILIE BpaxyBaTH MEXaHidHI
XapaKTePUCTHKHU MTOBEPXOHb, IO CIIBYAAPSIOTHCSA. BBEICHHS Y PO3PaXyHKOBY CXEMY IOYaTKOBOI
BiICTaHI MDK HEPBHHHOIO CTPYKTYPOIO Ta AeMidepoM H03BOJSIE BpaxyBaTH yAap MK HUMHU Ta
1100a4YnuTH, KOJIH Lel yaap BigCcyTHIi.

KurouoBi cioBa: BiOpoynapHuii, MepBHHHA CTPYKTypa, Aemiidep, HETiHIHHMH HOrIMHAY
eHepril.

UDC 539.3

Lizunov P.P., Pogorelova O.S., Postnikova T.G. Dynamics of primary structure coupled with
single-sided vibro-impact nonlinear energy sink// Strength of Materials and Theory of
Structures: Scientific-and-technical collected articles. — K.: KNUBA. 2022. — Issuel09. — P. 20-29.
In this paper, we consider a two-mass 2-DOF vibro-impact system, consisting of a linear
oscillator, called the primary structure, and an impact damper attached to it. A damper with a
small mass hits a wall rigidly connected to the primary structure. This scheme corresponds to the
scheme of single-sided vibro-impact nonlinear energy sink — SSVI NES. It is shown that even a
light damper can reduce the amplitude and velocity of the primary structure oscillatory movement,
that is, decrease its energy. Further optimization of damper parameters should improve this effect.
The impact simulation using Hertz’s nonlinear contact force makes it possible to take into account
the mechanical characteristics of all colliding surfaces in more detail. The introduction of the
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initial distance between the primary structure and the damper into the calculation scheme makes it
possible to take into account the impact between bodies and see when this impact is absent.
Tabl. 2. Fig. 5. Ref. 15.

VK 539.3

Jisynos I1.11., [Toeopenosa O.C., [locmuikosa T.I. JlnHaMHKa NePBHHHOI CTPYKTYPH 3’ €1HaHOI
3 OQHOGIYHMM BiGpOyXapHHM HeJiHiHUM noriamHaveMm eHeprii / Omip MatepianiB i Teopis
crniopy: Hayk.-tex. 30ipH. — K.: KHYBA. 2022. — Bum. 109. — C. 20-29. — Aur.

Posensidaemobcsi 080X Macosa 8ibpoyoapHa cucmema 3 2 CMynHsiMu 8LIbHOCMI, IKA CKAAOAEMbCSL 3
JUHIUHO20 OCYUTAMOPA, Wo HA36aHUL NEPEUHHOIO CIPYKIMYPOIo, ma 3 €0HAHO020 3 Helo Oemngepa.
Hemnghep manoi macu 6’cmovcs 06 CminKy, AKa JHCOPCMKO CKPINAEHA 3 NEPEUHHOIO CIPYKMYPOIO.
Lsn cxema sionogioac cxemi 00HOOIUHO20 GIOPOYOAPHO20 HeMHIUHO20 nocnunaia enepeii (single-
sidedvibro-impactnonlinearenergysink — SSVI NES). Ilokazano, wo Hasime aeckuii oemngep
MOJICe 3MEHWUMU AMRAIMYOy ma WEUOKICMb NepeuHHoi cmpykmypu 6 ii KOIueaibHOMy pYycCi.
Iooanvwa onmumizayis napamempis demngpepa mae nocunumu yetl epexkm. Modentosarnns yoapy
Heninitinolo kouwmakmuoio cunoio Iepya O0ae modicaugicmov OOKIAOHIULE 6PaAXy8amu MexauiuHi
Xapakmepucmuku no6epxXoHb, wWo CRigyoapsiiomucs. Beedenns y pospaxynkogy cxemy nouamrogoi
6I0CMAHI MIDIC NEPEUHHOTO CIMPYKIMYPOIO MA 0eMRGEPOM 00360IAE 6PAXy8amu yoap Midic HUMU ma
nobavumu, Koau yeti yoap 6iocymHil.

Tabuxn. 2. Puc. 5. Bi6umiorp.15.
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