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A HYBRID NUMERICAL METHOD FOR EVALUATING THE BUILDING 
SEISMIC PROTECTION BASED ON DIGITAL TWINS  
 

The results of numerical and experimental studies of the residential building vi-
bration and its seismic protection by means of rubber isolators made in Ukraine 
from a natural rubber are presented. The numerical studies of vertical oscillations 
of a building with rubber supports at the level of a reinforced concrete grid were 
performed with the use of the dynamic digital twins developed on the basis of the 
finite element method. The numerical studies of the digital twins vibrations were 
performed using the records of soil vibration accelerations obtained under the rail-
way trains effects, as well as for the effects determined by the earthquakes accele-
rograms. The calculations of buildings on seismic supports with an allowance for 
seismic loads were performed with determining the factors of safety against over-
turning for a residential building. The paper shows that the solution to the prob-
lem on vibration and seismic protection of buildings is possible when using rubber 
elements as isolators, which have a nonlinear dependence of stiffness on the load. 

Key words: hybrid numerical method, digital twins, dynamic and non-destructive 
surveys, rubber isolators, vibration-isolated grid, Vrancea earthquake zone. 

 
Introduction. The feature of the buildings construction near the railway 

is that the construction site design can seismicity reach 7 points according to 
the scales of seismic intensity. For the buildings protection against seismic im-
pacts, the seismic supports stiffness in the vertical direction should be signifi-
cantly greater compared to the horizontal one. The stiffness estimation is 
based on the analysis of the enforced vibrations of buildings and structures as 
multi-mass systems, which are modeled using the equations of motion. The 
equations of motion are obtained using the D’Alembert and Hamilton princi-
ples or Lagrange equations (see, e.g., [17, 28]). The dynamics of systems with 
multiple degrees of freedom and the application of possible displacements 
principles and Hamilton’s principle for obtaining the equations of motion for 
the linear and nonlinear dissipative systems are considered in [1, 6, 12, 25]. In 
[9, 29], the results on the experimental and theoretical evaluation of the rail-
way transport dynamic effects on soil, foundations, and building structures 
are discussed. 

The methods for the analysis of buildings and structures response to 
seismic effects are presented in [7, 8, 11, 14, 16, 17, 22–24, 26–28, 30–34]. The 
seismic supports structures, methods for their parameters calculating and ap-
plication for the buildings seismic protection systems designing are listed in 
[10, 18, 23]. 

This work is devoted to the modeling of the “Pid Dubom” residential 
complex (PDRC) response (Fig. 1) to the railway transport dynamic effects in 
the Vrancea earthquake-prone zone with the digital twins and the Internet of 
Things (IoT) application. The residential complex construction site in the city 
of Lviv is located near the railway track. Before starting the design of the 
PDRC buildings, it was experimentally determined that the vibration levels of 
the floors in the buildings residential premises exceeded the values permis-
sible according to the sanitary standards for the dynamic effects of passenger 
and freight trains. First of all, the trains dynamic effects cause the increased 
(close to resonant) vertical vibrations of the floors in the buildings located 
along the railway track. To protect the residential buildings against the 
vertical and horizontal vibrations propagating through the ground, a vibro-
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isolation should be arranged at the foundation level using rubber vibration 
supports. The effectiveness of the building floors vibro-isolation shall be 
ensured by the 3–4 range ratio of the frequency of forced impacts from trains 
and the own vibrations frequency of the building on vibration supports. This 
condition is ensured when using vibration supports, which are made of low-
modulus rubber based on natural rubber. 

 

Fig. 1. The situation plan of the construction site for the residential 
complex at 26 Pid Dubom St. (PDRC) in the city of Lviv. 

According to the Eurocode 8 recommendations [5], when designing an 
earthquake protection system with layered rubber-metal seismic supports, it 
is necessary to accept the seismic isolators vertical stiffness by 150 times hig-
her than the horizontal one. The vertical vibrations period for a building on 
seismic supports should be no more than 0.1 s. However, such a requirement 
does not ensure protecting against the railway transport dynamic effects. For 
the effective vibration protection of buildings against the railway influences, 
the vertical vibrations period exceeding 0.2 s should be accepted for the buil-
dings on vibration supports. This problem solution is achieved by the usage of 
the rubber isolators with the vertical stiffness exceeding the horizontal one by 
no more than 5–7 times. According to the results of the rubber isolators tests 
conducted in Ukraine, it is found that the proposed rubber isolators meet the 
foregoing requirement as to the vertical and horizontal stiffness ratio. 

The seismic and vibration protection method proposed and patented in 
Ukraine [10] is intended both to increase the building structures seismic resistan-
ce and to provide for the comfortable living conditions in buildings located near 
the railway tracks. The protection system with rubber isolators ensures a re-
duction of seismic loads on the building structures by 1.5 to 2 times. The seismic 
protection use is governed by the European and national standards EN 1998 
1:2004 Eurocode 8 [5] and DBN V.1.1-12:2014 (State Building Normative) [3]. 

The objective of this study is to justify by means of digital twins and IoT 
the rubber isolators use for the protection against both the railway transport 
dynamic effects and the seismic loads. 

During the stress-strain state mathematical modeling for PDRC (Fig. 1), 
several types of difficulties were encountered.  

Railway 
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At the initial stage a digital twin, i. e., a digital model was constructed ta-
king into account the changes made during the building complex construction 
in comparison with the original project including the structural elements re-
placements, the actual grade of concrete used during the complex renovation 
(for instance, during the non-destructive testing of a building partially destro-
yed as a result of a rocket strike at 6-A Lobanovskyi Avenue in Kyiv [15], so-
me discrepancies were found between the design and actual grades of its 
structural elements concrete), real physical and mechanical properties of buil-
ding materials, soils real properties, final geometric dimensions of buildings 
etc. Those problems required the detailed on-site surveys of the complex at 26 
Pid Dubom St. with the use of the geometrical analysis, non-destructive tests 
and other methods. All the works were carried out by the co-authors of the 
paper during the buildings complex construction and after its completion and 
commissioning. 

The results of those experimental studies directly affect both the correct-
ness of the initial boundary conditions determination and the correctness of 
the complex finite element model. 

The boundary conditions, in addition to the complex geometric characte-
ristics, include the physical and mechanical characteristics of all complex stru-
ctural elements. The initial conditions include the accelerograms (which take 
into account the construction site real seismicity at the complex location in 
Vrancea area and the dynamic effects due to the trains and vehicles move-
ment) experimentally obtained for the direct dynamic calculation of the 
complex digital twin. Therefore, in addition to the mathematical modeling, the 
field studies of the soil and buildings floors vibration in the Pid Dubom resi-
dential complex built at a distance of 20–30 m from the Kyiv–Lviv railway 
track should be considered in the paper. Such tasks usually arise when the 
buildings are erected on the construction sites located in the earthquake-
prone zones near the railway tracks. Here, the construction site seismicity is 7 
points according to the European and Ukrainian scales of seismic intensity [3]. 

As a result, for modeling the stress-strain state of buildings and structu-
res subject to dynamic effects, it is necessary to develop such hybrid systems, 
which would allow research using IoT. To study the strength and vibration 
characteristics of the complex buildings and soil base, in addition to the 
traditional packages of LIRA 9.4 or SCAD application software, the IoT 
systems of sensors for non-destructive testing are necessary. Such IoT system 
is combined into one information network by means of the cloud technologies 
and allows obtaining in online mode the information necessary for revealing 
the particular buildings features. This is the second stage of the digital twin 
construction for PDRC. 

1. The equation of motion for a building flat model under dynamic 
effects. The study of the gradual and angular vibrations of the multi-mass 
nonlinear dynamic models with seismic protection systems is performed using 
the step-by-step integration of differential nonlinear equations (direct dyna-
mic method) for the specified accelerograms (kinematic impact at the building 
base during earthquakes). The numerical studies of the forced vibrations in 
the “pile base-seismic supports-foundation-building” system under seismic ef-
fects determined by the accelerograms at the building base level were carried 
out using the multi-mass flat (Fig. 2) calculation dynamic models (CDM). 

Considering the damping according to the Voigt hypothesis and dry fric-
tion forces at the foundation level, the forced vibrations differential equations 
in a matrix form for a building flat multi-mass CDM are obtained in the follo-
wing form: 

 0( ) ( ) ( ) ( ) sgn( ( )) ( )t t t t t+ + + = −Mx Cx K x x H x Mx&& & && . (1) 

where M , C , ( )K x , and H  are the matrices of the system masses and mo-
ments of inertia, damping, nonlinear stiffness and dry friction forces, respecti-
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vely; ( )tx&& , ( )tx& , ( )tx  are the vectors of acceleration, velocity, and displace-

ment of the building foundation and storeys floors; 0 ( )tx&&  is the soil accelerati-

on vector (the accelerogrames recorded during an earthquake or synthesized) 
at the building base. 

 

 
Fig. 2. The building flat CDM with taking into account the base and seismic 

isolation stiffness ( , , )x zK K Kϕ , foundation mass 1m  and moment of 

inertia 1i , floor structures masses 2 5, ,m m…  and moments of inertia 

2 5, ,i i… , and building structures shear 12 45, ,x xK K…  and angular 
12 45, ,K Kϕ ϕ…  stiffnesses under seismic impact 0 ( )x t . 

 
During the soil base horizontal vibrations 0 ( )tx , the building foundation 

(mass 1m ) displaces in the horizontal direction 1x  and rotates around the 

horizontal axis by angle ϕ  (Fig. 2). The building storeys masses jm  gradually 

displace relative to the foundation (coordinates jξ ) and rotate around the 

horizontal axis (coordinates jϑ ), 1,2, ,5j = … , see Fig. 2. Thus, the vectors of 

generalized coordinates without taking into account [9] and with taking into 
account the moments of inertia of the storeys masses are as follow: 

 ( )T T
1 2 3 4 5 1 2 3 4 5 2 3 4 5, , , , , , ( , , , , , , , , , )x x= ξ ξ ξ ξ ϕ = ξ ξ ξ ξ ϕ ϑ ϑ ϑ ϑq W . 

To determine the absolute displacements and accelerations of the building 
foundation and storeys, the absolute coordinates should be used: 

 T
1 2 3 4 5 2 3 4 5( , , , , , , , , , )x x x x x= ϕ ϑ ϑ ϑ ϑq . 

The equation of the CDM motion is obtained using the Lagrange 
equations of the second kind [16, 20]: 
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 ( ) 0
i i

d T U T
dt q q

 ∂ ∂+ − = ∂ ∂ & , 

where iq  are the generalized coordinates ( m mq x= , 1, 2, ,5m = … , 6q = ϕ , 

5n nq + = ϑ , 2, ,5n = … ), iq&  are the generalized velocities, T  is the kinetic 

energy of the system: 

 2 2 2 2 2
1 1 2 2 3 3 4 4 5 5

1
2

T m x m x m x m x m x= + + + + +


& & & & &  

 2 2 2 2 2
total 2 2 3 3 4 4 5 5i i i i i + ϕ + ϑ + ϑ + ϑ + ϑ 


& & & && , 

and U  is potential energy of the system: 

 2 2 2
1 12 2 1 12 23 3 2 23

1
2 xU K x K x x h K x x h = + − − ϕ + − − ϕ + 

 
( ) ( )  

 2 2
34 4 3 34 45 5 4 45K x x h K x x h+ − − ϕ + − − ϕ +


( ) ( )  

 2 12 2 23 2
2 3 2K K Kϕ ϕ ϕ+ ϕ + ϑ − ϕ + ϑ − ϑ − ϕ +( ) ( )  

 34 2 45 2
4 3 5 4 .K Kϕ ϕ

+ ϑ − ϑ − ϕ + ϑ − ϑ − ϕ 


( ) ( )  

Here, 2
total IM ,IMj j

j

i I m h= + ∑ , IMI  is the moment of inertia of the building re-

lative to the horizontal axis passing through the center of gravity; ,IMjh  is the 

distance from the center of gravity to the j th mass of the building, and xK , 

12K  23K , 34K , 45K , Kϕ , 12Kϕ , 23Kϕ , 34Kϕ , 45Kϕ  are described in the legend of 

Fig. 2. 
In the expanded form, the system (1) of differential equations (10 degrees 

of freedom) has the following form: 

 1 1 12 1 12 2 1 12 12 1 0( ) sgnxm x K K x K x H x K h m x+ + − + + ϕ = −&& & && , 

 2 2 12 1 12 23 2 23 3 23 23 12 12 2 0( ) ( )m x K x K K x K x K h K h m x− + + − + − ϕ = −&& && , 

 3 3 23 2 23 34 3 34 4 34 34 23 23 3 0( ) ( )m x K x K K x K x K h K h m x− + + − + − ϕ = −&& && , 

 4 4 34 3 34 45 4 45 5( )m x K x K K x K x− + + − +&&  

 45 45 34 34 4 0( )K h K h m x+ − ϕ = − && , 

 5 5 45 4 45 5 45 45 5 0m x K x K x K h m x− + − ϕ = −&& && , 

 total 12 12 1 23 23 12 12 2( )i K h x K h K h xϕ + + − +&&  

 34 34 23 23 3 45 45 34 34 4( ) ( )K h K h x K h K h x+ − + − −  

 2 2 2
45 45 5 12 12 23 23 34 34(K h x K h K h K h− + + + +  

 2 12 23 12
45 45 2) ( )K h K K K Kϕ ϕ ϕ ϕ+ + + ϕ + − ϑ +  

 34 23 45 34 45
3 4 5( ) ( ) 0K K K K Kϕ ϕ ϕ ϕ ϕ+ − ϑ + − ϑ − ϑ = , 

- --
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 23 12 12 23 23
2 2 2 3( ) ( ) 0i K K K K Kϕ ϕ ϕ ϕ ϕϑ + − ϕ + + ϑ − ϑ =&& , 

 34 23 23 23 34 34
3 3 2 3 4( ) ( ) 0,i K K K K K Kϕ ϕ ϕ ϕ ϕ ϕϑ + − ϕ − ϑ + + ϑ − ϑ =&&  

 45 34 34 45 45
4 4 4 4 5( ) 0i K K K K Kϕ ϕ ϕ ϕ ϕϑ + − ϕ − ϑ + ϑ − ϑ =&& , 

 45 45 45
5 5 4 5 0i K K Kϕ ϕ ϕϑ − ϕ − ϑ + ϑ =&& . (2) 

System (2) of the governing differential equations was solved numerically 
in Mathcad environment by the Runge – Kutta method. 

 
Fig. 3. The building spatial CDM taking into account the base and seismic isolation 

stiffnesses ( , , , )x y zK K K K , foundation mass mϕ  and moment of inertia 

iϕ , storeys structures masses m  and moments of inertia 0i , storeys 

structures shear GF and bending EI stiffness. 

2. The equation of motion for the spatial digital twin of a separate 
building under the railway transport dynamic effects. The numerical studies 
of the forced vibrations of the spatial multi-mass linear CDM of buildings 
(Fig. 3) under the railway transport effects are performed using the LIRA 
CAD software package (SP), in which the finite element method is 
implemented [19]. In the LIRA CAD SP, the building finite element spatial 
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model is calculated for the railway transport dynamic effects (of low intensity, 
at which building structures work in an elastic phase) using the following 
system of differential equations with constant coefficients: 

 0( ) ( ) ( ) ( ) ( )t t t t+ + = −Mx Cx K x x Mx&& & && . (3) 

where M , C , and K  are the constant matrices of the system masses, 
damping and stiffness; ( )tx&& , ( )tx& , and ( )tx  are the accelerations, velocities and 

displacements vectors; 0 ( )tx&&  is the kinematic load (soil acceleration at the 

building base) corresponding to time t . 
The initial velocities are assumed to be zero, and the initial displacements 

are obtained from the equations system solution for the first loading 1( )t =x x . 

 
Fig. 4. Scheme of the building vibration and seismic protection system with rubber 

supports (vibration isolators with the diameter of 340mm and the height of 
50mm ) at the pile grid level: PVC film, OSB – oriented strand board, 

fasten with dowels, pile top, Styrofoam ( 3kg / m ), vibration isolator, grid, 

concrete bed (concrete of C8/10 grade, 100mmh = ), pile, leveling sand 
grout. 

If (3) is considered as a system of ordinary differential equations with 
constant coefficients, the velocities, accelerations, and displacements can be 

concrete preparation 
concr. CB/10, h= 100mm 

polystyrene, h= 50mm{J= 15kgm,3) 

concrete preparation 
(concr. CB/10, h= 100mm) 

100 

OSB, h=B mm 

100 

_level ing sand-cemen_t moi:tar 
M200MM, h = 8 mm 
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approximated by the finite difference expressions for displacements. Using the 
central differences method, the system of equations of motion for accelerati-
ons at time t  can be written in the following form: 

 
  + + + ∆ + − ∆ = − + ∆ ∆ 

&&02
2 ( ) ( ) 2 ( )

( )
t t t t t

tt
M C K x x Mx( )  

 + + − ∆ ∆ ∆ 2
2 ( ) ( )
( )

t t t
tt

M Cx x . (4) 

The “new” displacements ( )t t+ ∆x  are determined taking into account 
the displacements ( )tx  and ( )t t− ∆x  previously obtained when solving the 
system (4). Such integration schemes are called implicit integration schemes. 
The given integration scheme is called the modified method of central diffe-
rences. Equations (4) are initial for solving both linear and nonlinear problems 
by direct dynamic calculations in the LIRA CAD software package [34]. 

During the numerical studies, the options are considered with an 
allowance for the dry friction forces during the vibrations of the reinforced 
concrete foundation on rubber supports relative to the base made of 
polystyrene foam (Fig. 4). 

3. Experimental studies of the soil and buildings vibrations under the 
railway trains effects. The construction site is in a densely built-up area with 
neighboring highways and railways. Traffic near the construction site is 
unlimited during the day. The two-way traffic of passenger and freight trains 
at the Kyiv – Lviv railway section near the construction site is also without 
any restrictions. 

In compliance with the design, the PDRC consists of three sections diffe-
ring by the storeys number and dimensions in plan (Fig. 1). Section 1 is loca-
ted at a minimum distance from the railway track (20–25 m). The railway 
track is ordinary one without any vibration isolation elements and with butt 
joints. Prior to the building construction start, the soil surface vibrations at 
the residential complex construction site were experimentally studied. A com-
parison of the experimental and allowable values of vibrations accelerations 
levels showed that under the railway trains effects the soil vibrations levels 
and predicted floors vibrations levels exceeded the values allowable for 
residential buildings by 6–12 dB (from two to four times). Thus, the necessity 
was proved to install a vibration protection system at the pile grid level so 
allowing to reduce the structures vibrations levels and ensure the comfortable 
living conditions in buildings. 

The soil accelerations records obtained at the residential complex con-
struction site are used in the dynamic analysis of the three sections spatial 
models for determining the predicted levels of building floors vibrations acce-
lerations. The numbers of storeys in sections are as follows: 13, 6 and 10 in 
sections 3, 2 and 1, respectively. Each section is arranged on its own vibration-
isolated pile foundation. The section 3 frame is made girderless of cast-in-
place reinforced concrete with the stiffening cores in the zone of an elevator 
and stair blocks. In plan, the building floors have variable areas decreasing 
with height. The floor plan has the shape of a rectangular trapezoid. The sec-
tion 2 frame is girderless of cast-in-place reinforced concrete with the stiffe-
ning cores in the elevator block zone. In plan, the section has a trapezoidal 
shape and adjoins sections 3 and 1. The section 1 frame is girderless of cast-
in-place reinforced concrete with the stiffening cores in the elevator and stair 
blocks zone. The floor shape of section 1 is close to a parallelogram in plan. 

According to [3], the construction site design seismicity is 7 points. There-
fore, the construction should ensure the protection against both the ground 
railway transport dynamic effects and the earthquakes impacts.  
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The vibrometric studies of the soil, vibration-isolated grids and floor slabs 
were carried out over a period of two years during the construction of a 
residential complex with a system of vibration and seismic protection against 
railway trains effects and earthquakes. 

In Fig. 5 the residential complex construction state at the time of the 
vibrometric studies in November 2018 is shown. 

 
Fig. 5. The construction site view on November 22, 2018, after all storeys erection 

in the three sections of the residential complex. 

 
Fig. 6. The buildings vibration and seismic protection system arrangement at the 

pile grid level (Fig. 2). 

The final vibrometric studies and concrete grades determination by non-
destructive control methods were conducted at the object in November 2018 
after all storeys erection in three sections (6, 10, and 13 storeys). The 
vibrodynamic effects on the adjacent soil, grid (Fig. 6) and buildings floors 
were studied without moving railway trains (microseismic vibrations and 
natural seismicity of the Vrancea zone) and with them (man-made dynamic 
effects from railway trains and motor vehicle traffic). The dynamic studies 
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were organized and conducted in compliance with the regulatory documents 
[2, 21]. During the experimental studies, the vibrometric equipment allowing 
to record the vibration signals in real time and carry out their processing with 
the octave and narrow-band spectra determination was used. The obtained 
vibration signals (vibrations accelerations) were recorded and processed by 
means of the Seismomonitoring software package [13]. 

Based on the performed studies, the vibrations accelerations instrumental 
records were obtained in real time during the vibrations of the adjacent soil 
and structures of residential complex sections 1, 2 and 3 in the 0.3 – 100 Hz 
frequency range under the railway trains dynamic effects. 

As a result of the obtained records processing by the spectral analysis 
method, the levels of dynamic effects on the adjacent soil and structures of 
three building sections were determined, and the vibrations frequencies and 
maximum vibrations levels were recorded. In the 13- and 6-storey sections 
the recorded maximum levels of the floors vertical vibrations accelerations in 
the 16 Hz octave band reached 68 dB (Fig. 7), which was less than the 71 dB 
value allowable according to the Sanitary Standards [4]. 

Based on the comparison of the recorded levels of vibration effects on 
three sections structures in the residential complex and the values allowable 
according to regulatory documents, a conclusion was made as to ensuring the 
allowable values of vibrations levels under the moving trains dynamic effects. 

4. Analysis for dynamic and seismic effects. The structural scheme of 
the residential 6, 10, and 13-storey buildings is a girdertless cast-in-place 
reinforced concrete frame (Fig. 1). The load-bearing vertical structures are 
composed of columns, pylons and stiffening cores. The typical storey height is 
3.0m. The storey floors and coverings are the 200 mm thick slabs of cast-in-
place reinforced concrete, which connect the vertical elements and ensure the 
spatial building stiffness. The buildings foundations are cast-in-place 
reinforced concrete grids on a pile basis. The accepted piles cross-section is 
350mm 350mm× . 

  

Fig. 7. The octave spectra of the vertical vib-
rations accelerations during the freight 
train passage (the vibration sensors 1 
and 2 are installed on the 2nd storey 
floor in section 3 and on the 2nd storey 
floor in section 2, respectively): spectrum 

1, spectrum 2, RMS value, dB ( 2m/s ), 

frequency ( Hz ). 

Fig. 8. The experimental nonlinear depen-
dences of vertical displacements on 
loads (up to 1600kN ) for the rubber 
isolators with 340mm  of diameter 
and 50mm  of height: samples 1, 2, 
and 3, load (kN), displacement 
(mm). 

The pile grids are designed with 600 mm thickness in the 6-storey 
building and 800 mm thickness in the 10- and 13-storey buildings. For 
protecting against the railway trains dynamic effects, a vibration and seismic 
protection system is arranged (figures 4 and 6) based on the results of 
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numerical studies and tests of rubber vibration isolators (Fig. 8). The rubber 
isolator with 340 mm diameter and 50 mm or 40 mm thickness (Fig. 6) is 
installed on each pile head before concreting the grid plate. The proposed 
solution of the vibration protection system was also tested in 10- and 27-
storey residential buildings in Kyiv. The floors vibrations levels in twelve 
erected buildings did not exceed the values allowable under the railway trains 
dynamic effects (shallow and deep subway lines) according to the Sanitary 
Standards [6]. 

The spatial digital twins vibrations are calculated for the train dynamic 
effects in three sections of the residential complex with and without the 
vibration protection system (rubber vibration supports, on which the grid 
rests) using the LIRA CAD software package [23], in which the finite element 
method is implemented. The experimental nonlinear relationships of isolators 
vertical displacements and loads are shown in Fig. 8. 

 
Fig. 9. The design vertical amplitudes of the 6-storey building floors displacements under 

the passenger train effects (the 55-th form of vibrations) in the absence of a vibration 
protection system: SEISMICS 2, component 55, isofields of displacements along 
Z(G), measurement units ( mm ), masses are collected from loadings 1 and 2. 

The vertical vibrations frequencies in the 13- and 10-storey sections built 
on vibration supports (isolators with compressive stiffness 105000zK = kN/m) 

are 3.8 Hz and 4.1 Hz, respectively. The vertical vibrations frequency in the 6-
storey building section on vibration supports (isolators with compressive 
stiffness = 67000zK kN/m) is 4.7 Hz. 

For the floors vertical vibrations in the 6-storey building, the design le-
vels of 0.00477 m are obtained in the vibration protection absence (Fig. 9), and 
of 0.000724 m with the vibration protection system installed (Fig. 10), i.e., the 
floors vibrations decrease by 6.6 times can be predicted. The same data are 
obtained when calculating the digital twins of the 10- and 13-storey sections. 

The safety factor sK  for buildings overturning under seismic and wind 

loads is determined by the following expression: s m s/K M M= , where mM  is 
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the minimum resisting moment against a permanent load with respect to the 
edge row of vibration isolators, sM  is the maximum overturning moment for 

seismic or wind loads. 
The calculations of overturning safety factors for the 13-storey building 

(the maximum height among three sections of the residential complex) 
confirm that for the 7 points intensity seismic effects the minimum design 
safety factor is 5.4. The minimum safety factor for wind effects is 101.6. 

 

Fig. 10. The design vertical amplitudes of the floors displacements under the passenger 
train effects (the 10-th form of vibrations) in the 6-storey building with a vibration 
protection system: SEISMICS 2, component 10, isofields of displacements along 

( )Z G , measurement units ( mm ), masses are collected from loadings 1 and 2. 

  
Fig. 11. Accelerogram of the long-period 1977 

Bucharest earthquake of the 8 points 
intensity (the maximum ground acce-

leration = 22 m/sp  recorded at the 

earthquake beginning, time 
1.0 sect = ) [24]. 

Fig. 12. The horizontal displacements 

( 2m 10−× ) of the building foundation 
( 1x ) and storeys ( …2 5, ,x x ) in time 

t  (s) under the impact of the 1977 Bu-
charest earthquake of 8 points intensity 
(the frictional force is assumed as 0.8% 
of the building weight). 
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Fig. 13. The horizontal displacements ( 2m 10−× ) of 
the building foundation ( 1x ) and storeys 

( …2 5, ,x x ) in time t  (s) under the impact of 

the 1977 Bucharest earthquake of 8 points 
intensity (the frictional force is assumed as 
8% of the building weight). 

5. The results of the building non-linear flat model analysis for seismic 
effects. Earthquakes in the Vrancea area (Romania) are the most dangerous 
for the city of Lviv [3]. Therefore, the nonlinear flat model (Fig. 2) is analyzed 
for the effects of the accelerogram (Fig. 11) recorded during the devastating 
1977 Bucharest earthquake. The numerical studies of the nonlinear equations 
(1) are carried out in the Mathcad environment. The building foundation mass 
of 1200 tons and the storeys mass of 500 tons are assumed.The analysis results 
show (figures 12 and 13) that it is possible to additionally reduce the building 
foundation displacements during earthquakes by 1.5 times if the frictional 
forces are taken into account. 

Conclusion. The theoretical and experimental dynamic surveys of the 
buildings complex at 26 Pid Dubom St. in the city of Lviv based on the digital 
twins technology included the experimental studies of the construction site 
soil surface and buildings grids and floors structures using the IoT; the 
numerical studies of the spatial digital twins of 6-, 10- and 13-storey buildings 
with and without a vibration protection system for the dynamic effects of 
railway trains; the numerical studies of the flat digital twins of 6, 10 and 13-
storey buildings for the Vrancea zone seismic effects. 

Based on the results of the theoretical and experimental dynamic studies, 
the following conclusions can be drawn. 

1. The comparison of the experimental and allowable values of the vibra-
tion accelerations levels shows that under the railway trains effects the soil 
vibration levels exceed the values allowable for residential buildings by 

−6 12dB (from two to four times). That proves the necessity of the vibration 
protection system arrangement at the pile grid level for lowering the structu-
res vibration levels and ensuring the comfortable living conditions in 
buildings. 

2. The numerical studies of the spatial digital twins of three residential 
complex sections are performed under the railway trains effects with and 
without a vibration protection system. 

3. To ensure the comfortable living conditions in the residential complex 
buildings, the vibration and seismic protection system at the pile foundation 
level is developed and applied. The design frequency of the natural vertical 
vibrations of buildings with the vibration supports is −3.8 4.7Hz, which is by 
3.12 times less than the soil forced vibrations frequencies ( −15 80  Hz) due to 
the railway trains effects. The design and experimental data analysis shows 
that, if the vibration isolation is installed, the floors vibrations levels do not 
exceed the levels permitted by the Sanitary Standards for residential 
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buildings. In the vibration protection absence, the design levels of floors verti-
cal vibrations exceed the allowable values by 1.5 4−  times (from 2.9 dB to 
13.0 dB). 

4. The proposed system of the building vibration and seismic protection 
arranged at the pile foundation level ensures both the damping in the rubber 
supports (up to 5% of the critical damping) and the friction forces, which 
allows to additionally reduce the building foundation displacements during 
earthquakes by 1.5 times. 

5. The minimum design factor of safety against buildings overturning is 
5.4 in the case of seismic loads (determined at 7 points) and 6.5 under the 
wind effects. 

 

 1. Баженов В. А., Дехтярюк Є. С. Будівельна механіка. Динаміка споруд – Київ: 
Ін-т змісту і методів навчання, 1998. – 208 с. 

 2. ДБН 360-92** “Містобудування. Планування і забудова міських і сільських посе-
лень”. 

 3. ДБН В.1.1–12:2014 “Будівництво в сейсмічних районах України”. 
 4. ДСН 3.3.6.039–99 Державні санітарні норми виробничої загальної та локальної 

вібрації. 
 5. ДСТУ–Н Б EN 1998–1:2010 Єврокод 8. Проектування сейсмостійких конструк-

цій. Частина 1. Загальні правила, сейсмічні дії, правила щодо споруд (EN 1998-
1:2004, IDT). 

 6. Калюх Ю. І., Дунін В. А., Мар’єнков М. Г., Трофимчук О. М., Кураш С. Ю. 
Особливості застосування теорії ризику та чисельного моделювання для визна-
чення ресурсу будівель у зоні бойових дій // Кібернетика і системний аналіз. – 
2023. – 59, № 4. – С. 117–128. 
Те саме: Kaliukh I., Dunin V., Marienkov M., Trofymchuk О, Kurash S. Peculia-
rities of applying the risk theory and numerical modeling to determine the 
resource of buildings in a zone of influence of military actions // Cybern. Syst. 
Anal. – 2023. – 59. – P. 612–623. – https://doi.org/10.1007/s10559-023-00596-w. 

 7. Калюх Ю. І., Лебідь О. Г. Побудова адаптивних алгоритмів розв’язання багато-
хвильових задач // Кібернетика і системний аналіз. – 2021. – 57, № 6. – С. 106–
117. 
Те саме: Kaliukh I., Lebid O. Constructing the adaptive algorithms for solving 
multi-wave problems // Cybern. Syst. Anal. – 2021. – 57. – P. 938–949.  
– https://doi.org/10.1007/s10559-021-00419-w. 

 8. Калюх Ю. І., Трофимчук О. М., Лебідь О. Г. Чисельне розв’язання двоточкових 
задач статики розподілених протяжних систем за допомогою методу Нелдера–
Міда // Кібернетика і системний аналіз. – 2019. – 55, № 4. – С. 109–118. 
Те саме: Kaliukh I., Trofymchuk O., Lebid O. Numerical solution of two-point 
static problems for distributed extended systems by means of the Nelder–Mead 
Method // Cybern. Syst. Anal. – 2019. – 55. – P. 616–624.  
– https://doi.org/10.1007/s10559-019-00170-3 

 9. Кулябко В. В. Динамика конструкций, зданий и сооружений. Ч. 1. Статико-
динамические модели для анализа свободных колебаний и взаимодействия 
сооружений с основаниями и подвижными нагрузками. – Запорожье: Запорожс-
кая гос. инж. акад., 2005. – 232 с. 

 10. Мар’єнков М. Г., Болотов Ю. К., Дирда В. І., Лисиця М. І. Сейсмоізоляція бага-
топоверхових будинків складної конфігурації із пальовим ростверком // Наука 
та будівництво. – 2021. – 29, № 3. – С. 57–64.  

– https://doi.org/10.33644/2313-6669-14-2021-7. 
 11. Немчинов Ю. И., Марьенков Н. Г., Хавкин А. К., Бабик К. Н. Проектирование 

зданий с заданным уровнем обеспечения сейсмостойкости. – Киев: Гудимен-
ко С. В., 2012. – 384 с. 

 12. Писаренко Г. С. Колебания механических систем с учетом несовершенной упру-
гости материала. – Киев: Наукова думка, 1970. – 380 с. 

13.  Программа управления. Многоканальная система «Сейсмомоніторинг» верcия 
1.0. Руководство оператора. – Киев: ДИАТОС, 2009. – 83 с. 

 14. Трофимчук А. Н. Сейсмостойкость сооружений с учетом их взаимодействия с 
грунтовым основанием – Киев: ООО «Полиграфконсалтинг», 2004. – 72 с. 

 15. Фаренюк Г. Г., Немчинов Ю. І., Бєлоконь О. Л., Мар’єнков М. Г., Богдан Д. В., 



273 

Бабік К. М., Байтала Х. З. Оцінка стану будівель і споруд вібродинамічним ме-
тодом після військових пошкоджень // Наука та будівництво. – 2022. – 32, № 2. 
– C. 3–18. 

 16. Chopra A. K. Earthquake dynamics of structures. Theory and applications to 
earthquake engineering. – New Jersey: Prentice Hall, 1995. – xxvii + 729 p. 

 17. Clough R. W., Penzien J. Dynamics of structures. – Berkley: Computers & Struc-
tures Inc., 1995. – xxii + 730 p.  

 18. Erikawa T. Design procedure and examples of seismic isolation buildings in Japan 
/ In Proc. Int. Seminar on Technologies of Earthquake-Resistant Construction. 
Almaty, Kazakhstan, 2018. – P. 56–61. 

 19. Horodetskyi A. S. (Ed.). LIRA-SAPR 2017 Software package. User’s manual. Tea-
ching examples. Electronic edition. – 2017. – Access at: https://www.liraland.com/ 
news/update/3379/.  

 20. Hrytsyna O., Tokovyy Y., Hrytsyna M. Non-classical theory of electro-thermo-elas-
ticity incorporating local mass displacement and nonlocal heat conduction // Math. 
Mech Solids. – in press. – https://doi.org/10.1177/10812865231201132. 

 21. ISO 2631-2:2003 “Mechanical vibration and shock” – Evaluation of human exposu-
re to whole-body vibration. – Part 2: Vibration in buildings (1 Hz to 80 Hz) 

 22. Kaliukh I., Senatorov V., Khavkin O., Kaliukh T., Khavkin K. Experimental and 
analytic research on technical state, design and operation of reinforced concrete 
anti-landslide structures for seismic dangerous regions of Ukraine / in Proc. 12th 
fib Symposium “Engineering a Concrete Future: Technology, Modeling and 
Construction”, Tel-Aviv, Israel, 2013. – P. 625–628. 

 23. Kelly J. M. Base isolation: linear theory and design // Earthq. Spectra. – 1990. – 6. 
– P. 223–244. – https://doi.org/10.1193/1.1585566.  

 24. Krivosheev P., Slyusarenko Y., Chervinsky J. Development of calculation methods 
of foundations on the pliable basis in Ukraine // In Proc. 17th Int. Conference on 
Soil Mechanics and Geotechnical Engineering: The Academia and Practice of 
Geotechnical Engineering, 2019. – 2. – P. 1818–1821.  

– https://doi.org/10.3233/978-1-60750-031-5-1818. 
 25. Kunets Y., Kushnir R., Matus V. Scattering of SH-waves by an elastic fiber of non-

canonical shape with a thin interphase layer / In Guz A. N., Altenbach H., 
Bogdanov V., Nazarenko V. M. (eds.) // Advances in Mechanics. – 2023. – 191. – 
P. 293–312. – https://doi.org/10.1007/978-3-031-37313-8_17. 

 26. Newmark N. M., Hall W. J. Earthquake spectra and design. – Berkeley: Earthqua-
ke Engineering Research Institute, 1982. – 103 p. 

 27. Kaliukh I., Vasylenko V., Berchun Y., Vapnichna V., Sedin V., Tytarenko O. The 
computational intelligence application for assessing the technical state of a multi-
storey building damaged by an explosion // 2023 IEEE 4th KhPI Week on 
Advanced Technology (KhPIWeek), Kharkiv, Ukraine, 2023. – P. 1–5.  

– https://doi.org/10.1109/KhPIWeek61412.2023.10312914. 
 28. Slyusarenko Y., Matveyev I., Kisil A., Ischenko Y., Romanov O., Kosheleva N. Solu-

tion of the geotechnical problems of the Poshtova Square reconstruction in Kiev 
// Proc. XVI European Conference on Soil Mechanics and Geotechnical Engine-
ering (ECSMGE 2015): Geotechnical Engineering for Infrastructure and Develop-
ment. – 2015. – P. 693–698. 

 29. Slyusarenko Yu., Tytarenko V., Kosheleva N., Kostochka Ie., Shekhovtsov V., Yako-
venko I., Fesenko O., Vapnichna V., Iskov S., Kaliukh Iu. Experimental solving the 
problem of the shelter object reinforced concrete structures thermal expansion / 
In: Ilki A., Çavunt D., Çavunt Y. S. (eds.) // Building for the Future: Durable, 
Sustainable, Resilient. fib Symposium 2023. Lecture Notes in Civil Engineering. – 
2023. – 350. – P. 1683–1693. – https://doi.org/10.1007/978-3-031-32511-3_173. 

 30. Trofymchuk O. M., Kaliukh I. I., Dunin V. A., Kyrash S. Y. Dynamic certification 
and assessment of the buildings life cycle under regular explosive impacts // 
System Research Inform. Tech. – 2022. – No 4. – P. 100–118. 

 31. Trofymchuk O., Lebid O., Berchun V., Berchun Y., Kaliukh I. Ukraine’s cultural 
heritage objects within landslide hazardous sites / In: Vayas I., Mazzolani F. M. 
(eds.) // Protection of Historical Constructions. PROHITECH 2021. Lecture Notes 
in Civil Engineering. – Cham: Springer, 2021. – 209. – P. 951–961. 

– https://doi.org/10.1007/978-3-030-90788-4_73. 
 32. Trofymchuk O., Lebid O., Klymenkov O., Shekhunova S., Havrilyuk R. Dynamic 

certification of landslide protection structures in a seismically hazardous region of 
Ukraine: Experimental and analytical research / Proc. 7th Int. Conference on 
Earthquake Geotechnical Engineering, Rome, Italy, 2019. – P. 5337–5344. 



274 

 33. Weaver W., Timoshenko S. P., Young D. H. Vibration problems in engineering. – 
New York: Wiley-Interscience, 1990. – 624 p. 

 34. Voloshkina E., Efimenko V., Zhukova O., Chernyshev D., Korduba I., Shovkivska V. 
Visual modeling of the landslide slopes stress-strain state for the computer-aided 
design of retaining wall structures // IEEE 16th Int. Conf. on the Experience of 
Designing and Application of CAD Systems (CADSM): 5/1-5/5.  

– https://doi.org/10.1109/CADSM52681.2021.9385211. 
 
ГІБРИДНИЙ ЧИСЛОВИЙ МЕТОД РОЗРАХУНКУ СЕЙСМОЗАХИСТУ БУДІВЕЛЬ 
НА ОСНОВІ ЦИФРОВИХ ДВІЙНИКІВ  
 
Наведено результати числових та експериментальних досліджень вібро-сейсмоза-
хисту житлових будинків з використанням гумових ізоляторів українського ви-
робництва з натуральної гуми. Числові дослідження вертикальних коливань бу-
дівлі з гумовими опорами на рівні залізобетонної сітки виконано з використанням 
динамічних цифрових двійників, розроблених на основі методу скінченних елемен-
тів. Числові дослідження коливань цифрових двійників виконано з використанням 
записів віброприскорень ґрунту, отриманих внаслідок проходження залізничних 
поїздів, а також ефектів, визначених акселерограмами землетрусів. Виконано 
розрахунки будівель на сейсмічних опорах з урахуванням сейсмічних наванта-
жень з визначенням коефіцієнтів безпеки щодо падіння житлового будинку. Пока-
зано, що вирішення проблеми вібро- та сейсмозахисту будівель є можливим при 
використанні в якості ізоляторів гумових елементів, які мають нелінійну 
залежність жорсткості від навантаження. 

Ключові слова: гібридний чисельний метод, цифрові двійники, динамічні та не-
руйнівні дослідження, гумові ізолятори, віброізоляційна сітка, зона земле-
трусу Вранча. 
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