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engineering use. Therefore, the research on the 
development of a new simplified method of 
protecting the building envelope from 
waterlogging is currently relevant [8]. 
In calculating building structures, it is 
important to take into account the physical 
characteristics of building materials: humidity, 
density, vapor permeability, etc. However, the 
choice of thermal conductivity value depends 
on the humidity conditions in residential 
premises and the humidity zone in which the 
building structure is placed. Therefore, there 
are 2 operating conditions: A and B. 
Thermal conductivity values for some building 
materials have been given (Table 1). 
 

Table 1. Thermal conductivity values for some 
building materials 

Material 
Thermal conductivity, 

/  W m C  
A B 

Mineral wool slabs 
made of stone fiber 

0.045 0.048 

Gravel 
expanded clay 

0.13 0.145 

Gas and foam 
concrete 

on cement binder 
0.38 0.43 

Reinforced concrete 1.92 2.04 

Cement-sand mortar 0.76 0.93 

Plywood 0.15 0.18 
 
To simplify calculations of protection against 
waterlogging, the waterlogging criterion 
found using the following formula was 
introduced: 
 

R
.

R

req
n

n

l                           (1)  

where nR  – vapor permeation resistance, 
2 /s Pa kgm ; 1

req
nR , 2

req
nR  – required vapor 

permeation resistances, 2 /s Pa kgm . 
Using the waterlogging criterion, it is possible 
determine whether the structure will be 
waterlogged. However, the criterion is 
calculated for each city taking into account 
climatic conditions, which complicates the 
method of protection against waterlogging. In 
this regard, there is a need to develop 
alternative methods of studying the balance of 
moisture transfer in more simplified ways. This 
article develops a method of assessing the 
construction of a building envelope using a 
waterlogging nomogram. 
 
 
1. THE PROBLEM 
 
To develop a method of calculating protection 
against waterlogging of external building 
envelopes using a waterlogging nomogram. 
 
 
2. MATERIALS AND METHODS 

 
2.1. Studying the value of the waterlogging 
criterion at different duration of the moisture 
accumulation period 
Analyzing the obtained values of the criterion 
of waterlogging of the building envelope in 
different cities in Russia, it was found that the 
criterion l depends on climatic parameters. It 
was determined that the period of moisture 
accumulation does not exceed 8 months. 
Graphs of the dependence of the 
waterlogging criterion on the values of the 
average monthly negative outdoor air 
temperature at different durations of the 
period of moisture accumulation were 
obtained (Figure 1, Figure 2). 
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Figure 1. Dependence of the waterlogging criterion on the outside air temperature and the duration 

of the moisture accumulation period for 1, 2, 3 and 4 months of moisture accumulation (A – 1 
month; B – 2 months; C – 3 months; D – 4 months; the relative humidity of the outside air during 

the period with negative average monthly temperatures: 1 – . 70 %out neg ; 2 – . 75 %out neg ; 3 – 

. 80 %out neg ; 4 – . 85 %out neg ; 5 – . 90 %out neg ; 6 – . 95 %out neg ; 7 – 1l ) 
 

 
Figure 2. Dependence of the waterlogging criterion on the outside air temperature and the duration 

of the moisture accumulation period for 5, 6, 7 and 8 months of moisture accumulation (A – 5 
months; B – 6 months; C – 7 months; D – 8 months; the relative humidity of the outside air during 

the period with negative average monthly temperatures: 1 – . 70 %out neg ; 2 – . 75 %out neg ; 3 – 

. 80 %out neg ; 4 – . 85 %out neg ; 5 – . 90 %out neg ; 6 – . 95 %out neg ; 7 – 1l ) 
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2.2. Construction of a nomogram of 
waterlogging of the building envelope 
While analyzing the obtained graphical 
dependencies (Figure 1, Figure 2), it was found 
that waterlogging is influenced by 3 main factors: 
the temperature of the outside air during the 
period of moisture accumulation, the relative 
humidity of the outside air during the period with 
negative average monthly temperatures, and the 
duration of the period of moisture accumulation. 
By varying the values of the main factors, it is 
possible to construct a dependence graph when 
the criterion of waterlogging of the building 
envelope is equal to one. The values of the 
outside air temperature are plotted on the 
abscissa axis, the relative air humidity values are 
marked on the ordinate axis, and dependence 
lines that depend on the duration of the period of 
moisture accumulation are obtained. Due to the 
fact that there are operating conditions A and B, 
two waterlogging nomograms are obtained 
(Figure 3, Figure 4). 
 
2.3. Algorithm for constructing and using a 
nomogram of waterlogging of building 
envelopes 
To construct a nomogram of waterlogging of a 
building envelope based on the method of 
protection against waterlogging the following 
measures are taken: 
1. The required design is selected; 
2. The operating conditions of the building 
envelope are determined; 
3. The value of the relative humidity of the 
outside air is set in increments of 5% and the 
duration of moisture accumulation; 
4. The range of outdoor air temperature values 
during the period of moisture accumulation 
varies in increments of 1 ; 
5. The criterion of waterlogging of the building 
envelope is calculated; 
6. The criterion values l=1 are selected, and the 
corresponding values of the outside air 
temperature, relative humidity of the outside air 
and the period of moisture accumulation are 
recorded; 

 
Figure 3. Nomogram of waterlogging of the 
building envelope for operating conditions A 

(duration of moisture accumulation period: 1 – 
three months; 2 – four months; 3 – five months; 

4 – six months; 5 – seven months; 6 – eight 
months) 

 

 
Figure 4. Nomogram of waterlogging of the 
building envelope for operating conditions B 

(duration of moisture accumulation period: 1 – 
three months; 2 – four months; 3 – five months; 

4 – six months; 5 – seven months; 6 – eight 
months) 

 
7. After finding all the points at which l=1, the 
values of the average outdoor air temperature for 
the period of moisture accumulation at the 
corresponding relative humidity and the period 
of moisture accumulation are reduced to a 
waterlogging nomogram, which enables us to 
arrive at decision on the possibility of the 
building envelope construction. 
For structures under different operating 
conditions, different waterlogging nomograms 
are constructed. 
To calculate the protection of the building 
envelope from waterlogging using the 
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waterlogging nomogram, the following steps are 
taken: 
1. A nomogram that corresponds to the 
calculated building envelope taking into account 
operating conditions is selected. 
2. The abscissa axis marks the outside air 
temperature for the period of moisture 
accumulation in accordance with the city in 
which the calculation is performed. 
3.  A vertical straight line is drawn from the 
found outside air temperature point until it 
intersects with the line of the desired moisture 
accumulation period. 
4. A horizontal line is drawn from the found point 
until it intersects with the ordinate axis, thereby 
determining the critical value of the relative 
humidity of the outside air. 
5. The value of the relative humidity of the 
outside air is determined from the ratio of the 
average partial pressure of water vapor of the 
outside air during the period with negative 
average monthly temperatures to the pressure of 
saturated water vapor in the plane of greatest 
moisture for the period of moisture 
accumulation, and then a horizontal straight line 
is drawn. 
6. If the horizontal straight line of the critical 
humidity value is higher than the horizontal line 
of the relative humidity of the outside air, the 
structure has passed the waterlogging protection 
test successfully. 
7. If the horizontal line of the critical humidity 
value is lower than the horizontal line of the 
relative humidity of the outside air, the structure 
fails to pass protection test against waterlogging. 
 
 
3. RESULTS AND DISCUSSION 
 
A calculation of protection of the building 
envelopes from waterlogging located in 
Blagoveshchensk and Yerofey Pavlovich has 
been conducted. 
For a structure designed in Blagoveshchensk, the 
criterion of waterlogging of the building 
envelope is calculated using formula (1): 

R 0.96
0.58.

R 1.655

req
n

n

l  

 
The value of the waterlogging criterion 
according to the calculation is less than one, 
therefore, the building structure in 
Blagoveshchensk has passed the test against 
waterlogging successfully. 
Let us carry out calculations of protection of the 
building structure against waterlogging using the 
waterlogging nomogram. In Blagoveshchensk, 
the structure is operated under conditions B, and 
the main climatic parameters are: outside air 
temperature during the period with negative 
average monthly temperatures is -15.3 , the 
duration of moisture accumulation is 5 months. 
Relative humidity is determined by the formula: 
                              

.
.

0

.out neg
out neg

e
E

                             (2) 

 
where .out nege  – average partial pressure of water 

vapor of the outside air during periods with 
negative average monthly temperatures, Pa; 0E  – 

pressure of saturated water vapor in the plane of 
greatest moisture for the period of moisture 
accumulation, Pa. 
Taking into account formula (2) we obtain: 
 

.
.

0

148
0.77

192
out neg

out neg

e
E

. 

 
We plot the obtained values of the outdoor air 
temperature for the period with negative 
temperatures per month and the relative humidity 
of the outdoor air on the nomogram (Figure 5). 
The critical humidity horizontal line is higher 
than the horizontal line of relative humidity of 
the outside air, so the structure passes the test 
against waterlogging successfully. 
Let us calculate the value of the waterlogging 
criterion for a building structure in such city as 
Yerofey Pavlovich using formula (1): 
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R 2.8
1.69.

R 1.655

req
n

n

l  

 
It was found that the waterlogging criterion was 
greater than one, therefore, the building envelope 
Yerofey Pavlovich fails the waterlogging test. 
 

 
Figure 5. Nomogram of critical ratios of 

temperature and relative humidity of outdoor 
air and the duration of the period of moisture 
accumulation, used to make a decision on the 

construction of the enclosing structure of a 
building wall in Blagoveshchensk (duration of 
the period of moisture accumulation: 1 – three 
months; 2 – four months; 3 – five months; 4 – 

six months; 5 – seven months; 6 – eight months) 
 
Let us consider a possibility to construct a 
building structure in Yerofey Pavlovich using a 
new method such as the waterlogging 
nomogram. The enclosing structure is located in 
the second humidity zone (normal), which 
corresponds to operating conditions B. Basic 
climatic parameters: outside air temperature is -
17.4, the duration of moisture accumulation is 7 
months. Relative air humidity is calculated using 
formula (2): 
 

.
.

0

173
0.945

183
out neg

out neg

e
E

 

 
The values of outside air temperature and relative 
humidity are plotted on the waterlogging 
nomogram (Figure 6). 
The horizontal line of critical humidity is lower 
than the horizontal line with the value of relative 

air humidity, therefore, it is impossible to design 
a building envelope in such city as Yerofey 
Pavlovich, since it fails the test against 
waterlogging. 
The proposed method, namely, a nomogram of 
waterlogging of the enclosing structure has a 
number of advantages compared to the classical 
method of protection against waterlogging. The 
main advantage compared to the classical 
approach is that no calculations are required.  
 

 
Figure 6. Nomogram of critical ratios of 

temperature and relative humidity of outdoor 
air and the duration of the period of moisture 
accumulation, used to make a decision on the 
construction of the enclosing structure of the 

building wall in Yerofey Pavlovich (duration of 
the period of moisture accumulation: 1 – three 
months; 2 – four months; 3 – five months; 4 – 

six months; 5 – seven months; 6 – eight months) 
 
Also, this method can be applied by 
manufacturers of building materials who develop 
facade solutions. For each solution, the 
manufacturer can develop a series of 
waterlogging nomograms, with the help of which 
engineers can decide on the construction of the 
chosen building structure. This method will 
accelerate the process of designing buildings and 
structures and will facilitate decisions about 
constructing in a more convenient and visual 
form. 
 
 
4. CONCLUSIONS 
 
In the current work, a new effective method of 
determining the protection of a building envelope 
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from waterlogging has been developed as a 
waterlogging nomogram constructed using the 
following main climatic characteristics: 
temperature and relative humidity of the outside 
air, and the period of moisture accumulation. An 
algorithm of constructing and using a nomogram 
of waterlogging of a building envelope for 
various operating conditions has been presented. 
Classic method of protection against 
waterlogging and a new method of determining 
waterlogging of a building structure using a 
nomogram have been compared. The new 
method may be used by engineers when 
calculating and assessing the protection of a  
building envelope against waterlogging. 
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NUMERICAL MODELLING OF WIND LOADS.  
VERIFICATION AND VALIDATION FOR THE KEMEROVO 

MUSEUM, THEATRE AND EDUCATION COMPLEX 
 

Alexander M. Belostotsky, Oleg S. Goryachevsky, Sergey G. Saiyan,  
Alexandra M. Efimova 

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA 
 

Abstract: This paper presents the results of numerical modelling of mean and peak pressure coefficients for a 
unique facility, conducted within the verification procedure of Ansys Fluent in the RAASN system. The 
applicability of the steady-state (RANS) simulations and three turbulence models (SST k-  
k- ) is verified for the wind loads determination. The results are compared against experimental data obtained in 
the MSUCE wind tunnel. The weak applicability of often recommended methods of grid extrapolation (Richardson 
extrapolation and approximate error spline) is revealed. It is shown k-  the 
separation parameter CSEP = 1.25 provides a better fit to the wind tunnel data than SST k-  

 
Keywords: computational fluid dynamics (CFD), wind loads, verification, validation, Richardson extrapolation, 

Approximate Error Spline 
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ANSYS Fluent
(RANS) : SST  

k- , EARSM,  k- . 

:  
 k-  CSEP = 1.25 

SST k-   EARSM. 
 

  
,  

 
1. INTRODUCTION 
 
Reliable and efficient methods of wind loads de-
termination for buildings and structures is still an 
urgent task. Mass construction of unique and ar-
chitecturally outstanding facilities in dense urban 

areas stimulates the search for new approaches to 
solving this problem.  
Currently, the following methods are used to de-
termine wind loads: 
1. Engineering normative and analytical meth-
ods (do not meet the needs of modern construc-
tion); 
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2. Physical modelling in wind tunnels (WTs) [1,2]; 
3. Numerical modelling [3-11]; 
4. Monitoring and in-situ measurements [12] 
(suitable for academic research only); 
5. Machine learning and neural networks [13] 
(under study and yet unapplicable to design). 
Physical (experimental) modelling in WTs is 
currently the most used method to determine 
wind loads. In the middle of the XX century, an 
appropriate methodology was developed and 
validated with in-situ measurements that pro-
vides a sufficient level of plausibility under a 
number of limitations. Still, the high costs of 
construction and maintenance of WTs, poor 
scalability, significant experimentation time, 
low information content and other limitations 
gradually reduce the role of physical modelling 
in practice. 
Numerical modelling (using CFD), on the other 
hand, appears to be a more prospective direction: 
it is devoid of the WT limitations and promises 
potentially faster research. Therefore, it has al-
ready been limitedly legitimised in the regula-
tions of technologically advanced countries [14], 

 [15], ASCE 7-22. 
For the time of transition from physical to numer-
ical modelling, the most reliable approach is a 
hybrid one, which means a synthesis of numeri-
cal and physical modelling [15]. 
Currently, the best fit to experimental data is 
shown by utilising the LES turbulence model. 
However, its high computational costs hamper its 
application outside of specialised computational 
clusters. 
Therefore, steady-state (RANS-based) ap-
proaches [16] remain the most used ones for fast 
wind loads determination. 
In any case, verification and validation (V&V) 
procedures are required to confirm the relia-
bility of numerical modelling results. The 
most general definitions of V&V are given in 

[17] and ASME [18], but they do not 
regulate specific procedures and features of 
individual applications, such as structural aer-
odynamics. 

Due to the lack of exact solutions of mathemati-
cal models, verification in applications to struc-
tural aerodynamics is reduced to evaluating the 
errors of the numerical model (iteration, time, 
grid, etc.) [19-21,15]. 
To assess the grid convergence, a number of 
sources [19,22-27] recommend the use of such 
methods, as Richardson extrapolation and ap-
proximate error spline. In the present paper, it is 
shown that these methods do not provide any ad-
vantages to the wind loads determination prob-
lem. 
The validation procedure in structural aerody-
namics is more straightforward and complies 
with [17, 18], but it has one peculiarity: in the 
vast majority of cases, the results of numerical 
modelling can only be compared with experi-
mental data from WTs. 
In the present paper the V&V procedure of the 
numerical modelling was carried out for a unique 
facility, the Museum, Theatre and Education 
Complex (MTEC Three turbu-
lence models were used: SST k-

k- with the separation parameter  
CSEP = 1.25, 1.75, 2.25). Iteration convergence 
and three mesh variants were investigated. 
The results of numerical modelling are com-
pared against experimental data obtained in the 
MSUCE WT. 
The work was carried out within the verification 
procedure of Ansys Fluent for the problems of 
“determination of wind and snow actions on 
buildings and structures on the basis of numeri-
cal solutions of the equations of aero-hydrody-
namics” in the system of the Russian Academy 
of Architecture and Construction Sciences 
(RAASN) [28]. 
 
 
2. OBJECT AND METHODOLOGY  
 
2.1 Object and task description 
In the present paper, a unique facility of the Mu-
seum, Theatre and Education Complex (MTEC) 

(Fig. 1) was investigated. 
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Figure 1. Renders of the MTEC in Kemerovo 
 

MTEC has a complex deconstructivist shape. Fa-
çades combine glass and metal elements. The 
building has 10 floors with a total area of  
~81100 m2 and an underground car park. The 
MTEC is planned to house branches of the Mar-
iinsky Theatre and the State Russian Museum, as 

The ensemble 
of the facility is conceived of four parts: a “float-
ing” theatre “cloud”, two “crystals” (a museum 
and an art centre with workshops), and a public 
foyer. 
The paper investigates the mean (ce) and peak 
(ce,+, ce,-) pressure coefficients at control points 
on the façade and roof of the facility (Fig. 3): 
 

; ;p p
e e e

ref ref ref

p ppc c c
Q Q Q

 (1)

 
where refp p p  is the pressure drop; Qref- is 

the reference wind pressure p is the standard 
deviation of pressure; +(-) are the reliability co-
efficients. 

+(-) p is calculated 
using a known formula from statistics. In the 
numerical simulations, these parameters are 
determined using the methodology for steady-
state modelling outlined in [8,16]. 
The simulations were carried out for the two 
most typical wind directions (15°, from the sur-
rounding buildings, and 180°, from the unob-
structed side, Fig. 2). 
Experimental values of pressure coefficients 
were obtained in the MSUCE WT through phys-
ical modelling at a 1:200 scale (Fig. 3). 
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Figure 2. Investigated wind directions 

 

 
 

 
Figure 3. MTEC model in the MSUCE WT  

(control points are coloured white) 
 

2.2 Mathematical models  
In the present paper, the calculation of wind flow 
and wind actions is reduced to the numerical so-
lution of time-averaged (RANS) three-dimen-
sional nonlinear Navier-Stokes equations. For 
the determination of wind loads and actions on 
buildings and structures with practically justified 
simplification the wind flow is assumed to be in-
compressible and isothermal, and external mass 
forces are omitted [10]: 
 

1 2

,

i j

j i

ji
t

j j i

u u
p k

x x

uuv v
x x x

 (2)

 
where iu  are the components of the averaged flow 

velocity, [m/s]; t is the time, [s]; p  is the aver-
aged pressure, [Pa]; = 1.225 kg/m3 is the air 
density;  = 1. -5 m2/s is the kinematic  
viscosity of air; t is the turbulent viscosity. 
The continuity equation is given as: 
 

0j

j

u
x

 (3) 

  
The following turbulence models are considered: 
 Shear-Stress Transport (SST) k-  is a widely 

used two-parameter model that combines the ad-
vantages of k-  and k-  models for more accurate 
prediction of turbulent flows. A mixing function 
[29] is used to transition from the k-  formula-
tion near the boundaries to the k-  formulation in 
the free flow; 
 k- k- -param-

eter turbulence model developed by Ansys. It is 
based on the classic Wilcox k-  formulation, but 
rewritten in a “generalised” form: all dimen-
sional and dimensionless constants are replaced 
by special functions that are controlled through 
the model parameters to adjust for different types 
of flow. In this paper, the parameter CSEP (equal 
to 1.25, 1.75 or 2.25), which governs the 
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adverse pressure gradients and flow separation 
[29], is varied. 

 Explicit Algebraic Reynolds Stress Model 
(EARSM) is an extension of the standard two-
parameter model derived from the Reynolds 
stress transport equations to account for the 
non-linear relationship between the Reynolds 
stresses, the mean strain rate tensor and the 
vorticity tensor. WJ-BSL-EARSM extends the 
BSL model to account for the following effects 
[29]: 
 Anisotropy of Reynolds stresses; 
 Secondary flows. 

 
2.3 CFD models 
In order to correctly compare the results of nu-
merical and physical modelling, the CFD model 
reproduces the main parameters of the experi-
ment: the scale, the dimensions of the WT’s 
working area section, and the boundary condi-
tions. 
The numerical geometry of the MTEC with the 
surrounding buildings totally corresponds to the 
experimental one (Fig.4). 
 

 
Figure 4. Geometric model of the facility with 
the surrounding building in Ansys SpaceClaim  

 
Finite-volume meshes were created in Ansys 
Fluent Meshing using polyhexcore method and 

combine polygonal, prismatic and cubic finite 
volumes. Three meshes were developed to 
analyse the mesh independence of the solution 
and verify the CFD model: a coarse one (3.1 
million cells), a basic one (5.6 million cells, 
Fig. 6), and a fine one (12.8 million cells). All 
meshes are similar to each other and differ only 

cells by a factor of 1.5. The 
number of prismatic layers in the boundary 
layer is 5 for the coarse mesh, 7 for the basic 
mesh and 10 for the fine mesh. 

 

 
(a) 

 
(b) 

Figure 5. Finite-volume mesh: a – in the cross-
section of the domain; b – on the surface of 

MTEC and hotel with an elevated bridge 
 
The boundary conditions are shown in Fig. 6: 
 at the inlet, a flow velocity profile and turbu-

lent characteristics are set according to the exper-
imental data from the WT (Fig. 7); 
 a  
 at the upper, lower, lateral boundaries and sur-

faces of the facility and surrounding buildings, a 
no-slip wall condition is set. 
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Figure 6. Boundary conditions 

 
A total of 30 3D steady-state simulations (2 an-
gles of attack × 3 finite-volume meshes × 5 tur-
bulence models) were performed using Ansys 
Fluent (see Section 2.2). 
The coupled velocity-pressure scheme and 2nd 
order schemes were used for the momentum, tur-
bulent transport and pressure equations. The total 
number of iterations was set to 700, of which the 
first 200 were calculated with the time scale fac-
tor equal to 1.0, while the next 500 were calcu-
lated with the said factor reduced to 0.25. 
Data sampling for the iteration convergence anal-
ysis was performed on the last 100 iterations. 

 

 
Figure 7. Velocity [m/s] and turbulence  

intensity [%] profile from WT measurements  
and CFD approximations 

 
2.4 Verification methods 
A combined approach, based on two methods 
outlined in [21-27], was used to estimate the spa-
tial discretisation error: Richardson Extrapola-
tion (RE) and Approximate Error Spline (AES). 

The Richardson extrapolation suggests extrapo-
lating the investigated parameter to an infinitesi-
mal grid (h using the values obtained on a 
number of finite grids (h1 = h, h2 1 h, h3 2h). 

 is equal to both 1 and 2 

(in this paper, to 1.5), we get: 
 

21 2, ,h h hh
 (4) 

2 1ln
1;2 ,

ln
p  (5) 

1

p
h h

ext p  (6) 

 
where h, h, 2h are the values of the sought 
parameters on the fine, basic and coarse finite-
volume grid, respectively; p is the order of the 
generalised numerical scheme used for extrapo-
lation; ext is the extrapolated value (h  
Application of this method showed that the pa-
rameter p often reaches unrealistic values, result-
ing in inadequate values of ext. Therefore, as rec-
ommended by the authors, the values of p were 
restricted in the range of 1.0 to 2.0. 
To estimate the range of grid error, Roache [26-
27] 
(formula 7), which characterises the measure of 
discrepancy between the numerical result on the 
fine mesh and the asymptotic value, as well as 
indicates the behaviour of the numerical solution 
during further refinement of the finite-volume 
mesh
is within the asymptotic range: 
 

1.25 ,
1

A
p

eGCI  (7) 

 

where h h
A

h

e  is the relative approxima-

tion error. 
Approximate Error Spline method [25] assumes 
the proportionality between the error from the so-
lution ET and the error between the numerical so-
lutions EA: 
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, ,T h A h hE E  (8) 

T AE E  (9) 

 
where  is the unknown exact solution. 
According to [25], for  = ext: 

 
2 2ext hh h

 (10) 

2

2

1
.

2 2
hh

h hh

 (11) 

 
The developers of AES [24] do not provide any 
methods to estimate the error of the obtained ex-
trapolation. Since in the present work the AES 
method is used only for oscillatory convergence 
(see below), we propose to use the on the 
values obtained on three grids: 

 
2 2

0

1
,

2
ih

i
 (12) 

 

where
2

0

1

3
ihi

  is the average value on the 

three grids. 
Fig. 8 demonstrates the behaviour of the RE and 
AES methods for typical possible situations. 
As can be seen from the results, the AES method 
gives incorrect predictions for monotone conver-
gence and tends to infinity if the values are lo-
cated on the same line, while the RE method 
gives inadequate extrapolation for oscillatory 
convergence. To avoid incorrect extrapolation, it 
was decided to combine the two approaches and 
utilise AES for oscillating values and RE for 
monotone values. Thus, the resulting error is cal-
culated as: 

 
2

2

, ( )( ) 0

3 , ( )( ) 0
h h hh h

g
h h h h

GCI
E  (13) 

 

  
(a) demonstration of RE failure for oscillatory 

convergence h < h, 2h or h > h, 2h 
 

 
(b) demonstration of AES failure for monotone 

convergence of h < h < 2h or  
h > h > 2h 

 
(c) correct operation of the methods 
Figure 8. Extrapolation examples 
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To evaluate the iteration convergence, the val-
ues sampled at the last 100 iterations were pro-
cessed: 

 
max( ) min( )

,
2 mean( )

k k
it

k

e  (14) 

 
where k are the values of an investigated vari-
able at the kth iteration (k = 601...700). 
For mean( k iteration error ei takes 
very large values, not characterising conver-
gence. In such cases, formula (14) is not appli-
cable and the corresponding points are dis-
carded. 

 
2.5 Validation methods 
When comparing the results of numerical and 
physical simulations, in addition to qualitative 
evaluations, the values of the validation met-
rics proposed in [8] were determined: 

 

1

1

100%;

N
efd cfd
j j

j
n N

efd
j

j

D  (15) 

100%,eq
MR
N

 (16) 

  

where jefd, j fd are the iteratively averaged 
values of the investigated variables achieved 
from the physical and numerical modelling in 
the jth control point, respectively; M is the 
number of control points with statistically co-
incident values; N is the total number of con-
trol points; Dn is the normalised deviation of 
the results; and Req is the fraction of the points 

that match taking into account the error esti-
mates or have a deviation of no more than 
15%. 
Metrics (11-12) are not subject to the disad-
vantage of the often-used R2 metric, which is in-
sensitive to linear shifts. 
In the current work, the following criteria for val-
idation metrics are adopted: 
Dn – good (green);  
15% < Dn – satisfactory (yellow); 
Dn> 20% – not satisfactory (red);  
Req 75% – good (green); 

Req < 75% – satisfactory (yellow); 
Req < 50% – not satisfactory (red). 
 

 
3. RESULTS AND DISCUSSION 
 
This section presents the iteration and grid in-
dependence analyses results for the numerical 
solutions, and a comparison of the mean and 
peak pressure coefficients against the experi-
mental data. 

 
3.1 Iteration errors estimation 
Iteration error can contribute significantly to 
the numerical solution error (Fig. 9).  
The analysis shows that SST k- has the worst 
iteration convergence, with eit reaching 38% 
for some of the control points. The EARSM 

convergence (eit < 15%), and reducing the 
value of CSEP leads to an even more improved 
convergence (eit < 5% for CSEP = 1.25). 
For the most cases, refining the mesh reduces 
eit, although this is not a general rule. 
For all turbulence models, the influence of the 
surrounding buildings (180°) worsens the 
iteration convergence. This effect can be 
explained by the complexity of the flow 
structure.
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 9. Iteration error eit [%] for different turbulence models 
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3.2 Grid errors estimation 
independence analysis using a combina-

tion of RE and AES methods (formula 13) re-
sulted in plots of the absolute values of the er-
rors Eg (Fig. 10). 
For all turbulence models, the influence of the 
surrounding buildings (180°) worsens the grid 
independence as well, which can be explained 
by the complication of the flow structure, too. 

The solution for all turbulence models mostly 
demonstrates oscillatory behaviour (>80% of 
points). 
The best grid independence was achieved with 
the EARSM model (Eg < 0.1), followed by 

CSEP = 1.25), while the worst results 
were obtained with CSEP = 2.25) and 
SST (Eg < 0.4) models. 
 

 
 
 

 
(a) 180° (not influenced by the surrounding buildings) 

 
 

 
(b) 15° (influenced by the surrounding buildings) 

 
Figure 10. Grid error Eg for different turbulence models; the markers on the horizontal lines 

indicate the convergence behaviour: 
* – – monotone 

 
 
3.3 CFD and EFD results comparison  
(validation) 
Figures 11-13 show the comparison of mean 
and peak pressure coefficients from the 
numerical (with different turbulence models) 
and physical modelling. In the peak coefficient 
plots, the shaded areas (negative for ce,+ and 

positive for ce,–) highlight values that are of no 
practical interest. 
Table 1 summarises the values of the validation 
metrics (formulae 15-16). In calculating the 
validation metrics for peak coefficients, points 
in shaded areas were not considered.
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(a) 180° (not influenced by the surrounding buildings) 

 

 
(b) 15° (influenced by the surrounding buildings) 

 
Figure 11. Comparison of mean pressure coefficients ce for numerical and physical modelling 
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 (a) 180° (not influenced by the surrounding buildings) 

 

 
(b) 15° (influenced by the surrounding buildings). 

 
Figure 12. Comparison of positive peak pressure coefficients ce,+ for numerical  

and physical modelling  
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(a) 180° (not influenced by the surrounding buildings) 

 
(b) 15° (influenced by the surrounding buildings) 

 
Figure 13. Comparison of negative peak pressure coefficients ce,– for numerical  

and physical modelling 
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Table 1. Parameters of finite-volume meshes 

c Grid 15° 180° 
Dn,% Req,% Dn,% Req,% 

SST k-  

ce 

ext 22,66 42,75 12,56 65,94 
fine 22,25 40,57 12,33 68,11 
med. 22,62 47,82 14,08 68,84 
coarse 21,65 54,34 13,24 68,84 

ce,+ 

ext 34,00 48,64 24,37 36,11 
fine 33,79 45,94 24,28 36,11 
med. 36,80 48,64 21,44 38,88 
coarse 30,99 56,75 22,16 38,88 

ce,- 

ext 27,48 40,49 20,07 46,08 
fine 26,36 41,32 19,29 46,95 
med. 25,54 48,76 18,48 55,65 
coarse 23,09 61,15 18,78 57,39 

EARSM 

ce 

ext 20,36 59,42 14,21 75,36 
fine 20,29 64,49 14,16 77,53 
med. 21,80 65,94 15,31 81,88 
coarse 20,88 65,94 14,76 81,88 

ce,+ 

ext 30,92 56,75 22,43 44,44 
fine 29,72 64,86 22,37 44,44 
med. 30,32 64,86 21,76 47,22 
coarse 29,20 64,86 21,94 47,22 

ce,- 

ext 22,86 58,67 16,31 71,30 
fine 22,35 67,76 16,08 73,04 
med. 21,75 70,24 15,48 76,52 
coarse 21,73 70,24 15,26 77,39 

k- CSEP = 2.25) 

ce 

ext 19,35 66,66 13,15 83,33 
fine 19,60 70,28 12,90 84,05 
med. 21,11 70,28 14,06 84,05 
coarse 20,37 70,28 12,98 84,05 

ce,+ 

ext 32,30 64,86 20,75 55,55 
fine 33,09 70,27 20,52 61,11 
med. 31,27 70,27 20,12 61,11 
coarse 30,98 70,27 20,15 61,11 

ce,- 

ext 24,80 69,42 18,08 75,65 
fine 24,39 74,38 17,53 82,60 
med. 22,49 74,38 16,61 82,60 
coarse 22,60 74,38 16,42 82,60 

 
 
 
 
 
 
 

c Grid 15° 180° 
Dn,% Req,% Dn,% Req,% 

k- CSEP = 1.75) 

ce 

ext 19,40 65,21 12,70 81,88 
fine 19,56 70,28 12,34 84,05 
med. 21,59 70,28 13,87 84,05 
coarse 20,69 70,28 12,89 84,05 

ce,+ 

ext 30,74 62,16 20,24 55,55 
fine 32,04 70,27 19,97 61,11 
med. 30,77 70,27 19,57 61,11 
coarse 30,54 70,27 19,77 61,11 

ce,- 

ext 23,28 69,42 16,96 75,65 
fine 23,37 74,38 16,11 82,60 
med. 21,75 74,38 15,25 82,60 
coarse 21,81 74,38 15,10 82,60 

k- CSEP =  1.25) 

ce 

ext 19,71 64,49 12,21 81,15 
fine 19,78 69,56 12,03 83,33 
med. 22,75 69,56 13,86 84,05 
coarse 21,79 69,56 13,00 84,05 

ce,+ 

ext 31,51 62,16 19,18 55,55 
fine 31,22 64,86 19,36 58,33 
med. 30,16 70,27 19,06 61,11 
coarse 31,07 70,27 19,28 61,11 

ce,- 

ext 20,84 69,42 14,90 75,65 
fine 21,56 72,72 14,86 79,13 
med. 20,59 74,38 14,74 82,60 
coarse 20,63 74,38 14,90 82,60 

 
k-

with CSEP = 1.25 showed the best fit to the ex-
perimental data. In contrast, the widely used 
SST k-  
For all the models, the cases without the influ-
ence of the surrounding buildings (180°) show 
significantly better fits to the experimental data 
than the ones accounting for it (15°). 
 
3.4 Results visualisation 
To better understand the flow regimes in the 
domain, the contours of the mean pressure 
coefficients and mean flow velocity obtained 
for the SST k- model are 
presented. 
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(a) 180º (windward) 

 
(b) 180º (leeward) 

 
(c) 15º (windward) 

 
(d) 15º (leeward) 

Figure 14. Mean pressure coefficient ce 

 
(a) 180º 

 
(b) 15º 

Figure 15. Mean flow velocity at 0.045 m 
 
 

4. CONCLUSIONS 
 
The following conclusions are made from the 
conducted research: 
1. Numerical models of a unique facility, the 
MTEC , and the surrounding build-
ings have been developed in Ansys Fluent. A to-
tal of 2 wind directions (with and without the in-
fluence of the buildings), 3 levels of mesh detail-
ing (3.1, 5.6, 12.8 million cells) and 5 turbu-
lence models (SST k- k-
(CSEP = 1.25, 1.75, 2.25)) were considered. 
2. A thorough verification has been carried out 
to investigate the iteration and grid independence 
of the solution: 

 Iteration and grid error can contribute 
significantly to the numerical solution results. 
To minimise this effect, it is necessary to use 
iterative averaging and improve the mesh 
quality for the bad areas. 

�@'�?+^*��ïx_���+`��x{��+`_�Öx*_<��þ�?+�^*[+x`�*`_�þ*�+_*[+x`�{x?�[Z��¦�'�?x=x�ï@<�@'���Z�*[?��*`_�%_@^*[+x`�
Complex



200 International Journal for Computational Civil and Structural Engineering

 The often recommended methods for 
extrapolating the solution to an infinitesimal 
mesh cannot simply be applied in general. 
Richardson extrapolation may give inadequate 
predictions for oscillatory convergence, while 
the approximate error spline may fail for 
monotone convergence. 

 For all turbulence models, the influence of 
the surrounding buildings negatively impacts 
the iteration and grid independence of the 
solution. This effect can be explained by the 
complexity of the flow structure. 

 The solution for all the turbulence models 
mostly (>80% of the points) demonstrates 
oscillatory behaviour on different meshes. 

 It has been found that the SST k- show the 
worst iteration and grid independence among 
the studied models. 

 
significantly better iteration independence  
(eit < 15%), and decreasing the CSEP further 
improves it (eit < 5% for CSEP = 1.25). 

 The best grid independence is achieved for 
the EARSM model (Eg < 0.1), followed by 

CSEP = 1.
(CSEP = 2.25) and SST (Eg < 0.4). 
3. A thorough validation has been carried out, 
which is a comparison of the numerical (CFD) 
and physical (WT) modelling results using the 
special metrics Dn and Req. 

 The application of RE and AES extrapolation 
methods did not lead to a systematic improve-
ment of the results (the fit with experiment), so 
these methods are not recommended the valida-
tion of structural aerodynamics problems. 

 For all the turbulence models, the influence 
of the surrounding building negatively impacts 
the fit to the experiment. This effect can be 
explained by the complexity of the flow 
structure. 

 k-
rameter CSEP = 1.25 showed a significantly better 
fit to the experimental data for both mean and 
peak pressure coefficients’ values. This model is 
recommended for use in wind loads determina-
tion for relatively low buildings (meaning their 

height is less than both their width and length) in 
steady-state simulations. 
4. It is confirmed that Ansys Fluent allows the 
mean and peak wind loads determination on 
buildings of complex shape with the accuracy 
sufficient enough for practical purposes,  
provided that modern turbulence models and 
methods set out in the [15] are used. 
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KINETICS OF SOLID-PHASE INTERACTION BETWEEN 
DISSIMILAR CRYSTALLINE MATERIALS UNDER AN APPLIED 

LOAD IN A WIDE TEMPERATURE RANGE 
 

Valery V. Abramov, Yulia G. Zheglova, Vera V. Dolgusheva 

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA  
 

Abstract: In the paper, a functional dependence of the kinetics of plastic strain and the change in shape of 
copper microprotrusions under the action of an applied load in a wide temperature range was obtained. The 
equations obtained in the paper can further find wide practical application for calculating the microstresses of the 
2nd kind arising at the interface of a metal - an inorganic material (for example, iron carbide, oxides, nitrides, 
etc.) during plastic strain, and will also allow estimating the intensity of the processes of the first stage of a solid-
phase topochemical reaction between dissimilar crystalline materials with sharply different creep resistance, 
leading to the formation of a real and physical contact between the surfaces. Synthetic monocrystalline 
corundum was chosen as such a response material in the paper. 
 

Keywords: kinetics, plastic strain, contact interaction, applied load in a wide temperature range, 
correlation-regression analysis, microstresses of the 2nd kind, relay transmission of strain 
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INTRODUCTION 
 
Continuing the series of papers devoted to the 
study of solid-phase interaction under the 
influence of applied load in a wide range of 
temperatures, in particular the kinetics of 

contact formation between dissimilar 
crystalline materials using copper-corundum 
as an example, this paper is devoted to 
obtaining the dependence of the kinetics of 
plastic strain of microprotrusions at different 
levels of applied loads in a wide range of 
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temperatures. A microprotrusion corresponds 
to the size of one grain of metal. 
 
The need for research 
Establishing the kinetics of plastic strain of 
microprotrusions (a microprotrusion 
corresponds to the size and structure of one 
grain) is a very important issue in the process 
of obtaining a precision detachable or 
permanent connection - a smoothing process 
that allows obtaining high-frequency metal 
surfaces with controlled and adjustable 
mechanical properties or obtaining a 
permanent precision connection (welding) 
when establishing physical contact between 
the surfaces. 
 
The objective of the paper is to establish the 
dependence of the formation of plastic strain 

m, determined in 
%, on time t, determined in seconds, in a wide 
range of temperatures from room temperature 
to pre-melting (from 293 K to 973 K) and 
nominal pressures from 5 to 30 MPa. Of 
interest is the kinetics of the process of plastic 
strain of microprotrusions and the influence of 
temperature and nominal pressure on its 
course, since in metal under the action of a 
variable applied load in a wide range of 
temperatures there is a transition from elastic 
to elastic-plastic and plastic contact, which 
must be taken into account in real 
calculations. In this case, the formulas for 

calculating strains under elastic mechanical 
contact cannot be applied. Also, under plastic 
strain of metal grain, microstresses of the 2nd 
kind arise, responsible for the relay 
transmission of strains from soft to hard using 
the example of copper-corundum or ferrite-
cementite Fe3C contact. 
 
 
METHODS 
 
Experimental study 
The papers [1, 2, 3] describe in detail the 
experiment and its methodology. 
The data considered in the paper were 
obtained using experimental processing of 
changes in the roughness indices of the study 
of contact surfaces of copper grade MB and 
synthetic single-crystal corundum (sapphire) 

-Al2O3, 60O-orientation, carried out using a 
profilograph-profilometer mod. 201 with a 
special computer program of the information 
computing complex (ICC) [4, 5-9]. 
The experiment was carried out for a wide 
range of temperatures T from 293 K to 973 K 
and nominal pressures n from 5 MPa to 30 
MPa, the height of the processing 
microprotrusions Rz was within the range: 3.2 
... 6.3 ... 10 m and 40-80 m. The data 
obtained as a result of the experiment are 
presented in Table 1. 

 
Table 1. Experimental values of plastic strain m, between copper grade MB and synthetic single-

-Al2O3 

n , 

MPa 
t, s 

m, % 
=293,

K 
=373,

K 
=743,

K 
=573,

K 
=673,

K 
=773,

K 
=873,

K 
=973,

K 
 30 3.9 5.7 11.5 12.3 17.7 15.7 19.7 21.7 
 150 7.8 8 15.3 16.4 21.5 23 26.4 28 
 330 8 9.5 17.1 17.7 24.2 24.3 28.8 29.9 

5 570 8.9 9.8 17.3 17.8 25.9 25.4 29.9 31.1 
 870         27 25.9 32 32.2 
 1170 10.2 10.5 18.7 20.3 28 27.5 32.2 33.4 
 1470         28.5 29 33.1 34.2 
 2070 10.7 11.5 20.2 22 29.8 30.8 35.1 36.1 
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n , 

MPa 
t, s 

m, % 
=293,

K 
=373,

K 
=743,

K 
=573,

K 
=673,

K 
=773,

K 
=873,

K 
=973,

K 

10 

30 6.8 8.5 12.7 14.4 17.5 18.3 21.1 22.6 
150 11.5 13 16 17.4 20.9 23.1 26.2 29.8 
330 13.4 14.7 18 19.7 23.9 26.1 29.8 34.2 
570 13.8 15.6 19.2 20.5 25.7 28 30.5 36.7 
870         26 29.3 32 37.9 

1170 15.4 16.7 19.3 21 26.4 29.8 33 39 
1470         27 30.2 33.5 39.4 
2070 17.3 18.3 20.8 22.8 28.2 31.2 34.7 40.3 

15 

30 9.1 11.5 13.8 14.5 17.7 19 21.6 26.4 
150 12 13.4 16 18.3 21.5 23.7 27 32.2 
330 13.4 15.2 18 20 24.2 27.3 29.6 36.1 
570 14.1 16 19 21 25.9 28.5 30.8 39 
870         27 29 31.9 39.6 

1170 14.8 16.7 19.7 22 28 30.2 32.8 40.2 
1470         28.5 31 33.7 41.2 
2070 16.3 17.7 21.3 23 29.8 33.1 35.9 42.2 

20 

30  10.30     11.90     14.10     15.60     19.00     20.60     23.70     29.00    
150  12.30     13.80     16.30     18.30     21.90     25.10     28.50     35.50    
330  13.40     15.20     19.00     21.00     25.90     28.50     32.00     39.40    
570  14.10     16.00     20.00     21.60     27.20     30.00     33.80     41.20    
870          27.50     30.50     34.50     41.80    

1170  14.80     16.70     20.30     22.50     28.00     31.00     35.00      
1470          28.50     31.50     35.50     42.60    
2070  16.30     18.00     21.30     23.70     29.00     32.20     36.00     43.50    

30 

30 11 13 16 17 19.3 20.7 24.8 31 
150 13 15.6 18.7 20.3 23.3 21.9 31.7 34.2 
330 14.2 16.7 20.6 21.9 26.4 25.6 35 38.3 
570 14.8 17.4 21.9 22.7 28.5 31.3 35.9 41.2 
870         29 32.4 37.1 42.8 

1170 15.2 17.7 22.5 23.7 29.6 33.6 39.6 44.5 
1470         30 35 40.3 46.2 
2070 16 18.7 23 24.2 31.5 37.1 42.2 47.5 

 
RESULTS AND DISCUSSION 
 
Obtaining kinetic equations for plastic strain 
of copper microprotrusions under the action 
of an applied load in a wide temperature 
range 
Based on the analysis of the data in Table 1, a 
one-to-one correspondence was obtained and 
substantiated using correlation-regression 
analysis methods, allowing one to obtain a 
specific value of plastic strain m arising in 
copper depending on the contact time t. 

The analysis carried out in the paper allowed 
us to establish that the kinetics of plastic 
strain of copper microprotrusions obeys the 
logarithmic law 
 

ln( )m a b t .    (1) 

 
In accordance with formulas (2), the coefficients 
a and b of the equation for determining plastic 
strain (1) were determined 
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ma bX ,
  

2
2

m mX Xb
X X

,   (2) 

 
where lnX t ; the overline in formulas (2) 
denotes the average values. 
 

Table 2 presents the obtained equations for 
calculating the kinetics of plastic strain in 
copper under the action of variable load in a 
wide temperature range. 
 

Table 2. Values of the coefficients a and b included in equation (1) for temperatures T from 293 K 
to 973 K and nominal pressures n  = 5, 10, 15, 20 and 30 MPa 

n , 

MPa 
5 10 15 20 30 

T, K a b a b a b  b  b 

293 -0.9161 1.5599 -0.839 2.3608 3.6918 1.6323 5.5765 1.3541 7.1514 1.1712 

373 1.2949 1.3396 1.3314 2.2354 6.3405 1.4879 6.933 1.4182 8.8503 1.3047 

473 5.1083 1.9699 6.5898 1.8851 7.6295 1.7592 8.1104 1.768 10.265 1.7332 

573 4.998 2.1701 7.9196 1.9367 8.0523 1.9992 9.0525 1.9396 11.472 1.7292 

673 7.5722 2.8797 8.8366 2.5327 7.5722 2.8797 10.506 2.493 9.4443 2.8802 

773 5.3888 3.2136 7.8274 3.11 8.1487 3.1755 11.493 2.787 3.8381 4.1951 

873 8.4701 3.4356 10.406 3.1947 10.91 3.1635 13.833 3.0077 11.546 3.9383 

973 11.281 3.1703 8.5363 4.2907 13.63 3.8092 18.143 3.4553 15.521 4.0863 
 
For all obtained equations type (1) of the 
kinetics of plastic strain of copper with 
coefficients a and b (Table 2), the coefficient of 
determination R2 was calculated in accordance 
with formula (3), showing the quality of the 
equations 
 

± 2

2 1

2

1

1
t t

t

n

m m
t

n

m m
t

R     (3) 

 
where 

tm  is the value of plastic strain of 

copper microprotrusions at time t, obtained as a 

result of the experiment (in %), ±
tm  is the value 

of plastic strain of copper microprotrusions at 

time t, calculated using formula (1) (in %), m  

is the average value of plastic strain of copper 
microprotrusions (in %). 
The values of the determination coefficient 
obtained in accordance with formula (3) are 
presented in Table 3.  
It is evident from Table 3 that all values of 
the coefficient of determination exceed 0.9, 
from which it follows that the equations 
obtained in Table 2 describe the kinetics of 
plastic strain in copper under the action of 
variable load in a wide temperature range 
with an accuracy of more than 90%. This 
makes it possible to apply these equations in 
practice for calculating plastic strains 
occurring in copper in a wide range of 
temperatures and pressures. 
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Table 3. Values of the coefficient of determination R2 for kinetic equations (Table 2) for T 
from 293 K to 973 K and n  = 5, 10, 15, 20, 30 MPa 

n , MPa 
5 10 15 20 30 

T, K 

293 0.960 0.984 0.990 0.987 0.988 

373 0.987 0.987 0.989 0.991 0.979 

473 0.984 0.973 0.987 0.961 0.977 

573 0.975 0.982 0.989 0.981 0.983 

673 0.996 0.985 0.996 0.964 0.989 

773 0.962 0.994 0.987 0.980 0.908 

873 0.989 0.994 0.990 0.981 0.988 

973 0.987 0.988 0.988 0.967 0.966 

 
 
An example of the application of the obtained 
formulas in practice 
The formulas obtained in the paper will allow 
modeling the kinetics of plastic strain of copper 
microprotrusions under the action of variable 
load in a wide temperature range at each stage 
of contact formation [2]. 
The process of contact formation can be 
conditionally divided into three stages, each of 
which is characterized by its own physical and 
mechanical features of the behavior and activity 
of atoms in the near-contact volume of 
microprotrusions and is controlled by a certain 
mechanism of plastic strain at each stage of the 
kinetic curve [5, 6, 9]. 
As an example, we will consider the period of 
active strain or the loading period corresponding 
to a time t from 10 to 30 seconds. Let us 
construct kinetic curves of plastic strain of 
copper microprotrusions for the temperature 
range T considered in the paper from 293 K to 
973 K and nominal pressures n  = 5, 10, 15, 20 

and 30 MPa (Figure 1).  

In Figure 1 (a-e), the curves are designated by 
numbers: 1 – T=293 K, 2 – T=373 K, 3 – T=473 
K, 4 – T=573 K, 5 – T=673 K, 6 – T=773 K, 7 – 
T=873 K, 8 – T=973 K.  
Using the graphs in Figure 1, it is possible to 
determine the value of plastic strain in copper 
with an accuracy of 90% during the period of 
active strain for a specific t from 10 to 30 s. 
Taking into account the formulas obtained in the 
paper (Table 2), it is possible to determine 
plastic strain at any other stage (formation of 
contact of transient and steady creep) with the 
stated accuracy.  
The modeling results obtained in the paper can 
be confirmed by studies of copper 
microhardness H   (Figure 2). 

The greatest hardening of copper corresponds to 
the period of active strain (corresponding to a 
time t from 10 to 30 seconds) and the stage of 
unsteady creep (6-8 minutes). After completion, 
the process of changing hardness stabilizes, i.e. 
corresponds to the stage of steady creep. 
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(a) n = 5 MPa 

 
(b) n = 10 MPa 

 
(c) n = 15 MPa 

 
(d) n = 20 MPa 

 
(e) n = 30 MPa 

Figure 1. Kinetics of plastic strain of copper microprotrusions, t=10-30 s, T=293, 373, 473, 573, 
673, 773, 873, 973 K: (a) n = 5 MPa, (b).

 
n  = 10 MPa, (c) n = 15 MPa, (d) n = 20 MPa, (e)

 n  = 30 MPa 
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(a) 

 
(b) 

 
( ) 

Figure 2. Effect of pressure ( n = 5…30 MPa) and temperature (a): T =373 K, (b) T = 573 K, 
(c) T =873 K on the magnitude and nature of the change in hardness ( H ) on the surface of the 

contact pads of copper microprotrusions 

( )
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CONCLUSION 
 
The paper presents kinetic equations that can be 
used to determine plastic strains of copper 
microprotrusions under the influence of applied 
load in a wide range of temperatures, starting 
with the period of active strain and ending with 
the stage of steady-state creep. 
Knowledge of the patterns of contact formation 
due to plastic strain of microprotrusions and their 
shape change at each stage of the solid-phase 
topochemical reaction in the contact volumes of 
the metal allows for a more complete 
justification of the technological process for 
obtaining a precision detachable or permanent 
connection, to manage it and actively control its 
flow. In addition, the established patterns allow 
for the calculation of the level of acting normal 
and tangential microstresses of the 2nd kind in 
the contact volume of the metal and to explain 
the mechanism of relay transmission of strains 
from a soft metal to a harder material and 
activate its contact surfaces (e.g., 
semiconductors, inorganic dielectrics, etc. 
materials) or the destruction of inclusions in 
steels (carbides, oxides, nitrides) and the 
subsequent sudden catastrophic destruction of 
welded metal structures [3]. The established 
mechanism of relay transmission of strain under 
the action of microstresses of the 2nd kind 
combines macroscopic concepts of the 
mechanics of deformation of solids with 
microscopic ones, considered from the standpoint 
of dislocation theory [7, 10]. Knowing these 
features, it is possible to control the process of 
obtaining high-purity metal surfaces necessary 
for high-tech industries such as aviation and 
radio electronics, nuclear power engineering, as 
well as the theory of sudden brittle failure of 
welded metal structures [5, 6, 11]. 
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ABOUT DEVELOPMENT OF COMPUTATIONAL SCHEMES  
OF GROUP TARGETED KINEMATIC DEVICES  

FOR SOME ELASTIC SYSTEMS 
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Abstract: For some elastic systems with a finite number of degrees of freedom of mass, in which the 
directions of mass movement are parallel, methods have been developed for creating additional kinematic 
devices, the introduction of each of which targetly reduces the value of only one natural frequency to a 
given value, while not changing any of the other natural frequencies and not one of the forms of natural 
oscillations. If it is necessary to precisely reduce the values of several natural frequencies, then this re-
quirement can be realized by creating an appropriate number of separate targeted kinematic devices. The 
computational scheme of each of the individual targeted devices should include racks installed at the mass 
application nodes and directed along the trajectory of their movement. In some cases, separate targeted 
constraints can be independently installed in the source system. In most cases, on the basis of individual 
targeted kinematic devices, a computational scheme of a single group targeted device is formed, which 
reduces all the intended frequencies to the set values without changing any of the other natural frequencies 
and not one of the forms of natural oscillations. The distinctive paper is devoted to the method for forming 
a matrix of coefficients of additional inertial forces, which corresponds to a group targeted kinematic 
device. An algorithm for the creation of group targeted kinematic devices is proposed. Algorithm is tested 
with the use of “SCAD” and “Lira” software products. 
 

Keywords: natural oscillation frequency, natural oscillation shape, natural modes,  
separate targeted kinematic device, group targeted kinematic device,  

coefficients of additional inertial forces 
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1. INTRODUCTION 
 
For some elastic systems with a finite number 
of degrees of freedom of the masses, in which 
the directions of motion of the masses are par-
allel, methods have been developed for creat-
ing additional kinematic devices, which intro-
duction specifically reduces the magnitude of 
only one natural frequency to a given value, 
without changing any of the other natural fre-
quencies or any of the natural oscillation 
modes [2, 7, 10-13]. If it is necessary to spe-
cifically reduce the values of several natural 
frequencies, this requirement can be realized 
by creating an appropriate number of separate 
targeted kinematic devices [1]. The computa-
tional scheme [3, 4] for each of the separate 
targeted devices must include posts installed 
in the nodes of mass application and directed 
along the trajectory of their motion. In some 
cases, individual targeted constraints can be 
independently installed in the original system. 
In most cases, a computational scheme for a 
single group targeted device [8] is formed on 
the basis of individual targeted kinematic de-
vices, which reduces all the intended frequen-
cies to given values, without changing any of 
the other natural frequencies or any of the nat-
ural oscillation modes. The distinctive paper 
is devoted to the method of forming of matrix 
of additional inertial force coefficients corre-
sponding to a group kinematic targeted device. 
An algorithm [9, 16-21] for forming group 
kinematic targeted devices is proposed. Initial 

testing of the algorithm was carried out with 
the use of “SCAD” and “Lira” software prod-
ucts [18]. 
 
 
2. ALGORITHM FOR CREATION  
OF COMPUTATIONAL SCHEME  
OF A GROUP TARGETED KINEMATIC 
DEVICE 
 
The following algorithm for creation of compu-
tational scheme for a group targeted kinematic 
device is used: 

targeted kinematic devices are 
generated; each of them reduces one of the in-
tended natural frequencies to a specified value; 

dividual targeted kinematic devices are 
placed at the nodes of the original system; 

one is left; 

the rods. 
During the first step of the algorithm, the natural 
frequency spectrum of the original system with 
n  degrees of freedom is considered 
 

[1],  [2],  ...,  [ ],  ..,  q
q j q j n

 

 
It is necessary to specifically clear the frequency 
interval [ ],  ..,  [ ]q q j  from j  frequencies, 
reducing their values to values 

[ ],  .., [ 1]s s j . 
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3. NUMERICAL EXAMPLE  
OF IMPLEMENTING OF ALGORITHM 
OF CREATION OF COMPUTATIONAL 
SCHEME OF GROUP TARGETED 
KINEMATIC DEVICE 
 
Let us demonstrate the implementation of the al-
gorithm described in the previous paragraph us-
ing the example of a system with five degrees of 
freedom from [2]. The beam section is a compo-
site I- ure 1
of the system material is 206000E MPa. The 
mass values are equal to 
 

[1] [5] 400m m kg; 
[2] [4] 800m m kg; [3] 1200m kg. 

 
The frequencies and modes of the natural oscil-
lations of the original system are determined by 

the displacement method, in which the unknowns 
are the displacements in the direction of mass 
motion. The basic system of the displacement 
method is shown in Figure 2. 
The coefficients of the displacement method 
equations and the values of the nodal masses 
form matrices 
 

[ ,  ]A a i k ;   [ ]M m i .                

 
The roots of the equation 
 

2 0A M                         

 
define the frequency spectrum of the system's 
natural oscillations. The frequencies and modes 
of natural oscillations of the original system are 
presented in Table 1. 

 

 
Figure 1. Considering structure (numerical example) 

 

 
Figure 2. The basic system of the displacement method (numerical example) 

 
Table 1. Frequencies and modes of natural oscillations of the original system 

Number 
k  

 

[ ]m k  for 
frequency 
14.07953 

for 
frequency  
53.0752 

for 
frequency 
109.5337 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 -0.315087 -0.502865 -0.594382 -0.73793 -0.369613 400 
2 -0.565080 -0.520103 -0.174580 0.370387 -0.264938 800 
3 -0.606213 0.103822 0.432120 -0.086169 0.212601 1200 
4 -0.432097 0.574986 -0.359747 -0.137055 -0.383591 800 
5 -0.164932 0.367738 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 
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In order to form individual targeted kinematic de-
vices, it is necessary to determine the forces that 
should appear in the device's posts [2, 5-7, 10-15] 
 

0[ ,  ] [ ] [ ,  ]R i k m i v i k ,                 

 
where ,  i k  are the numbers of the components of 
the k -th mode of natural oscillations, respec-
tively. 

If in the considering example it is required to re-
duce the value of the first natural oscillation fre-
quency from 14.0715 sec-1 to 10 sec-1, and the 
second natural oscillation frequency from 
53.0769 sec-1 to 11 sec-1, then 
 

0[ ,  1] [ ] [ ,  1]R i m i v i ;   0[ ,  2] [ ] [ ,  2]R i m i v i . 

 
The values are given in Table 2. 
 

Table 2. Values of 0[ ,  ]R i k  
i  1 2 3 4 5 

0[ ,  1]R i  63.04 226.24 364.32 173.28 33.08 

0[ ,  2]R i  -101.52 -210 62.88 232.16 74.24 

 
Table 3. Frequencies and modes of natural oscillations of the modified system 

Number 
k  

 

[ ]m k  for 
frequency 
10.0095 

for 
frequency  
53.0752 

for 
frequency 
109.5337 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 0.315087 -0.502865 -0.594382 -0.73793 -0.369613 400 
2 0.565080 -0.520103 -0.174580 0.370387 -0.264938 800 
3 0.606213 0.103822 0.432120 -0.086169 0.212601 1200 
4 0.432097 0.574986 -0.359747 -0.137055 -0.383591 800 
5 0.164932 0.367738 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 

In order to construct a computational model for a 
kinematic targeted device that reduces [ ]q  to 

[ ]s , a matrix of additional inertial forces is 
formed: 
 

0 0m mM M M ;                   

0 , 1
[ , ]

n
m i k

M m i k ;                 

0[ ,  ] [ ] [ ] [ ,  ] [ ,  ]m i k m i m k v i q v k q    or  

0 0 0[ ,  ] [ ,  ] [ ,  ]m i k R i q R k q ;    

0

2

1 1

2
0

1 1

.

m
n n

i k
n n

i k

M

a i k s m i k v i q v k q

s m i k v i q v k q

  

 

After forming the matrix, the following equation 
is solved: 
 

2
0m mA M M M  

 
The solution results determine the frequency 
spectrum and natural oscillation modes of the 
modified system. 
For systems in which the directions of mass mo-
tion during natural oscillations lie in the same 
plane, the method of creation of computational 
model is based on the properties of a rope poly-
gon constructed from the forces 0[ ,  ]R i k . For the 

initial system considered in the distinctive paper, 
such an approach is given, for example, in [2]. 
There we have 0[ ,  1] [ ] [ ,  1]R i m i v i  and corre-

sponding kinematic targeted device is formed, 
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that reduces the first natural oscillation frequency 
from 14.0715 sec-1 to 10 sec-1. The frequencies 
and forms of natural oscillations of the modified 
system are presented in Table 3. 
The general view of this kinematic targeted de-
vice is shown in Figure 3. We have the following 
lengths of posts: 
 

[1] 2.6934pl m;   [2] 0.9406pl m;   

[3] 0.2000pl m;   [4] 1.0879pl m; 

[5] 2.7498pl m. 

 
The magnitude of the additional mass is deter-

2  
 

2
add moM M N j ,                  

 

 

 
Figure 3. The general view of computational scheme of targeted kinematic device 

 
Table 4. Coordinates of the belt nodes 

Number of node 0 1 2 3 4 5 6 
Coordinate of node 4.0557 2.9725 1.6217 6.4406 9.4115 5.5631 4.0557 

 
Table 5. Frequencies and modes of natural oscillations of the modified system 

Number 
k  

 

[ ]m k  for 
frequency 
11.0062 

for 
frequency  
14.07953 

for 
frequency 
109.5337 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 -0.502865 -0.315087 -0.594382 -0.73793 -0.369613 400 
2 -0.520103 -0.565080 -0.174580 0.370387 -0.264938 800 
3 0.103822 -0.606213 0.432120 -0.086169 0.212601 1200 
4 0.574986 -0.432097 -0.359747 -0.137055 -0.383591 800 
5 0.367738 -0.164932 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 
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where [ ]N j  is the force in the outermost post of 
the device's belt, to which the additional mass is 
attached. 
The additional mass for the formed device is 
equal to 1586.5229add kg. The cross-sec-

tional areas of the kinematic device rods are iden-
tical; their values can be chosen arbitrarily. A ca-
ble runs from the lower hinge of fifth post 
through the block to the ground. 
Similarly we have 0[ ,  2] [ ] [ ,  2]R i m i v i  and a 

matrix of additional inertial forces is formed 
based on the forces, reducing the second natural 

frequency from 53.0769 sec-1 to 11 sec-1, and a 
corresponding computational model for the tar-
geted kinematic device is created. A general view 
of the computational model for this targeted kin-
ematic device is shown in Figure 4. 
The additional mass is equal to  
 

6301.7206915414addM kg. 

 
The frequencies and modes of natural vibrations 
of this modified system are presented in Table 5. 

 

 
Figure 4. The general view of computational scheme of targeted kinematic device 

 
Table 6. Coordinates of the belt nodes 

Number of node 0 1 2 3 4 5 6 
Node coordinate  

 
3.2000 2.6934 0.9406 0.2000 1.0879 2.7498 3.2000 

Node coordinate  
 

4.0557 2.9725 1.6217 6.4406 9.4115 5.5631 4.0557 
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After creation of individual kinematic targeted 
devices necessary for solving the problem, a 
group matrix of additional inertial force coeffi-
cients can be formed. In order to do this it is 
required simply sum the coefficients of the ad-
ditional inertial force matrices of the individual 
kinematic devices. 
By implementing the second step of the algo-
rithm described above, we form a group targeted 
kinematic device. In order to do this, the gener-
ated computational schemes for the individual 
targeted kinematic devices are placed at the 
nodes of the original system. The general view of 
this device is shown in Figure 5. 
We have the following additional masses: 

1 1586.5229add kg,   2 6301.72069add kg. 

 
In this version of the group targeted kinematic 
device, both additional masses are attached to the 
rightmost links of the individual kinematic devic-
es' belts. 
In some cases, it may be necessary to attach ad-
ditional masses to different sides of the group 
targeted kinematic device. Implementing this 
requirement does not complicate the procedure 
of creation of the group targeted device. In this 
case, in the individual kinematic devices used, 
the corresponding numbers j  of the outermost 
belt links are selected when determining the 
values  

 
 

 
Figure 5. The general view of the device 
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Figure 6. The variant of group targeted kinematic device. 

 
Table 7. Frequencies and modes of oscillation of both variants  

of the group targeted kinematic device 

Number 
k  

 

[ ]m k  for 
frequency 
11.0062 

for 
frequency  
14.07953 

for 
frequency 
109.5337 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 -0.502865 -0.315087 -0.594382 -0.73793 -0.369613 400 
2 -0.520103 -0.565080 -0.174580 0.370387 -0.264938 800 
3 0.103822 -0.606213 0.432120 -0.086169 0.212601 1200 
4 0.574986 -0.432097 -0.359747 -0.137055 -0.383591 800 
5 0.367738 -0.164932 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 

 
Table 8. Comparison of the natural frequencies of the original system  

with the results of testing using the “SCAD” and “LIRA” software products 
 [1]  [2]  [3] [4]  [5]  

Proposed approach 14.0715 53.0769 109.5339 195.0757 226.8873 
“SCAD” and 

“LIRA” software 
packages 

14,0820 53,4030 111,5070 201,4150 237,1590 
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A version of the group sighting kinematic device 
in which the additional masses are attached to 
different sides is shown in Figure 6. 
The frequencies and modes of natural oscilla-
tions of both variants of the group targeted kine-
matic device are identical and are presented in 
Table 7. 
The posts of the individual targeted kinematic de-
vices, mounted at the mass application nodes and 
directed along their trajectory, are aligned. 
Forces 0[ ,  ] [ ] [ ,  ]R i k m i v i k  arise in the aligned 

posts, each of which determines one of the indi-
vidual targeted kinematic devices. 
The absence of mutual influence between the 
forces determining the various individual kine-
matic devices is justified by the properties of the 
forces 0[ ,  ]R i k . The forces 0 1[ ,  ]R i k  determining 

the targeted device, which reduces the natural 
frequency 1[ ]k , do not perform work on the dis-

placements of the natural oscillation mode of any 
other natural frequency, that is, 
 

if 1 2k k  we get 0 1 2
1

[ ,  ] [ ,  ] 0
n

i
R i k v i k .   

 

tual influence between the forces 0[ ,  ]R i k  arising 

in the posts of the group targeted device. 
The results presented in Table 7 confirm that 
the introduction of the group targeted kine-
matic device reduces only the first two selected 
natural oscillation frequencies to the intended 
values and does not lead to a change in the nat-
ural modes and values of the remaining fre-
quencies. The results presented in Tables 1, 2, 
3, 5, 7 were obtained by the finite element 

18
the length of the original beam into 24 sections. 
A comparison of the natural vibration frequen-
cies of the original system with the test results 
of the “SCAD” and “LIRA” software products 
is presented in Table 8. Considering the differ-
ence in the calculation method for Tables 1, 2, 
3, 5, 7 between the “SCAD” and “LIRA” soft-
ware products, the agreement between the re-
sults can be considered fairly close, confirming 
the reliability of the original data. 
 
 
 

Table 9. Testing the group targeted kinematic device 
 [1]  [2]  [3]  [4]  [5]  

Initial 14,0820 53,4030 111,5070 201,4150 237,1590 
Group 10,8000 11,1400 111,5200 201,4200 237,1600 

 
We will now test the group targeted kinematic 
device using the “SCAD” and “LIRA” software 
products. The results are presented in Table 9. 
The data presented in Table 9 prove that the test-
ing performed convincingly demonstrates a re-
duction exclusively in those frequencies targeted 
by the group kinematic device, while the other 
natural oscillation frequencies remained un-
changed. 
In summary, the distinctive paper proposes an al-
gorithm of creation of group targeted kinematic 
devices. Besides, a method of creation of a ma-
trix of additional inertial forces corresponding to 
a group kinematic targeted device is considered. 
We provide a rationale for the absence of mutual 

interference between the forces 0[ ,  ]R i k  arising 

in the group kinematic device posts, and tests the 
proposed algorithm using the “SCAD” and 
“LIRA” software products. 
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TITLE EMERGENCY CALCULATION OF THE INDUSTRIAL 
BUILDING STRUCTURE 
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Abstract: Emergency situations calculation for the industrial buildings structures is an important element in en-
suring their reliability and safety in conditions that contribute to the emergence of significant social, environmental 
and economic consequences. This calculation is mandatory for objects of a high responsibility level (class KS-3), 
and can be carried out on a voluntary basis for objects of class KS-2, where a large number of people are expected 
to be present. The article presents the calculation of the industrial building structures with a high responsibility 
level and analyzes its results. The calculation was performed in accordance with paragraph 5.1 in SP 
56.13330.2011 «Industrial buildings» for resistance to progressive collapse as an emergency situation result. A 
secondary model was created based on the primary calculation model. An emergency failure case of the middle 
load-bearing column in the frame along the 18/H axis was selected having analyzed the space-planning and design 
solutions for this building. It was established that the required beams and the roof slab reinforcement obtained as 
a calculation result of the secondary model does not exceed that obtained as a primary model calculation result 
based on the calculations performed results. Also, based on the calculation results of the ozone-sorption block 
building secondary model (fast filter section) for an emergency situation, it was determined that when such a 
situation occurs - when one of the columns is turned off - the remaining load-bearing elements take on additional  
forces without losing strength and stability, that is, resistance to the structure progressive collapse will be ensured. 
 

Keywords: emergency situation, industrial structure, progressive collapse, load combinations, 
load-bearing elements 
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INTRODUCTION 
 
Emergency situations calculation for the indus-
trial buildings structures is an important element 
in ensuring their reliability and safety in condi-
tions that contribute to the emergence of signifi-
cant social, environmental and economic conse-
quences. This calculation is mandatory for ob-
jects of a high level of responsibility (class KS-
3), and can also be carried out on a voluntary ba-
sis for class KS-2 objects, where a large number 
of people are expected in accordance with GOST 
27751-2014 «Reliability of building structures 
and foundations». Such measures are aimed at in-
creasing the safety and reliability level in con-
struction projects, which is especially important 
in the conditions of modern construction and 
buildings operation [1-10].  
The structure considered in this article, the 
ozone-sorption unit, is a structure of a high re-
sponsibility level KS-3, accordingly, this calcu-
lation is mandatory in its design. 
The purpose calculation for the emergency situa-
tions occurrence is to check and ensure the safety 
and reliability of the adopted design solutions, 
and to determine the methods for protecting the 
industrial building supporting structures from 
progressive collapse in emergency situations. 
 
 
METHODS 
 
The following methods are used to assess the 
structures resistance to emergency situations: 
 A model describing possible emergency sce-

narios creation. For each scenario, external and 
internal impacts combinations are taken into ac-
count. 
 The load-bearing elements determination, the 

failure of which can lead to the progressive col-
lapse of the entire system. 
 The possible failures and their impact on the 

overall structure stability research. 
 The correlation analysis between the structure 

elements. Possible sequential reactions that occur 

when one or more elements fail are considered 
[11-18]. 
Calculation for the occurrence of an emergency 
situation. The calculation of the ozone-sorption 
block model in axes 4 - 19 m/o K - R (fast filter 
section) was performed in accordance with para-
graph 5.1 in SP 56.13330.2011 «Industrial build-
ings» for resistance to progressive collapse as an 
emergency situation result. A secondary model 
was created based on the primary calculation 
model. 
A secondary model was created based on the 
primary calculation model (Figure 1). 
 

 
Figure 1. Calculation model 

 
An emergency failure case of the middle load-
bearing column in the frame along the 18/H axis 
was selected having analyzed the space-planning 
and design solutions for this building (marked in 
red in Figure 1). 
The lower part of the column, 2.15 m high, was 
removed to simulate the failure (the covering is 
not shown). The calculation for progressive col-
lapse in the emergency was performed with a 
special combination of standard load values, in-
cluding the failure of one of the load-bearing 
structure elements. 
The calculation is performed according to the cri-
terion of extreme stress values at characteristic 
element sections points based on the rules estab-
lished by regulatory documents SP 
20.13330.2011 «Loads and Impacts», SP 
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22.13330.2011 «Foundations of Buildings and 
Structures», SP 63.13330.2012 «Concrete and 
Reinforced Concrete Structures», SP 
385.1325800.2018 «Protection of Buildings 
from Progressive Collapse», SP 
296.1325800.2017 «Buildings and Structures. 
Special Impacts» [19-25]. 
 
 
RESULTS AND DISCUSSION  
 
The spatial static calculation was performed us-
ing the finite element method using the LIRA-
SAPR software package. The walls and floor 
slabs and roofs were modeled using the finite el-
ements of a universal shell in the calculation 
model, all rod elements were modeled using a 
universal spatial rod finite element [26-30]. 
The roof slab vertical displacements isofields is 
shown in Figure 2. Longitudinal forces N in the 
frame supporting elements after an emergency 
situation fragment is shown in Figure 3. 
The maximum value of N occurred in columns 
17/M, 18/M, 18/P, 19/N as a result of the forces 
redistribution. 
The results of calculating the maximum force My 
in the frame supporting elements after an 
emergency situation is shown in Figure 4. The 
roof beams vertical displacements mosaic is 
shown in Figure 5. 
 

 
Figure 2. The roof slab vertical displace-

ments isofields (fragment) 

 
Figure 3. Longitudinal forces N in the frame 

supporting elements after an emergency situa-
tion (fragment) 

 

 
Figure 4. Maximum forces My in the frame sup-
porting elements after an emergency situation 

(fragment) 
 

 
Figure 5. The roof beams vertical displacements 

mosaic (fragment) 
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The results of calculating the required reinforce-
ment in beams with a cross-section of 40x80 cm 
and the reinforcement calculation diagram are 
shown in Figures 6, 7 and 8. The results of calcu-
lating the required reinforcement in columns are 
shown in Figure 9. 
 

 
Figure 6. Required reinforcement in beams 

40x80 mm (fragment) 
 

 
Figure 7. Required reinforcement in beams 

40x80 mm (diagram) 
 

 
Figure 8. Required reinforcement in beams 

40x80 mm (fragment) 

 
Figure 9. Required reinforcement in columns 

(fragment) 
 

The authors proposed a reinforcement variant for 
the considered column KmK74, shown in Figure 
10. The KmK74column specification and the 
steel specifications are given in Tables 1 and 2, 
respectively. 
 

 
Figure 10. Column reinforcement option 

 
Table 1. The column specification KmK74 

Positio
n 

Name Quantity 
Weight, 

kg 
Notes 

 Specifications    

1 
Ø32 A500 
l=4630 mm 

4 29.2  

2 
Ø8 A240 

l=1540 mm 
9 0.6  

 Materials    

 
Concrete class 

B25 
  

0.6 
m2 
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Table 2. Steel consumption statement 

Unit 

Reinforcement products 
Reinforcement class 

Total, 
kg 

A240 A500 
GOST 5781-

82 
GOST 5781-82 

Ø8 Total Ø32 Total 
KmK74 5 5 117 117 122 

 
The forces in the roof slab Mx and My, Nx and 
Ny (fragments) are shown in Figures 11-14, 
respectively. 
 

 
Figure 11. Forces in the roof slab Mx 

(fragment) 
 

 
Figure 12. Forces in the roof slab My 

(fragment) 
 

 
Figure 13. Forces in the roof slab Nx (fragment) 

 

 
Figure 14. Forces in the roof slab Ny (fragment) 

 
The calculation results for the required 
reinforcement in the roof slabs are shown in 
Figures 15-18, respectively. 
 

 
Figure 15. Required reinforcement in the roof 

slab. Lower along the X axis (fragment) 
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Figure 16. Required reinforcement in the roof 

slab. Upper along the X axis (fragment) 
 

 
Figure 17. Required reinforcement in the roof 

slab. Bottom along the Y axis (fragment) 
 

 
Figure 18. Required reinforcement in the roof 

slab. Upper along the Y axis (fragment) 
 
 
 

CONCLUSION 
 
The maximum displacement along the Z axis of 
a 7 m long roof beam is 22.6 mm. The required 
column reinforcement (25.6 cm2) does not ex-
ceed that obtained as a primary model calculation 
result (28.2 cm2). 
The required beams and roof slabs reinforcement 
obtained as a result of calculating the secondary 
model does not exceed that obtained as a result 
of calculating the primary model.
was established that when such a situation occurs 
– when one of the columns is switched off from 
operation – the remaining load-bearing elements 
take on additional forces without losing strength 
and stability, i.e., resistance to progressive col-
lapse is ensured based on the calculation results 
of the ozone-sorption block building secondary 
model in axes 4–19 m/o K–R (fast filter section) 
for an emergency situation. 
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ABOUT DEVELOPMENT OF COMPUTATIONAL SCHEMES  
OF ADDITIONAL DEVICE ON A STRUCTURE,  
THAT ALLOWS FOR TARGETED CHANGES  

OF NATURAL FREQUENCIES TO PRESET VALUES 
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Abstract: For some elastic systems with a finite number of degrees of freedom of masses, in which the directions 
of mass movement are parallel, methods have been developed for creating additional constraints, the introduction 
of each of which specifically increases the value of only one natural frequency to a given value, without changing 
any of the other natural frequencies and any of the forms of natural vibrations. Methods have also been developed 
for creating additional kinematic devices, the introduction of each of which specifically reduces the value of only 
one natural frequency to a given value, without changing any of the other natural frequencies or any of the forms 
of natural vibrations. If it is necessary to aim at increasing the values of some natural frequencies and reducing the 
values of some others, then these requirements can be implemented by creating appropriate separate targeted con-
straints and separate targeted kinematic devices. If the operating conditions of the facility allow, then these indi-
vidual targeted devices can be independently installed in the source system. The distinctive paper proposes a 
method for development of integrated (complex, unified) group targeted device that increases some intended nat-
ural frequencies to preset values and reduces other intended frequencies to preset values, without changing any of 
the other natural frequencies and any of the forms of natural vibrations. An algorithm for the creation of such a 
single targeted group device is proposed. It is shown that the group targeted device created in this way can be used 
in special cases both as a group targeted kinematic device and as a group targeted constraint. The initial probation 
(testing) of the algorithm was implemented with the use of the software products “SCAD” and “Lira”. Some 
special cases of development of computational schemes of such devices are considered. 
 

Keywords: natural oscillation frequency, natural oscillation shape, separate aiming kinematic device,  
coefficients of additional inertial forces, separate aiming coupling, coefficients of additional stiffness,  
aiming control of the natural oscillation frequency spectrum, group aiming device, building structures,  

elastic systems 
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1. INTRODUCTION 
 
In [1-7, 16-22], theoretical approaches were for-
mulated and methods for development of compu-
tational schemes for targeted constraints and tar-
geted kinematic devices were proposed for elas-
tic systems with a finite number of degrees of 
freedom of the masses, in which the directions of 
mass motion are parallel. Each targeted con-
straint increases, and each targeted kinematic de-
vice decreases, the value of only one natural fre-
quency of oscillations to a specified value, with-
out changing any of the other natural frequencies 
or any of the natural oscillation modes. If it is 
necessary to specifically increase the values of 
some natural frequencies and decrease the values 
of others, then these requirements can be 
achieved by creating appropriate individual tar-
geted constraints and individual targeted kine-
matic devices and autonomously placing them on 
the original system. In [8], a method for develop-
ment of computational scheme for a single group 
targeted constraint based on individual targeted 
constraints is considered, which increases all the 
intended frequencies to specified values. 
The distinctive paper is devote to continuation of 
research works, presented in papers [1-8, 16-22]. 
It is devoted to method for development of inte-
grated (complex, unified) group targeted device 

that increases some intended natural frequencies 
to specified values and decreases other intended 
frequencies to specified values, without changing 
any of the remaining natural frequencies or any 
of the natural oscillation modes. In specific cases, 
the integrated group targeted device created in 
this manner can be used both as a group kine-
matic targeted device and as a group targeted 
constraint. 
 
 
2. ALGORITHM FOR CREATION  
OF COMPUTATIONAL SCHEME  
OF A GROUP TARGETED CONSTRAINT 
 
The following algorithm for creation of compu-
tational scheme for a group targeted constraint is 
used: 
1) In accordance with the considering particular 
case individual targeted devices (individual tar-
geted constraints, individual targeted kinematic 
devices) are formed, each of which changes only 
one of the intended natural frequencies to a given 
value, while all actions are performed [2], in 
which the lengths of all the main posts will be of 
the same sign. 
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Figure 1. Considering structure (numerical example) 

 

 
Figure 2. The basic system of the displacement method (numerical example) 

 
2) All individual targeted devices are placed in 
the nodes of the structure; 
3) In areas where several posts are combined, 
only one is left. 
4) Hinges are introduced at the intersections of 
the rods. 
When implementing the first step of the algo-
rithm, the frequency spectrum of the natural os-
cillations of the original system with n  degrees 
of freedom is considered,  
 

[1],  [2],  ...,  [ ],  ..,  

                    [ ],  [ ( 1)],  ...,  [ ].

q
q j q j n

 

 
It is necessary to specifically free the frequency 
interval [ ],  ..,  [ ]q q j  from j  frequencies, 
reducing some of them to values smaller than 

[ ]q  and increasing the remaining frequencies 
from this interval to values greater than [ ]q j . 
 
 
3. NUMERICAL EXAMPLE  
OF IMPLEMENTING OF ALGORITHM 
OF CREATION OF COMPUTATIONAL 
SCHEME OF GROUP TARGETED 
KINEMATIC DEVICE 
 
Let us demonstrate the implementation of the al-
gorithm described in the previous paragraph us-
ing the example of a system with five degrees of 
freedom from [2]. The beam section is a compo-
site I-beam (Figure 1). The modulus of elasticity 
of the system material is 206000E MPa. The 
mass values are equal to 

[1] [5] 400m m kg; 
[2] [4] 800m m kg; [3] 1200m kg. 

 
The frequencies and modes of the natural oscil-
lations of the original system are determined by 
the displacement method, in which the unknowns 
are the displacements in the direction of mass 
motion. The basic system of the displacement 
method is shown in Figure 2. 
The coefficients of the displacement method 
equations and the values of the nodal masses 
form matrices 
 

[ ,  ]A a i k ;   [ ]M m i .               (1) 

 
The roots of the equation 
 

2 0A M                        (2) 

 
define the frequency spectrum of the system's 
natural oscillations. The frequencies and modes 
of natural oscillations of the original system are 
presented in Table 1. 
In order to form individual targeted kinematic de-
vices, it is necessary to determine the forces that 
should appear in the device's posts [1-8, 16-22] 
 

0[ ,  ] [ ] [ ,  ]R i j m i v i j ,                (3) 

 
where ,  i j  are the numbers of the components of 
the j -th mode of natural oscillations, respec-
tively. 
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Table 1. Frequencies and modes of natural oscillations of the original system 

Number 
k  

Natural vibration modes 

[ ]m k  for 
frequency 
14.07953 

for 
frequency  
53.0752 

for 
frequency 
109.5337 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 -0.315087 -0.502865 -0.594382 -0.73793 -0.369613 400 
2 -0.565080 -0.520103 -0.174580 0.370387 -0.264938 800 
3 -0.606213 0.103822 0.432120 -0.086169 0.212601 1200 
4 -0.432097 0.574986 -0.359747 -0.137055 -0.383591 800 
5 -0.164932 0.367738 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 

 
Table 2. Values of 0[ ,  ]R i k  

i  1 2 3 4 5 

0[ ,  1]R i  63.04 226.24 364.32 173.28 33.08 

0[ ,  2]R i  -101.52 -210 62.88 232.16 74.24 

 
If in the considering example it is required to re-
duce the value of the first natural oscillation fre-
quency from 14.0715 sec-1 to 10 sec-1, and the 
second natural oscillation frequency from 
53.0769 sec-1 to 11 sec-1, then 
 

0[ ,  1] [ ] [ ,  1]R i m i v i ;   0[ ,  2] [ ] [ ,  2]R i m i v i . 

 
The values 0[ ,  ]R i k  are given in Table 2. 

In order to construct a computational model for a 
kinematic targeted device that reduces [ ]q  to 

[ ]s , a matrix of additional inertial forces is 
formed: 
 

0 0m mM M M ;                  (4) 

0 , 1
[ , ]

n
m i k

M m i k ;                (5) 

0[ ,  ] [ ] [ ] [ ,  ] [ ,  ]m i k m i m k v i q v k q    or  

0 0 0[ ,  ] [ ,  ] [ ,  ]m i k R i q R k q ;   (6) 

 
 

0

2

1 1

2
0

1 1

( [ ,  ] ( [ ]) [ ,  ]) [ ,  ] [ ,  ]
.

( [ ]) [ ,  ] [ ,  ] [ ,  ]

m
n n

i k
n n

i k

M

a i k s m i k v i q v k q

s m i k v i q v k q

 (7) 

 
After forming the matrix, the following equation 
is solved: 
 

2
0( ) 0m mA M M M .            (8) 

 
The solution results determine the frequency 
spectrum and natural oscillation modes of the 
modified system. 
For systems in which the directions of mass motion 
during natural oscillations lie in the same plane, the 
method of creation of computational model is 
based on the properties of a rope polygon con-
structed from the forces 0[ ,  ]R i k . For the initial 

system considered in the distinctive paper, such an 
approach is given, for example, in [2]. There we 
have 0[ ,  1] [ ] [ ,  1]R i m i v i  and corresponding kin-

ematic targeted device is formed, that reduces the 
first natural oscillation frequency from 14.0715 
sec-1 to 10 sec-1. 
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Table 3. Frequencies and modes of natural oscillations of the modified system 

Number 
k  

Natural vibration modes 

[ ]m k  for 
frequency 
10.0095 

for 
frequency  
53.0752 

for 
frequency 
109.5337 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 0.315087 -0.502865 -0.594382 -0.73793 -0.369613 400 
2 0.565080 -0.520103 -0.174580 0.370387 -0.264938 800 
3 0.606213 0.103822 0.432120 -0.086169 0.212601 1200 
4 0.432097 0.574986 -0.359747 -0.137055 -0.383591 800 
5 0.164932 0.367738 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 

 

 
Figure 3. The general view of computational scheme of targeted kinematic device 

 
The frequencies and forms of natural oscillations 
of the modified system are presented in Table 3. 
The general view of this kinematic targeted de-
vice is shown in Figure 3. We have the following 
lengths of posts: 
 

[1] 2.6934pl m;   [2] 0.9406pl m;   

[3] 0.2000pl m;   [4] 1.0879pl m; 

[5] 2.7498pl m. 

 
The magnitude of the additional mass is deter-
mined by the relationship (see, for example, [2]) 
 

2( [ ])add moM M N n ,                 (9) 

 
where [ ]N n  is the force in the outermost post of 
the device's belt, to which the additional mass is 
attached. 
The additional mass for the formed device is 
equal to 1586.5229add kg. The cross-sec-

tional areas of the kinematic device rods are iden-
tical; their values can be chosen arbitrarily. A ca-
ble runs from the lower hinge of fifth post 
through the block to the ground. 
In [3, 4, 18, 19, 22] it is shown that changing the 
lengths of all the targeted device posts by the 
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same amount does not affect the spectrum of nat-
ural frequencies and vibration modes. 

Figure 4 shows a kinematic device formed from 
the one shown in Figure 3, by lengthening all the 
posts by 2 m. 

 

 
Figure 4. The general view of computational scheme of targeted kinematic device 

 
Table 4. Coordinates of the belt nodes 

Number of node 0 1 2 3 4 5 6 
Coordinate of node 4.0557 2.9725 1.6217 6.4406 9.4115 5.5631 4.0557 

 
Table 5. Frequencies and modes of natural oscillations of the modified system 

Number 
k  

Natural vibration modes 

[ ]m k  for 
frequency 
11.0062 

for 
frequency  
14.07953 

for 
frequency 
109.5337 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 -0.502865 -0.315087 -0.594382 -0.73793 -0.369613 400 
2 -0.520103 -0.565080 -0.174580 0.370387 -0.264938 800 
3 0.103822 -0.606213 0.432120 -0.086169 0.212601 1200 
4 0.574986 -0.432097 -0.359747 -0.137055 -0.383591 800 
5 0.367738 -0.164932 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 

 
Similarly we have 0[ ,  2] [ ] [ ,  2]R i m i v i  and a 

matrix of additional inertial forces is formed 
based on the forces, reducing the second natural 
frequency from 53.0769 sec-1 to 11 sec-1, and a 

corresponding computational model for the tar-
geted kinematic device is created. A general view 
of the computational model for this targeted kin-
ematic device is shown in Figure 4. 
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The additional mass is equal to  
 

6301.7206915414addM kg. 

The frequencies and modes of natural vibrations 
of this modified system are presented in Table 5. 
 

 

 
Figure 5. The general view of computational scheme of targeted kinematic device 

 
Table 6. Coordinates of the belt nodes. 

Number of node 0 1 2 3 4 5 6 
Node coordinate  

(upper chord) 
3.2000 2.6934 0.9406 0.2000 1.0879 2.7498 3.2000 

Node coordinate  
(lower chord) 

4.0557 2.9725 1.6217 6.4406 9.4115 5.5631 4.0557 

 
After creation of individual kinematic targeted 
devices necessary for solving the problem, a 
group matrix of additional inertial force coeffi-
cients can be formed. In order to do this it is re-
quired simply sum the coefficients of the addi-
tional inertial force matrices of the individual 
kinematic devices. 
By implementing the second step of the algo-
rithm described above, we form a group targeted 
kinematic device. In order to do this, the gener-
ated computational schemes for the individual 

targeted kinematic devices are placed at the 
nodes of the original system. The general view of 
this device is shown in Figure 6. 
We have the following additional masses: 
 

1 1586.5229add kg,   2 6301.72069add kg. 

 
In this version of the group targeted kinematic 
device, both additional masses are attached to the 
rightmost links of the individual kinematic devic-
es' belts. 

Leonid S. Lyakhovich, Pavel A. Akimov, Zaur R. Galyautdinov, Andrey S. Plyaskin



247Volume 21, Issue 4, 2025

In some cases, it may be necessary to attach addi-
tional masses to different sides of the group tar-
geted kinematic device. Implementing this re-
quirement does not complicate the procedure of 
creation of the group targeted device. In this case, 

in the individual kinematic devices used, the cor-
responding numbers j  of the outermost belt links 
are selected when determining the values (9). 

 

 
Figure 6. The general view of the device 

 

 
Figure 7. The variant of group targeted kinematic device 
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Table 7. Frequencies and modes of oscillation of both variants of the group targeted kinematic device 

Number 
k  

Natural vibration modes 

[ ]m k  for 
frequency 
11.0062 

for 
frequency  
14.07953 

for 
frequency 
109.5337 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 -0.502865 -0.315087 -0.594382 -0.73793 -0.369613 400 
2 -0.520103 -0.565080 -0.174580 0.370387 -0.264938 800 
3 0.103822 -0.606213 0.432120 -0.086169 0.212601 1200 
4 0.574986 -0.432097 -0.359747 -0.137055 -0.383591 800 
5 0.367738 -0.164932 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 

 
Table 8. Comparison of the natural frequencies of the original system  

with the results of testing using the “SCAD” and “LIRA” software products 
 [1]  [2]  [3] [4]  [5]  

Proposed approach 14.0715 53.0769 109.5339 195.0757 226.8873 
“SCAD” and 

“LIRA” software 
packages 

14,0820 53,4030 111,5070 201,4150 237,1590 

 
A version of the group sighting kinematic device 
in which the additional masses are attached to 
different sides is shown in Figure 7. 
The frequencies and modes of natural oscilla-
tions of both variants of the group targeted kine-
matic device are identical and are presented in 
Table 7. 
The posts of the individual targeted kinematic de-
vices, mounted at the mass application nodes and 
directed along their trajectory, are aligned. 
Forces 0[ ,  ] [ ] [ ,  ]R i k m i v i k  arise in the aligned 

posts, each of which determines one of the indi-
vidual targeted kinematic devices. 
The absence of mutual influence between the 
forces determining the various individual kine-
matic devices is justified by the properties of the 
forces 0[ ,  ]R i k . The forces 0 1[ ,  ]R i k  determining 

the targeted device, which reduces the natural 
frequency 1[ ]k , do not perform work on the dis-

placements of the natural oscillation mode of any 
other natural frequency, that is, 
 

if 1 2k k  we get 0 1 2
1

[ ,  ] [ ,  ] 0
n

i
R i k v i k .  (10) 

Relationship (10) determines the absence of mu-
tual influence between the forces 0[ ,  ]R i k  arising 

in the posts of the group targeted device. 
The results presented in Table 7 confirm that the 
introduction of the group targeted kinematic de-
vice reduces only the first two selected natural 
oscillation frequencies to the intended values and 
does not lead to a change in the natural modes 
and values of the remaining frequencies. The re-
sults presented in Tables 1, 2, 3, 5, 7 were ob-
tained by the finite element method (FEM) [18] 
by dividing (discretizing) the length of the origi-
nal beam into 24 sections. A comparison of the 
natural vibration frequencies of the original sys-
tem with the test results of the “SCAD” and 
“LIRA” software products [9-15] is presented in 
Table 8. Considering the difference in the calcu-
lation method for Tables 1, 2, 3, 5, 7 between the 
“SCAD” and “LIRA” software products, the 
agreement between the results can be considered 
fairly close, confirming the reliability of the orig-
inal data. 
We will now test the group targeted kinematic 
device using the “SCAD” and “LIRA” software 
products. The results are presented in Table 9. 
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Table 9. Testing the group targeted kinematic device 
 [1]  [2]  [3] [4]  [5]  

Initial 14,0820 53,4030 111,5070 201,4150 237,1590 
Group 10,8000 11,1400 111,5200 201,4200 237,1600 

 

 
Figure 8. The general view of the device 

 

 

Figure 9. The general view of the modified device 
 
The data presented in Table 9 prove that the test-
ing performed convincingly demonstrates a re-
duction exclusively in those frequencies targeted 
by the group kinematic device, while the other 
natural oscillation frequencies remained un-
changed. 
If for the initial system (Figure 1) it is required to 
reduce the value of the first natural frequency 
from 14.0820 sec-1 to 10 sec-1 and to increase the 
value of the second frequency from 53.4030 sec-

1 to 2 110S sec-1, then one of the separate tar-

geted kinematic devices shown in Figure 3 and 
Figure 4 can be used to reduce the first frequency. 
In order to increase the value of the second fre-
quency, a separate targeted constraint, created in 
[58], can be used. 
For this purpose, a matrix of additional stiffness 
coefficients is formed based on the forces 
 

0 0S SA A A ;                    (11) 

0 , 1
[ , ]

n
S i k

A a i k ;               (12) 

0 0 0[ ,  ] [ ] [ ]a i k R i R k ;              (13) 

2
2

1 1

0
1 1

( [ ,  ] [ ,  ]) [ , 2] [ , 2]
.

[ , ] [ , 2] [ , 2]

SO
n n

S
i k

n n

i k

A

a i k m i k v i v k

a i k v i v k

 

.               (14) 
 
In accordance with [2], a separate targeted con-
straint is formed. The general appearance of this 
device is shown in Figure 8. 
The lengths of the posts of this device are of dif-
ferent signs. To avoid the complications associ-
ated with this circumstance, we will increase the 
lengths of all legs by 0.8 m. 
The general appearance of this modified device 
is shown in Figure 9. 
We have the following lengths of posts: 
 

[1] 0.1264pl m;   [2] 0.1212pl m;   
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Table 10. Frequencies and modes of oscillation of the separate targeted constraint 

Number 
k  

Natural vibration modes 

[ ]m k  for 
frequency 
14.07953 

for 
frequency  
109.5337 

for 
frequency 
109.9983 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 -0.315087 -0.594382 -0.502865 -0.73793 -0.369613 400 
2 -0.565080 -0.174580 -0.520103 0.370387 -0.264938 800 
3 -0.606213 0.432120 0.103822 -0.086169 0.212601 1200 
4 -0.432097 -0.359747 0.574986 -0.137055 -0.383591 800 
5 -0.164932 -0.547801 0.367738 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 

 

 
Figure 10. The general view of the considering variant of integrated group targeted device 

 
 [3] 1.6981pl m;   [4] 2.8000pl m; 

[5] 2.1555pl m. 

 
The cross-sectional areas of the belt rods and the 
posts are, respectively, equal to: 
 

0.0003538bF m2;   0.0007075pF m2. 

 
The diameters of the belt rods and the posts are, 
respectively, equal to: 
 

0.02122bD m;   0.0007075pD m. 

 
The frequencies and modes of natural vibrations 
of this individual targeted constraint are pre-
sented in Table 10. They are determined by the 
roots of the equation 

 
2( ) 0SO SA A A M .           (15) 

 
By implementing the second step of the above al-
gorithm, we create an integrated group targeted 
device. Let us first consider the variant in which 
the integrated targeted device is created based on 
the individual targeted constraint shown in Fig-
ure 9 and the individual targeted kinematic de-
vice shown in Figure 3. 
In order to achieve this, the selected computa-
tional schemes for individual targeted devices are 
placed within the nodes of the original system. 
The general view of this version of the integrated 
group targeted device is shown in Figure 10. 
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Figure 10. The general view of the considering variant of integrated group targeted device 

 

It should be clarified that the symbol  denotes 
a fixed flat hinge, with a cable running from the 
fifth post to the block and down. 
The additional mass is equal to  
 

1586.5229125936addM kg. 

 
The cross-sectional areas of the red belt rods are 
equal to  
 

0.0003538bF m2. 

 
The cross-sectional areas of the red posts are 
equal to  
 

0.0007075pF m2. 

 
The diameter of the belt rods is equal to  
 

0.02122bD m. 

 
The diameter of the belt rods is equal to 
 

0.03001bD m. 

 

The cross-sections of the black rods are the same. 
Where posts overlap, the cross-sections are not 
doubled. 
In the considered computational scheme for the 
integrated group targeted device, the belt of sep-
arate targeted constraint and belt of separate tar-
geted kinematic device intersect. 
Let us now consider a variant in which the inte-
grated targeted device is created based on the 
separate targeted constraint shown in Figure 9 
and the separate targeted kinematic device shown 
in Figure 4. 
The general view of this variant of the integrated 
group targeted device is shown in Figure 11. In 
this computational scheme, the belt of separate 
targeted constraint and belt of separate targeted 
kinematic device do not intersect. 
The posts of the separate targeted devices are su-
perimposed. Forces  
 

0[ ,  ] [ ] [ ,  ]R i k m i v i k  

 
arise in the combined posts, each of which deter-
mines one of the individual targeted devices.  
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Table 12. Frequencies and modes of oscillation of both variants of computational schemes 

Number 
k  

Natural vibration modes 

[ ]m k  for 
frequency 
10.07953 

for 
frequency  
109.5337 

for 
frequency 
109.9983 

for 
frequency 
195.0757 

for 
frequency 
226.8870 

0 0.0000 0.0000 0.0000 0.0000 0.0000 0 
1 -0.502865 -0.315087 -0.594382 -0.73793 -0.369613 400 
2 -0.520103 -0.565080 -0.174580 0.370387 -0.264938 800 
3 0.103822 -0.606213 0.432120 -0.086169 0.212601 1200 
4 0.574986 -0.432097 -0.359747 -0.137055 -0.383591 800 
5 0.367738 -0.164932 -0.547801 0.540420 0.775147 400 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0 

 
Table 13. Test of group targeted device 

 [1]  [2]  [3] [4]  [5]  

Table 12 10.0095 11.0062 109.5337 195.0757 226.8870 
Test 10,8000 11.1400 111.5200 201.4200 237.1600 

 
The absence of mutual influence between the 
forces determining the different individual tar-
geted devices is explained by the properties of 
the forces 0[ ,  ]R i k , which are represented by the 

relationship (10). 
The frequencies and modes of natural vibrations 
of both variants of the computational schemes are 
the same. They are determined by the roots of the 
equation 
 

2
0( ) 0SO S m mA A A M M M .    (16) 

 
Equation (16) is formed from equation (2) by 
adding the matrix of additional stiffness coeffi-
cients (11), (12) to matrix A  (1) and the matrix 
of additional inertial forces (4) to matrix (1). 
The frequencies and coordinates of the natural 
oscillation modes presented in Table 12 were ob-
tained as the roots of Equation (16) before the 
computational model of the integrated group 
sighting device was created. 
Table 2.3.12 shows that the intended changes in 
the natural oscillation frequencies occurred with 
sufficient accuracy. Only the first natural oscilla-
tion frequency decreased, and only the second in-
creased. The remaining frequencies and all natu-
ral oscillation modes remained unchanged. 

We will now test the group targeted device with 
the use of “SCAD” and “LIRA” software prod-
ucts [9-15]. The results are presented in Table 13. 
The data presented in Table 13 demonstrate that 
the testing of the computational model convinc-
ingly demonstrates the closeness of the test re-
sults to the roots of equation (16) and confirms 
the change in only those frequencies targeted by 
the integrated group targeted device, while the 
remaining natural oscillation frequencies re-
mained unchanged. 
Thus, the distinctive paper proposes an algorithm 
for generating an integrated group targeted de-
vice that increases some targeted natural frequen-
cies to specified values and decreases other tar-
geted frequencies to specified values, without 
changing any of the remaining natural frequen-
cies or any of the natural oscillation modes. A 
method for generating a matrix defining an equa-
tion whose roots determine the frequencies and 
natural oscillation modes of the integrated group 
targeted device is considered. A justification is 
provided for the absence of mutual influence be-
tween the forces 0[ ,  ]R i k  arising in the posts of 

the integrated group targeted device. The pro-
posed algorithm was tested with the use of 
“SCAD” and “LIRA” software products [9-15]. 
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