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1. Introduction

2. Literature review and problem statement

Noise belongs to the most common harmful factors ad-
versely affecting people’s health and reducing labor produc-
tivity. According to the World Health Organization for the
years 2017-2018, diseases associated with hearing impair-
ment are the third largest and make 12.5 % [1].

Heightened noise often causes reduced productivity be-
cause of increased fatigue of employees. With increased noise
due to the sound masking effect, recognizability of sound
signals including danger signals is reduced. Because of this,
the risk of accidents and occupational diseases grows dramati-
cally. In real production conditions, there is often a problem of
increased noise in several adjacent rooms produced by a single
source. Existing methods and means of dealing with increased
noise make it possible to calculate and optimize individual
sound-insulating panels. This approach does not provide ma-
ximum reduction of noise effect on people in different rooms.
Sound insulation materials and funds are not used with ma-
ximum benefit. This study relevance is explained by the need
to reduce risks from influence of noise on people as well as the
need for rational use of materials and financial resources.

Multilayer structures (sandwich panels) consisting of
various materials are the most promising soundproofing
means for today. Study [2] is devoted to the characteristic of
acoustic insulation of composite sandwich panels consisting
of a polyurethane core and laminated composite shells. More
effective noise reduction per unit mass of material compared
to common plasterboard panels was achieved. However, the
study did not consider the possibility of achieving maximum
sound insulation using existing materials and technologies.
As a result, the maximum possible noise reduction effect was
not attained. The characteristics of sound transmission loss
in sandwich panels with a lattice core were studied and the
results obtained were presented in [3]. [t was shown that bet-
ter sound loss characteristics compared to common sandwich
panels were achieved in this structure even without optimiza-
tion. Thus, the problem of optimizing the design of sandwich
panels was not solved. Maximum noise reduction is unattain-
able having limited material choice and financial resources.

A series of papers are devoted to optimization of these
structures. In [4], a multi-purpose optimization of a sandwich




panel with a corrugated core was performed. Minimum weight
and deflection was achieved but not minimization of noise
and cost of the structure. A similar choice of a compromise
solution was made in [3] between design and acoustic charac-
teristics of a car body panel. In addition to the above disad-
vantage, the design features of car soundproofing hamper its
use in building structures. The problem of worsening sound

- insulation of a sandwich panel with an increase in its rigidity
was considered in [6]. However, the task of noise minimiza-
tion was not solved there when attempting to comply with
regulatory requirements and restrictions on the materials and
costs. A similar approach was applied in {7] where the design
of sandwich panels with a balance of acoustic and mechanical
properties at a minimum weight was optimized. The problem
of minimizing noise while observing sanitary norms for noise
and economic limitations was not solved there as well.

Mechanical, electromagnetic and acoustic properties of
sandwich structures with a hybrid honeycomb core were
analyzed in [8]. Optimization of the honeycomb core shape
improves sound insulation properties in certain frequency
bands compared to conventional honeycomb panels. How-
ever, this leads to non-uniform mechanical characteristics
which limit their use in real building structures.

Possibility of optimizing a sound-absorbing coating in
a room by selecting materials and determining the appro-
priate area was considered in [9]. Minimum cost of applying
coating in the room was achieved at a specified limitation
of noise level and use of materials. However, the problem of
optimizing the group of soundproof structures has not been
solved. Mathematical solution of such a problem was pre-
sented in [10] where total imbalance of the group of rotors as
sources of noise and vibration was minimized. However, the
task of determining a set of soundproof panel elements for
industrial premises was not solved.

A common drawback of all considered studies consists in
the fact that they do not solve the problem of simultaneous
optimization of sound insulation for a group of rooms with
specified sound insulation characteristics. Such a task often
arises in designing or group reconstruction of industrial
premises performed by a single contractor. As a rule, diffe-
rent production processes are executed in different rooms.
Therefore, noise characteristics and sanitary standards at
workplaces in different rooms also differ from each other.
The use of existing sandwich panels can ensure observance of
sanitary standards but will not result in an optimal reduction
of noise or cost. Practice shows that not only multi-layer
but even single-layer paneling may be most effective in some
cases. Therefore, it is advisable to conduct a study aimed
at development of procedure for simultaneous optimization
of a group of sound-proofing panels. This technique should
enable not only calculation of dimensions and selection of
materials but also decide on the basis of design for each panel
element. In this case, the applied materials and types of de-
sign of various panels may differ from each other.

3. The aim and objectives of the study

The study objective was to optimize a group of sound-
proofing panels by selecting optimal structures and optimal
distribution of materials.

To achieve the objective, the following tasks were set:

—formulate an optimization problem of determining
a group of sound-proofing panels with indication of source

data, options of the objective function and recommendations
for their use;

—develop a method and an algorithm of optimization
calculation.

4. Statement of the optimization problem of calculating
a group of sound-proofing panels

Optimization consists in achievement of the best result
in terms of the selected quality criterion (objective function)
under which limiting conditions are fulfilled. Let us agree
that one panel shall be developed for one room. In general,
to solve this problem, the following set of initial data was
proposed:

— spectra of the required noise reduction in the premises
(sound pressure levels in one-third octave frequency bands);

— an objective function depending on the chosen problem
formulation;

~ a list of restrictions;

— a list of available materials for panels [11];

— the area of partitions, their specific cost with an ac-
count of fasteners, thickness and volume density of materials.

The following options of the objective function were
proposed:

— excessive noise load;

— total index of noise reduction in the premises;

— total cost of sound insulating panels;

- number of panels made.

The objective function choice is determined by the rele-
vance of the optimization problem in each specific case.

Excessive noise load is a conventional quantity represent-
ing the total energy equivalent of excess noise in all rooms
as an integral indicator of harmful effect on people. It is
recommended as an objective function in designing or recon-
struction of industrial buildings with a high class and degree
of harmfulness of noisc in the workplace [ 12]. This indicator
is calculated from formula:

F=ENL=Y Y Al 10" ¢, — min, (1)

J=t =

where ENL is the excessive noise load, W-h/ m?% Ay is
the value of the excess sound intensity without correc-
tion «A», W/m?; j is the number of the panel; m is the num-
ber of panels; i is the number of the one-third octave band;
n is the number of one-third octave bands in which the
sound pressure level exceeds the norm; A; is correction
of sound impact in accordance with the «As characteris-
tic [2], W/m? ¢; is duration of the noise impact on people, h.

The total noise reduction index in rooms is the sum of cor-
responding Ryj; indices calculated for individual rooms [12].
It is recommended as an objective function for designing and
reconstruction of external and internal panels in residential,
public and general service buildings of industrial enterprises.
Value of this indicator is calculated from formula:

F2=Z;Rw3 — max. (2)

The total cost of sound-proofing panels is a cost esti-
mate that includes the cost of materials, fasteners and work.
This objective function is recommended in conditions of
financial shortage:
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E=Z=Y(C,+C,+C,)S,~>min, ®3)
j=1

j=

where Cyj, Cy;, Cy; is the unit cost of materials of the 1%, 27d
and 3" layers taking into account fasteners and work, respec-
tively, conv.un./m? S; is the panel area, m

The number of panels obtainable from available materials.
This objective function is recommended in the conditions of
shortage of insulation materials:

F, > max. 4)

The following is offered as limiting conditions:

— permissible sound pressure levels in one-third octave
frequency bands, dB. If the total noise reduction index in
rooms is used as a objective function, then the normalized
airborne noise reduction index, dB, should be the limiting
condition;

— maximum allowable total cost of sound-proofing panels
ZMAX, convaun,;

— minimum allowable number of panels made.

Permissible sound pressure levels of 9 frequencies are
estimated using this inequality:

Ly S Ly worsr (5)

where Lp; and Lp; yora are the actual and normalized sound
pressure levels in the one-third octave band, dB, respectively.

The airborne noise reduction index is estimated using
this inequality:

Ry 2 Ry yomes ©)

where Ry; and Ryw.norw are the actual and normalized indices
of airborne noise reduction in the room, dB, respectively.

The cost of a group of coatings is estimated by comparing
with the maximum allowable quantity Qmax:

Z(CU +CZj +C3j)Sj SQMA)(, y.c (7)

j=t

Solution of the optimization problem results in a table
(matrix) including:

— type of structure for each panel;

— distribution of sound-proofing materials according to
numbers and layers of panels;

—value of the objective function, a decrease in sound
pressure levels in one-third octave bands and the total cost
of panels.

5. The method and algorithm for calculating a group
of panels based on a random search

The problem relates to structural optimization. Given
nonlinearity of the objective function and limitations, solu-
tion can be achieved by means of methods of non-linear
discrete programming. It was proposed to solve this problem
on the basis of a random search using the Monte-Carlo me-
thod [10, 13]. The algorithm diagram is shown in Fig. 1.

The method is based on a random distribution of stan-
dard structures and procured materials among panels with
subsequent verification of fulfillment of limiting conditions
and selection of the best result.

ICOL0 0S99 ) ROl

[ input of initial data |

v
Random distribution of structures and procedures é)
(M1-M2) among panels (1-m)
v
Random distribution of procured materials among pan¢ls @
¥

Calculation of frequency characteristics of sound insulation
Rm(f)and calculation of the objective function Fy

no L — 5
—< Check of fulfillment of limitations

v _Yes 3
no .
Assessment of the result improvement Fy<Fy

T yes
Deletion of the previous iteration results ¢

and saving of the current iteration results

Output of results

|
i

I Organization of the next iteration k=k+1

t of the iteration number k<K

yes s
A

Fig. 1. The algorithm for calculating the group of panels
based on a random search (Monte Carlo technic)

Block 1 starts the first iteration. Random distribution of
structures among panels is performed in block 2. To this end,
random values of the structure number and the corresponding
calculation procedure (M1-M5) are generated. Next, a ge-
nerated structure number is assigned to each panel (1-m).

Random distribution of the procured materials among
panels is made in block 3 (Fig. 2). For clarity, numbers of
materials are presented by broken lines. The material number
is equal to the value at the break point. The number of panels
and materials in this example is 5 and 10, respectively.

Material number

Iteration number k

Fig. 2. Examples of graphs of random distribution
of materials among panels (Mathcad [14]):
j1—/5 are numbers of panels

Frequency characteristics R,(f) of sound insulation and
the value of the objective function F are calculated in block 4
depending on the chosen option. An example of a graphical
dependence of the value of the objective function Q on the
iteration number & is shown in Fig, 3. For clarity, the graph is
shown in the form of a broken line similar to Fig. 2. Values of
the objective function correspond to the break points.

Fulfillment of limitations (5)—(7) is checked in block 5.
If the answer is positive, the result of optimization of this
iteration is evaluated in block 6 by comparing value of the
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objective function with a similar value of the previous itera-
tion. If the answer is positive, result of the previous iteration
is deleted in block 7. Block 8 organizes the next iteration. The
number of iterations is estimated by block 9. When imple-
menting this technique, the number of iterations K is given
in the input data.

o 2800
=
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£ = 2700/
o =

S 5 2600}
Z &

S ° 2500
g 2400
o

= i} 10 20 30

Tteration number k

Fig. 3. Values of the objective function Q depending
on the iteration number k

When calculating frequency characteristics of sound
insulation of individual panels (block 4), it is proposed to
use known procedure [12]. Procedure 1 (M1) is intended
for calculation of sound insulation of acoustically homo-
geneous partitions (concrete, brickwork, plaster, etc.), Fig. 4.
Depending on the surface density, coordinates of the B point
are determined by empirical formulas. The corresponding
frequency value is rounded to the geometric mean frequency
of the octave band. The A point is obtained at a frequency of
100 Hz by drawing a horizontal line segment BA from the
A point. The C point is obtained by drawing an inclined line
segment BC from 7.5 dB/oct. up to the level of 60 dB. The
D point is obtained at a frequency of 3150 Hz by drawing
a horizontal line segment CD from the C point. The resul-
ting broken line ABCD is the frequency characteristic of
the sound-insulating ability taking into account the noise
bypasses that are possible in real structures.

R,dB
60 e o e - - —

fa fs fc fp f Hz

Fig. 4. Frequency characteristic of soundproofing
of a uniform panel

The procedure 2 (M2) makes it possible to calculate
sound insulation of single-layer thin structures made of sheet
materials (metal, glass, asbestos-cement, plasterboards, fiber
reinforced gypsum boards, wood-chip boards, wood fiber-
board, etc.), Fig. 5.

The procedure 3 (M3) makes it possible to calculate
structures of two thin sheets of the same thickness and the
same material with air insulation between them, Fig. 6.
Sheets can be glass, plasterboards, fiber reinforced gypsum
boards, wood-chip boards, metal, etc. Using empirical data,
an ABCD broken line is built and corrections are made. After
corrections are added, the A1B1CiD1 and A1EFKLMNP
broken lines are sequentially built. The last broken line is
frequency characteristic of the airborne sound insulation by
this enveloping structure.

4.5dB/oct. B

S 1.

fA f]; fC ﬁ) f, Hz

Fig. 5. Frequency characteristic of soundproofing
of a uniform panel of a thin sheet material

R, dB

fp f, Hz

Fig. 6. Frequency characteristic of sound insulation
with two identical sheets with an air gap between them

Procedure 4 (M4) is designed to calculate structures of
two thin sheets of the same material, different thickness with
air insulation between them, Fig. 7.

Procedure 5 (M5) provides calculation of a structure
consisting of two thin sheets of different thickness and
a sound-absorbing material between them, Fig. 8.

Thus, the proposed calculation method includes the well-
known procedures developed for calculation of single panels.
This has made it possible to simultaneously optimize a group
of sound-proofing panels.

R, dB

fo f,Hz

Fig. 7. Frequency characteristic of soundproofing
with two thin sheets of different thickness with an air gap
between them

R, dB

Ay
A

fp f,Hz

Fig. 8. Frequency characteristic of soundproofing
with two thin sheets of different thickness with an air gap
between them

fa fp

6. Assessment of optimization results

As a result of the optimization calculation using the
proposed method, various options of a 5-piece group of
sound-proofing panels were obtained. Fig. 9 shows polygons
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of distribution of the total cost of a group of panels with
a different number of iterations K. The number of intervals
was calculated using the Sturgess formula [15].

0.6
4
0.4
p 1-
02/t N L/
) 3 L+
N\AA
0
2000 2400 2800
Q, conv.un

Fig. 9. Polygons of distribution of the total cost
of a group of panels: at k=102 (1); at K=103 {2);
at K=104 (3); k=105 (4) (Mathcad)

Mathematical expectation and variance [15] of the cost
of a group of panels depending on the number of iterations
are presented in Fig. 10, 11, respectively.

o 3000
3
>
g 2000
& 1000
=

0
10° 10° 10* 10°
K
Fig. 10. Mathematical expectation of the cost
of a group of single-layer panels

« 30000
g
% 20000
f~
5
< 10000
=4
Q

0
102 10° 10* 10°
K
Fig. 11. Variance of the cost of a group of single-layer panels

Analysis of the obtained results indicates a steady im-
provement in optimization results with an increase in the
number of iterations.

These characteristics clearly demonstrate the algorithm
convergence at which an acceptable solution is achieved in
a finite number of steps. The number of steps X is considered
sufficient if improvement of the result does not exceed spe-
cified error € [13]:

|Fe - Frlse, (®)

where Fx and Fk.+ are the minimum (most advantageous)
values of the objective function obtained when performing K
and K+1 iterations, respectively.

When the number of iterations was 10°, cost of the group
of panels reached 2,055 conv.un. A further increase in the
number of iterations did not give the cost reduction ex-
ceeding the specified error € convun. Therefore, the number
of iterations 10° is sufficient for this case.

Fig. 12 shows examples of frequency characteristics of
the acting noise and a single-layer sound insulation in an
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individual virtual room. Curve 1 in Fig. 12, a represe
marginal noise spectrum (a plurality of permissible sot
pressure levels). Curve 2 represents spectral characteristi
noise conditionally acting at a given point prior to the us
panels. This characteristic is considered to be specified (p.
Since the indoor noise is created by an external source, nc
reduction depends only on the sound-proofing charac
ristics of the panel. Therefore, dimensions of the room ¢
distance to the source are not taken into account.
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Fig. 12. Frequency characteristics: noise acting with
no panels (a); noise insulated using single-layer panels (&
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The following notation was used in Fig 12: limit:
spectrum No. 75 (1); acting noise (2); required noise red
tion (3); soundproofing of a 12.5 mm thick plasterboard (
soundproofing of a 22 mm thick wood-chip board (OS
(5); soundproofing of a 16 mm thick asbestos-cement boz
(6); soundproofing of a 22 mm thick fiberboard (MDF) (
soundproofing of a 6 mm thick silicate glass sheet (8).

As can be seen in Fig. 12, q, the sound pressure lev
of noise exceed permissible sound pressure levels in octa
bands with average geometric frequencies of 250 Hz a
1,250 Hz. As control examples, various options of simg
fied single-layer panels were calculated. Curves 4-8
Fig. 12, b present examples of frequency characteristics
sound insulation of a separate room. The figure shows tl
the required sound insulation in the entire frequency ran
was provided by panels with materials 6 and 7. Material
had the lowest unit cost and belonged to a solution clc
to the global optimum. Solutions that used materials 4,
and 8 in this panel did not pass the test for condition (5) a
were deleted.

7. Discussion of results obtained in the study
of optimization results

Solutions based on the use of materials 6 and 7 as well
the corresponding spectral characteristics of sound insu
tion are explained by the action of an optimization algoritt
based on the Monte-Carlo method of random search. In t




El’_‘:s:xhjg!:g

course of calculations, a multitude of options were compiled
using generation of randoem numbers and a choice was made
of an option with the minimum cost of panels, 2,000 conv.un.
(Fig. 9). According to the calculation, a panel made of mate-
rial 7 (Fig. 12, b) corresponded to the specified room.

Despite the apparent similarity, the problems solved by
this method significantly differ from the problems in the re-
ferences considered. Features of the proposed method consist
in the possibility of simultaneous optimization of a group of
sound-proofing panels. Optimal solution is sought not only
by taking into account the available materials but also va-
rious types of panel structures. For example, the number of
solutions using this method can include not only multilayer
but also single-layer structures. Individual multilayered
structures (sandwich panels) were optimized in the consi-
dered references which greatly limits search for an optimal
solution when designing a group of panels.

As a result of application of this method, a more effective
result was achieved compared to the independent calcula-
tion of individual panels. To assess effectiveness, the values
of mathematical expectation and variance of cost of panels
were compared at the number of iterations 102 and 10°
(Fig. 10, 11, respectively). As a rule, in the case of a separate
structure using conventional procedure, materials were ran-
domly distributed among panels. Mathematical cost expecta-
tion in this case is close to 2,650 conv.un. which corresponds
to the minimum number of iterations, the is, 102. When
using the proposed method with the number of iterations
of 10°, the expected cost value decreased to 2,010 conv. un.
The effect was about 24 % of the criginal cost of panels. Also,
algorithmic simplicity inherent in the Monte-Carlo method
of random search is the advantage of the proposed method.

Low rate of convergence is disadvantage of this method.
This disadvantage determines the limitations inherent in this
method. The number of simultaneously designed structures
and materials used is limited and amounts to units.

Further development of this method will include increase
in the number of simultaneously designed structures and
nomenclature of materials used. Obviously, that will require
application of other mathematical methods with a greater
rate of convergence. In this case, the problem formulation
will not lose its meaning and may remain unchanged. It is
also obvious that computer implementation will require
professional programming experience. In addition, an expe-
rimental confirmation of effectiveness of the sound-proofing
panel group will be required.

8. Conclusions

1. The optimization problem was formulated. It included
composition of initial data, four options of the objective func-
tion and corresponding recommendations for their use in real
production conditions. The composition of the source data
is determined by the procedure of calculation of frequency
characteristics and cost of sound-proofing panels. Choice
of the objective function is determined by relevance of the
optimization problem in specific production conditions. For-
mulation of this optimization problem can be used later in
further development of this method.

2. Method and algorithm for optimization calculation
of a group of sound-proofing barriers against airborne noise
were elaborated. Structure and materials were selected for
each panel in the course of calculation. The structure type
was chosen from among five standard structures including
single-layer, two-layer and three-layer panels. Optimization
effectiveness was determined by the number of iterations
of the computational process, the number of panels and the
nomenclature of materials used. The obtained algorithm has
convergence. At a small number of panels, materials used (no
more than ten) and iterations (100,000), the method makes
it possible to obtain a solution close to the global optimum.
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Ipoeedeno docaidncennn nosimpsanozo cepedosuwa
Y BUPOGHUYUX NPUMIEHHAX, O¢ 6i00Y8alombCa 36aprosan-
Hi npouecu, 0CO6TUGY YEAzY 36EPHENO NA YMEOPEHNHR MOHO-
oxcudy syzaeyo (CO) ¢ pobouomy cepedosuwi 8 npoyeci
Ppyunozo enexmpodyzoeozo 3eaprosanna. Hasedeno xnacu-
dixayito ocroeHux wKiOIUGUX PeMOSUN, AKI Yymeoptoomy-
cAnpu 36apieanui i cnopidreHux npouecax 3a xapaxme-
POM HE2AMUBHOZ0 GNIUBY HA OP2ANI3M 36APIOBANLHUKA.
Ho6ydosarno mamemamunny MoOeTs OuNAMIKU 3MIHU KOH-
uenmpauii 4wadnoeo a3y 6 nosimpi po6oxoi 30nu, suxodauu
axinsxocmi wxidrueoi pewosunu (m) 8 nogimpi npuminen-
HA Y MOMEHm 4acy, tHmeHcueHOCmi gudinenns ii y noei-
mps ma kpamuocmi nosimpoobainy. Jana mamemamuuna
MOOENy BKRI0HAE POINOBCIOONCENHA HAOHO20 2A3Y 6 noGim-
Pi, 8pax06YHU NOSIMPOOOMIN MIdC 302aA16HUM 06’ eMOM
npumimenns i noxanoNuMu 06’ eMamu po6o4oi sonu.

Hocaidxcenv wo0o ymeopenna MONOOKCUOY éyeneyio
Y npouecax enexmpo3eaplosania 06Marb, momy neobxio-
Hicmb 00CNIONCEHNA Yp020 € NPIOPUMEMHUM.

Excnepumenmanorumu docaioncennsmu 6yao niomeep-
doicere, W0 KONUECHMPAUIA 4aAOH0Z0 2a3Y 3a Melcamu
aokanvHux 06’emie npucmpoie Micueeoi senmuasuii,
mobmo 6 nosimpi podovux 30M, IAAUWAEMLCA nocmiti-
Hotw (90 0,01 mz/»3) i ne nepesuwyec ITK (20 mz/M).
Bidmosa abo eidcymuicmo 3azanvio-0bminkoi eenmunn-
yii, npuseodumev 00 WBUOKO20 IPOCMANHA KOHUEHMP AU
2a3y monoxcudy eyeneyro (CO) & excnonenuyiuniii 3anemnc-
nocmi (6i0 150 do 200 mz/»M 3a 0,5-0,6 200unu) y mano-
My 3amxnymomy poboxomy npocmopi (1 M%), a dani moxce
PO3N0ECIO0NHCYBAMUCH NO YCOOMY NPUMINEHHIO.

Ane sidmosa 3azanvno-06MiNHOL 8enmunayii, npusso-
Ooumdb 00 wWeUIK020 3POCMAHHA KOHUERMPAUTT 2a3Yy MOHO-
oxcudy eyeneuro (CO) 8 excnonenyiunii sanexcwocmi.
e cgiduumv npo me, wo 3a2anvHO-00MIHHAG SeHMURAUIA
Ma€ 8aNCTUGE IHAUEHHA, ANE BOHA He € 2apaHnoM 3abes-
newenns Geanexu 36aprOCALHUKIE MA THIMUX NPAYUIBHUKIE
#4000 ompyenns 2a3om. Tomy nosunno bymu nepedbaveno
3acmocys8anns Micyeeoi senmunayii ma 3axucm opzanis
QUXANHA YCIX, XMO € NPUCYMHIM npu npoeedeni npoyecis
enexmpozeaproeannn. Ompumani mamemamuuni mode-
Ai 00360/1A10Mb GUKOHAMU OUINKY PUSUKIE npaui 3eapio-
ganvnuxie, epaxysamu emicii CO npu pospaxyuxax cuc-
mem senmunayii y pobouii 30ni, cxepezyeamu cucmemy
MENHEOICMENMY PUIUKXAMY M OXOPOHOI0 NPayi

Kniowosi cnosea: enexmpodyeose 36apro6ants, MoHo-
oKcud eyeneyio, wxionuei emicii, po6ouuii npocmip, ompy-
€HHA 2A30M
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1. Introduction

Arc welding processes are widely used in many industries
for making non-detachable joints when assembling separate

elements of articles and structures [1]. Given the large num-
ber of enterprises where these types of processes are common,
as well as a possibility to apply them at small workshops and
everyday life, there is an issue related to improving their




