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1. Introduction system. This leads to functional changes in many organs

and systems, especially the cardiovascular system and the

Increased noise levels at work harm people’s health and  gastrointestinal tract.
reduce productivity. Over the past year, this problem has In addition to the direct impact on humans, increased
not lost its relevance in the world [1]. The direct, prolonged  noise levels often become an indirect cause of danger due to
effect of noise on people decreases auditory sensitivity  the effect of sound masking. Individual sounds, including
at high frequencies and overstrains the central nervous hazard signals and voice messages, become indistinguishable



against noise. This dramatically increases the risk of acci-
dents and reduces productivity.

Standard methods for calculating sound-insulating pan-
els do not take into account the possibility of simultaneous
calculation of a group of panels performed by a single con-
tractor. This is an optimization problem and implies the most
advantageous solution under limited materials and financial
resources. The formulation of the optimization problem
involves various options, each being the most effective in
specific production conditions. To improve the method
requires an increase in the number of options of the optimi-
zation problem and confirmation of their effectiveness. The
relevance of the work is dictated by the need to develop the
most effective protection of people from noise, taking into
account specific production conditions.

2. Literature review and problem statement

To date, a number of single-layer and multilayer sound-in-
sulating panels, as well as appropriate calculation methods,
have been developed. With no restrictions on weight, thick-
ness and cost, massive panels are the most effective. Other-
wise, multilayer structures (sandwich panels) are used. The
work [2] is devoted to studies of sound transmission loss
characteristics of lattice core sandwich panels. The work
noted an improvement in sound loss characteristics com-
pared to a traditional sandwich panel. However, the problem
of optimizing the design of sandwich panels is not solved in
the work, maximum noise reduction is not achieved with
limited materials and economic costs. In [3], an improve-
ment in the sound insulation characteristics of composite
sandwich panels with a polyurethane core and laminated
composite shells compared to gypsum boards is noted.
However, the paper also does not consider the possibility of
achieving maximum noise reduction by sound insulation.

In [4], a compromise between the structural and acous-
tic characteristics of a car body panel is considered. The
peculiarities of sound insulation of cars complicate its use
in building structures. In [5], multi-purpose optimization of
a multi-layer corrugated core sandwich panel is performed.
Minimum weight and deflection of the panel are achieved.
However, this does not minimize noise and cost. In [6], the
weight of sandwich panels is minimized while maintaining
a balance of acoustic and mechanical properties. But the
problem of noise minimization is not solved. In [7], the de-
pendence of sound insulation of a sandwich panel on stiffness
is considered. However, the problem of noise minimization
while observing noise regulations is not solved there either.

A hybrid honeycomb core sandwich structure is con-
sidered in [8]. Acoustic, mechanical and electromagnetic
properties are analyzed. Optimization of the honeycomb
core shape increases the sound insulation properties in a
certain part of the spectrum. But this leads to a deterioration
in mechanical properties, which complicates the widespread
use in practice.

In [9], the optimal sound-absorbing coating of a room
is calculated. A random selection of materials and area is
carried out. Minimum coating cost while observing noise
regulations is achieved. However, this work also does not
solve the problem of optimizing a group of sound-insulating
panels.

The problem of simultaneous optimization of sound-in-
sulating room panels is solved in [10]. This work proposes a

method of optimization calculation of a group of sound-in-
sulating panels. A free selection of structures, calculation
methods and materials, as well as their distribution over
partitions is carried out. After that, the constraints are
checked. Due to the multiple stochastic calculation pro-
cess, a high probability of solutions close to global optimum
is achieved. The method involves several options of the op-
timization problem. The options for the objective function
are: excess noise load on people, total noise reduction index,
total cost of panels and number of panels manufactured.
The calculation confirmed the achievement of the mini-
mum total cost of partitions, and noise levels are presented
as limiting conditions. This confirms the effectiveness of
one of the options, which emphasizes the economic aspect
of the problem. Labor safety is regarded as a secondary
condition. In addition, the work does not take into account
additional operating conditions, which are often found in
practice. These include restrictions on the weight of panels,
requirements for strength, fire safety, etc.

This explains the feasibility of conducting a study aimed
at improving the method of optimization calculation of a
group of sound-insulating panels. The improvement consists
in increasing the number of problem options that take into
account specific production conditions. Of particular inter-
est is the confirmation of excess noise load minimization as
a solution to the labor safety problem, which has not been
solved before.

3. The aim and objectives of the study

The aim of the study is to find the most advantageous de-
sign solution for a group of panels that meets the customer’s
and contractor’s interests. This will provide an opportunity
to increase the safety of panels.

To achieve the aim, the following objectives are set:

— to make additions to the statement of the optimization
problem of the group calculation of sound-insulating panels,
allowing for multi-purpose optimization taking into account
the customer’s and contractor’s interests;

—to improve the method and algorithm of optimization
calculation by making additions aimed at improving the
safety of panels;

—to confirm the possibility of solving the labor safety
problem in the form of reducing the excess noise load (ENL)
on people by calculation.

4. Additions to the statement of the optimization problem
of the group calculation of sound-insulating panels

In addition to the objective function options given in [10],
the following criteria multipurpose optimization are pro-
posed:

— criterion that simultaneously takes into account excess
noise load, total room noise reduction index and total cost of
sound-insulating panels;

— “noisexcost” product;

— “total noise reduction index/cost”.

Multipurpose optimization is recommended when sev-
eral goals need to be achieved simultaneously. The objective
function (1) is a single quality functional and includes the
excess noise load, total room noise reduction index and total
cost of sound-insulating panels:
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where p1, pa, p3, ps are the weighting factors, depending on
the significance of the corresponding indicator and are de-
termined by the standard method of expert assessments; Fj is
the excess noise load; F is the total noise reduction index; F3
is the total cost of sound-insulating panels [10]. It should be
noted that the composition of the terms in the expression (1),
taking into account the experts’ assessment, can be reduced.
The objective function (2) is the “noisexcost” product:

F=F.F, &)

Function (3) represents the “total noise reduction index/
cost” ratio

E=F/F. 3

As additional safety conditions (restrictions) for panels,
the following are proposed:

— panel bearing capacity;

— panel weight;

— panel thickness;

— fire safety requirements.

The restriction on the panel bearing capacity is used
when the ceiling carries an increased load due to redevelop-
ment and installation of additional loads. The restriction of
the panel weight is introduced when the ceiling under the
panel has a limited bearing capacity. In both cases, these re-
strictions are introduced to prevent collapse. The thickness
restriction is applied when the panel significantly reduces
the room size, width of passages, driveways or escape routes.
The fire safety requirement also limits the use of a number of
materials and structures by introducing standard fire resis-
tance and fire propagation limits.

These additions expand the functionality of the method,
make it more versatile and effective in specific production
conditions. As a result, there is a possibility of simultaneous
interest of the customer and the contractor in achieving the
goals. The goal of the customer is to achieve the required
safety level of the production process when using panels. The
contractor’s purpose is to save materials and money in the
manufacture of panels.

5. Improved method and algorithm of optimization
calculation of a group of panels

This optimization problem is given on discrete sets of
panels, structures, calculation methods and materials. The
objective functions and restrictions are generally nonlinear.
Therefore, the problem can be solved by nonlinear discrete
programming methods. The most convenient in terms of
algorithmic simplicity is the random search method based on
the Monte Carlo method [11].

The algorithm of the improved method is shown in
Fig. 1. Similar to [10], it uses a stochastic process of random
distribution of structures, methods and materials over pan-
els, followed by the selection of the best option.

The improvement of the method and algorithm is in
blocks 1 and 2. In block 1, the operator (developer) defines
panels with additional requirements for operating condi-
tions described in the previous section of the paper. These
requirements include the restrictions on bearing capacity,

weight, thickness and fire safety. If there are panels with
the specified requirements, the operator allocates them to
a separate subgroup. Further, in block 2, the operator pur-
posefully (directively) distributes structures and materials
among them. Thus, part of the problem solution is taken over
by the person. In the further search for solutions, the select-
ed subgroup of panels is not involved. At the same time, the
decision made affects the value of the objective function and
the fulfillment of limiting conditions.

Data entry

Are there panels with additional operation CD\ no
< conditions?
yes
Purposeful distribution of structures, calculation
methods and materials of panels with additional
operating conditions

v 3
Starting iteration k=0
I

v
4
Random distribution of structures, calculation methods and
materials of panels without additional operating conditions
¥
Calculation of frequency characteristics of sound insulation
of panels and calculation of the objective function value

no — - 6
Verification of compliance Q
l yes
Assessment of result improvement @>

l yes
Deleting the results of the previous iteration and saving the
results of the current iteration

?

| Organization of the next iteration k=k+1

no

8
Output
of results

Fig. 1. Scheme of the algorithm for calculating a group of
panels

10) yes
1o Is the last iteration completed? Q Y

The introduction of blocks 1 and 2 is aimed at improving
the safety of panels. This also helps to reduce computation
and improve optimization results.

The remaining blocks of the algorithm correspond to the
description given in [10].

6. Confirmation of the possibility of reducing excess noise
load on people

Fig. 2 shows the graphical dependences of random num-
bers of materials distributed over the panels j1-j4 on the
iteration number k. Material number values correspond to
break points. It was allowed to use single-layer panels made
of stone and sheet materials with a total number of 16. Stone
materials included concrete and silicate brick. The thickness
of the panel made of these materials took the values of 150
and 280 mm (including plaster). Sheet materials included
asbestos cement, gypsum board and wood fiber of 8; 12; 20;
22 mm thickness.

This procedure is implemented using block 4 of the algo-
rithm. A computer program that implements the algorithm
was compiled in Mathcad [12]. Number generation was per-
formed using the rnd(n) function, which generated evenly
distributed material numbers in the range from 0 to n (16).



Material number

Iteration number k
Fig. 2. Graphs of random distribution of materials among
panels: j1...j4 — panel numbers

Fig. 3 shows the graphical dependences of excess noise
load (INR) in four rooms corresponding to the iteration
number. The excess noise load values correspond to break
points. The excess noise load was the objective function and
calculated by the formula [10]:

F,=ENL= 3,600ii(AIﬁ 10°¢,) - min, (4)

j=1 =1

where ENL is the excess noise load, W-h/m?; AZj; is the excess
noise intensity in a separate room without correction “A”
W/m?; j is the number of the panel (room); m is the number of
panels; i is the number of the one-third-octave band; 7 is the
number of one-third-octave bands where the sound pressure
level exceeds the norm; A is sound correction in accordance
with the characteristic “A”, W/m?; t; is the duration of room
noise action, h
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Fig. 3. Values of the objective function ENL depending on
the iteration number k

For clarity, the number of iterations in Fig. 3 is 20. De-
spite the small number of iterations, it is clear that the ob-
jective function takes different values. Obviously, to obtain
an acceptable solution that satisfies the customer requires
more iterations. This confirms the possibility of reducing the
excess noise load (ENL) on people.

7. Practical implementation

As an example, a group of four production facilities with
elevated levels of sound pressure from external sources is
considered. Fig. 4 shows the frequency characteristics of the
limit spectrum [13] and noise in one of the rooms without
taking into account the sound-insulating panel.

As a result of computation, various panel options
were obtained meeting the cost and weight restrictions.
Fig. 5 shows the possible frequency characteristics of the

sound-insulating panel in one of the four rooms. Number
1 — the characteristic of the gypsum board with a thick-
ness of 22 mm, 2 — fiberboard with a thickness of 22 mm.
Number 3 indicates the characteristic of a 12 mm thick
fiberboard, number 4 — a 20 mm thick gypsum board. The
gypsum board with a thickness of 12 mm is represented
by the characteristic number 5, and the fiberboard with
a thickness of 12 mm is represented by the characteristic
number 6.
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Fig. 4. Noise spectral characteristics:
1 — limit spectrum No. 70; 2 — noise

All frequency characteristics shown in Fig. 5 were
obtained according to the standard procedure [13]. Of the
six options, only option number 2 (22 mm thick fiberboard)
allows reducing noise in the room to acceptable sound
pressure levels (limit spectrum). The upper break point of
line 2 has the following coordinates. On the abscissa axis:
19,000/22=864 Hz (taking into account rounding to the
nearest geometric mean frequency of the 1/3 octave band
800 Hz). On the ordinate axis — 35 dB. The lower break
point has an abscissa coordinate: 38,000/22=1,727 Hz
(1,600 Hz). On the ordinate axis — 29 dB. Straight lines
to the left and right from the break points with slopes of
4.5 dB/oct and 7.5 dB/oct, respectively, are plotted.
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Fig. 5. Frequency characteristics: 1—6 — noise insulation
using single-layer thin panels; 7 — required noise reduction

The frequency characteristics of sound-insulating panels
in the remaining three rooms do not differ fundamentally
from the characteristics shown in Fig. 5. Therefore, they are
not given in this paper. The dimensions of the rooms and the
power of the noise sources were not taken into account in the
calculation. This is due to the fact that the methods [13] take
into account noise propagation only through a sound-insu-
lating panel. Therefore, the noise inside the rooms in ques-
tion depends only on the properties of sound insulation.

The total cost of panels and the physical properties of
materials can be estimated using Table 1 [14]. The unit
cost and specific weight of materials are given taking into
account fasteners (for fiber and gypsum boards), mor-
tar and plaster (for brick wall). The total cost limit was



9,100 c.u. The weight limit for a single panel was 730 kg.
Taking into account satisfactory spectral characteristics
of sound insulation, a 22 mm thick fiberboard (one panel)
and 12 mm thick gypsum board (three panels) were used.
The total cost of the panels was 9,040 c.u. It is easy to
verify that the brick wall did not meet the cost and weight
restrictions.

Table 1
Unit cost and specific weight of panel materials
Material name | Unit cost of | Panel Specific Panel
and partition materials, cost, |panel weight, | weight,
thickness c.u./m? c.u. kg,/m? kg
Fiberboard, 45 1,550 13.2 396
12 mm
Fiberboard, 83 2,690 22 660
20 mm
Fiberboard, 91 2,920 24.2 726
22 mm
Gypsum board, 32 2,040 14 420
12 mm
Gypsum board, 52 1,760 23 690
20 mm
Gypsum board, 57 1,910 253 759
22 mm
Silicate plas-
tered brick, 390 11,700 308 9,225
150 mm

Fig. 6 shows the distribution polygons [15] of the excess
noise load in the rooms depending on the number of itera-
tions K.
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Fig. 6. Distribution polygons of excess noise load depending
on the number of iterations (Mathcad):
1— K=10% 2 — K=10%; 3 — K=10% 4 — K=10°
Fig. 7, 8 present the diagrams of the mathematical expec-
tation and variance [15] of the excess noise load depending

on the number of iterations.
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Fig. 8. Variance of excess noise load

Evaluation of the obtained results demonstrated a
steady reduction of excess noise load as an objective func-
tion with an increase in the number of iterations. Compared
to standard engineering calculation methods [10], the
improved method allows reducing the excess noise load by
approximately an order of magnitude. This can be seen by
looking at the results presented in Fig. 6—8. Using tradi-
tional methods, the developer does not know the optimal
combination of materials and their distribution over panels.
The choice of materials is usually random, and the number
of calculated options is rather small (units). In rare cases,
the number of options is tens. Therefore, the obtained result
at best corresponds to calculations with the number of iter-
ations 102. As can be seen in Fig. 6 and 7, the mathematical
expectation of excess noise load is 2.2-107 W-h/m?.

8. Discussion of the results of studying the possibility of
improving the safety of sound-insulating panels

The results of the study are explained by the solution
of the problems. The advantage of this method in compar-
ison with analogs [2—9] is the possibility of optimization of
sound-insulating panels.

Additions made to the statement of the optimization
problem [10] expanded the functionality of the method, made
it more versatile and popular. This became possible due to
the introduction of additional objective functions (1)—(3),
intended for multipurpose optimization and extending
search directions.

The introduction of additional limiting conditions
(weight, bearing capacity, thickness and fire safety) allowed
reducing the threat of destruction, fire and evacuation ob-
stacles during the operation of panels.

The introduction of additions in the form of blocks 1
and 2 (Fig. 1) makes the method more advanced than the an-
alog [10]. The additions increase the safety of panels, reduce
computation and improve optimization results.

As a result of these additions, it became possible to si-
multaneously achieve the customer’s and contractor’s goals.
The goal of the customer is to achieve the required safety
level, including requirements to noise reduction and safety
of panels. The goal of the contractor is to save materials and
financial resources for the manufacture of panels.

The study confirmed the possibility of solving the labor
safety problem to reduce noise impact on people. In contrast
to [10], where the economic problem of minimizing the total
cost of panels is actually solved, this work minimizes the
excess noise load on people.

Minimization of excess noise load is achieved using ran-
dom search based on the Monte Carlo method. As a result of



the multiple stochastic calculation process, a large number
of panel options are evaluated, from which the best option is
selected. An increase in the number of iterations contributes
to the persistent improvement of optimization results. This
is evidenced by the distribution polygons, diagrams of math-
ematical expectation and variance of excess noise load in
Fig. 6-8, respectively.

This method is characterized by relative algorithmic
simplicity and low rate of convergence. Therefore, its appli-
cation is limited by the number of sound-insulating panels,
structures, calculation methods and materials. The number
of elements in these discrete sets can be units and should not
exceed 10. Otherwise, the result becomes unattainable due
to large amounts of computation. This is a major drawback
of this study. To eliminate it, other optimization methods are
required. However, even in this case, the statement of the
optimization problem presented in this paper can be used.

Further work in this direction should be associated with
the selection of the most effective optimization method and
development of appropriate software.

7. Conclusions

1. The method and algorithm of optimization calcula-
tion of a group of sound-insulating panels against airborne

noise are improved. The improvement consists in the pos-
sibility of preliminary purposeful determination of struc-
tures and materials for a specific subgroup of panels. This
improvement allows taking into account additional safety
requirements for panels. This extends the functionality of
the method.

2. As additions to the objective functions, multipurpose
optimization criteria are proposed:

— criterion that simultaneously takes into account excess
noise load, total room noise reduction index and total cost of
sound-insulating panels;

— “noisexcost” product;

— “total noise reduction index/cost”.

Additional restrictions include:

— panel bearing capacity;

— panel weight;

— panel thickness;

— fire safety requirements.

Thanks to this, the developer is able to search for the
optimum in new directions. The additions also expanded the
functionality of the method.

3.Based on the calculations, the achievement of an ac-
ceptable solution is demonstrated. As a result of using the
improved method, the total noise load on people is reduced by
about an order of magnitude (from 2.2-107 to 0.5-10" W-h/m?).
This effect helps to increase productivity and safety.
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