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Integrated Heat Recovery of Waste Gases 
and Ventilation Emissions in a Multilayer 
Plate Heat Exchanger 

Aleksey Burtsev , Vladimir Yezhov , Natalia Semicheva , 
Nikita Perepelitsa , and Polina Akulshina 

Abstract One of the main problems in the operation of ventilation and air condi-
tioning systems is the low efficiency of using low-potential heat emitted together with 
the fluxes of exhaust gases and ventilation emissions from the premises of industrial 
enterprises, public, administrative, residential buildings and structures. To solve the 
above problem in modern ventilation and air conditioning systems, heat recuperators 
and heat exchangers of various designs are used, while plate recuperators are the most 
effective and widespread. The main characteristic of a plate heat exchanger is the 
amount of heat transferred through a unit of heat exchange surface area at a tempera-
ture difference—the heat transfer coefficient. In order to increase the efficiency of heat 
exchange of plate heat exchangers, various methods of intensifying the heat transfer 
process are used, one of which is the installation of turbulators of various shapes and 
types of their location. This article presents the results of experiments conducted on a 
complex multilayer plate heat exchanger with integrated Peltier elements and cylin-
drical turbulators installed in a staggered and corridor arrangement, which allows to 
utilize low-potential heat while simultaneously obtaining thermoelectricity. The aim 
of the work is an experimental study of the temperature regime in the intersectional 
space of a complex multilayer plate heat exchanger during the utilization of waste 
gas heat and ventilation emissions for heating supply air and associated production of 
thermoelectricity. An original design of a complex multilayer plate heat exchanger is 
proposed. Experimental studies have been carried out at a fixed coolant velocity and 
air flow temperature, graphs of the dependences of thermoelectricity generation on 
the operating time of the experimental installation have been constructed. Due to the 
use of cylindrical turbulators, turbulence of flows increases, as a result of this, the heat 
transfer process is intensified with the associated production of thermoelectricity. The 
high efficiency of using a complex multilayer plate heat exchanger, turbulators with 
a staggered arrangement in comparison with a corridor and without their installation 
in the design of the cooling system has been established. The resulting electricity 
can be used for additional heating of the supply air or to ensure the autonomous 
operation of the automation and control system of the ventilation unit.
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Keywords Recuperator · Utilization · Heat transfer · Thermoelectricity ·
Intensification 

1 Introduction 

One of the main problems in the operation of ventilation and air conditioning systems 
is the low efficiency of using low-potential heat emitted together with the fluxes 
of exhaust gases and ventilation emissions from the premises of industrial enter-
prises, public, administrative, residential buildings and structures. To solve the above 
problem, modern ventilation and air conditioning systems use heat recuperators and 
heat exchangers of various designs, while plate recuperators are the most effective 
and widespread. The main characteristic of a plate heat exchanger is the amount 
of heat transferred through a unit of heat exchange surface area at a temperature 
difference—the heat transfer coefficient, the increase of which makes it possible to 
increase the efficiency of heat exchange, as a consequence, to reduce the temperature 
of exhaust gases and ventilation emissions, therefore, the task of intensifying heat 
transfer is relevant. 

Modern plate heat recuperators, although they have a sufficiently high heat transfer 
coefficient of the heat exchange wall, do not allow deep utilization of low-potential 
heat simultaneously generating thermoelectricity to ensure autonomous operation of 
the ventilation unit. 

There are various methods of intensifying the heat transfer process: 

– intensification due to the use of finning of the walls of the recuperator; 
– intensification by changing the design and shape of the surface of the heat 

exchange walls; 
– intensification through the use of various forms of swirlers. 

These methods are widely presented in the studies of A.S. Gorshenin, A.A. 
Zhukauskas, A.S. Sukomel and others [1–3]. 

The disadvantage of such methods is the lack of the possibility of complex utiliza-
tion of low-potential heat of waste gases and ventilation emissions with the associated 
production of thermoelectricity. 

2 Materials and Methods 

Based on the conducted literature and patent search, an original experimental instal-
lation was developed—a complex multilayer plate heat exchanger [4, 5], consisting 
of two blocks: a plate heat exchanger and an adsorber filter block [6]. The plate 
heat exchanger is made of multilayer sections consisting of aluminum walls with 
Peltier semiconductor thermoelectric elements embedded in them [7]. To intensify 
the reception and removal of heat, T-shaped aluminum radiators are installed on top
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of the Peltier elements, on which cylindrical turbulators are installed in a staggered 
arrangement [8]. At the temperature difference created on the hot and cold sides, an 
electric current is generated, which is collected, converted, accumulated and can be 
used for autonomous power supply of fans or automation and control systems of the 
ventilation system [9, 10]. 

A general view of the experimental setup is shown in Fig. 1a. The type of thermo-
electric sections is shown in Fig. 1b. Figure 2 shows a thermoelectric section with a 
staggered arrangement of turbulators. Figure 3 shows a thermoelectric section with 
a corridor arrangement of turbulators [11–13]. 

Experimental studies were carried out at the maximum air flow velocity at the 
outlet of the heater—3.4 m/s. The maximum air flow velocity at the outlet of the 
supply fan is 2.0 m/s. Measurements were made through: 1, 2, 3,5, 5, 10, 15, 30,

Fig. 1 Test unit: a—overall 
view; b—hot air flow 
channels: 1—heater; 
2—multilayer plate heat 
exchanger; 3—supply valve; 
4—cleaning unit filled with 
blast furnace slag 2 

3 

4 

1 

(а) (b) 

1 

2 

3 

5 

1 

2 

4 

Fig. 2 Thermoelectric section with staggered arrangement of turbulators: a—cold side view; b— 
hot side view: 1—radiator; 2—turbulators; 3—current leads; 4—thermal pad; 5—Peltier element
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(a) (b) 

1 2 

3 

1 

4 5 

2 

3 

Fig. 3 Thermoelectric section with corridor arrangement of turbulators: a—type of cold side; 
b—type of hot side: 1—radiator; 2—turbulators; 3—current outlets; 4—thermal pad; 5—Peltier 
element

60, 120 min. Dry air heated in the heater, with a temperature at the inlet to the 
CMPT of 45 °C, at the outlet of 25 °C, was used as the removed vent ventilation 
heat. As a heated medium, air was used, taken by a fan from a laboratory room 
with a temperature of 20 °C. Peltier TES1-12,712 semiconductor elements with 
the following technical characteristics are used in the installation: thermal EMF 
coefficient α = 12.97·10–3 V/K; Q factor Z = 2.8·10–3 K−1; electrical conductivity 
coefficient σ = 8·104 Ohms−1·m−1; thermal conductivity coefficient of the element 
λ = 146 W/m2·°C. The housing and walls of the CMPT are made of aluminum plates 
with a thermal conductivity coefficient λ = 221 W/m2 °C and a thickness of 4 mm. 
The Peltier thermoelectric element has dimensions of 40 × 40 mm. 

The aluminum radiator of the Peltier element cooling system is made in the form 
of a T-shaped aluminum profile with a base length of 300 mm and a width of 40 mm. 
Radiator height is 25 mm, radiator thickness is 3.0 mm. Cylindrical turbulators are 
made in the form of aluminum rods with a length of 18 mm and a diameter of 8 mm. 

3 Results 

Figures 4 and 5 show the results of a thermal imaging study using a staggered 
arrangement of turbulators (Fig. 4a) and a corridor (Fig. 5a). Figures 4b, 5b show the 
temperatures of the points on the surface of the multilayer wall of the recuperator.
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(a) (b) 

Fig. 4 Thermal diagram of the CMPT wall with a staggered arrangement of turbulators 

(a) (b) 

Fig. 5 Thermal diagram of the CMPR wall with a staggered arrangement of turbulators 

4 Discussion 

As can be seen from Fig. 6, in the first 5 min of the experiment, the strongest increase 
in voltage generation indicators is observed, which is caused by the "heating up" of 
the system. Starting from the 6th to the 30th minute, an increase of 11.2–11.9% is 
observed, but after, during 1.5 h of the experiment, due to the installation going into 
stationary mode and the establishment of thermal balance, the voltage indicators 
increase by only 0.5%.

Such indicators are caused by the installation of turbulators with a staggered 
arrangement on the walls of radiators. Vortices are formed in the plate heat exchanger, 
intensifying the heat transfer process, simultaneously obtaining thermoelectricity to 
ensure autonomous power supply of ventilation equipment. 

When installing turbulators with a corridor arrangement, the voltage indicators 
after 30 min of operation decrease from 1.94 V to 1.46 V to 32.8% (Fig. 6), which is 
caused by the creation of additional aerodynamic drag, as a result, there is a decrease 
in the consumption of hot and cold air—there is overheating of the recuperator and,
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Fig. 6 Experimental data on the generation of thermoelectricity in a recuperator with a different 
arrangement of turbulators
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as a consequence, a decrease in the production of thermal EMF after 30 min of 
operation from 3.85 V to 2.91 V, and after 120 min of operation from 3.87 V to 2.3 
V. 

Thus, as a result of the experiment, the staggered arrangement of the turbulators 
is more efficient than the corridor one: the heat transfer coefficient of the multilayer 
wall of the recuperator increases from 3.55 W/m2·°C to 4.11 W/m2·°C—an increase 
of 15.7%; efficiency from 2.68 to 9.17% [9.10]; the indicator of the amount of heat by 
the amount of thermal EMF output has increased more than 3.4 times (from 72.06 W 
to 245.6 W). The same amount of heat is transferred to cold air through the multilayer 
wall of the recuperator. The total amount of heat utilized varies from 208.1 to 709 
W. The efficiency of the recuperator when operating without turbulators is 20.8%, 
with a corridor arrangement of 43.4%, with a staggered arrangement of 71.0%. 

Based on the conducted experimental studies, a high efficiency of using a multi-
layer plate heat exchanger with a staggered arrangement of cylindrical turbulators in 
the design of the cooling system has been established. 

This arrangement makes it possible to ensure the efficiency of the installation 
more than 2 times higher than when installing a corridor type and more than 3.5 
times more than without installing turbulators at all. Also, the amount of heat per the 
amount of thermoelectricity generation with a staggered arrangement is 245.6 W, 
which is more than 1.5 times higher than with a corridor arrangement and 3.5 times 
higher than without the installation of turbulators. 

Based on experimental data, electricity generation at an experimental installation 
with a heat exchange area of 1.3 m2, a cross–sectional area of 0.048 m2, a hot flow rate 
of 3.0 m/s, an air flow through a heat exchanger of 518.4 m3/h, electricity generation 
was 1.8 W. 

For example, a typical plate heat exchanger with a capacity of 5000 m3/h with 
a heat exchange area of 25 m2, used in a ventilation system, when equipped with 
cylindrical turbulators and Peltier elements, provides a power output equal to 250 
W. At the same time, the fan power for this standard size is 120 W. 

Thus, the electricity generated is sufficient to ensure the autonomous operation 
of the ventilation system. 

5 Conclusions 

As a result of the conducted research, a design of a complex multilayer plate heat 
exchanger is proposed, the feature of which is the use of flat semiconductor ther-
moelectric converters (Peltier elements) embedded in the heat exchange walls with 
increased turbulence of air flows due to the installation of cylindrical turbulence. 

Experimental studies of temperature and air conditions in the intersectional space 
of the CMPR have been carried out. 

Due to the installation of cylindrical turbulators on radiators, the heat exchange 
area and turbulence of flows increases, as a result of which the heat transfer process 
is intensified with the associated production of thermal EMF.
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The high efficiency of using cylindrical turbulators with a staggered arrangement 
in the design of the KMPT cooling system in comparison with the corridor and 
without their installation has been established. 

The received electricity can be used to ensure the autonomous operation of the 
ventilation unit. 
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Calculation of the City Functions 
Realizability Indicator as a Tool 
for Deciding on the Rational Provision 
of a Land Plot for Construction 

Lilia Tchaikovskaya , Aleksei Shleenko , and Vladislav Pakhomov 

Abstract The problem of providing land plots for the construction of specific real 
estate objects existing in the modern world without taking into account the potential 
impact of these objects existence on the state of the urban environment and, as a 
result, on the possibility of satisfying the rational needs of city residents has led to 
the unjustified placement of some shopping centers on the modern cities territory. As 
a solution to the problem, this article proposes to provide land plots for construction 
based on calculating the realizability of the functions of a biosphere-compatible city 
in the territory after the construction of a specific real estate object on the requested 
land plot. 

Keywords Selection of a site for the real estate object construction · Meeting 
rational needs · Life quality of the urban population · A criterion of the urban 
environment state 

1 Introduction 

Each real estate property goes through some life cycle stages during the period of 
its existence, the initial of which is pre-project preparation [1]. As part of the pre-
project preparation, the choice of a land plot for construction can be considered as a 
key point, because of not only its investment attractiveness but also the further state of 
the urban environment, as well as the existence possibility of such an object, depends 
on the location of the real estate object, the construction of which is supposed to be
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carried out, since the options for using land plots within the boundaries of settlements 
are strictly established by urban planning regulations of territorial zones, fixed by 
the rules of land use and development [2]. The key factor for a real estate developer 
when choosing a land plot for construction is the potential benefit that the constructed 
property will bring. At the same time, in most cases, neither the developer nor the 
authorities responsible for the formation and provision of land plots for construction 
do not assess how environmentally safe [3] favorable and useful the construction of 
a particular property is for residents of a quarter, a micro district and even an entire 
city. 

2 Materials and Methods 

The problem of providing land plots for the object construction without taking into 
account its potential impact on the state of the urban environment and, as a conse-
quence, on the possibility of satisfying the rational needs of city residents is relevant 
for most urbanized areas. However, the human environment must be biosphere-
compatible, safe and favorable [4], cities must fully satisfy the rational needs of their 
inhabitants [5, 12] since if any of the person needs are not satisfied, then harmonious 
existence and development is impossible. All human needs are reflected in Maslow’s 
pyramid [6], and the relationship between human needs and city functions through 
which they can be satisfied is described in [7, 16]. One of the options for solving this 
problem is the introduction for the authorities authorized to dispose of land plots in 
state or municipal ownership of a mandatory preventive assessment of the impact of 
the projected object on the state of the urban environment after its commissioning. In 
this case, the methodology for determining the indicator of the biosphere-compatible 
city functions implementation [8] can be used as a tool, while the micro district in 
which the projected object will exist, and the same micro district, but in the case of 
the other objects construction, should be taken as the area under study. For example, 
if a real estate developer applies for obtaining a land plot for the construction of a 
shopping centre, the authorized body must determine the city’s functions realizability 
indicator in the case of the construction of this real estate object, as well as in the 
case of the social sphere object construction on the requested land plot (for example, 
a hospital, a palace of creativity, etc.) or residential real estate. The excess of the 
city functions realizability indicator when providing a site for the construction of a 
specific real estate object over the city functions realizability indicator with other 
options for using the land plot indicates the need to construct an object of this group 
(residential, industrial building, trade object, social infrastructure object, etc.), and 
should be the basis for refusal to provide a land plot for the construction of a property 
that is not included in this group. The excess of the values must be small because, 
within such an assessment framework, the contribution of just one real estate object 
to the city functions realizability indicator in the territory of an entire micro district 
will be reflected. However, when applying such an assessment, the possibility of 
providing adjacent or located near land plots for similar objects construction will be
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Fig. 1 Panoramas of Kursk’ streets 

excluded, as was done, for example, on the st. Studencheskaya or st. Kryukova in 
Kursk (Fig. 1), where two similar shopping centers were built close to each other. 
The indicator of the implementation level of biosphere-compatible city functions 
must be a criterion of the urban environment state based on the adopted biosphere 
compatibility paradigm [8, 19–21], therefore, the calculation of this indicator on 
an ongoing basis, among other things, will provide systematic monitoring of urban 
environment state. 

3 Results and Discussion 

Using the methodology for determining the biosphere-compatible city functions real-
izability indicator, described in [8, 10, 17], we calculate the city functions realizability 
indicator within the Bolokno micro district in Kursk, assuming that the land plot 
with cadastral number 46:29:103,126:5, on which the P tepoqka shopping center 
is located (Fig. 1), is just requested for the construction of the said shopping centre. 

For comparison, let us assume that this land plot can be provided for the construc-
tion of a children’s sports school or for the placement of an apartment building, which 
is possible, since, by [9], this land plot is located in the zone “ -4”—for residential 
development high number of stories (9 floors or more). The methodological basis for 
a quantitative assessment of city functions realizability level on the territory of the 
micro district under study will be an expert opinion on the state of its infrastructure.
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The systematization of micro district infrastructure components in the implemen-
tation of the functions of a biosphere-compatible city, as well as the values of the 
coefficients from the contribution of the component C1—Dwelling houses, will be 
taken by the  works [11, 17] (Tables 1, 2).

Similarly, we will calculate for other city functions. 

Function F 2—Entertainment and Recreation 
Component C1—cafes and restaurants, C2—Fitness centers and sports clubs, 

C3—Leisure and recreation centers, cinemas. 
The micro district has a cafe, a sports centre, children’s art schools, the city cultural 

center Lipa, but there is no children’s sports centre where you can practice various 
sports, including figure skating. There is a cinema, libraries, therefore, we will take 
the following values of the realizability and availability coefficients of the function 
F2: 

(a) During the construction of a shopping centre: 
β2,1 = 0,283; α2,1 = 0,378. 

(b) During the construction of a children’s sports school: 
β2,1 = 0,315; α2,1 = 0,378. 

(c) During the construction of an apartment building: 
β2,1 = 0,283, α2,1 = 0,378. 

For Functions F3—Power, F4—Mercy, F5—Knowledge, F6—Creativity, F7— 
Connection with nature the construction of any real estate object on the considered 
land plot will not lead to a significant change in the values of the realizability factors 
and the availability of the function, and therefore we take them equal for each object 
planned for construction. 

On the micro district territory, there are post offices and police departments. The 
micro district is fully provided with schools, kindergartens, and a college. On the 
Bolokno territory there is an exhibition centre, music and art schools, parks, squares, 
massive green spaces, alleys and other interspersed natural landscapes. In the imme-
diate vicinity, there is a river and a lake. At the same time, unfortunately, most of the 
apartment buildings located on the Bolokno territory do not meet the requirements 
for ensuring the availability of facilities for the low-mobility group of the population 
(LGP): the modern period is characterized by increased consumer requirements for 
product quality, including the design of dwellings [15], and some houses were built 
before the introduction of accessibility requirements for LGP. At the same time, shop-
ping centers and other public buildings meet the specified requirements, therefore 
we will assume that: 

β3,1 = β5,1 = β6,1 = β7,1 = 0, 378; α3,1 = α4,1 = α5,1 = α6,1 = α7,1 = 0, 378, 
and β4,1 = 0, 189. 

Taking into account the accepted values and based on the formula obtained in [7], 
we calculate the integral of city functions realizability indicators on the Bolokno 
micro district territory:
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Table 1 To the assessment of city function realizability parameter F1—Life support within the 
micro district Bolokno in the Kursk city 

Function Component Implementation coefficient in case of 
construction on a land plot 
46:29:103,126:5 

Notice 

Indicators Shopping 
center 

Children’s 
sports 
school 

Apartment 
building 

F1—Life 
support 

Component C1—residential buildings 

Housing provision 
level 

0,283 0,283 0,378 The micro district has 
been built up for a 
long ago, the sale of 
apartments is carried 
out inactive, but there 
is a demand for 
housing, new houses 
construction is not 
underway 

Technical 
condition level 

0,038 0,038 0,038 The construction of a 
new house will not 
have a significant 
impact on houses 
technical condition 
levels within the entire 
micro district, the 
level will remain 
average [12, 13] 

Houses service life 0,076 0,076 0,076 The construction of a 
new house will not 
have a significant 
impact on the useful 
life of a houses within 
the entire micro 
district 

House duplication 
level 

0,113 0,113 0,113 Buildings are not 
duplicated 

Complex indicator 
of the component 
in the 
implementation of 
city investigated 
function 

0,128 0,128 0,151 

Component C2—Infrastructure 

Infrastructure 
provision level 

0,378 0,378 0,378 The level of 
infrastructure 
provision is high, there 
is a powerful transport 
link with all city areas

(continued)
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Table 1 (continued)

Function Component Implementation coefficient in case of
construction on a land plot
46:29:103,126:5

Notice

Indicators Shopping
center

Children’s
sports
school

Apartment
building

Technical 
condition level 

0,038 0,038 0,038 Infrastructure 
technical condition 
level is average [14] 

Lifetime 0,076 0,076 0,076 Lifetime is average 

Complex indicator 
of the component 
in the 
implementation of 
the investigated 
function of the city 

0,164 0,164 0,164 

Component C3—Health service 

Availability of 
health care 
institutions, 
diagnostic clinics 
(a comprehensive 
indicator of the 
component in the 
implementation of 
city investigated 
function) 

0,378 0,378 0,378 The micro district is 
fully provided with 
health care services 

Component C4—Grocery and non-grocery stores 

Availability of 
trade objects (a 
complex indicator 
of the component 
in the 
implementation of 
the investigated 
function of the 
city) 

0,378 0,378 0,378 On the territory of the 
micro district, there 
are a large number of 
small supermarkets, as 
well as the shopping 
center Evpopa-9, 
therefore the area is 
fully provided with 
trade objects, 
therefore, the 
construction of a new 
shopping center will 
not affect the value of 
the indicator of the 
component 

Component C5—communication services

(continued)
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Table 1 (continued)

Function Component Implementation coefficient in case of
construction on a land plot
46:29:103,126:5

Notice

Indicators Shopping
center

Children’s
sports
school

Apartment
building

Availability of 
communication 
infrastructure (a 
complex indicator 
of the component 
in the 
implementation of 
the investigated 
function of the 
city) 

0,378 0,378 0,378 Internet is in every 
house, cellular 
communication works 
without interference 

Component C6—vehicles location 

Availability to 
open and closed 
parking lots, 
garages (a 
complex indicator 
of the component 
in the 
implementation of 
the city 
investigated 
function) 

0,283 0,283 0,283 Provision is at a high 
level, but in some parts 
of the micro district 
there are not enough 
places to 
accommodate 
transport 

City function 
performance 
indicator F1 

0,285 0,285 0,287

(a) During the construction of a shopping centre: 

ξ =
∑n=n 

n=1

∑i=i 

i=1 
αinβin/

∑n=n 

n=1

∑i=i 

i=1 
α∗ 
inβ

∗ 
in  = 0, 856; 

(b) During the construction of a children’s sports school: 

ξ =
∑n=n 

n=1

∑i=i 

i=1 
αinβin/

∑n=n 

n=1

∑i=i 

i=1 
α∗ 
inβ

∗ 
in  = 0, 866; 

(c) During the construction of an apartment building: 

ξ =
∑n=n 

n=1

∑i=i 

i=1 
αinβin/

∑n=n 

n=1

∑i=i 

i=1 
α∗ 
inβ

∗ 
in  = 0, 855.
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Table 2 To the assessment of city function accessibility parameter F1—Life support within the 
microdistrict Bolokno» in the Kursk city 

Function Component Availability coefficient in case of 
construction on land plot 
46:29:103,126:5 

Notice 

Shopping 
center 

Children’s 
sports 
school 

Apartment 
building 

F1: Life 
support 

C1—Residential 
buildings 

0,378 0,378 0,378 Access is fully 
provided 

C2—Infrastructure 0,378 0,378 0,378 Access is fully 
provided 

C3—Health service 0,378 0,378 0,378 On the district 
territory, there is 
Kursk city hospital 
№ 4 

C4—Grocery and 
non-grocery stores 

0,378 0,340 0,340 Access to some 
branded stores is 
limited. access will 
be provided if the 
shopping centre is 
built and these 
objects are placed in 
it 

C5—Communication 
services 

0,378 0,378 0,378 Access is fully 
provided 

C6—Vehicles location 0,340 0,340 0,340 Access is not fully 
provided 

City function 
availability coefficient 
F1 

0,371 0,365 0,365

From the above assessment, it follows that the most rational is the construction 
of a children’s sports school on this land plot, which will create conditions for the 
residents of the Bolokno micro district and the entire Kursk city to meet the needs 
for physical activity, belonging, achievements and recognition [7, 16]. In addition, 
an object of spiritual and moral education and development of youth will appear in 
the city, and additional jobs for highly qualified personnel will be created. 

4 Conclusion 

To substantiate the correct choice of a land plot for building a real estate object, 
as well as for its competent and expedient provision by state and local authori-
ties, it is possible to calculate the indicator of a biosphere-compatible city function
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realizability on the territory of the micro district where the object construction is 
planned, while several land using options should be considered. The land plot must 
be provided for the real estate object construction, the existence of which will have 
a positive impact on the ability to meet the rational needs of the city’s residents. 
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Abstract The problems of non-equilibrium and nonlinear processes in the evalua-
tion of reinforced concrete structural systems robustness potential in ultimate states 
are considered. The definition of concept of “robustness exposition” is given for a 
quantitative assessment of the robustness potential. A calculation model based on the 
generalization of the well-known classical relationship between the current relative 
deficit change rate of the reinforced concrete stress–strain state with respect to each 
fixed time value is proposed to describe in time non-equilibrium processes of struc-
tural materials force resistance depending on the mode and level of loading. On the 
basis of the linear creep theory, aging materials, an algorithm was developed to deter-
mine the measure of creep, corrosion-damaged concrete and reinforced concrete and 
to determine the parameter “robustness exposition” of a reinforced concrete statically 
indeterminate structural system, taking into account non-equilibrium and nonlinear 
processes of its deformation in time. An example of a single-span rigidly clamped 
reinforced concrete beam calculating the robustness potential from the position of a 
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1 Introduction 

The problem of buildings and structures constructive robustness under accidental 
actions is currently one of the new directions in the research of building struc-
tures. Over the past two decades, some results of theoretical research have been 
accumulated in the country and abroad to study the reinforced concrete structures 
resistance during a sudden structural restructuring of a structural system caused by 
the removal of a bearing element or connection and the establishment of possible 
patterns of destruction under such an action. However, to date, very few experimental 
and theoretical researchers have been carried out to solve the problems of main-
taining the robustness potential of exploited reinforced concrete structural systems 
over time, taking into account the accumulation of a non-equilibrium nature damage. 
Bondarenko [1], Kolchunov [2], Fedorova [3], Savin [4], Tamrazyan [5], Kabantsev 
[6], Trekin [7], Li [8], Vasanelli [9] and etc. were engaged in separate problems 
of reinforced concrete structures power resistance under the influence of regime 
long-term non-equilibrium processes. 

Under the term “robustness” of a constructive system in scientific publications, 
there is no established definition and somewhat different definitions and concepts 
are used. So, Professor Reiser [10] defines robustness as a property of structures to 
retain the ability to perform basic functions during emergency actions, preventing 
an avalanche-like (cascade) development of disturbances and failures. 

Nazarov [11] proposes to define robustness as the property of maintaining the 
overall bearing capacity during local destruction caused by natural and technogenic 
actions, at least for some time. 

In the works of Bondarenko, Kolchunov [2, 12], robustness is understood as the 
ability of the system to distribute the load between the remaining elements in the 
damage or weakening event of one of the elements (sudden shutdown of “extra” 
elements of statically indeterminate systems). 

However, all these definitions imply an estimate of robustness under unchanged 
initial conditions, i.e. for newly designed structures, the robustness of which is 
calculated without taking into account the operational accumulation of damage and, 
accordingly, changes in the bearing capacity of the sections of structural elements 
over time at different values of the operational load and modes of its application. 
To take into account structures these features in operation when calculating recon-
structed objects, in [2] it was proposed, along with the concept of “robustness”, to 
introduce additionally the concept of “robustness exposition”, which means the dura-
tion of the preservation of the building system robustness potential in time with a 
problem non-equilibrium formulation (overlay in time creep deformations and corro-
sion damage) to the destructive effects of an aggressive environment with the exclu-
sion from the system of structural elements responsible for the geometric invariability 
of the structure. 

The solution of these problems is associated with the involvement of deformation 
models based on estimates of concrete creep. Analysis of the concrete creep theories 
currently existing in Russia and abroad (Arutyunyan [13], Aleksandrovsky [14],
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Bondarenko [15], Vasiliev [16], Gvozdev [17], Geniev [18], Kabantsev [6], Maslov 
[19], Prokopovich [20], Rabotnov [21], Rzhanitsyn [22], Sanzharovsky [23], Ulitsky 
[24], Kharlab [25], Bažant [26], Gilbert [27], Hamed [28] and others) showed that 
all existing creep theories are phenomenological in nature. Many of them, due to the 
lack of normalized parameters, cannot currently be brought to a number. 

In this regard, to solve the problems under consideration on the robustness poten-
tial quantitative assessment of reinforced concrete structural systems in transcen-
dental states, it is advisable to involve the simplest creep rheological models. This 
approach makes it possible to obtain fairly simple analytical expressions for the 
robustness exposition criteria and robustness criteria that are convenient for practical 
use, and most importantly, bring the proposed solutions to a number. 

2 Materials and Methods 

In the theory of structures force resistance, professors Bondarenko V. and Karpenko 
N. proposed development out-of-stage description in time of force resistance non-
equilibrium processes of solid bodies made of structural materials, depending on the 
mode and level of loading [15]. This model is a non-linear generalization of the well-
known classical relationship between the change rate of the current relative deficit 
of the studied factor value of the solid stress–strain state a with respect to its each 
time-fixed value: 

d(ΔC) 
dt

= −α · [ΔC]m (1) 

whereΔC= (Cf − C)/Cf—current and limit (fixed) values of concrete creep measure; 

t—observation time; 

α, m—empirical parameters of speed and load level. 
Non-equilibrium processes of concrete force resistance in time of force and 

environmental origin are described by a single mathematical model proposed by 
Bondarenko [29] and based on dependence (1). This model is a specific premise of 
the kinetics phenomenological uniformity of damage promotion and development 
non-equilibrium processes of creep concrete deformations:

Δ[ΔL(t, t0)] 
dt

− α · [ΔL(t, t0)]m (2) 

where ΔL—relative deficit of the studied factor current value of non-equilibrium 
force resistance L(t, t0) in relation to the limit value Lult; 

t, t0—observation time; 
α—empirical parameter of speed change ΔL;
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m—empirical parameter of the non-linear relationship between the deficit value
ΔL and the speed of its change in time. 

It is important to note that relation (2) determines the constancy of regime, ther-
modynamic and physicochemical factors of force resistance. We will assume that 
this ratio is applicable for taking into account non-equilibrium processes and for 
analyzing the survivability potential of building frames reinforced concrete structural 
systems at accidental impact. With such an impact in the elements of a reinforced 
concrete structural system, in addition to additional loading caused by the static redis-
tribution of power flows along alternative ways of transferring the load, additional 
dynamic loading will occur [30]. To determine the forces in the frame elements, 
taking into account their dynamic additional loading, the following approach was 
used in this work: the quasi-static method in the formulation proposed by Geniev 
[18, 31]. 

On the basis of the linear creep theory of an aging material (Maslov-Arutyunyan 
model) [32] and the Recommendations for taking into account creep [33], a calcu-
lation was made and a plot of the dependence of the concrete creep C(t) measure on 
loading time t was plotted (Fig. 1). The concrete creep measure at the time t under 
concrete loading at the age t0 is determined by the formula [33]: 

C(t, t0) =
[

1 

Eb(t0)

]
−

[
1 

Eb(t)

]
+ C28,besk · Ω(t0) · f (t, t0), (3) 

where C28,besk is the limiting value of the creep measure [33];
Ω(t0) is a function that takes into account the concrete aging effect on the creep 

measure (t0 is the loading time of the structure); 
f(t, t0) is a function that takes into account the increase in time of the creep measure 

(t is the total test time of the sample, the observation time). 
The function Ω (t0) is determined by the following formula:

Ω(t0) = c + d · e−γ ·t0 , (4) 

The function f(t, t0) is determined by the formula [33]: 

f (t, t0) = 1 − k · e−γ1·(t−t0) (5)

Fig. 1 Dependence graph of 
the creep measure on time t 
at the loading beginning at 
the age of t0 = 28 days for 
concrete B20 
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The limiting value of the creep measure C28,besk is calculated by the formula: 

C28,besk = C N 28,besk · ξ2c · ξ 3c, (6) 

where ξ2c, ξ3c—coefficients depending on the modulus of the open surface of the 
element M0 and the relative humidity of the environment; 

CN 
28,besk—the limiting value of the concrete creep measure loaded at the age of 

t0 ≤ 28 days. 
A similar dependence graph of the concrete creep measure function on time t was 

constructed by Travush and Marashkin [34]. 
The concrete deformations long-term modulus corresponding to the linear rela-

tionship between stresses and deformations at time t at the beginning of loading t0 
is found by the formula [33]: 

Eb(t, t0) =
[
1 

Eb 
+ C(t, t0)

]−1 

, (7) 

where Eb is the modulus of initial elasticity. 
To solve the problem of assessing the robustness potential, the following 

hypotheses and assumptions are introduced. It is assumed that the limiting defor-
mations of concrete at static and dynamic loading modes are equal to each other; 
also, the function of damage to concrete by corrosion k(z) remains the same for all 
physical and mechanical characteristics of the concrete force resistance (the sign 
of equivalence is the constancy of regime and physical and mechanical factors) 
[29, 35, 36]. 

Following [31, 33, 37], if the generalized load parameter λn is taken to assess 
the robustness exposition, then the robustness exposition of the structural system 
at its loading can be described by the dependence “λn(t)–M*(t)”. Let us determine 
the robustness exposition parameter of a statically indeterminate reinforced concrete 
beam clamped on supports loaded with a distributed load (Fig. 2a).

Figure 2b shows a dependence graph «robustness parameter—moment (“λn(t)– 
M*(t)”) for an arbitrary section k of the considered beam structure, reflecting the 
development of non-equilibrium nonlinear creep processes in time when analyzing 
the robustness potential of the pinched beam bent reinforced concrete element at 
accidental impact. Section “0–1” of the graph characterizes the loading (n)-times of 
a statically indeterminate system by the operational load. 

Section “1–2” of the graph characterizes the accepted state in the beam most 
stressed section the non-equilibrium processes during long-term action of a power 
nature in the concrete creep form. At the action of a constant long-term load Pτ at 
the moment of load application t = 0, the compressed zone in the section of the rein-
forced concrete bending element will be shortened by the value Δel, and the relative 
deformations will be equal in compressed concrete and compressed reinforcement 
ε'
b(τ ) and ε'

S(τ ), respectively. The stresses in the concrete of the compressed zone 
will be equal to σb, in the compressed reinforcement—σ’S (Fig. 2c).
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(b) 

(a) 

(c) 

Fig. 2 To assess the robustness of a rigidly pinched reinforced concrete beam: design scheme 
of a pinched beam bent reinforced concrete element (a); graph of the dependence «robustness 
parameter—moment» (“λn − M*(t)”) for an arbitrary section k of the considered beam structure 
(b); to determine the change in the section deformations of a bent reinforced concrete element in 
the creep‘s process (c)

After a certain period of time t = τ, under the creep influence, the fiber layer of 
the concrete compressed zone will still be shortened by the value Δτ. But due to 
the concrete adhesion and reinforcement during their joint work, the deformations 
are the same. Compressed reinforcement shortens by the same amount as the fiber 
layer of the compressed concrete zone in the beam section due to the deformations 
continuity of the longitudinal reinforcement and the surrounding concrete: 

ε'
S(τ ) = ε'

b(τ ) = σb
/
E '
b. (8) 

As a result, after a certain period of time t = τ in the considered most loaded section 
of the beam, the moment reaches the limit value and a plastic hinge is formed. The 
beam static indeterminacy is reduced by one. 

The algorithm for determining the robustness exposition parameter of a reinforced 
concrete statically indeterminate structural system includes the following steps: 

1. Determination of forces in the structural system elements at a given level of 
operational load over time. 

2. Determination of the system elements deformation moduli at a given level 
of loading and criteria-based verification of the limiting forces achievement 
depending on the loading time. In an accidental limit state, it is possible to 
allow greater opening of cracks and the development of deflections, as well as 
partial destruction of some sections, which contradicts the current criteria for 
limit states that ensure the operational suitability of structures and buildings, but 
excludes the onset of geometric variability of the structural system in the zone 
of possible local destruction.
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3. Determination of the most stressed section k in the structural system elements, in 
which, when a given load of duration t = τ is applied, the limit force (moment) 
is reached and the first plastic hinge is formed in the original n-fold statically 
indeterminate structural system (λn(t) in Fig. 2b). 

4. Criteria verification of the limit forces achievement in the other elements sections 
of the structural system. 

5. If at least one k section of other elements reaches the limit force, respectively, the 
static indeterminacy of the system decreases (n − 2) times, then with the calcu-
lated level of robustness exposition λn(t) determined the robustness parameter 
λn-1(t), λn-2(t), etc. 

3 Results and Discussion 

Calculating example of the robustness potential assessment of the of a rigidly clamped 
reinforced concrete beam at accidental action. 

1. The geometric dimensions and reinforcement scheme of a reinforced concrete 
beam with 120 × 70 mm section and 1000 mm length are shown in Fig. 3a. The 
beam is designed from heavy concrete class B20. Armature A500C, diameter 
of longitudinal upper and lower armature 8 mm. Value ξ = 0.493. The limiting 
design value of the moment in the beam section will be: Mult = 3.7 kN m. The 
value of the creep measure calculated by formula (3) will be C(t, t0) = 0.898 × 
10–10 m2/N.

2. Forces in a rigidly clamped reinforced concrete beam from an operational 
uniformly distributed load q(t) = 31.2 kN/m in the form of a moment diagram 
Mst 

k,n(t) (where k = 1, 2, 3…, section number in element) are shown in Fig. 3b. 
In the middle of the span (Sect. 1, k  = 1) the moment will be Mst 

1,n = ql2
/
24 = 

1.3 kN m. In the supporting zone of the beam (Sect. 2, k  = 2), the moment will 
be Mst 

2,n = ql2
/
12 = 2.6 kN m. 

3. The deformation modulus from a short operating load will be: deformation 
modulus of concrete at the initial moment of time Eb(t0) = 27.5 × 103 MPa 
(according to SP 63.13330 [38]); the reduced deformation modulus of a rein-
forced concrete beam in a loaded state in a section with cracks in the tension 
zone Eb,red = 5.36 × 103 MPa. 

The deformation modulus from a long-term operational load, taking into 
account non-equilibrium processes (creep) will be the following value. For the 
practical (quantitative) determination of the concrete deformation modulus Eb(t) 
were used the Recommendations, NIIZhB [33]. The long-term concrete defor-
mation modulus, corresponding to a linear relationship between stresses and 
deformations at the time t = τ at the beginning of loading t0, is found by the 
formula (7): 

Eb(t, t0) =
[

1 
27.5×109 + 0.898 × 10−10

]−1 = 7.93 × 103 MPa.
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(a) 

(b) 

(d) 

(c) 

Fig. 3 To assess the robustness potential of a rigidly clamped reinforced concrete beam: design 
scheme (a); diagram of moments in a reinforced concrete beam n-times statically indeterminate at 
a given level of operational load in time (b); diagram of moments from dynamic additional loading 
(c); diagram of moments in the beam (n − 1)—times statically indeterminate after the redistribution 
of forces from dynamic additional loading (d) 

4. Determination of the most stressed section k in the structural system elements 
and the parameter λn(t). The first plastic hinge in the most stressed section k 
of the structural system element is formed when the limiting force (moment) is 
reached. Such a deformation of the reinforced concrete element cross section 
is explained by the fact that non-equilibrium processes of force resistance and 
processes of reinforced concrete degradation from corrosion appear in the struc-
ture. Such multidirectional non-equilibrium processes of increasing the concrete 
strength over time, neutralizing concrete by an aggressive environment, the 
process of «aging» and corrosion of concrete simultaneously, following [39], 
can be represented by diagrams in Fig. 4.

In the first approximation, changes in the strength of loaded and corrosion-
damaged concrete over time, taking into account the process of increasing the 
healthy concrete strength (concrete aging theory), and the process of the aggres-
sive environment impact on concrete, can be described using the deformation 
model of Geniev [31, 38] in the following form: 

Rb(t, τ  )  = R∗ 
b (τ ) + Rb(t) − Rb(t0). (9)
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Fig. 4 Diagram of the 
change of a concrete limit 
strength Rb at time: 1—the 
process of increasing the 
concrete strength at time t 
(aging of concrete); 2—the 
process of neutralizing 
concrete with a corrosive 
medium at time τ (concrete 
corrosion); 3—at the same 
time the process of “aging” 
and concrete corrosion

where R∗ 
b (τ )—compressive strength dependence of corrosion-damaged concrete 

in time τ; Rb(t)—compressive strength dependence of sound concrete in time 
t; Rb(t0)—concrete compressive strength up to the moment of exposure to an 
aggressive environment. 

With regard to the considered reinforced concrete beam, the concrete compres-
sive strength until the moment of exposure to an aggressive environment will be: 
Rb(t0) = 11.5 MPa. 

The strength of loaded and corrosion-damaged concrete in time will be at t 
= 40 years and the time of exposure to an aggressive environment τ = 40 years 
will be Rb(t,τ) = 3.75 MPa. 

A plastic hinge is formed in Sect. 2 (figure c) and the limit value of the moment 
in the loaded beam section at the action of an aggressive environment in 40 years 
will be M = M* 

ult = 2.6 kN m. In this case, the system becomes (n − 1)-times 
statically indeterminate, the robustness parameter is equal to λn-1(t). 

5. Criteria verification of the limit forces achievement in sections other elements of 
structural system. At a special limit state in the most loaded section (Sect. 1 of 
the beam), the strength test is performed, and then the deformation criterion of 
the special limit state is checked. After the formation of a plastic hinge (Sect. 2 
of the beam) in the most loaded section (Sect. 1 of the beam), the moment due 
to dynamic additional loading will reach the value: Mst 

1,n−1 = Mst 
1,n(t) + Md 

1,n = 
ql2

/
16, where Md 

1,n– moment in Sect. 1 n-times of a statically indeterminate 
system from an instantaneous load M2 = ql2

/
12. 

With regard to the considered beam design at q = 31.2 kN/m, l = 1.0 m, 
beam deflection f = 1.9 × 103 m = 1.9 mm < 1/30 L = 0.033 m = 33 mm, 
i.e. for a given operating time t = 40 years after an accidental action, the beam 
survivability will be exhausted.
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4 Conclusions 

1. The quantitative assessment of the building system robustness potential in time 
to the destructive effects of an aggressive environment is given with the exclusion 
from the system of structural elements responsible for the geometric immutability 
of the structure. 

2. When calculating the structures of buildings and structures reinforced concrete 
frames, taking into account non-equilibrium processes of long-term exposure to 
force and environmental factors, when assessing the its robustness exposition, the 
duration of building structures operation and the degree of its corrosion damage 
over time should be taken into account. 
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of Heating Systems for Digital Model 
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Roman Sheps , and Artem Umerenkov 

Abstract The paper focuses on the fact that today’s modern digital technologies are 
a productive tool in the field of energy efficiency and energy conservation of thermal 
energy complex of the Russian Federation. The paper analyses different methods of 
hydrodynamic calculation of heating systems. The main task includes the analysis 
of existing hydraulic regime models to determine the prospects of the need to refine 
the techniques to build digital twin systems. The results of the calculations of the 
hydraulic regime of the heating systems are presented by summarising the existing 
mathematical description approaches, the convergence of which was assessed by 
comparing the values obtained as a percentage of the adopted basic calculation 
method. The authors note significant discrepancies in the results obtained, which 
are explained by the assumptions adopted in a particular method in order to simplify 
calculations and save time in the course of their implementation. It is suggested to 
use in calculations the values of local resistance coefficients according to the known 
dependences presented in scientific literature, where the influence of liquid move-
ment mode on the value of local resistance coefficient is taken into account. It is 
pointed out that the concept of digital twin construction requires development and 
validation of mathematical models with high level of adequacy. In this connection 
it is concluded that the mathematical description of thermal and hydraulic regimes 
of heating systems requires clarification and additional theoretical and experimental 
research. 
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1 Introduction 

Today’s measures for principles of energy efficiency and energy saving implemen-
tation within the framework of the RF energy policy [1–3] are actively integrated 
through the introduction of digital technologies in almost all spheres of human life. 
Reducing energy intensity as well as improving the functioning of residential heating 
systems are not exception [4–6]. The aim of improving such systems and finding 
efficient solutions is explained by the existing problem of providing a flexible and 
favorable thermal regime in the premises for all users (occupants) at the same time 
[7–9]. 

To date, most of the solutions to this problem have focused on the heat point [5, 8], 
namely the introduction of advanced control and regulation methods for the flow and 
temperature of the heating medium [9, 10]. However, this approach assumes a whole 
building heating system as a single end consumer. Such an assumption reduces the 
effect of optimizing the heat consumption systems, as external factors have a point 
impact on the thermal comfort level in each room [11, 12]. Consequently, there is 
a need to diagnose and implement mental control methods for heating systems as a 
single unit and its individual components (radiators, standpipes, distribution mains). 

The progressive growth in the application of information technology in both the 
construction and housing sectors [13–16] is generating resources that can be used 
to create digital models of buildings and structures, and engineering systems are 
no exception [17]. The idea of creating a digital duplicate of an object implies its 
integration with dispatching systems as a way to manage [18]. 

Creating a digital twin of the heating system requires not only the verification of 
the design parameters of each system element, but also the adequacy of the intelligent 
link, namely the description of the heat and hydrodynamic processes that take place 
in the system. 

2 Materials and Methods 

There are several methods in the scientific literature for describing the hydraulic 
behaviour of heating systems, the classification of which is shown in Fig. 1 [19].

Let us calculate a single pipe heating system, with one of the branches shown in 
Fig. 2. Calculation of heating pipes will be carried out by the method of dynamic pres-
sures. As the most unfavorable ring, we take the circulation ring including standpipe 
10 (St10).

The input data and the diameters obtained are entered in Table 1. It should be 
noted that column 5 shows adopted diameters, and column 6 shows diameters, which 
initially must be specified, starting calculation of risers and main sections of the 
system depending on the flow rate of the heat carrier, see [(Table 58, Table 60) [20]]. 
For selecting the pre-diameter for the riser pipes, we use [(Table 58) [20]], and for 
the main pipes we use [(Table 60) [20]].
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Fig. 1 The main groups of hydraulic calculation methods for heating systems

Fig. 2 Schematic diagram of the calculated heating system. Note above the extension line, the heat 
load Q, W is shown; below the extension line, the first number indicates the section length m and 
the second number the pipe diameter mm; each radiator has its heat output shown, W; the sections 
are numbered from the supply main through the main ring to the return main
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Table 1 Values for input data and accepted pipeline diameters 

Section Raw data Calculation results 

Q, W L, m G, kg/h dadopted, mm dprovisional, mm 

1 2 3 4 5 6 

St10 5650 – 194.4 20 20 

St 9 5350 – 184 20/15 20 

4–5 11,000 7 378.4 32 20 

4'–5' 11,000 7 378.4 32 20 

St 8 5650 – 194.4 20/15 20 

3'4 16,650 5 572.8 32 25 

3'–4' 16,650 5 572.8 32 25 

2–3 29,780 5 1024.4 40 32 

2'–3' 29,780 7 1024.4 40 32 

1–2 54,200 10 1864.5 50 40 

1'–2' 54,200 10 1864.5 50 40 

Note For St9 and St8 the numerator in column 5 is the riser diameter and the denominator is the 
pipe diameter of the return connection 

Local resistance coefficients ξ are taken according to Table 2 [20]. Values of 
local resistance coefficients for T-pieces on trunkings are accepted depending on the 
distribution of flow rates by branches [(Table 53) [20]].

Let us calculate the same branch of the heating system using several existing 
hydraulic calculation methods, in order to compare the final results. Accordingly, 
the input data for the following methods will be the same as for the dynamic pressure 
method. 

3 Results and Discussion 

According to the results of the “forward” and “reverse” hydraulic calculation methods 
[19] of one branch of the heating system (Fig. 2), we have obtained the pressure losses 
in the main and secondary rings, as well as the distribution of flow rates across the 
risers. Let us present the results of the calculations in the form of diagrams Figs. 3, 
4 and 5. The main circulation ring Ck1 and the two secondary rings Ck2 and Ck3 
pass through St10, St9, St8 respectively.

Let us take the “direct” method of resistance characteristics as the basic method 
and in relation to it express the deviation of the obtained pressure losses by other 
methods in St10 in %.
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Table 2 Local resistance coefficient values ξ 
Resistance Nominal diameter, dy, mm ξ 
Double sided radiators with connection diameter 15 1.6 

Same 20 1.2 

Plug valves 15 3.5 

Same 20 and more 1.5 

Parallel gate valves – 0.5 

Double adjustment faucet with cylindrical plug 15 4 

Same 20 2 

Indentation – 0.5 

Straight tees – 1 

Tee-joints on the passage with a swivel – 1.5 

Tees on the countercurrent – 3 

Bends, bent under 90° 15 1.5 

Same 20 1 

Same 25 0.5 

Same 32 and more 0.3 

Bent bends 15 0,8 

Same 20 0.7 

Same 25 and more 0.6

Fig. 3 Circulation ring pressure loss distribution diagram
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Fig. 4 Diagram of the percentage of pressure loss obtained in St10 by the different methods, in 
relation to the drag characteristic method 

Fig. 5 Flow rate distribution diagram for the system risers



Reliability of Methods of Calculation of Heating Systems for Digital Model 37

As shown in the diagram (Fig. 5), the distribution of flow rates in the riser 
pipes takes on different values, depending on the calculation method. Moreover, 
these values are not equal to the flow rates used to calculate the system by “direct” 
calculation methods. 

Differences in the results obtained may be based on certain uncertainties of each 
of the methods considered, due to their peculiarities. Methods such as the resistance 
characteristic method, the equivalent resistance method and the dynamic pressure 
method have been developed by the authors to simplify and save time during the 
calculations. Therefore, appropriate multiplying indicators (drag characteristic S, 
hydraulic criterion μ, reduced local drag coefficient ξp) were applied. The application 
of such aggregated indicators can affect the accuracy of the calculation result and 
subsequently the performance of the heating system, which is determined by a correct 
hydraulic calculation. 

4 Conclusion 

Nowadays, such calculations can be carried out using computer programs, so it is 
necessary not to use simplified methods, but on the contrary, to complicate them and 
to identify new dependencies. For example, to use not tabulated averaged values of 
local resistance coefficients (hereinafter l.r.c) of elements of heating systems, but to 
calculate them using appropriate formulas from the reference book [21], in which 
dependence of l.r.c. on the fluid flow mode is taken into account, which is not reflected 
in any of the calculation methods. Consider changes in l.r.c. values under condition 
of overgrowing of pipes and additional increase of hydraulic friction coefficient due 
to considerable cooling of water in pipelines. The hydraulic calculation must also 
reflect changes in the temperature of the heat transfer medium, in particular under 
conditions of regulating the heat output of the radiators. 

Therefore, mathematical description of thermal and hydraulic regimes of heating 
systems requires clarification and additional theoretical and experimental research. 
Since the concept of building digital analogues of considered objects and systems 
is based on development and validation of mathematical models with high level of 
adequacy. 

The research was carried out within the framework of the Grant of the President of 
the Russian Federation for the Leading Scientific School No. NSH-25.2022.4 using 
the equipment of the High Technology Center of the Belgorod State Technological 
University named after V.G. Shukhov.
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Tatiana Kruglova , Michael Shoshiashvili , and Alexander Vlasov 

Abstract The article is devoted to the development of a system for optimal planning 
of the trajectory of the movement of construction machines, taking into account the 
deterioration of the technical condition of their drives. A fuzzy model for optimizing 
the movement of a vehicle takes into account the technical condition and the load on 
the driving wheels. The model allows, based on the results of the assessment of the 
technical condition and load, to select the required operating mode for each drive: 
four-wheel drive; front-wheel drive; rear-wheel drive; termination of operation. To 
continue operation in the selected mode, the criteria for the optimal trajectory of the 
vehicle are formulated, taking into account the length of the trajectory, the number of 
right and left turns and the technical condition of the drives. Three analytical solutions 
of the optimization problem are given. Possible trajectories of movement are built 
and the number of turns of the car is calculated. The same problem was solved using 
genetic and ant colony algorithms for the same input data. A comparative analysis 
of the obtained results was carried out. 
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1 Introduction 

Wheeled vehicles are very popular during the constructions. There are graders, exca-
vators, bulldozers, scrapers, trenchers, soil compactors (Fig. 1) and many other types 
of earthmoving equipment. Construction equipment works in a complex dynamic 
environment under various weather conditions, high humidity and dustiness of the 
workspace. This may lead to its partial failure. The most vulnerable elements of any 
type of mobile equipment are wheel drives. Therefore, it is important to ensure their 
high reliability during operation. The most widely used machines with four wheels. 
In general, three control options can be used: Four-wheel drive, front-wheel drive 
and rear-wheel drive. 

The option of all-wheel drive is preferred, since this option allows you to evenly 
load all four-wheel drive and provide better handling. Also, this option allows you to 
independently change the speed of rotation of the wheels, which can be very useful, 
for example, when one of the wheels gets stuck. 

Front-wheel drive is often used. Vehicle with such control has residual maneuver-
ability, it is cheaper option compared to all-wheel drive due to the presence of only 
two wheels. However, drive deterioration is faster than with all-wheel drive. Also, 
this configuration is less effective when the wheels get stuck. 

As for control, rear-wheel drive is the most inconvenient. This vehicle’s type of 
robot is the least maneuverable, so this configuration is applied only if it is impossible 
to use a full or front drive. 

During the vehicle’s operation, the most actual problem is to ensure the reliability 
of their drives operation and coordinated interaction with others equipment inside

Fig. 1 Wheeled vehicles in construction 
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Fig. 2 Kinematic scheme of 
a four-wheel drive vehicle 

the technological process. The solution of this problem can be achieved by using 
diagnostics system of drives technical condition integrated into the casing of each 
vehicle, which performs continuous measurement of their working parameters with 
subsequent analysis of the received information. Further, on the basis of the technical 
conditions of all vehicles, the technological process optimization should be carried 
out in such a way to extend the equipment life without compromising the quality of 
the operations performed. 

Consider a vehicle model with four-wheel drive (Fig. 2). In general, it can be 
driven in one of three ways: 

(1) using wheels D1 and D2 (front-wheel drive); 
(2) using wheels D3 and D4 (rear-wheel drive); 
(3) the use of all four wheels at the same time (all-wheel drive). 

All-wheel vehicle drive is the preferred control option, since the wheel drive 
resource is used evenly. 

However, in the event of failure of one of the engines, the control system can be 
returned to the front or rear-wheel drive. To implement this approach, it is necessary 
that all the drives of the car work at a reduced load. 

A method for technical condition and on each drive loads determine has been 
developed [1–11].
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According to this method, the current state of each drive can be attributed to one 
of the following diagnosis classes: 

– “11”—healthy without load; 
– “12”—healthy with load; 
– “21”—fault without load; 
– “22”—fault with load. 

Once the technical condition of each motor is determined, it becomes necessary to 
select the mode of operation of the technical equipment in which the motors operate. 

2 Materials and Methods 

As an example, consider a vehicle with four independent electric drives “motor-
wheel” [12]. In general, a four-wheel drive vehicle (Fig. 2) can move in space in one 
of three ways: using wheels D1 and D2 (front-wheel drive); using wheels D3 and 
D4 (rear-wheel drive); using all four wheels at the same time (four-wheel drive). 

The preferred mode of operation of the vehicle is four-wheel drive, therefore, in 
the case of a serviceable unloaded state of all drives, D1 = D2 = D3 = D4 = “11” 
it is advisable to choose this mode. 

In the case of a healthy loaded “12” operating mode for all wheels, it’s also 
advisable to use all-wheel drive without operating mode changing. If the front drives 
D1, D2 are loaded (when the vehicle is traveling on a down slope movement), it is 
necessary to increase load for vehicle D3, D4. If the rear-wheel D3, D4 are loaded 
(when the vehicle up slope movement), it is necessary to increase the rotation speed 
of the front drives D1, D2. When one of the front drives D1 or D2 is loaded properly 
(when the wheel is stuck), it is necessary to increase the rotation speed of the rear-
wheel of the same nomination D3 or D4 respectively. If the rear-wheel D3 or D4 is 
stuck, it is necessary to increase the rotation speed for the both front wheels (D1, 
D2). 

Changing the control mode occurs when the “21” or “22” condition of one of the 
drives is faulty. So if one or two rear-wheel drives are in failure, it is necessary to 
switch to front-wheel drive. If there is failure of one or both of the front drive, it 
is necessary to switch to rear-wheel drive, or turn to 180° thereby moving to front-
wheel drive (if the process permits). In case of failure of one front and one rear drive, 
it is necessary to stop the operation of the vehicle. 

The above control logic can be implemented using Mamdani fuzzy logic model 
[13], which four inputs and outputs (Fig. 3).

The four possible conditions for each motor are set as inputs (Fig. 4a), and 
outputs—the current each drives operation mode (Fig. 4b). The range of output 
variables is set in the range [−1 1]. At the same time, the value “−1” corresponds 
to the drive shutdown; “0”—use the current mode; “1”—increase the drive speed. 
The output control solution for each of the four wheels can be obtained using the 
algorithm [14], which has the following form:
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Fig. 3 The structure of the vehicle movement optimizing fuzzy model

Fig. 4 Membership functions for vehicle movement optimizing fuzzy model: a—input functions; 
b—output functions
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1. The input variables have acquired some concrete values x0 1 , x0 2 , x0 3 , x0 4 , and there 
are levels of “clipping” for the prerequisites of each rules: 
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(1) 

2. Outputs for each rule are calculated 

y∗ 
1 = f1; . . .  y∗ 

n = fn. (2) 

3. The aggregate output of fuzzy logic system is calculated 

y∗ 
i = 

n∑

i=1 

αi · y∗ 
i /( 

n∑

i=1 

αi ) (3) 

The example of fuzzy inference graphic interpretation is the response surface 
(Fig. 5). 

The result of the model can be interpreted as follows. After substitution of the 
coefficients showing the current state of each drive, for each of the four drives the

Fig. 5 The response surface of the vehicle movement optimizing fuzzy model 
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coefficient defining the required operating mode will be defined. A negative value 
indicates that the motor must be switched off. A value close to zero indicates that 
the operating mode should be left unchanged. The number close to 1 indicates 
the need to increase the engine speed. 

The purpose of optimization is to ensure maximum speed and increase equip-
ment life. As an example, a four-wheel drive vehicle (Fig. 2) [15] is considered. 
The degree of wear of the four-wheel drive vehicle is the sum of the degrees 
of wear of the drives of each wheel when performing a single technological 
operation ti (4). 

P(ti ) = p1 + p2 + p3 + p4 , (4) 

where p1, p2, p3, p4 is the degree of wear when performing a single technological 
operation of the drives D1, D2, D3 and D4 respectively. 

At the same time, the wear of the drive for each wheel for a separate techno-
logical operation is defined as a function of three arguments: L—the length of 
the path traveled by the vehicle; Mturn—a variable that determines the additional 
load on the motor when performing rotation (for each drive, turns are taken into 
account as follows: for drives D1 and D3—right, for D2 and D4—left); Sturn—the 
total number of turns made by robots during the technological operation: 

⎧ 
⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎩ 

p1 = f (L , M1 
turn, Sturn) 

p2 = f (L , M2 
turn, Sturn) 

p3 = f (L , M3 
turn, Sturn) 

p4 = f (L , M41 
turn, Sturn) 

(5) 

To set the vehicle’s trajectory, a specific configuration of the working space 
is selected, which is divided into n segments of equal area so that each of them 
uniquely determines the limits of one technological operation ti (i = 1 … n) for  
the vehicle (Fig. 6a). The task for vehicle movement is the set of all segments of 
the field so that the overall wear Po of the drives was minimal: 

P0 = 
n∑

i=1 

P(ti ) → min (6)

Optional set is the condition that the wear Po received minimal by its even 
distribution between the drives D1, D2, D3 and D4.
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(a) (b) 

Fig. 6 Working configuration (a) and graph representation (b) of a rectangular working space

The latter can be achieved with a minimum difference between the robot’s 
right Mturn(R) and left turns Mturn(L)

∑
Mturn(R) −

∑
Mturn(L) → min (7) 

If for a specific configuration of the working area all n segments are presented in 
the form of a corresponding graph (Fig. 6b) T(V, E), whose vertex set (V) uniquely 
corresponds to the working area segments, and the edge set (E) logically specifies 
the possible transitions between adjacent segments (technological operations), 
then the optimization objective function will have the following form: 

G(P0) =
{

ti | f (t) = 
n∑

i=1 

P(ti ) → min

}

(8) 

where 

f (t) = k1 · L + k2 · Mturn(R) + k3 · Mturn(L) + k4 · Sturn (9) 

where i = 1 … n—the number of segments of the vehicle’s working space; 
k1, k2, k3, k4—the weight of the control parameters of the optimization 

parameters.
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The sum of the weight coefficients of the optimization function must be equal 
to 1. The values of each weight coefficient are selected heuristically according 
vehicle technical condition. So if all drives are correct, it is preferable to move 
along the shortest path with a minimum number of turns and approximate equality 
of right and left turns, so the values of the coefficients can be taken, for example 
k1 = 0.5; k2 = 0.15; k3 = 0.15; k4 = 0.2. In case of the right wheels wear, it is 
necessary to build a trajectory so that the number of left turns was more than right 
ones. Then weight coefficients can be, for instance, k1 = 0.5; k2 = 0.05; k3 = 
0.25; k4 = 0.2. 

3 Results and Discussion 

To specify the vehicle trajectory, a specific configuration of the working space is 
selected, for example, rectangular (Fig. 7), which is divided into n segments so 
that each of them uniquely determines the limits of execution of one technological 
operation ti (i = 1 …  n) for the vehicle. 

It is advisable to adopt the following restrictions, through the drawing up a 
mathematical model for vehicle control: 

– the vehicle moves on a horizontal surface and the Z coordinate is assumed constant 
(Z = const); 

– the vehicle moves at approximately constant speed (V = const). 

The graph representation of the working space of the vehicle is shown in Fig. 6. 
Examples of possible solutions:

(a) (b) (c) 

Fig. 7 Vehicles workspace configuration 
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Fig. 7a G(P0) = {t0, t1, t2, t3, t7, t6, t5, t4, t8, t9, t10, t11, t15, t14, t13, t12}, (10) 

Fig. 7b G(P0) = {t0, t1, t5, t4, t8, t9, t10, t6, t2, t3, t7, t11, t15, t14, t13, t12} (11) 

Fig. 7c G(P0) = {t0, t1, t8, t7, t7, t6, t11, t15, t14, t13, t12, t8, t4, t5, t6, t10, t9, t8, t12} (12) 

For the demonstration of turns within the chosen trajectories, the matrix of turns 
is introduced G(Mturn), the following notation is used: 0—no turn, 1—turn to the 
right, 2—turn to the left. 

Then the matrix G(Mturn): 

Fig. 7a Mturn  = {0, 0, 0, 1, 1, 0, 0, 2, 2, 0, 0, 1, 1, 0, 0, 0} (13) 

Fig. 7b Mturn  = {0, 1, 1, 2, 1, 0, 2, 0, 1, 1, 0, 0, 2, 0, 0, 0, 0} (14) 

Fig. 7c Mturn  = {0, 0, 0, 1, 0, 0, 0, 2, 0, 0, 1, 0, 1, 1, 0, 2, 0} (15) 

The results of the analysis of the given trajectories of movement are given in 
Table 1. 

From this table it is clear that the trajectory 1 is optimal, since it is performed in the 
minimum number of operations and has 6 turns. The difference between the number 
of right and left turns is 2. Therefore, when working out a rectangular working space, 
the “snake” trajectory is optimal in terms of speed and deterioration parameters. 

This task was solved using the genetic and ant colony algorithms. Figure 8 shows 
the results of these optimization algorithms when moving on a rectangular working 
area (Fig. 7).

From these graphs, it can be seen that both algorithms with the same source data 
have produced different trajectories of the same length with an equal number of right 
and left turns. However, the number of iterations of the ant algorithm is smaller, 
hence the speed is higher. Therefore, this algorithm can better solve the problem of 
multidimensional optimization of the movement distance by work in the workspace 
configuration, consider the wear of vehicle drives.

Table 1 Results of the analysis of the specified trajectories of the robot 

Trajectory number Number of operations Right turns Left turns 

1 16 4 2 

2 16 5 3 

3 19 5 2 
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Fig. 8 Results of multivariate optimization of vehicle motion on a rectangular area
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4 Conclusion 

As a result of the work carried out, a vehicle movement optimizing fuzzy model, 
consider the technical condition and loads to the wheel drives. The criteria for vehicle 
optimal trajectory are formulated, taking into account the length of the trajectory, the 
number of right and left turns and the technical condition of the drives. For a specific 
configuration of the workspace consisting of n segments, a graph has been developed 
whose set of vertices uniquely corresponds to the segments of the workspace, and 
the set of edges logically defines possible transitions between adjacent segments 
(technological operations). The goal of optimization is to pass all segments of the 
working area along the shortest path with a minimum number of turns. In this case, 
the number of right and left turns should be approximately the same. Three analytical 
solutions of the optimization problem are given. Possible trajectories of movement are 
constructed and the number of turns of the vehicle is calculated. The same problem 
was solved using the genetic and ant colony algorithm. Both algorithms with the 
same source data have produced different trajectories of the same length with an 
equal number of right and left turns. The number of iterations of the ant algorithm 
is smaller, hence the speed is higher. Therefore, this algorithm can better solve the 
problem of multidimensional optimization of the vehicle movement. 
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“Mechatronic and robotic systems for special purposes”. 
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Heat Pump Unit in Heating and Air 
Recuperation of Premises 

Pavel Orlov , Tat‘yana Il‘ina , Maksim Kolesnikov , Alina Echina , 
and Artem Umerenkov 

Abstract Energy-efficient methods of creating a microclimate of premises using 
renewable energy sources are considered. The feasibility of using heat recuperators 
of exhaust air is shown. Various types of recuperators are considered, their compar-
ative characteristics are given. It has shown that the proposed calculations of their 
effectiveness give overestimated results, that does not correspond to reality. This 
work has developed a system for creating a microclimate of premises using an air 
heat pump of the Air–Water type. The use of such installations in areas with a cold 
climate is possible only with the use of the MOVEBIT de-icing system developed 
by us in the form of magneto-constrictive transducers installed on the surface of 
the heat exchanger of the evaporation unit. The microclimate system includes two 
evaporation circuits. The primary circuit works for heating using outdoor heat. The 
second evaporator connected in series to the first one is located in the exhaust air 
heat recovery circuit of the ventilation system. Heat exchanger of evaporation unit 
is made of aluminium and has certain shape, which is most favorable for de-icing. 
The tests showed an increase in the overall coefficient of performance (COP) of the 
complex heat pump installation by 20%. 
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1 Introduction 

The Russian government pays great attention to the conservation of the environ-
ment, as well as the development of energy-saving technologies, supporting Russian 
producers at all stages of production [1]. Domestic manufacturers of ventilation 
equipment, in cooperation with technical universities, conducting large research 
work, have achieved high indicators in scientific research and increasing the tech-
nical level of energy-saving equipment. Taking into account that heat loss through 
ventilation systems accounts for an average of 25% of the energy spent on heating 
of the building, the relevance of the introduction of heat energy utilization systems 
from the exhaust air becomes the most urgent task in the field of energy saving [2]. 

For forced ventilation systems of residential and public buildings, various types of 
recuperators have recently been used. The most common are plate heat exchangers, 
rotary heat exchangers and recuperators with intermediate coolant. Simplicity of 
design, low power consumption and long service period made this equipment the most 
in-demand in private households. For example, in Finland, at the legislative level, a 
mandatory installation of plenum and exhaust ventilation with heat recovery from 
the exhaust air was adopted. In Russia, the regulation SP 55.13330.2016 for private 
houses does not yet provide for the arrangement of forced ventilation, subject to air 
exchange, guided to a greater extent by the norms of SanPiN 2.1.2.2645 and GOST 
30494–2011, nevertheless, interest in various energy-saving ventilation systems is 
constantly growing. 

Despite the favorable conditions created by the government for domestic manu-
facturers of heat recovery units, the Russian consumer prefers European, Japanese, 
Korean and Chinese manufacturers, guided by high energy-saving indicators declared 
by foreign manufacturers and confirmed by graphs, diagrams, as well as the presence 
of a heat recovery energy efficiency class. According to Regulation (EU) No 1253/ 
2014 of the European Parliament, a system of classes from A to G is introduced 
for heat recovery units, special attention is paid to the class table indicating energy 
efficiency (SEC)—the specific energy consumption per 1m2 of heated building area. 
The calculation is made according to the equation [3], which takes into account a 
large set of parameters. 

Obtaining the entire data set is a very problematic task, and the energy conversion 
efficiency of recuperation unit is the most important indicator of the efficiency of the 
equipment offered. The average temperature of the heating season does not corre-
spond to the Russian average working hours per year. The use of inverter electric 
fans increases energy efficiency twice, which is impossible to implement in practice, 
since the cost of starting currents in start-stop and stepper fans does not exceed 25%. 

Considering that the buildings put into operation are obliged to test the tightness 
of the enclosing structures, air inflow is carried out only through ventilation systems. 

It is not always possible to calculate the standard heat losses of a residential 
building through enclosing structures with sufficient accuracy, therefore there are 
empirical calculation methods for selecting the necessary parameters of recovery
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equipment, which allow assessing the main consumer qualities of ventilation 
equipment, their energy-saving capabilities. 

According to the law of transitivity of thermodynamic equilibrium (the zeroth 
law of thermodynamics) and design features, the rotary recuperator is unable to 
overcome the 50% barrier of heat extraction from the exhaust air. If we still take 
into account the flow of air through the brush seals and seals along the perimeter 
of the case, where the air masses of the supply and exhaust air are mixed, we can 
conclude that the rotary recuperator is even less effective than conventional plate 
recuperators, since it requires additional costs of electricity driving the rotor using a 
stepper or inverter motor. Its real figure corresponds to 40–50%. As an advantage in 
favor of rotary recuperation units, there is no frostbite on the heat transfer plates of 
the rotor, however, the installation instructions and settings of this equipment give 
clear instructions for activating the defrosting function. 

In practice, this problem is solved by increasing the speed of the fan installed on 
the exhaust duct after the rotor. This is a very effective method of heating the rotor, 
but heat losses during this period increase in proportion to the difference in the supply 
and removed air flows, since warm air does not have time to transfer half of its heat 
to the heat-removing elements [5]. Another method of increasing the temperature of 
the supply air is the installation of an electric heating element. 

Taking into account the fact that from 1 kW of electricity, one kilowatt of thermal 
energy can be obtained, and from 1 m3 of gas about 7 kW of heat, with their small 
difference in the cost of electric heating reduces the economic feasibility of installing 
expensive supply and exhaust systems [5, 6]. As a rule, the power of electric heating 
elements ranges from 3 to 7 kW, the reduction in gas consumption for heating the 
room does not cover the cost of electricity consumed by the recuperator, which makes 
the recuperators even less efficient. 

There are also design solutions used in recuperation units, such as cascade recu-
perators. This is a unit with 3–6 plate heat exchangers with a declared efficiency 
up to 90%. In practice, in such recuperators, the flow of supply and exhaust air is 
mixed between the channels due to the lack of density at the connection points of 
the modules. The actual recovery efficiency of the plate recuperator cannot exceed 
50% of the heat extraction mark, does not depend on its shape, the same applies to 
countercurrent heat exchangers [6]. The main problem of the existing assessment of 
the efficiency of the recuperation units is the fact that the exhaust air has arithmetic 
mean values of the exhaust and supplied air, according to it heat is not fully extracted. 
One solution to this technical problem is to install a heat pump evaporator in the path 
of the air to be exhaust. Without the establishment of high temperature pressure (the 
difference between the boiling point of the refrigerant and the temperature of the 
exhaust air), 100% heat extraction cannot be carried out.
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2 Materials and Methods 

Heat pump units are increasingly used in microclimate systems of buildings and 
structures [7, 8]. This is explained by environmental compatibility, the possibility of 
using renewable energy sources, requirements for reducing harmful emissions into 
the atmosphere when burning fuel, both gaseous and solid [9]. Taking into account 
the current political situation, the use of heat pumps is especially important for the 
countries of Europe and Scandinavia. It is known that the source of thermal energy 
can be earth, water, air, thermal emissions of various technological processes [9, 10]. 
Considering the cost of laying and operating heat pump units, air heat pumps are 
preferred. However, their use is limited in countries with cold climates as a result of 
frost and ice on the surface of the heat exchanger of the evaporator unit. To prevent 
and remove ice, various methods (bypass, heaters, special compositions, etc.) are 
invented, which suspend the operation of the unit for a while, which reduces the 
efficiency of the cycle [11]. We have proposed and developed a method for de-icing 
with the help of mechanical vibrations created using magnetostrictive radiators [12]. 
The material, the shape of the radiator, the method of attachment on the surface of the 
heat exchanger of the evaporating unit are selected, the shape of the heat exchanger is 
developed, which contributes to the best defrosting [13]. Testing of the pilot unit in a 
wide temperature range showed satisfactory results, the coefficient of performance of 
a heat pump is 4.5–5.6 [14]. Significant interest should be noted in studies of various 
types of heat pumps, their design, methods of use in heat supply systems of both 
private houses and industrial premises, as well as methods of ice control [15–21]. 

This work uses the air heat pump system with the MOVEBIT anti-icing system 
of the Air–Water type for the heating and air recovery system of the premises. To 
increase the energy efficiency of the microclimate system, a sequential installation of 
evaporating units is proposed. The primary circuit evaporator is used to take outside 
air heat and transfer it to the heating circuit condenser. The second circuit evaporator 
is located in the exhaust air recuperator. 

The work uses a steam compression refrigeration unit operating according to 
the reverse reversible Carnot cycle. A coolant circulates along the closed circuit, 
changing its aggregate state and the heat of phase transitions is used to remove and 
release heat. Proposed unit comprises evaporator, condenser, compressor to control 
valve to reduce pressure downstream of condenser. The installation diagram is shown 
in Fig. 1.

An example of implementation of the integrated air ventilation and recovery 
system is presented in Fig. 2, designations to Fig. 1.

The installation works in the following way: Refrigerant evaporates in the primary 
circuit evaporator (1). Gaseous refrigerant flows into compressor 12 to compress 
refrigerant in gaseous state to increase its temperature and pressure. Gas at temper-
ature ≈65 °C is supplied to heat exchanger (refrigerant–water) of condenser (11). 
The removed heat is supplied via the water supply to the heating radiators (10) and 
the warm floor (9), as well as to the fan oil (5) for heating the supply air (winter 
operating mode) or cooling (summer operating mode).
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Fig. 1 Diagram of the air heating and recovery system using the Air–Water air heat pump: 1— 
primary circuit evaporator; 2—evaporator of the secondary circuit; 3—heat exchanger of air recu-
perator; 4—heat exchanger in the supply channel; 5—fancoil; 6—circulation pump; 7—supply 
fan; 8—circulation pump on heating line; 9, 10—heating devices (radiators, heat-insulated floor); 
11—heat exchanger of condenser; 12—compressor of the heat pump unit; 13—throttling device 
of the primary circuit evaporator; 14—throttling device of the secondary circuit evaporator; 15— 
flow of external air of the recuperation circuit; 16—flow of recuperation circuit air to be removed; 
17—plenum external air of the primary heat removal circuit; 18—exhaust air after the primary heat 
removal circuit evaporator; 19—premise

Coolant circulation is performed by means of pump (8). Supercooled refrigerant is 
supplied through throttling device (13) to external unit of primary circuit evaporator 
(1). Second pipeline with coolant is fed to second circuit evaporator 2 via throttling 
device 14. 

The evaporator (2) of the secondary circuit is located in the exhaust air channel, 
in which additional heat extraction takes place after the heat exchanger (3), which 
is part of the Water–Air recuperation system. Heated water containing 25% glycol 
is supplied by means of pump (6) to heat exchanger (4), which is located in supply 
channel before fan oil (5). Air flow is produced by using axial fans—supply fan (7) 
and exhaust fan (16). The prepared air enters the premise (19). 

To cool the air in the warm period, the heat pump is operated in the refrigeration 
cycle with the reverse of the coolant movement in the opposite direction.
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Fig. 2 An embodiment of 
an integrated heating and air 
recirculation system

3 Results and Discussion 

An experimental installation was used to determine the efficiency of the heat pump 
in the complex heating and ventilation system. 

The heat exchanger designed for the external AHP unit was used as a heat 
exchanger in the air recuperator. The installation diagram is shown in Fig. 3.

The experiments were carried out in two stages. The first stage is the operation 
of the heat pump without a recuperator. At the second stage evaporator is connected 
in heat recovery system of exhaust air. The same conditions are established for the 
operation of the pressure block of both circuits. For this purpose, the external unit was 
placed in a refrigeration chamber with an air temperature of -4.3 °C. The temperature 
of the exhaust air from the premise was 25 °C, the air temperature after the recuperator 
was within 0 °C. The test results are shown in Table 1.

By using a traditional rotary or plate recuperator, its efficiency was no more than 
50%. In this embodiment, the heat recovery percentage is 85%. 

I.e. we get the efficiency of the developed recuperator 1.8 times higher than 
existing on the market air recuperators without using a scheme in which the 
evaporator is installed in the stream of removed air after a conventional recuperator. 

Analysis of the results of the operation of the recuperator integrated into the heat 
pump heating system showed that: 

– power consumption decreased from 601 to 532 W, which amounted to 11.3%; 
– heat pump COP increased from 3.16 to 3.95 by 20%; 
– the heating capacity of the unit increased from 1900 to 2100 W.
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Fig. 3 Diagram of the laboratory installation of the integrated heating and recovery system using 
the heat pump installation: 1—TEV–thermal expansion valve; 2—capacitor; 3—evaporator of the 
external AHP unit; 4—compressor; 5—exhaust fan; 6—heat exchanger of the recuperator of exhaust 
from the premise; 7—adjustment valve

4 Conclusion 

Analysis of existing types of recovery units showed that their actual efficiency does 
not exceed 50%. Heat losses through exhaust ventilation can be significantly reduced 
by using the evaporator in the heat recovery system. Experimentally, it was found that 
the temperature of the exhaust air was approximate to the temperature of the outside. 
A promising method of ensuring the microclimate parameters of the premise is a 
complex system for using an air heat pump with an additional evaporating unit built 
into the air recovery system. This will lead to an increase in the heat transformation 
of the heat pump unit, a decrease in electricity consumption and an increase in the 
heat capacity of the microclimate system.
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Table 1 Test results of the integrated heating and air recovery system 

Test data 

№ Measurable 
values 

Unit of 
measurement 

With recuperator Without 
recuperator 

Symbols in the 
diagram 

1 Ambient 
temperature 

°C −4.3 −4.7 T7 

2 Air temperature 
downstream of 
evaporator 

°C −5.1 −8.0 T8 

3 Refrigerant 
temperature 
downstream of 
TEV 

°C −11,2 −11.5 T3 

4 Suction line 
pressure 

Bar 4.51 3.37 D2 

5 Compressor inlet 
temperature 

°C −11.2 −11.5 T4 

6 Refrigerant 
temperature 
upstream of 
compressor outlet 
condenser 

°C 67.3 69.7 T1 

7 Refrigerant 
temperature 
downstream of 
condenser 

°C 32.9 30.9 T2 

8 Discharge 
pressure 

Bar 21.42 21.26 D1 

9 Air temperature 
upstream of 
condenser 

°C 25.1 25.6 T5 

10 Air temperature 
downstream the 
condenser 

°C 35.7 35.1 T6 

11 Heat performance 
of the heat pump 

W 2100 1900 

12 Air temperature 
prior to 
recuperator 

°C 25.0 – T9 

13 Air temperature at 
the recuperator 
outlet 

°C 0.1 – T10 

14 Line voltage °C 229 236 

15 Current 
consumption 
value 

I 3.1 3.4

(continued)
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Table 1 (continued)

Test data

№ Measurable
values

Unit of
measurement

With recuperator Without
recuperator

Symbols in the
diagram

16 COS F 0.75 0.75 

17 Active power W 532 601 

18 COP 3.95 3.16

This work was realized in the framework of the program «Priority 2030» on the 
base of the Belgorod State Technological University named after V G Shukhov, 
Using equipment of High Technology Center at BSTU named V. G. Shukhov. 

Analytical research/research was done using equipment of NRC “Kurchatov 
Institute”—IREA Shared Knowledge Center. 
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Composite 

Timofey Gorokhov , Aleksander Erofeev , Nikita Kovalev , 
Sergey Gorokhov , and Sergey Emelyanov 

Abstract The composition and characteristics of the developed wood-gypsum 
composite material of the optimal composition were investigated. The wood-gypsum 
composite material can be used both as a finishing material for interior finishing 
and as a repair composition. Optimal is the following composition by weight: 45% 
gypsum grade G16, 16% second grade pine sawdust with a fraction of 5 mm, 39% 
water The moisture content of the composite material was determined using a gravi-
metric measurement method based on the extraction of moisture from the material 
and the calculation of its mass fraction. The moisture content of the wood-gypsum 
composite material is 26.3 ± 1.2%. The study was conducted on a moisture meter 
AND ML-50 instrument. The specific surface area was measured by the Brunauer– 
Emmett–Teller (BET) method using a highly efficient gas absorption analyzer with 
three micropore analysis stations and four specialized built-in ports for sample prepa-
ration (degassing). The specific surface area of the material was 9.9 m2/g. Elemental 
analysis was also performed, which makes it possible to quantitatively and qual-
itatively establish the composition of the composite material. Elemental analysis 
showed that the developed wood-gypsum composite is more than 98% composed of 
Ca and Sx. 
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1 Introduction 

The modern market of building materials every year offers new types and varieties 
of materials, including finishing. One such material is a wood-gypsum composite. 
It uses gypsum binder of G16 grade as matrix. Second grade pine sawdust with a 
fraction of 5 mm acts as a filler and is designed to reduce the cost of making the 
product, as well as improve the thermophysical characteristics of the material. Also, 
the use of wood sawdust in the production of composite material partially solves the 
issue of their disposal. In the course of experimental studies, it was found that the 
optimal composition of the wood-gypsum composite is the following composition 
by weight: 45% gypsum grade G16, 16% second-grade pine sawdust with a fraction 
of 5 mm, 39% water. 

Due to the fact that the developed wood-gypsum composite is a new material, it 
is necessary to study its characteristics, including composition. 

2 Materials and Methods 

To determine the moisture content of the wood-gypsum composite, a gravimetric 
method for measuring moisture was used, which is based on determining the mass 
fraction of moisture in the material. The method is versatile and highly accurate. The 
error of the method is due to the probability of incomplete removal of moisture from 
the sample, as well as the removal of volatile components or oxidation occurring 
during drying. The main drawback is the duration of the measurement (from 5 to 
15 h, sometimes more). 

To determine the moisture content of the wood-gypsum composite, an AND ML-
50 device (moisture meter) was used (Fig. 1), the principle of which is based on 
the analysis of moisture that evaporates when the sample is heated (thermographic 
method). Thus, air-heat drying of weighed material weighing up to 50 g takes place 
to equilibrium with the environment (removal of moisture from the sample). The 
device consists of analytical scales and a drying cabinet.

The study was carried out according to the following program: 1) heating a sample 
of wood-gypsum composite to 250 ºS; 2) holding until weight loss ceases for 15 min. 

The specific surface area of the wood-gypsum composite was measured using 
the Brunauer–Emmett–Teller (BET) method using an Autosorb IQ station 1 high-
performance gas sorption analyzer. The physicorption/chemisorption micropore 
analyzer (Fig. 2) with three micropore analysis stations and four specialized built-
in ports for sample preparation (degassing). The BET (Brunauer–Emmett–Teller) 
specific surface is the most common method. It is worth noting that a number of 
assumptions are used when applying the method. The first assumption is that the 
adsorbent surface is uniform. By adsorbent is meant the phase on which adsorp-
tion takes place, i.e. the phase which will form the surface. A second assumption is
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Fig. 1 Moisture meter AND 
ML-50

that the reaction in the adsorbate–adsorbate system is weaker than in the adsorbant-
adsorbate system. By adsorbate is meant a substance which is adsorbed. The third 
assumption is that the interaction of adsorbed molecules is only taken into account 
in the direction perpendicular to the surface and is considered as condensation. 

In fact, any type of microporous solid is analyzed with the Autosorb IQ station 1 
analyzer. The physics/chemisorption micropore analyzer is analyzed with equal ease 
thanks to powerful Windows-based software, the most extensive set of methods for 
calculating pore sizes from density functional theory (DFT) and a wide range of cell 
types for samples. Metal-to-metal (VCR) fittings used in the measuring manifold (s) 
to provide extremely low leakage rates allow high quality micropore size measure-
ments using 0.1 torr or 1 torr sensors. Each physical absorption analysis station is 
served by its own specialized measuring collector and a set of sensors. A special Po 
(saturation pressure) sensor and a dewar with a long life (more than 90 h even with 
three samples) are standard functions. 

One port is available as a chemisorption station to fully characterize the cata-
lyst complete with a high temperature oven combined with fan cooling. This

Fig. 2 Autosorb IQ station 1 
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station retains its physical absorption capability. Chemisorption versions are also 
offered with additional flow-based measurement capabilities (TPR, TPO, TPD, pulse 
titration). 

The steam dosing option is available for both physical and chemisorption versions 
and is equipped with a collector chamber with 50 °C thermostating. 

To calculate the surface area of the adsorbent, the gas volume relative to the 
monomolecular layer and the cross-sectional area of the adsorbed gas molecule are 
determined. The accuracy of measuring the surface area with such a device is about 
90%. 

3 Results and Discussion 

The moisture content of the material was determined by the gravimetric method 
on the moisture meter AND ML-50 (program: heating the material to 250 °S and 
holding until the weight loss ceases for 15 min): 26.3 ± 1.2% [1–3]. 

The total pore volume of the wood-gypsum composite of the optimal composition 
is 0.016 cm3/g. The DFT report is shown in Fig. 3. The histogram of the distribution of 
pores of the wood-gypsum composite of the optimal composition is shown in Fig. 4. 
According to the studies, the specific surface area of the wood-gypsum composite 
was 9.9 m2/g [4, 5]. The results of the Brunauer–Emmett–Teller method are reported 
in Fig. 5. 

Elemental analysis of the developed wood-gypsum composite was also carried 
out, which made it possible to carry out qualitative detection and quantitative deter-
mination of the elemental composition of the material [6, 7]. Studies were performed 
on two sample samples. The results are shown in Fig. 6.

Elemental analysis showed that the developed wood-gypsum composite is more 
than 98% composed of Ca and Sx in a ratio of 65.23 and 33.23%, respectively. In 
addition, minor amounts of Fe, Sr, Px (up to 0.1% each) and Si, Ti, Mn (up to 0.01% 
each) were found in the material [8].

Fig. 3 Data processing 
results
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Fig. 4 Histogram of pore size distribution 

Fig. 5 Experimental report



70 T. Gorokhov et al.

Fig. 6 Report on the results of the performed element analysis
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4 Conclusion 

Thus, the moisture content of the wood-gypsum composite is 26.3 ± 1.2%. Total 
volume—0.016 cm3/g. The specific surface area of the wood-gypsum composite was 
9.9 m2/g. The wood-gypsum composite is more than 98% Ca and Sx. 
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Abstract The purpose of this work is to study the properties and optimize the 
composition of cement composite materials containing special modifying addi-
tives—sodium sulfate and Neolith P8800 redispersible powder. To achieve the goals 
set in the work, the following methods were used: the method of mathematical plan-
ning of the experiment, standard methods for testing materials for fungus resistance, 
strength; mixture composition optimization method. Modifying additives are intro-
duced into cement composite materials to improve consumer properties. Samples of 
cement composites containing various amounts of additives were made. Tests were 
carried out for fungus resistance and strength of control samples and samples with 
additives. An increase in the fungus resistance of composites with the introduction 
of additives has been established, which allows the use of products and structures 
made of them in adverse operating conditions in the presence of a biologically active 
environment. A decrease in the strength properties of composites with additives was 
revealed. The problem of optimizing the composition of composites was solved with 
the identification of the concentration of additives at which the material has fungus 
resistance, and the strength properties decrease slightly, up to 15% of the level of 
compressive and bending strength of the material without additives. The results of 
the study serve to determine the composition and concentration of components in 
the manufacture of dry building mixes. 
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1 Introduction 

A promising direction in the production of building materials is the introduction of 
dry building mixtures on a cement binder into the construction technology. They 
have a number of advantages over the use of ready-made mortars and concretes, as 
they allow improving the quality of construction, labor productivity, the shelf life 
of materials, refusing to use special equipment when delivering dry mixes to the 
construction site, and ensuring the organization of mixes for a long time. In Russia, 
dry building mixes have been introduced into construction practice since the second 
half of the 1990s. The market for dry building mixtures is continuously expanding [1]. 
To improve consumer properties and improve physical, mechanical and operational 
performance, modifying technological additives are introduced into dry building 
mixes [2–4]. The paper considers the introduction of two types of additives into 
composites, which, according to the classification, belong to additives for special 
purposes. This is an additive that increases the resistance to biological corrosion, and 
an additive that increases adhesion. It is known that the introduction of additives can 
not only improve, but also change and worsen some indicators of cement composite 
materials [5]. In this regard, it is necessary to solve the problem of optimizing the 
composition of mixtures [6–10]. 

Dry building mixtures of various compositions on a cement binder are delivered 
to the construction site in finished form. The composition of mixtures in the Russian 
Federation is determined by GOST 31,357–2007 “Dry building mixes based on 
cement binder. General technical conditions”, and test methods—GOST R 58277– 
2018 “Dry building mixes on a cement binder. Test Methods”. Immediately before 
use, the mixture is mixed with water. 

The strength of composites from dry mixes depends on the brand of binder, filler, 
and additives that are introduced to give the material the required physicochemical 
and consumer properties [11–14]. In Russia, the properties of additives intended for 
the modification of dry mortars, concretes and mortars comply with GOST 24211– 
2008 “Additives for concrete and mortars. General technical conditions”. At the same 
time, it is very important to use additives for special purposes, which, under adverse 
operating conditions, increase the biological resistance of materials and structures 
[5, 15–21]. 

In addition to the use of biocidal additives, various fillers are often used in the 
production of cement composites to increase the adhesion strength to the base, 
improve water resistance in order to improve consumer characteristics [22, 23], 
which also belong to special purpose additives. 

An important task is to create new formulations of mixtures with the required 
properties. This is ensured by the development and optimization of the composition of 
biocidal dry mortars based on a cement binder, modified with technological additives 
to improve the properties of the mixture, and having high physical, mechanical and 
operational performance. 

The purpose of the work was to optimize the compositions of cement composites 
and to identify the optimal concentrations of sodium sulfate additives and Neolith
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P8800 redispersible powder, which improve the consumer qualities of composites 
and only slightly reduce their strength properties. 

To achieve the goal of the work, the following tasks were solved: (1) To produce 
cement composites: control samples and composites with modifying additives; 
(2) Determine experimentally the compressive and bending strength of cement 
composite samples; (3) Determine the biostability of composites in neutral and 
aggressive biological environments; (4) Propose an approach to optimize the compo-
sition of cement composites to identify the content of additives, which increases 
their consumer properties and reduces the compressive and bending strength 
insignificantly. 

2 Materials and Methods 

For the manufacture of a composite based on a cement binder, the following 
components were used: 

Portland cement without mineral additives PC 400-D0, according to GOST 
10178–85 “Portland cement and slag Portland cement. Specifications (With Amend-
ments No. 1, 2)”. Producer—JSC “Mordovcement” (working settlement Komso-
molsky, Chamzinsky district, Republic of Mordovia, Russia); 

– quartz sand, according to GOST 8736–2014 “Sand for construction work. Spec-
ifications”. Belongs to the II class of sands in terms of grain composition and 
content of dust and clay particles (a group of very fine sands), fineness modulus 
1.4; 

– sodium sulfate (Na2SO4), pure, for analysis (analytical grade) according to GOST 
4166–77 “Sodium sulfate. Specifications”. It is used as an additive in concretes 
and mortars to increase frost resistance and biocidal properties, manufactured by 
Component-Reaktiv LLC, Moscow; 

– Neolith P8800 redispersible organic terpolymer powder. Organic terpolymer 
powder (obtained by polymerization of 3 different monomers). Designed for 
highly hydrophobic systems containing hydraulic binders. Chemical composi-
tion—Vinyl Acetate Vinyl Ester of Versatic Acid, acrylic com-pound, pH = 
7.0–7.5; sh content 10–14%; when mixed with water, it forms an aqueous 
dispersion. It is introduced into the composition of the dry mix in an amount 
of 1% or more by weight of cement, depending on the requirements for the 
composite. When binding water and setting the solution, the dispersed particles 
are combined and form a polymer film. Improves adhesion to the base, elas-
ticity (resistance to deformation and dynamic loads); increases strength prop-
erties, water resistance, mechanical strength, hydrophobic properties, abrasion 
resistance, spreading, vapor permeability, frost resistance, water-holding capacity, 
durability; reduces water absorption. Producer—FAR SPA, Italy. 

To plan experiments on testing cement composites with the introduction of 
Na2SO4 and Neolith P8800, a D-optimal plan was adopted—ca two-factor Kono
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plan with the arrangement of experimental points (in geometric interpretation) on a 
square. The experiments were carried out at 9 points: at the vertices (4 points), the 
midpoints of the sides (4 points) and the center of the square (1 point). The specific 
weights of the points are as follows: the vertices of the square—0.148, the midpoints 
of the edges—0.078, the center of the square—0.096. An experiment matrix with 9 
experiments is presented in Table 1, where the variable factors are X1 factor (sodium 
sulfate Na2SO4) and X2 factor (Neolith P8800). 

The work used data from the results of experimental studies of cement composites, 
carried out by Abramova E. N. (Suraeva E. N.), and described in Loganina et al. [14]. 

The fungus resistance and fungicidal properties of the composites were evalu-
ated in accordance with GOST 9.049.91 “Unified Corrosion and Aging Protection 
System (ESZKS). Polymeric materials and their components” according to method 
1 and method 3. Method 1 allows you to identify whether there are food sources for 
micromycetes in the building material under study. In this case, in addition to the test 
material itself, when tested according to method 1, there should be no other power 
sources. Therefore, infected samples were placed in Petri dishes with distilled water. 
Mushroom resistance was assessed on a 6-point scale—from zero to 5 points. The 
material was considered to have passed the test if its fungus resistance is no more 
than 3 points. When tested according to method 3, infected material samples were 
placed in Petri dishes with Czapek’s nutrient medium, which feeds mold spores.

Table 1 Strength and fungus resistance of composites with additions of Na2SO4 and Neolith P8800 

Composition 
number 

The amount of additive part 
by weight of the mass of 
cement 

Fungus resistance, points/ 
characteristics of the 
material 

Sample strength 

X1 (Na2SO4) X2 (Neolith 
P8800) 

According to 
method 1 

According to 
method 3 

Rc, MPa  Rb, MPa  

1 0 0 3/PTT 5/NF 15 3.0 

2 3 0 1/F-R 2/NF 19 2.3 

3 6 0 0/F, F-R 0/SFE 12 1.9 

4 0 6.5 0/F, F-R 3/NF 11 3.1 

5 3 6.5 0/F, F-R 2/NF 15 3.4 

6 6 6.5 0/F, F-R 2/NF 18 3.0 

7 0 13 0/F, F-R 1/WF 9 2.1 

8 3 13 0/F, F-R 3/NF 14 3.0 

9 6 13 0/F, F-R 2/NF 12 2.8 

Legend F—fungistatic; SFE—strong fungistatic effect; WF—weak fungicide; F-R—fungus-
resistant; NF—not fungicidal; PTT—passed the test 
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Method 3 determined whether the building material had fungicidal properties, i.e. 
can completely inhibit the growth of fungi. 

Chapek’s medium is manufactured in accordance with TU 9229–014-00419789– 
95 “Chapek’s dry nutrient medium”, manufacturer HiMedia, India (distributor 
BIOLIGHT, Moscow). The composition of Chapek’s medium: distilled water (1 l), 
sodium nitrate NaNO3 (2.0 g), potassium chloride KC1 (0.5 g), magnesium sulfate 
MgSO4 (0.5 g), potassium dihydrogen phosphate KH2PO4 (0.7 g), potassium 
hydrogen phosphate K2HPO4 (0.3 g), iron sulfate FeSO4 (II) (0.01 g); sucrose (30 g), 
agar (20 g). 

The strength of the composites was determined on prisms measuring 10 × 10 
× 30 mm according to GOST 30744–2001 “Cements. Test methods using polyfrac-
tional sand” and GOST 10180–2012 “Concrete. Methods for determining the strength 
of control samples. The samples were tested for bending by the force applied in 
the middle of the span to the beam on 2 supports. The compressive strength was 
determined by transferring the load through the pressure plates to ensure uniform 
application. 

The problem of optimizing the composition of composites was solved using the 
GlobalSearch MATLAB system [24]. 

3 Results and Discussion 

The properties of cement composites were studied with the introduction of the 
Na2SO4 biocide additive and the Neolith P8800 redispersible powder in accordance 
with the second-order Kono two-factor plan. Variable factors are the addition of 
sodium sulfate Na2SO4 (factor X1) and the addition of Neolith P8800 (factor X2). 

The properties of cement composites were studied with the introduction of the 
Na2SO4 biocide additive and the Neolith P8800 redispersible powder in accordance 
with the second-order Kono two-factor plan. Variable factors are the addition of 
sodium sulfate Na2SO4 (factor X1) and the addition of Neolith P8800 (factor X2). 

Investigated: compressive strength Rc (MPa), bending Rb (MPa) and fungus 
resistance of the material (Table 1). 

Five samples were tested at each of the nine points on the response surface, for a 
total of 45 samples. After statistical processing of the results of the experiment, the 
coefficients of the equations were calculated and regression Eqs. (1) and (2) were  
obtained for changing the optimization criterion from the factors X1 and X2. 

R2 
c = 15.0 + 3.50X1 − 2.50X2 − 0.50X2 

1 + 1.50X1 X2 

+ 1.50X2 
2 + 1.0X2 

1 X2 − 3.50X1 X
2 
2 − 4.0X2 

1 X
2 
2 (1) 

R2 
b = 3.40 − 0.050X1 + 0.350X2 − 0.350X2 

1 + 0.450X1 X2 

− 0.750X2 
2 − 0.350X2 

1 X2 − 0.050X1 X
2 
2 + 0.150X2 

1 X
2 
2 (2)
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Fig. 1 Additives Na2SO4 and Neolith P8800. Surface of the calculated response function of 
compressive strength Rc, MPa (left), and bending Rb, MPa (right): X1—content of sodium sulfate 
(Na2SO4), X2—content of Neolith P8800, parts by weight of cement mass 

According to the equations, graphs of the dependence of the compressive and 
bending strength in the form of surfaces are constructed, which are points of the value 
of the response function for two variables—the amount of Na2SO4 and Neolith P8800 
additives introduced into the composite material (see Fig. 1). Graphic dependencies 
are used to select the compositions of modified mixtures that have the required 
physical and technical properties. 

The addition of Na2SO4 in the amount of 3 parts by weight and Neolith P8800 
in the amount of 6.5 parts by weight of cement (composition No. 5) increases the 
bending strength of the samples by 11% relative to the strength of the base compo-
sition No. 1. In this case, the compressive strength of samples of composition No. 
5 is equal to the strength of the base composition No. 1. The addition of Na2SO4 

in the amount of 6 parts by weight and Neolith P8800 in the amount of 6.5 parts 
by weight of cement (composition No. 6) increases the compressive strength of the 
samples by 17% relative to the strength of the base composition No. 1. In this case, 
the bending strength of samples of composition No. 6 is equal to the strength of the 
base composition No. 1. For formulation No. 8 (3 parts Na2SO4 and 13 parts Neolith 
P8800 by weight based on the weight of cement), Rc is reduced by 6.7%, while Rb 

remains at the level of values for samples without additives. 
For formulation No. 9 (6 parts Na2SO4 and 13 parts Neolith P8800), Rc is reduced 

by 20% and Rb is reduced by 6.7%. 
Method 1 determined the biological stability of the samples. It was found that the 

introduction of Na2SO4 biocidal additive and Neolith P8800 redispersible polymer 
powder into the composition of the samples in the amount presented in Table 1 gives 
the material fungus-resistant properties. The introduction of the polymer into the 
samples (without the addition of Na2SO4) increases the biological resistance of the 
samples. When tested according to method 1 from the PTT category (3 points, sample 
No. 1), the samples pass into the F, F-R category (0 points, samples Nos. 4, 7). 

The addition of Neolith P8800 to the sample with the biocidal additive Na2SO4 

(composition No. 2, characteristic F-R) increases the fungi-resistant properties of



Optimization of the Composition of Cement Composites 79

the material, it acquires the properties F, F-R (composition No. 5), the bioresis-
tance is increased and the composites are fungi-resistant and fungistatic when tested 
according to method 1. 

When tested according to method 3 in the Czapek-Dox nutrient medium, all 
samples compared to the control sample No. 1 (5 points, NF) show an increase in 
bioresistance (from 0 points, SFE, to 3 points, NF). The joint introduction of Na2SO4 

and Neolith P8800 additives into the composition showed the best values—at the level 
of 2–3 points—with a combination of strength properties and bioresistance of the 
material (samples Nos. 5, 6, 8 and 9) compared with sample No. 1 (5 points). Sample 
No. 3 (6 parts Na2SO4 by weight of cement) has a strong fungistatic effect of SFE, 
sample No. 7 (13 parts of Neolith P8800 by weight of cement) has a weak fungicidal 
effect of WF—1 point, however, these samples show a strong decrease in strength 
indicators: for bending—up to 6.7–20%, for compression—up to 6–36.7%. Thus, 
experimental studies have shown the preference for using compositions that contain 
3–6 parts by weight of Na2SO4 and 6.5–13 parts by weight of Neolith P8800 cement 
(Fig. 1). 

The solution of the problem of determining the optimal composition of composites 
was based on the regression Eqs. (1) and (2), which were used for calculations and 
diagramming. To translate real (real) factors to coded values, data from Table 1 was 
used. 1. Coded values are presented in Table 2. 

The regression dependences of compressive strength (Rc) and bending (Rb) are  
non-linear and depend on two variable factors X1 and X2, so their graphical repre-
sentation, as a rule, is complex. At the same time, nonlinear regression functions are 
extremely rarely unimodal functions (with one extremum). Therefore, it is advisable 
to apply the methods of searching for a global extremum on the entire domain of 
definition of the considered regression equation, which in the optimization problem 
should be called the objective function. 

First stage. Analysis of the ultimate strength using regression equations (objective 
functions Rc and Rb) consisted in choosing a method/algorithm for searching for a 
global extremum. This problem was solved using the GlobalSearch toolkit of the 
MATLAB system [24], which is supported starting from version R2010a of the 
MATLAB system. 

Second phase. Based on the solution of the problem of the first stage, the extreme 
values (maximum and minimum) of the strength Rc and Rb were determined with 
the corresponding values of the factors X1 (sodium sulfate) and X2 (Neolith P8800). 
Extreme values were used to construct lines of equal influence depending on a given 
percentage of the levels of the maximum values of Rc and Rb. For this, the “contour” 
and “clabel” functions presented in the MATLAB system were used.

Table 2 Coded and actual factor values 

Factor Coded factor values/actual values of factors 

X1 −1/0 0/3 1/6 −1/0 0/3 1/6 −1/0 0/3 1/6 

X2 −1/0 −1/0 −1/0 0/1 0/1 0/1 1/2 1/2 1/2 
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Third stage. The “meshgrid” and “mesh” functions were used to visualize the 
response surfaces Rc and Rb. 

Fourth stage. Lines of equal influence (levels) were plotted separately using the 
“contour”, “clabel”, “line”, “patch”, “xlabel”, “ylabel”, “legend”, and “title” func-
tions of the MATLAB system. The “patch” function was used to fill a closed figure 
on a plane. The resulting figure(s) is(are) lines of equal influence (level). The entire 
shaded area ensures that the specified condition is met so that the strength value Rc 

or Rb is the required percentage of the maximum values (or). The coordinates of the 
points of maximum values of the functions are included in these areas. 

Rcmax = 19.1023. Factor values: X1 = 2.590909, X2 = 0, 0. 
Rcmin = 9.0. Factor values: X1 = 0.0, X2 = 13.0. 
Rbmax = 3.44269. Factor values: X1 = 3.211229, X2 = 8.140373. 
Rbmin = 1.9. Factor values: X1 = 6.0, X2 = 0.0. 

The difference in the extreme values calculated by the regression equations and 
the data in Table 1 is due to the difference in digits after the decimal separator (in 
the coefficients of the regression equations—3 digits, and for computer calculations 
in MATLAB for double types—up to 15 digits). 

The relative errors in the calculation of the maxima Rc max and Rb max are: 

δ Rcmax = (19.1023 − 19.0) · 100/19.0 = 0.5384(%). 
δ Rbmax = (3.44269 − 3.4) · 100/3.4 = 1.2556(%). 

The calculated response functions built according to the regression Eqs. (1) and 
(2) are shown in Fig. 1. 

Figure 2 shows diagrams of lines of equal influence (level) of response functions, 
with strength (MPa) in compression (Rc) and bending (Rb) of at least 85, 90 and 95% 
of the maximum of the functions: Rc, max and Rb max.

In Fig. 3, the shaded areas guarantee compressive and flexural strength values of 
at least 95% of the respective maximum Rc max, and Rb max.

Optimization of the composition of the cement composite according to two factors: 
X1 (Na2SO4) and X2 (Neolith P8800) is shown in Fig. 3 by line diagrams of equal 
levels with highlighted (shaded) areas (optimal values), within which a level of 
compressive and bending strength of at least than 95% of the respective maximum 
compressive and flexural strengths. The choice of factor values from the optimal 
areas is carried out visually according to the diagrams and programmatically based 
on the properties of the “patch” function of the MATLAB system. 

The results of calculations of intersection points (factors X1 and X2) with equal 
percentages of the maximum strength levels are given in Table 3. The boundary 
interpolation curve and the ranges of Sc and Sb values that guarantee the strength of 
Rc and Rb in the range from 85.0 to 91.5% are shown in Fig. 4.

The analysis of the obtained results showed that the optimal strength, which is 
from 85 to 91.5% of the maximum compressive strength (Rc max, MPa) and bending
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Fig. 2 Additives Na2SO4 and Neolith P8800. The maximum strength is: for compression Rc, max 
= 19.1023 MPa; bending Rb max = 3.44269 MPa

Fig. 3 Additives Na2SO4 and Neolith P8800. Contours of values of compressive strength Rc, MPa  
(left), and bending Rb, MPa (right), as a percentage of the maximum values of compressive strength 
Rc, max, MPa, and bending Rb max, MPa

Table 3 Intersection points (X1 and X2 factors) with equal values, %, of the maximum strength 
levels for X1 (Na2SO4) and  X2 (Neolith P8800) 

Strength, MPa Calculated data, %, from the maximum values of Rc and Rb 

85% 87% 89% 91% (1) 91% (2) 91,5% 100% 

Rc 16.2360 16.6180 17.0000 17.3821 17.3880 17.4776 19.1023 

Rb 2.9253 2.9941 3.0630 3.1319 3.1378 3.1491 3.4427 

X1 0.8322 2.3818 4.5705 5.2507 5.7401 5.4391 2.5909/0.0000 

X2 0.9529 2.6474 4.5371 6.0912 8.1321 6.8028 6.0000/1.2600



82 T. Elchishcheva et al.

Fig. 4 Additives Na2SO4 
and Neolith P8800. 
Boundary curve and regions 
Sc and Sb interpolation 
curves providing 
compressive strength Rc, 
MPa, and bending Rb, MPa,  
from 85 to 91.5% of the 
maximum values, 
respectively, Rc max and 
Rb max

strength (Rb max, MPa) is represented by the area with the values of the amount of 
modifying additives: Na2SO4 (factor X1)—from 0.83 to 5.43 parts by weight by 
weight of cement and Neolith P8800 (factor X2)—from 0.95 to 6.80 parts by weight 
by weight of cement, while ensuring the fungus resistance of composites. 

4 Conclusion 

As a result of the study, optimization criteria were established, the sequence 
and scheme for selecting the optimal composition of cement composite materials 
containing modifying additives were presented. The concentration of modifying 
additives has been revealed, which makes it possible to achieve the required proper-
ties of the composite, guaranteeing a decrease in strength by no more than 9.5–15% 
of the initial values. The indicated concentrations were: Na2SO4—from 0.83 to 5.43 
parts by weight by weight of cement and Neolith P8800—from 0.95 to 6.80 parts 
by weight by weight of cement. The developed scheme allows you to determine the 
optimization criteria for any number of modifying additives and the level of required 
values of compressive and bending strength. 
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Hydrodynamic Model of Stationary 
Drilling Fluid Flow in a Cylindrical 
Pipeline 

Boris Kumitskiy , Egor Aralov , Natalia Savrasova , 
Natalia Semicheva , and Victor Budnikov 

Abstract The stationary axisymmetric flow of drilling mud under the action of a 
constant pressure drop created by a drill pump in a horizontal pipeline is investigated. 
The relevance of the proposed work is determined by the fact that the quality of 
drilling mud is one of the most important components of the technological process 
of drilling oil wells. In this regard, there is a need to develop a formulation of a 
dispersed system, which is a drilling mud, which allows for effective cooling of the 
rock-destroying tool, high-quality removal of sludge to the surface in compliance with 
the requirements for solutions, with minimal material costs. The purpose of this work 
is: to establish a relationship between structural parameters and hydraulic resistance 
of the fluid flow within the framework of the Ostwald-de Waele rheological model; to 
study the stress–strain state of the model medium in a stationary, axisymmetric flow; 
to establish a relationship between the average flow hydrodynamic characteristics 
with its viscosity parameters. Analytical dependences of the distribution of effective 
viscosity and axial velocity of the medium flow are obtained. The dependence of the 
flow rate of the model medium on the magnitude of the pressure drop, as well as the 
distribution of the dynamic shear stress along the pipeline section, are determined. 
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1 Introduction 

The most important national economic task of hydrocarbon production is to extract 
them as much as possible from oil reservoirs. In order to increase the recoverable 
product and shorten the time of field development, new methods of influencing oil 
formations are being sought while ensuring greater drainage of the reservoir and the 
formation of extended boreholes [1–4]. All this can be provided by the construction 
of directional horizontal wells. 

In parallel with these structures, due to the development and complication of the 
technological process of oil drilling, the well flushing technique should be improved, 
the composition of drilling fluids should be improved in terms of developing their 
formulation, which contributed to a better removal of sludge from the wellbore [5, 
6]. Modern studies of drilling fluids are mainly aimed at optimizing the compo-
sition, improving their properties, methods of preparation, chemical treatment and 
purification [7–9], as well as modeling their behavior [10]. 

Practice shows that their rheological properties have a predominant influence on 
the main indicators of drilling fluids when drilling wells. From the standpoint of 
rheology, the optimal drilling fluid in a fast-flowing stream should have an effec-
tive viscosity comparable to that of water, and when rising at a lower speed, its 
viscosity should meet the conditions for transporting sludge to the surface without 
accumulating it inside the well [3, 11–13]. The main problems in creating a unified 
rheological classification of drilling fluids are: the variety of their types, the need 
to regulate their properties during drilling, a large spread of deformation rates in 
different parts of the well, the presence of variable temperatures and pressures. This 
explains the inefficiency of the numerous rheological models known [14, 15], since 
for the removal of small particles it is necessary that the solution be low–viscosity, 
and for the removal of large ones—more viscous, however, the viscosity limits should 
not be violated. The analysis shows that drilling fluids with a low content of clays, 
foams treated with diluents, as well as emulsions and solutions with polymers have 
plastic properties. 

2 Materials and Methods 

The purpose of this work is to study the rheological properties of drilling mud during 
its stationary flow in a horizontal cylindrical pipe. 

Solutions to this problem will be carried out within the framework of the Ostwald-
de Weil hydrodynamic model. The choice of this model is due to the fact that drilling 
fluids, after being treated with polymers, acquire the properties of a plastic liquid, 
which increases the efficiency of removing particles of destroyed rock (sludge) from 
the face, as well as their transportation to the surface [1, 2].
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Consider the stationary axisymmetric flow of drilling fluid in a straight horizontal 
pipe of radius R and length L when transporting it from the preparation point to the 
wellhead under the action of a constant pressure�P drop created by a drilling pump. 

In cylindrical coordinates (x, r), the rheological equation of a plastic fluid is written 
as 

τxr  = k
(
dυx 

dr

)n 

, (1) 

where x is the coordinate directed along the fluid flow along the pipe axis; n <  1 is an  
indicator of the nonlinearity of the medium; k—the consistency index; τxr  —dynamic 
shear stress; dυx 

dr —axial velocity gradient. 
In the case of steady flow, the pressure gradient dP  

dx  is constant 

dP  

dx  
= −�P 

L 
= const, (2) 

and the dynamics equation for a plastic fluid has the form: 

1 

r 

d 

dr

(
kr 

du  

dr

∣∣∣∣du dr

∣∣∣∣
n−1

)
= −

∣∣∣∣dP  

dx

∣∣∣∣. (3) 

Assuming the conditions of axisymmetricity of the problem ( dυx 
dr = 0 at r = 0) 

and ideal adhesion on the inner wall of the pipe (υx = 0 at r = R), a single integration 
(3) leads to the result 

dυx 

dr  
= −

(
r 

2k

∣∣∣∣dP  

dx

∣∣∣∣
)1/n 

. (4) 

3 Results and Discussion 

Taking into account the rheological Eq. (1), expression (4) can be represented as 

τxy  = −k

∣∣∣∣dυx 

dr

∣∣∣∣
n 

= −  r 
2

∣∣∣∣dP  

dx

∣∣∣∣, (5) 

representing the distribution of shear stress over the cross-section of the pipe, from 
which it can be seen that the absolute value τxy  at dP  

dx  = const increases linearly 
from zero on the axis of the pipeline to a maximum on its wall:
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τxr/r=R = 1 
2

∣∣∣∣dP  

dx

∣∣∣∣R = �P 

L 

R 

2 
= τmax. (6) 

Integrating (4), we obtain the radial distribution of the axial velocity 

υx (r) = n 

n + 1 
R 

n+1 
n 

(2x) 1 n

∣∣∣∣dP  

dx

∣∣∣∣
1/n[

1 −
( r 

R

) n+1 
n

]
. (7) 

It can be seen that with a nonlinear dependence υx (r ), it turns to zero at r = R 
and reaches its maximum value at r = 0: 

υx/r=0 = n 

n + 1 
R 

n+1 
n 

(2k) 1 n

∣∣∣∣dP  

dx

∣∣∣∣
1 
n 

= υx max. (8) 

The obtained radial distribution of the axial velocity (7) makes it possible to 
determine the medium flow characteristics necessary for practical use: volumetric 
flow rate Q and the average flow velocity of the liquid along the pipe section υx 

according to well-known formulas: 

Q = 2π
∫ R 

0 
υx (r)rdr  = nπ R3 

3n + 1
(

R 

2k

∣∣∣∣dP  

dx

∣∣∣∣
)1/n 

, (9) 

υx = Q 

π R2 
= nR  

3n + 1
(

R 

2k

∣∣∣∣dP  

dx

∣∣∣∣
)1/n 

. (10) 

To characterize the viscous properties of a moving medium, we introduce two 
rheological parameters using expressions (9) and (10): effective viscosity μe f  and 
μ, characterizing the local and integral properties of the fluid flow, respectively. 

For stationary flow of plastic fluid in a cylindrical channel μe f  can be found by 
the formula: 

μe f  = k
∣∣∣∣dυx 

dr

∣∣∣∣
n−1 

, (11) 

which, taking into account (4), will take the form 

μe f  = k1/n
(
r 

2

∣∣∣∣dP  

dx

∣∣∣∣
)1− 1 

n 

. (12) 

Medium viscosity μ we define as the dynamic viscosity of a Newtonian fluid 
that moves in a pipeline of radius R with an average velocity (10) under the action 
of a constant pressure gradient

∣∣ dP  
dx

∣∣. This makes it possible to use a Newtonian 
fluid with the parameter instead of a nonlinear viscous medium in the conditions 
of hydrodynamic studies and practical calculations μ, for which the volume flow is



Hydrodynamic Model of Stationary Drilling Fluid Flow in a Cylindrical … 89

equal to 

Q = π R4 

8μ

∣∣∣∣dP  

dx

∣∣∣∣. (13) 

Equating (13) and (9), we find the value of the average viscosity μ: 

μ = 3n + 1 
8n 

(2k)1/n
(
R

∣∣∣∣dP  

dx

∣∣∣∣
)1− 1 

n 

. (14) 

It is known that the pressure gradient with dynamic pressure is related in 
accordance with the well-known Darcy-Weisbach expression 

dP  

dx  
= ξ ρυ2 

x 

4R 
, (15) 

where ρ—the density of the medium under study; ξ —the coefficient of hydraulic 
resistance, the value of which can be determined by a combination of expressions 
(15) and (10): 

ε =
(
6n + 2 

n

)2 
(2k)2n 

ρ R1+ 2 
n

∣∣∣∣dP  

dx

∣∣∣∣
1− 2 

n 

. (16) 

If we construct the Reynolds criterion (Re) by the average values of viscosity μ, 
the speed of the current υx and the diameter of the pipe d = 2R, then taking into 
account the dependencies (10) and (14), it is possible to characterize the flow of 
plastic fluid: 

Re = ρud 
μ

= 16ρ
(

n 

3n + 1
)2 R1+ 2 

n 

(2k)2/n
∣∣ dP  
dx

∣∣1− 2 
n 

, (17) 

since the comparison of expressions (16) and (17) relates the coefficient of hydraulic 
resistance to the flow regime of the medium (the number Re): 

ξ = 64 
Re 

. (18) 

It can be shown that for a stationary flow of a power fluid in a cylindrical channel, 
the hydraulic resistance is due only to friction losses in the absence of mass forces.
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4 Conclusion 

The results of the work performed allow us to draw the following conclusions: 

(a) a hydrodynamic model describing the rheological properties of drilling mud 
within the framework of the Ostwald-de Waele plastic fluid flow law is proposed; 

(b) analytical expressions of the radial distribution of the axial velocity are obtained, 
which decreases non-linearly from a maximum in the center of the pipe to zero 
on its wall; the effective viscosity is also non-linearly distributed along the pipe 
section, taking zero values on the axis of the pipeline and a maximum on its 
wall; 

(c) the dependence of the volume flow rate of the liquid on the magnitude of the 
pressure gradient increases with increasing pressure drop is determined; 

(d) it is shown that the hydraulic resistance decreases with an increase in the pressure 
gradient, which is probably due to the destruction of the structural bonds of the 
medium under study; 

(e) the introduction of the concept of average viscosity, which characterizes the 
rheological properties of the flow of a model liquid, allows you to link the 
parameters of the resistance of the medium from the side of the pipeline wall 
with the viscous properties of the liquid itself. 
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Thermal Fluctuation Constants 
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Abstract A new method for determining the thermal fluctuation constants of the 
generalized Zhurkov equation is proposed. The method is based on the experimen-
tally established dependences of the obtained thermal fluctuation constants on the 
coordinate of the pole point and the limiting temperature. The choice of the subject 
of the study is justified, methods of conducting experiments and processing exper-
imental data are given. Solid polyvinyl chloride plates were selected as the sample 
material for the study, which were broken by transverse bending on a six-position 
bench. To increase the reliability of the obtained results, the static processing method 
was used according to GOST R 8.736-2011. According to the obtained experimental 
data, graphs were plotted in coordinates «lgτ - σ». A reference beam and the corre-
sponding reference constants are proposed, as well as a system of coefficients neces-
sary for finding the thermal fluctuation constants of a material on the basis of reference 
constants. To verify the adequacy of the developed technique, the thermofluxtution 
constants of the generalized Zhurkov equation for the decorative protective plate 
on the polyester resin binder were determined by the reference beam method, which 
were compared with values with constants for this material obtained by the graphical 
and graphoanalytic method. 
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1 Introduction 

Thermofluctuation constants of the generalized Zhurkov equation are currently deter-
mined on the basis of experimentally obtained data of the dependence of durability 
from stress and temperature by a graphical analytical method [1–5]. This method is 
based on rearranging the experimentally obtained graph into the graph with coor-
dinates of the logarithm of durability versus stress (logτ–σ) and into a graph of the 
dependence of the logarithm of durability versus inverse temperature (logτ–1000/ 
T). Two constants lgτ0 and Tm are found from the position of the pole, and the 
other two, U0 and γ, from the graph of the dependence of the activation energy on 
stress [1, 6]. This method of determining the thermal fluctuation constants is rather 
complicated, and the need to perform graphical rearrangements reduces the accuracy 
of the results [7, 8]. This is due to the fact that according to the existing method for 
determining the constants, it is required to determine the durability (logarithm of 
durability) for each of three temperatures at five voltages. This is also due to the 
need to work in semi-logarithmic coordinates, when even minor deviations of the 
logarithm of durability in the zone of low durability (the range of experiments) leads 
to significant errors in further calculations of the durability of the material. 

The established linear dependence of the change in the constant logτ0 on the 
magnitude of the pole displacement along the ordinate (Fig. 1a); the change in the 
thermal fluctuation constant U0 also has a linear dependence on the magnitude of the 
displacement of the beam pole only along the abscissa axis (Fig. 1b). The obtained 
dependences, along with other regularities due to the thermal fluctuation nature of 
fracture and deformation of solids (Fig. 1c–e), make it possible to propose a reference 
beam method for determining the thermal fluctuation constants of the generalized 
Zhurkov equation [9–11]. The proposed method does not imply rearranging the 
experimentally obtained graph. Its principle is based on manipulation with a reference 
beam.

2 Materials and Methods 

For experimental verification of the hypothesis, polyvinyl chloride plates were chosen 
as the object of the study. This choice is due to the fact that it has a homogeneous 
structure and the presence of temperature–time force equivalence of the destruction 
process is clearly traced for it. 

To identify the temperature–time-force equivalence, beams samples were made 
of polyvinyl chloride. The total number of samples was 150 pieces. The length of 
the samples was 6 cm. The cross section is rectangular (b × h = 1.5 cm × 0.3 cm). 

For transverse bending and fracture tests, a six-position stand was used (Fig. 2). 
This stand consists of a frame 1 made of corners. On the support platform of the 
frame 2, support rods 3 are installed at a distance from each other equal to the span 
of the beam. Sample 4 is placed on support pedestals and loaded with a load device
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a b 

c d 

e 

Fig. 1 a dependence of the relative change in logτ0 on Δlgτ, b dependence of the relative change 
in U0 onΔσ; c dependence of the relative change in U0 onΔT; d dependence of the relative change 
in Tm on ΔT; e dependence of the relative change in γ on ΔT

5. Elevated temperature is created by rod electric heaters 6. To reduce heat loss and 
create a directed heat flow, a casing 7 is installed and fixed to the frame on the 
support platform. The temperature is set by LATR 1 M 220 V-9A and is regulated 
by a potentiometer EPV2-11A gr. HC 0300 °C.

For each temperature, five voltages are selected in the range from 0.75 to 0.95 
of breaking. The temperatures at which the measurements were carried out were 
15, 30, 45 °C. To obtain each point, at least 8 samples were tested under similar 
conditions. The results obtained were subjected to statistical processing according to 
the method according to GOST R 8.736–2011 to eliminate gross errors and establish 
the boundaries of the confidence interval [12, 13].



96 A. Erofeev et al.

Fig. 2 Experiment 
equipment

Thermofluctuation constants for the reference beam (Fig. 3a) were obtained on 
the basis of experimentally determined constants of PVC plates at transverse bending 
(logτ0 =−2.34; γ = 43.85 kJ/(mol MPa); Tm ==  437.95 K, U0 = 313.85 kJ/mol) 
[14–16]. The beam with the coordinates of the pole point (10; 11) was taken as the 
reference beam, i.e. logτ =−1, σ = 10 MPa and the maximum temperature possible 
Tm = 500 K (Fig. 3b). 

The obtained thermal fluctuation constants of the reference beam are summarized 
in Table 1. 

To determin the thermal fluctuation constants by the reference beam method, 
the reference constants of Table 1 must be multiplied by the conversion factors 
(system of coefficients): kσ , kk . However, initially it is required to determine the

Fig. 3 a base beam; b reference beam 

Table 1 Thermofluctuation 
constants of the reference 
beam 

γ, kJ/(mol  × MPa) U0, kJ/mol Tm, K lgτ0 

50 500 500 −1 
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limiting temperature of material possible [6], which is determined based on the 
linear dependence of the change in the slope of the equation: 

lg τ(σ  )  = a · σ + b (1) 

where a—is the slope or the tangent of the angle of inclination of a straight line, the 
physical meaning of which is the rate of the process; 

b—the free term of the equation, which determines the logarithm of the life in the 
absence of stresses. 

In fact, Eq. (1) is the equation of the direct temperature of the graph, experimentally 
constructed in the coordinate system of the dependence of the logarithm of durability 
on stresses. 

The linearity of the dependence of the slope on temperature (inverse temperature) 
is verified in three ways: theoretical, proof against the contrary, and practical [17]. Let 
the dependence of the change in the coefficients of “Eq. 1” be linear and described 
by the equation: 

a = k · T + d, (2) 

Then, substituting them into “Eq. 1”, we obtain: 

lg τ = (k · σ + d) · T + c · T + μ (3) 

solving which relative to the variable (temperature) or its reciprocal, taking into 
account that the stress is in this case a constant (σ = const), it turns out: 

lg τ = (k · σ + c) · T + (d · σ + μ) (4) 

thus we have a linear dependence. 
In this case, it is assumed that the dependence of the change in the coefficient b 

on temperature or its inverse value is also linear: 

b = c · T + μ (5) 

Thus, the resulting “Eq. 4” is the equation of forward stresses constructed in 
the coordinate system of the logarithm of durability versus temperature (reciprocal 
temperature), which are obtained by remaking the graph in the coordinate system. 

«lg τ−σ » into the coordinate system «lg τ−T » («lg τ− 1 T ») in practice. Conse-
quently, the hypothesis put forward is confirmed. 

In the case of proof from the opposite, let the dependences of the change in the 
coefficients of “Eq. 1”are not linear, but obey, say, parabolic dependences. Then, 
solving “Eq. 1” with respect to a variable T at a constant voltage, the dependence of 
the logarithm of durability on temperature (reciprocal temperature) will not have a 
linear form, which contradicts the experimental data.
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Having established the values of the coefficients c and d of “Eq. 2” and equating 
a to zero, the limiting temperature of the existence of a solid is found. 

The constant lgτ0 is determined by the ordinate of the pole point of the resulting 
beam [1]. 

To determine the thermal fluctuation constants by the reference beam method, a 
system of coefficients is used: kσ , kk . It seems possible to determine the structural-
mechanical constant γ and the value of the activation energy of destruction U0 on 
the basis of the ratio of the angular coefficients of “Eq. 2” of the reference and the 
desired beam, expressed by the coefficient kk . 

The coefficient kσ is determined as follows: 

kσ = σ 
σ 

, (6) 

where σ —the abscissa point of the pole of the obtained direct temperature graph; 
σ —abscissa point of the pole of the reference direct temperature graph; 

kk = k 
k 

, (7) 

where k—slope of “Eq. 2” for experimental data; 
k = −2,619—slope of “Eq. 2” of the reference graph. 
The constant U0 is determined by multiplying the reference constant U0, e by  the  

system of coefficients kσ and kk : 

U0 = kσ · kk · U0, , (8) 

The constant γ is determined by multiplying the reference constant γe by the  
coefficient kσ : 

γ = kk · γ . (9) 

3 Results and Discussion 

To check the developed technique, let us determine the thermal fluctuation constants 
of the generalized Zhurkov equation for a decorative protective slab based on a 
polyester resin binder using the reference beam method and compare the obtained 
values with the constants for this material obtained by the graphic and graphic-
analytical method [19, 20]. Experimental data are presented in Table 2 [21].

On the basis of the experimentally obtained data (Table 2), a graph of direct 
temperatures in the coordinates lgτ - σ for a decorative protective board on a binder 
made of polyester resin was built (Fig. 4).
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Table 2 Experimental data on the dependence of durability on voltage and temperature for a 
decorative protective board on a binder made of polyester resin 

T = 20,00 ˚C T = 40,00 ˚C T = 60,00 ˚C 
σ lgτ σ lgτ σ lgτ 
42,60 0,540 41,99 0,950 41,37 0,600 

40,40 2,740 41,10 1,700 40,50 1,150 

38,20 5,500 39,78 2,220 39,20 3,260 

41,70 3,200 38,90 2,460 38,20 2,170 

39,50 2,830 37,57 4,200 37,02 3,120

Fig. 4 Graph of the dependence of the decimal logarithm of durability on voltage at a given 
temperature 

According to the obtained graph (Fig. 4), the pole point has coordinates along 
the abscissa axis σ = 45.68 MPa and along the ordinate axis lgτ = −1.53, and the 
resulting straight lines are expressed by the equations:

• at T = 20 ºC y = −0,863x + 37,896;
• at T = 40 ºC y = −0,6629x + 28,734;
• at T = 60 ºC y = −0,5581x + 23,969. 

The limiting temperature of the existence of the material is determined from the 
linear dependence of the change in the slope of the slope of direct temperatures, 
shown in Fig. 5.

The equation of direct change in the slope of the formula (1) for a decorative-
protective plate on a binder made of polyester resin (Fig. 5) with R2 = 0.98 is 
expressed by the equation:
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Fig. 5 Graph of the change in the slope of the «Eq. 1»

a = −0.7477(1000 /Tm) + 1.7008, 

hence at a = 0 Tm = 439.64 [22, 23]. 
The values of the coefficients kσ and kk are determined by “Eqs. 5, 6”, respectively: 

kσ = 45, 68 
10 

= 4, 57, 

kk = −0, 748 
−2, 619 

= 0, 285 

Let us determine the thermal fluctuation constants U0 and γ for a decora-
tive protective board based on a polyester resin binder according to “Eqs. 5, 6”, 
respectively: 

U0 = 4, 57 · 0, 285 · 500 = 652, 79 kJ / mol. 
γ = 0, 29 · 50 = 14, 50 (mol MPa). 
The obtained values coincide with the results obtained by graphic and graphic-

analytical methods and presented in Table 3. 
Analysis of Table 3 shows a high convergence of the results of calculations 

performed by the graphical-analytical method and by the method of the reference

Table 3 Thermofluctuation constants for a decorative protective board based on a polyester resin 
binder 

Method of obtaining constants Thermofluctuation constants 

γ, kJ/(mol MPa) U0,, kJ/mol Tm, K lgτ m 
Graphic 15,85 701,00 454,50 −1,00 

Graphoanalytical 14,29 652,79 439,64 −1,53 

Reference beam method 15,50 652,79 439,64 −1,53 
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beam, which indicates the adequacy of the proposed method for determining the 
thermal fluctuation constants [24]. 

4 Conclusion 

Thus, the technique of the reference beam makes it possible to determine the dura-
bility of the material according to the generalized Zhurkov formula without additional 
plotting in the coordinates tga - (1000/T) and U - σ, which reduces labor intensity, and 
also, more importantly, avoids errors and errors that arise in the process of graphic 
constructions. 

The next stage of work is the need to test the proposed methodology on a wide 
range of building materials. 
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Strength and Deformability 
of a Complex-Stressed Reinforced 
Concrete Element Based on the Plasticity 
Theory of G. A. Geniev 

Ngoc Tuyen Vu and Natalia Fedorova 

Abstract In connection with ensuring the necessary reliability in the operation of 
both the building and the structure as a whole and its elements, as well as the need to 
prevent progressive collapse under special actions, it is important to develop effec-
tive calculation models for analyzing the strength and deformability of the most used 
structural material—concrete and reinforced concrete. The article summarizes the 
working prerequisites and hypotheses necessary for the construction of general phys-
ical relationships (relationships between stresses and deformations) of a complex-
stressed reinforced concrete element. The criteria for assessing the strength and 
deformability of reinforced concrete under triaxial and biaxial stress are presented. 
When constructing the calculation model of the resistance of this composite material, 
the physical non-linear work of concrete was taken into account based on the theory 
of plasticity by G. A. Geniev, as well as its anisotropy in the form of reinforcement 
coefficients and other factors. 

Keywords Deformability · Strength · Complex stress states · Reinforced 
concrete · Plasticity theory 

1 Introduction 

In modern construction, there is an increasing tendency to complicate the design 
solutions of buildings and structures, especially from monolithic reinforced concrete 
[1–3]. Among such solutions are spatial frames of buildings with an irregular grid 
of load-bearing columns and walls [4], monolithically connected with floor slabs, 
transition slabs; structurally heterogeneous foundation slabs [5], bearing systems of
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high-rise buildings with heavily loaded massive columns, walls, stiffening cores [6], 
foundation slabs and their joints. All these structures, as well as the structures of 
conventional buildings, operate under conditions of complex inhomogeneous stress 
states, which significantly affects the nature of cracking, deformation, and destruction 
of a physical nonlinear material such as reinforced concrete, without taking into 
account which the necessary reliability and economic efficiency of modern design 
solutions are not provided [7–9]. 

However, at present, the main methods for calculating reinforced concrete struc-
tures laid down in the regulatory documents of many countries around the world, 
are based on the isotropic linear elastic behavior of materials whose physical char-
acteristics are described by a minimum number of parameters [10]. Empirical coef-
ficients derived from the results of limited experimental studies are often used to 
take into account the non-linear characteristics of the deformation property of rein-
forced concrete. This method was considered satisfactory if the behavior of “typ-
ical” structures (not special) was considered under short-term loads not exceeding 
the operational level. 

In recent years, the problem of the progressive collapse of buildings and structures 
under special emergency actions has been given special attention by many domestic 
and foreign scientists [11–13]. Limited experiments have been carried out to study 
the behavior of reinforced concrete frame structures with a sudden shutdown of load-
bearing columns or ties [14–16]. The results of these experiments show that under 
such an emergency action, the structure fully operates in the nonlinear stage, accom-
panied by large deformations before failure [17–19]. Therefore, it is not possible to 
apply traditional calculation methods based on the theory of elasticity and the system 
of empirical coefficients, which are set out in the current standards for the above task. 

In this regard, the creation of methods for calculating the structures of buildings, 
taking into account various factors of physical nonlinearity in complex stress states, is 
an urgent problem of modern design. The purpose of this work is to build a compu-
tation model of the nonlinear deformation of reinforced concrete under complex 
stressed states based on the theory of plasticity by Geniev [20]. 

2 Materials and Methods 

2.1 Deformation Theory of Plasticity of Concrete 

The main physical dependencies of the deformation theory of plasticity of concrete 
Geniev [20] for a complex stress state can be represented as a system of equations 
relating normal stresses σbi with linear strains εbi (i = x, y, z):
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⎧ 
⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎩ 

σbx = Eb(γi ) 
(1 − ν)(1 − 2ν)

[
(1 − ν)εbx + ν

(
εby + εbz

)]; 

σby = Eb(γi ) 
(1 − ν)(1 − 2ν)

[
(1 − ν)εby + ν(εbx + εbz)

]; 

σbz = Eb(γi ) 
(1 − ν)(1 − 2ν)

[
(1 − ν)εbz + ν

(
εbx + εby

)]; 

(1) 

and in the form of a system of equations relating the tangential strains τbi j to the 
angular strains γbi j 

⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

γbxy = 
τbxy 

G(γi ) 
= τbxy 

1 
2(1+ν) E(γi ) 

= 
2(1 + ν) 
E(γi ) 

τbxy; 

γbyz = τbyz 

G(γi ) 
= τbyz 

1 
2(1+ν) E(γi ) 

= 
2(1 + ν) 
E(γi ) 

τbyz; 

γbzx = 
τbzx 

G(γi ) 
= τbzx 

1 
2(1+ν) E(γi ) 

= 
2(1 + ν) 
E(γi ) 

τbzx ; 

(2) 

where G(γi ) is the secant shear modulus of concrete for the considered type of stress 
state, ν is the lateral expansion coefficient and Eb(γi ) is the current modulus of 
concrete deformation is determined depending on the intensity of shear deformations 
γi by a linear function: 

Eb(γi ) = E0

(

1 − 
γi 

2γis

)

, (3) 

γi =
/
2 

3

/
(
εbx − εby

)2 + (
εby − εbz

)2 + (εbz − εbx )2 + 
3 

2

(
γ 2 bxy + γ 2 byz + γ 2 bzx

)
. 

(4) 

In the above formulas, the limiting value of the intensity of shear strains for the 
considered type of stress state γis  is determined by the product of the limiting intensity 
of shear stresses in pure shear γic  by the coefficient of change in the limiting value 
of the shear strain intensity k(λ, δ): 

γis  = γick(λ, δ), (5) 

γi = 
Tc 
Gs 

, (6) 

where 

Tc = 
1 √
3 

√
Rc Rp (7)
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– the ultimate intensity of shear stresses in pure shear; 

Gs = 
1 

2 
· G0 = 

1 

2 
· Eb 

2(1 + ν) 
(8) 

– limit secant shear modulus, which is equal to half of the initial shear modulus; 
Rc—ultimate strength in uniaxial compression, equal to the prism strength of 
concrete; Rp—uniaxial tensile strength, which is the uniaxial tear strength. 

Putting (7) and (8) in (6) we get: 

γi = 
4(1 + ν) 

√
Rb Rbt √

3Eb 

. (9) 

The quantity k(λ, δ) represents the change in the limit value of the shear strain 
intensity γis  for the considered stress state compared to the limit value for pure shear 
γic: 

k(λ, δ) = 
λ(1 + δ) 

2
+ 

/

λ2(1 + δ)2 

4
+ (1 + δ), (10) 

where 

λ = f 
σ 
T 

, (11) 

δ = e
(
S 

T

)3 

, (12) 

σ —average stress coinciding up to a constant coefficient with the first invariant 
of the stress tensor Iσ 1, 

σ = Iσ 1 = 
σbx + σby + σbz 

3 
, (13) 

T —shear stress intensity, the square of which is numerically equal to the second 
invariant of the stress deviator ID2, 

T = 
√
ID2 = 

1 √
6

/
(
σbx − σby

)2 + (
σby − σbz

)2 + (σbz − σbx )2 + 6
(
τ 2 bxy + τ 2 byz + τ 2 bzx

)
, 

(14) 

f - dimensionless coefficient, 

f = 
3Tc

(
Rc − Rp

)

Rc Rp 
= 3 

1 √
3 

√
RR

(
Rc − Rp

)

Rc Rp 
= √

3

(
Rc − Rp

)

√
RR  

, (15)
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S- invariant quantity, the third power of which, with the accuracy of a constant 
coefficient, coincides with the third invariant of the stress deviator ID3. 

S = √
3

(
1 

2 
ID3

) 1 
3 

= √
3 

⎛ 

⎝ 1 
2

|
|
|
|
|
|

σbx − σ τbxy τbxz 

τbyx σby − σ τbyz 

τbzx τbzy σbx − σ

|
|
|
|
|
|

⎞ 

⎠ 

1 
3 

, (16) 

e- dimensionless coefficient, 

e = 
Rc Rp 

3T 2 c 

− 1 = Rc Rp 

3
(

1 √
3 

√
Rc Rp

)2 − 1 = 0, (17) 

We put (14), (16), and (17) in (12) we get the value of the coefficient δ, 

δ = 0. (18) 

We put (13), (14), and (15) in (11) we get the value of the coefficient λ, 

λ =
/

2 

Rc Rp

(
Rc − Rp

) σbx + σby + σbz
/

(
σbx − σby

)2 + (
σby − σbz

)2 + (
σbz − σbx

)2 + 6
(
τ 2 bxy + τ 2 byz + τ 2 bzx

) . 

(19) 

From (18) and (19), the coefficient of change of the limiting value of the shear 
strain intensity can be determined by the formula: 

k(λ, δ) = 
λ 
2 

+ 
/

λ2 

4 
1. (20) 

2.2 Deformation Theory of Plasticity of Reinforced Concrete 

Using the deformation theory of concrete plasticity of G. A. Geniev presented above, 
we obtain the relationship between stresses and strains for reinforced concrete. Let’s 
make the following additional assumptions: 

1. The reinforcement is located in orthogonal directions coinciding with the coordi-
nate axes, and the dimensions of the characteristic reinforced concrete element are 
large compared to the average distance between the rods. This makes it possible 
to neglect local stresses at the contact between reinforcement and concrete and 
spread the reinforcement by specifying its reinforcement coefficients as contin-
uous functions of coordinates. Thus, the reinforcement, presented in the form
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of continuously arranged dispersed fibers, is considered an elastic anisotropic 
medium. 

2. Reinforcing framework (without concrete) is a geometrically variable system 
under the action of tangential stresses on areas perpendicular to the reinforcement. 
Therefore, it is assumed that on these sites the reinforcement perceives only 
normal stresses and its Poisson’s ratios in the axes coinciding with the directions 
of reinforcement are equal to zero. 

3. Total normal stresses are the sum of stresses in concrete and reinforcement. 
4. The condition for the compatibility of two media (concrete and reinforcement) 

is the equality of deformations. 

Consider a typical three-dimensional reinforced concrete element that models a 
complex stressed zone of a structure, the faces of which are parallel to the coordinate 
planes. Six components (components) of stress act on the edges of the sites: three 
normal σx , σy, σz and three tangential τxy, τyz, τzx . 

Normal stresses are considered positive if they are directed toward the internal 
normal to the site, and vice versa. According to this rule, positive normal stresses are 
considered to be compressive, while negative normal stresses are considered to be 
tensile. For shear stresses, the following rules of signs are accepted. On a site whose 
outward normal is directed in the positive (or negative) direction of the corresponding 
axis, the tangent direction is considered positive if it is also directed in the positive 
(or negative) direction of the axis. Figure 1 shows positive stresses. 

The reinforced concrete element is reinforced with orthogonal reinforcing bar 
cages, coinciding with the directions of the coordinate axes of the Oxyz system. 

In three-dimensional frames, the rods are located with certain steps ax , ay, az , 
respectively, along the coordinates x, y, z (this reinforcement is also called

Fig. 1 Loading diagram of a 
typical reinforced concrete 
element 
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orthotropic). Each direction of the rods (i = x, y, z) is characterized by the coeffi-
cient of reinforcement μi , which is equal to the area of the rods per unit area of the 
site, drawn normally to the direction i. According to Fig. 1: 

μx = 
Asx  

ayaz 
; μy = 

Asy  

axaz 
;μz = 

Asz  

axay 
, (21) 

where Ax , Ay, Az is the area of individual reinforcing bars of the corresponding 
direction x, y, z. 

In this paper, we use a linear relationship between stresses σs and strains εs of 
reinforcing bars. 

σsx  = Es · εsx ; σsy  = Es · εsy; σsz  = Es · εsz, (22) 

where Es- elastic modulus of reinforcement. 
From the second assumption, it follows that the shear stresses on the areas of the 

reinforced concrete elements are perceived by concrete: 

τbxy = τxy; τbyz = τyz; τbzx = τzx  . (23) 

From the fifth assumption, we obtain the equilibrium conditions: the total normal 
stresses in the characteristic elements are the sum of the stresses in concrete and 
reinforcement (Fig. 2). 

σbx + μx · σsx  = σx ; σby + μy · σsy  = σy; σbz + μz · σsz  = σz . (24) 

In the fourth assumption, the condition of compatibility of axial deformations of 
reinforcement and the corresponding linear deformations of concrete is accepted: 

εbx = εsx  = εx , εby = εsy  = εy, εby = εsy  = εy . (25) 

We put (1), (22), (25) in (24) (2) we obtain a system of nonlinear equations for 
determining linear and angular deformations in a characteristic reinforced concrete 
element:

Fig. 2 Scheme for determining normal stresses in concrete and reinforcement 
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⎧ 
⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎩ 

Eb(γi ) 
(1 − ν)(1 − 2ν)

[
(1 − ν)εx + ν

(
εy + εz

)] + μx Esεx = σx ; 
Eb(γi ) 

(1 − ν)(1 − 2ν)

[
(1 − ν)εy + ν(εx + εz)

] + μy Esεy = σy; 
Eb(γi ) 

(1 − ν)(1 − 2ν)

[
(1 − ν)εz + ν

(
εx + εy

)] + μz Esεz = σz . 

(26) 

γxy  = 
2(1 + ν) 
E(γi ) 

τxy; γyz  = 
2(1 + ν) 
E(γi ) 

τyz; γzx  = 
2(1 + ν) 
E(γi ) 

τzx  . (27) 

To simplify the solution of the system of Eqs. (26), we set: 

A = Eb(γi ) 
(1 − ν)(1 − 2ν) 

. (28) 

Then the linear deformations in this characteristic reinforced concrete element 
are determined by the formula: 

⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

εx = (1 − 2ν)
[
σx − ν

(
σy + σz

)]
A2 + Es

[
(1 − ν)

(
μz + μy

)
σx − ν

(
μz σy + μy σz

)]
A + E2 

s μy μz σx 

(1 + ν)(1 − 2ν)2 A3 + Es (1 − 2ν)
(
μx + μy + μz

)
A2 + E2 

s (1 − ν)
(
μx μy + μy μz + μz μx

)
A + E3 

s μx μy μz 
; 

εy = (1 − 2ν)
[
σy − ν(σx + σz )

]
A2 + Es

[
(1 − ν)(μx + μz )σy − ν(μz σx + μx σz )

]
A + E2 

s μx μz σy 

(1 + ν)(1 − 2ν)2 A3 + Es (1 − 2ν)
(
μx + μy + μz

)
A2 + E2 

s (1 − ν)
(
μx μy + μy μz + μz μx

)
A + E3 

s μx μy μz 
; 

εz = (1 − 2ν)
[
σz − ν

(
σx + σy

)]
A2 + Es

[
(1 − ν)

(
μx + μy

)
σz − ν

(
μx σy + μy σx

)]
A + E2 

s μx μy σz 

(1 + ν)(1 − 2ν)2 A3 + Es (1 − 2ν)
(
μx + μy + μz

)
A2 + E2 

s (1 − ν)
(
μx μy + μy μz + μz μx

)
A + E3 

s μx μy μz 
. 

(29) 

After determining the linear and angular deformations in a characteristic rein-
forced concrete element, it is possible to determine the complex stress state of 
concrete (six derived concrete stress components σbx , σby, σbz, τbxy, τbyz, τbzx ), and 
reinforcement (σsx  , σsy, σsz) separately by supplying (27) in (1) and (22). 

2.3 Strength Criterion for Concrete and Reinforcement 

Let’s check the strength conditions of concrete. In the rectangular coordinate system 
Oxyz, which does not coincide with the principal stress axes of the concrete, the 
stress state does not cause failure when the following inequality is fulfilled: 

σ 2 bx + σ 2 by + σ 2 bz −
(
σbx σby + σbyσbz + σbzσbx

) + 3
(
τ 2 bxy + τ 2 byz + τ 2 bzx

)− 
−(

Rc − Rp
)(

σbx + σby + σbz
) − Rc Rp ≤ 0. 

(30)
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The reinforcement strength conditions are reduced to the requirement that the 
stresses in absolute value do not exceed the magnitude of the design resistance of 
the reinforcement: 

|σsx | ≤ Rs;
|
|σsy

|
| ≤ Rs; |σsz| ≤ Rs . (31) 

3 Results and Discussion 

We apply the developed calculation model for two particular types of stress states— 
plane and uniaxial stress states. 

Plane stress state. For this case we have: 

μx /= 0; μy /= 0; μz = 0; σx /= 0; σy /= 0; σz = 0; τxy /= 0; τyz  = 0; τzx  = 0. 
(32) 

In this case, linear deformations in a characteristic reinforced concrete element 
are determined by the formula: 

⎧ 
⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

εx =
[(
Es · μy + Eb(T )

) − Es · μy · ν2
] · σx − Eb(T ) · ν · σy 

E2 
s · μx · μy ·

(
1 − ν2

) + Eb(T ) · Es ·
(
μx + μy

) + E2 
b 

; 

εx =
[
(Es · μx + Eb(T )) − Es · μx · ν2

] · σy − Eb(T ) · ν · σx 

E2 
s · μx · μy ·

(
1 − ν2

) + Eb(T ) · Es ·
(
μx + μy

) + E2 
b 

. 
(33) 

The concrete strength condition is written in the following form: 

σ 2 bx + σ 2 by − σbx σby + 3τ 2 bxy −
(
Rc − Rp

)(
σbx + σby

) − Rc Rp ≤ 0. (34) 

Uniaxial stress state. We have  

μx /= 0;μy = 0; μz = 0; σx /= 0; σy = 0; σz = 0; τxy  = 0; τyz  = 0; τzx  = 0; 
(35) 

Linear deformation in a characteristic reinforced concrete element is determined 
by the formula: 

εx = 
−2 

/

R2 
c (Es · μx + Eb)2 − Rc · σx · E2 

b + 2 · Rc(Es · μx + Eb) 

E2 
b 

. (36) 

The strength condition of the concrete in this case:
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σbx = Eb

(

1 − Eb 

4 · Rc 
εx

)

εx ≤ Rc. (37) 

4 Conclusion 

Using the theory of plasticity of concrete and reinforced concrete, G. A. Geniev, the 
following new results were obtained: 

A model of the deformation of reinforced concrete under a complex stress state (in 
the form of physical relationships between stresses and strains) is proposed, taking 
into account the physical nonlinearity of reinforced concrete. 

New dependencies of physical relations for plane and uniaxial stress states are 
obtained. 

The developed deformation models of reinforced concrete can be used to analyze 
the limiting and transcendental states of reinforced concrete elements of structural 
systems of frames of buildings and structures. 
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Results of the Studies of Morphology 
and Granulometric Composition 
of Electro Erosive Tungsten-Free 
Hard-Alloy Powder Material 

Boris Sabelnikov , Alexey Simonov , and Ekaterina Ageeva 

Abstract The purpose of this work was to study the morphology and particle size 
distribution of new tungsten-free hard-alloy powder materials produced by electro 
erosive dispersion in an oxygen-containing medium (distilled water). To produce 
new tungsten-free hard-alloy powder materials, an experimental laboratory setup 
for electro erosive dispersion was used. The analysis of the grain size composition 
of electro erosive tungsten-free hard-alloy particles was carried out by means of 
an Analysette 22 Nano Tec laser particle size analyzer. The method of scanning 
electron microscopy using a QUANTA 600 FEG microscope was used to study 
the morphology of the experimental powder material. The results of the analysis 
of the particle size distribution of electro erosive tungsten-free hard-alloy particles 
showed that the particle size ranges from 0.372 µm to 65.5 µm. It is shown that 
the average size of the particles obtained in distilled water is 41.63 µm. The study 
of morphology showed that in the process of electro dispersion of metal waste, the 
particles that ejected from the electric discharge channel in molten form crystallized 
very quickly. The process of rapid crystallization of the molten material in a liquid 
working medium contributes to the formation of particles of the correct spherical 
and elliptical shape. 

Keywords Tungsten-free hard alloy · Electro erosive dispersion · Shape and 
morphology · Powder material · Oxygen-containing medium · Distilled water 

1 Introduction 

At present, sintered hard alloys are widely used in various industries, especially in the 
production of construction machines and equipment [1–3]. At the same time, there 
is an acute problem of saving expensive tungsten and titanium. An attempt to save 
them led to the development of tungsten-free hard alloys of the titanium carbonitride
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(TCN) type, but still requiring the use of rather expensive titanium, so this is a partial 
solution to the problem [4–6]. 

One of the most radical possible techniques for solving the problem is recycling 
of hard alloy waste. The currently existing techniques of processing hard alloy waste 
are large-tonnage, energy-intensive and environmentally harmful. Electro erosive 
dispersion is one of the promising techniques for grinding any electrically conductive 
material, including tungsten-free hard alloys but it is not industrially used [7–10]. 

At the moment, in modern scientific and technical papers, there are no complete 
and comprehensive information about the composition, structure and properties of the 
particles of tungsten-free hard alloys dispersed by electro erosion and alloys obtained 
on their basis. For these purposes, it is necessary to conduct complex theoretical and 
experimental studies. 

The purpose of this work was to study phase and elemental compositions of new 
tungsten-free hard-alloy powder materials produced by electro erosive dispersion in 
an oxygen-containing medium. 

2 Materials and Methods 

A new experimental tungsten-free hard-alloy powder material was produced by 
electro erosive dispersion using the setup according the diagram given in Fig. 1. 

The process for producing powders from tungsten-free hard alloys (TFHA) waste 
includes the following main operations:

1. Collection and sorting of waste tungsten-free hard alloys according to grades 
(chemical composition).

Fig. 1 The diagram of the electro erosive dispersion process: 1—pulse generator; 2, 3—electrodes; 
4—drops of molten material; 5—working fluid (distilled water); 6—waste of tungsten-free hard 
alloy; 7—discharge channel; 8—discharge point; 9—gas bubble 
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2. Impurities, swarf or shaving removals from waste. 
3. Loading of tungsten-free hard alloy waste into the reactor and electrodes 

connecting. 
4. Filling the working fluid (WF) (distilled water) into the reactor. 
5. Selection of dispersion parameters (voltage, capacitor capacitance and pulse 

repetition rate). 
6. Electro erosive dispersion. 
7. Working fluid settling and draining. 
8. Separation of the nanoscale fraction by centrifuging. 
9. Chemical treatment of the powder (if necessary). 
10. Calcination of the powder in an oven at a temperature of 150–200 °C for 20 -

30 min. 
11. Quality inspection. 

The process of electro erosive dispersion proceeds in the following way: the 
impulse voltage of the pulse generator 1 is applied to the electrodes 2 and 3 and then 
to the hard alloy plates 6 (hard alloy plates are also used as electrodes); when the 
voltage reaches a certain value, an electrical breakdown of the working fluid 5 in the 
interelectrode space occurs with the formation of a discharge channel 7 [11]. 

Due to the high concentration of thermal energy, the material melts and evaporates 
at the discharge point 8; the WF evaporates and surrounds the discharge channel with 
gaseous decomposition products 9 (gas bubble). As a result of significant dynamic 
forces developing in the discharge channel and gas bubble, drops of the molten 
material 4 eject outside the discharge zone into the WF surrounding the electrodes 
and solidify in it forming spherical or elliptical hard alloy powder particles [11]. 

The analysis of the particle size distribution of electro erosive tungsten-free hard 
alloy particles was carried out by means of an Analyst’s 22 Nano Tec laser particle 
size analyzer shown in Fig. 2.

The method of scanning electron microscopy using a QUANTA 600 FEG micro-
scope (Fig. 3) was used to study the morphology of the experimental powder 
material.

3 Results and Discussion 

Figure 4 shows the results of the study of the granulometric composition of the 
experimental tungsten-free hard-alloy powder material produced by electro erosive 
dispersion of TCN grade alloy waste.

The results of the analysis of the granulometric composition of electro erosive 
tungsten-free hard-alloy particles showed that the particle size ranges from 0.372 µm 
to 65.5 µm. It is shown that the average particle size obtained in distilled water is 
41.63 µm. 

Figure 5 shows the results of the study of the experimental powder material 
morphology.
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Fig. 2 Analysette 22 nanotec laser particle size analyzer

Fig. 3 QUANTA 600 FEG scanning electron microscope

The study of morphology showed that in the process of electro dispersion of 
metal waste, the particles ejected from the electric discharge channel in molten form 
crystallize very quickly. The process of rapid crystallization of the molten material in 
a liquid working medium contributes to the formation of the particles of the correct 
spherical and elliptical shape.
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Fig. 4 The results of the study of the particle size distribution of the experimental tungsten-free 
hard-alloy powder material: an integral curve and a histogram: the integral curve in the coordinates 
Q3(x) = f(µm) (left scale)—each point on the curve, amount of sample % has a particle size less 
than or equal to the given; the histogram in the coordinates q3(x) = f(µm) (right scale)—the amount 
of sample with a given particle size

Fig. 5 Results of the study of the experimental powder material morphology
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4 Conclusion 

Based on the experimental study on the production and inspection of tungsten-free 
hard-alloy powder by means of electro erosive dispersion in distilled water, it was 
found that the properties of the starting material and the technique of its processing 
affect the final properties of the product. 

The presented results allow us to conclude that the production of new tungsten-
free hard-alloy powder materials by means of electro erosive dispersion of wastes of 
similar alloys in an oxygen-containing liquid medium leads to the formation of the 
particles of regular spherical and elliptical shape with an average size of 41.63 µm. 

The particles of the obtained shape and size are the most suitable for the produc-
tion of new tungsten-free hard-alloy products, since they can provide the highest 
compatibility of the material and the lowest porosity, which, in turn, will favorably 
affect the properties of the final product. 
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Results of X-Ray Studies of Electro 
Erosive Tungsten-Free Hard-Alloy 
Powder Material 

Boris Sabelnikov , Anton Alfimov , and Ekaterina Ageeva 

Abstract The purpose of the work was to study the phase and elemental composi-
tions of new tungsten-free hard-alloy powder materials produced by electro erosive 
dispersion in an oxygen-containing medium. To produce new tungsten-free hard-
alloy powder materials, an experimental laboratory setup for electro erosive disper-
sion was used X-ray spectral microanalysis (elemental composition study) was 
carried out by means of a QUANTA 600 FEG scanning electron microscope with a 
built-in EDAX analyzer. X-ray diffraction analysis (the study of the phase compo-
sition) was carried out using a Rigaku Ultima IV X-ray diffractometer. The results 
of X-ray diffraction analysis and X-ray spectral microanalysis of the new electro 
erosive tungsten-free hard-alloy powder materials obtained in an oxygen-containing 
medium showed that the main elements are Ti, Ni, C, O, Mo, and the main phases 
are TiC, MoNi3, Ni2O3, Ni, and Mo. 

Keywords Tungsten-free hard alloy · Electro erosive dispersion · X-ray 
diffraction analysis · X-ray spectral microanalysis · Powder material ·
Oxygen-containing liquid · Distilled water 

1 Introduction 

Currently, sintered hard alloys are widely used in various industries, especially in 
the production of construction machines and equipment [1–3]. However, there is 
an acute problem of saving expensive tungsten and titanium. An attempt to save 
tungsten and titanium led to the development of tungsten-free hard alloys of the 
titanium carbonitride (TCN) type, but still requiring the use of rather expensive 
titanium, so this study is a partial solution to the problem [4–6]. 

Recycling of hard-alloy waste is one of the most radical possible techniques for 
solving the problem. The currently existing techniques of processing hard alloy waste 
are large-tonnage, energy-intensive and environmentally harmful. Electro erosive
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dispersion is one of the promising techniques for grinding any electrically conductive 
material, including tungsten-free hard alloys but it is not industrially used [7–10]. 

To date, in modern scientific and technical literature, there are no complete 
comprehensive information about the composition, structure and properties of the 
particles of tungsten-free hard alloys dispersed by electro erosion and alloys based 
on obtained on their basis. For these purposes, it is necessary to conduct complex 
theoretical and experimental studies. 

The purpose of this work was to study the phase and elemental compositions of 
new tungsten-free hard-alloy powder materials obtained by electro erosive dispersion 
in an oxygen-containing medium. 

2 Materials and Methods 

A new experimental tungsten-free hard-alloy powder material was produced by 
electro erosive dispersion using the setup according the diagram given in Fig. 1. 

The process for producing powders from tungsten-free hard alloys (TFHA) waste 
includes the following main operations:

1. Collection and sorting of tungsten-free hard alloys waste according to grades 
(chemical composition). 
2. Impurities, swarf or shavings removal from waste.

Fig. 1 The diagram of the electro erosive dispersion process: 1—pulse generator; 2, 3—electrodes; 
4—drops of molten material; 5—working fluid (distilled water); 6—waste of tungsten-free hard 
alloy; 7—discharge channel; 8—discharge point; 9—gas bubble 
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3. Loading of tungsten-free hard alloys waste into the reactor and electrodes 
connecting.
4. Filling the working fluid (WF) (distilled water) into the reactor. 
5. Selection of dispersion parameters (voltage, capacitor capacitance and pulse 
repetition rate). 
6. Electro erosive dispersion. 
7. Working fluid settling and draining. 
8. Separation of the nanoscale fraction by centrifuging. 
9. Chemical treatment of the powder (if necessary). 
10. Calcination of the powder in the oven at a temperature of 150–200 °C for 
20–30 min. 
11. Quality inspection. 

The process of electro erosive dispersion proceeds in the following way: the 
impulse voltage of the pulse generator 1 is applied to the electrodes 2 and 3 and then 
to the hard alloy plates 6 (hard alloy plates are also used as electrodes); when the 
voltage reaches a certain value, an electrical breakdown of the working fluid 5 in the 
interelectrode space occurs with the formation of a discharge channel 7 [10]. 

Due to the high concentration of thermal energy, the material melts and evaporates 
at the discharge point 8; the WF evaporates and surrounds the discharge channel with 
gaseous decomposition products 9 (gas bubble). As a result of significant dynamic 
forces developing in the discharge channel and in the gas bubble, drops of the molten 
material 4 eject outside the discharge zone into the WF surrounding the electrodes 
and solidify in it forming spherical or elliptical hard-alloy powder particles [10]. 

X-ray spectral microanalysis (elemental composition study) was carried out by 
means of a QUANTA 600 FEG scanning electron microscope with a built-in EDAX 
analyzer, shown in Fig. 2. 

Fig. 2 A scanning Quanta 600 FEGelectron microscope with built-in EDAX analyzer
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Fig. 3 Rigaku Ultima IV diffractometer 

X-ray diffraction analysis (phase composition study) was carried out using a 
Rigaku Ultima IV X-ray diffractometer, shown in Fig. 3. 

3 Results and Discussion 

Figure 4 shows the results of the X-ray spectral microanalysis of the experimental 
tungsten-free hard-alloy powder material obtained by electro erosive dispersion of 
the waste of the TCN16 grade (titanium carbonitride) alloy.

X-ray spectral microanalysis showed that some oxygen was found on the surface 
of particles obtained in distilled water. It was also revealed that Ti, Ni, C, and Mo 
are the main elements in the TCN16 alloy particles dispersed by electro erosion in 
distilled water. 

Figure 5 shows the results of studying the phase composition of the sample. It 
was found that the dispersion of TCN16 alloy by electro erosion in distilled water 
leads to the formation of TiC, MoNi3, Ni2O3, Ni, and Mo phases.
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Fig. 4 Results of the X-ray spectral microanalysis of the experimental tungsten-free hard-alloy 
powder material

Fig. 5 The diffraction pattern of the sample 

4 Conclusion 

Based on the experimental studies of the production of tungsten-free hard-alloy 
powder by electro erosive dispersion in distilled water, it was found that the properties 
of the starting material (TCN16) affect the final properties of the product. 

The presented results allow us to conclude that the production of new tungsten-
free hard-alloy powder materials by electro erosive dispersion of similar alloys waste 
in an oxygen-containing medium leads to the formation of a product whose chemical
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composition and structure differ from those of the starting material, which results in 
changes in the final product properties. 

The properties of a tungsten-free hard-alloy electro erosive powder also largely 
depend on the properties of the working fluid (distilled water). The processes occur-
ring during electro erosive dispersion proceed in the interelectrode space filled with 
the working fluid, which, being in the working area, make a physical, chemical, 
washing, and mechanical impact on the process, the electrodes, the pieces of the 
dispersed material and the erosion products. This influence affects all the stages of 
the EED process. 
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Justification of Strengthening 
of Reinforced Concrete Structures 
of an Industrial Building with Composite 
Materials 

Vladimir Rimshin and Ekaterina Ketsko 

Abstract The effectiveness of using composite materials as external reinforcement 
systems on full-scale structures of reinforced concrete beams of industrial buildings, 
aimed at increasing their bearing capacity are substantiated in the article. It has been 
established that the strengthening of non-prestressed bending reinforced concrete 
structures with composite materials based on carbon fibers leads to an increase in 
their bearing capacity, and the recommended technology for their reinforcement 
with composite materials is given. The object of study in this work is the reinforced 
concrete structures of the beams covering the sludge pool of the cement industry with 
non-stressed reinforcement before and after reinforcement with composite materials. 
The subject of the study is the bearing capacity of reinforced concrete structures 
reinforced with composite materials of the sludge pool cover beams. The purpose 
of the study is analyzing and evaluating the technical condition of the supporting 
structures in the sludge pool, determining the bearing capacity of reinforced concrete 
structures reinforced with composite materials, calculating and justifying the external 
reinforcement of carbon fiber reinforced concrete crossbars of the sludge pool cover. 

Keywords Reinforcement with composite materials · Strength calculation of 
normal sections · Longitudinal external reinforcement · Industrial buildings and 
structures · Sludge pool
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1 Introduction 

Technological complex of the cement industry enterprise is a complex of structures 
and buildings on the enterprise territory, which ensures the operation of its economy, 
as well as warehousing, processing and shipment to consumers. The main stages 
of portland cement production are raw materials extraction, raw mixture prepara-
tion (crushing, grinding, homogenization), raw mixture roasting, calcined product 
(clinker) grinding with additives to obtain a fine powder (cement) [1–4]. 

There is a need to strengthen the structures due to the appearance of defects and 
damage over time or the need to increase the bearing capacity when the calculated 
permanent and temporary loads change in the process of industry buildings and struc-
tures operation in order to ensure their mechanical safety. At the same time, the main 
material of the supporting structures of such buildings and structures is monolithic 
or prefabricated reinforced concrete. It is necessary to replace or strengthen bending 
or compressible load-bearing reinforced concrete elements when performing major 
repairs or reconstruction of buildings and structures, to increase the bearing capacity. 
Currently, one of the effective ways to restore and increase the bearing capacity of 
both compressible and bendable reinforced concrete elements is their reinforcement 
with polymer composite materials. The use of composite materials in reinforcing 
reinforced concrete structures of industrial buildings and structures, in comparison 
with other existing reinforcement technologies, has a number of significant advan-
tages, the main of which are the reduction of labor costs for reinforcement and the 
relatively low total cost of the materials used [5–8]. 

In the practice of buildings and structures reconstruction in cement industry enter-
prises, bending, compressible reinforced concrete elements that are in a complex 
stress state, for example: floor slabs, load-bearing structures of industrial build-
ings (intermediate supports, columns, crossbars, and so on) are reinforced with 
composite materials. Also, woven fabrics of various weaves and laminates are used 
for reinforcement. 

Reinforced concrete buildings and structures are a significant part of the real estate 
infrastructure of cement industry enterprises. In this regard, the issues of operation 
and repair of these structures should be given considerable attention. During the 
operation of such buildings and structures, in order to ensure their mechanical safety, 
there is often a need to restore or increase the bearing capacity of individual structures 
due to the appearance of defects and damage over time, or an increase in the calculated 
permanent and temporary loads during their reconstruction [9, 10]. 

2 Materials and Methods 

The object of study in this work is the reinforced concrete structures of the beams 
covering the sludge pool of the cement industry with non-stressed reinforcement 
before and after reinforcement with composite materials. The subject of the study
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is the bearing capacity of reinforced concrete structures reinforced with composite 
materials of the sludge pool cover beams. The purpose of the study is analyzing and 
evaluating the technical condition of the supporting structures in the sludge pool, 
determining the bearing capacity of reinforced concrete structures reinforced with 
composite materials, calculating and justifying the external. 

Analysis and assessment of the structures technical condition. The assessment 
was made of the cumulative impact of the identified defects and damage in order to 
determine the technical condition of the building structures of the horizontal sludge 
pool building located in the industrial area. It was concluded that the building struc-
tures of the horizontal sludge pool building are in a limited working condition, except 
for the roof structures (the roof slabs and secondary roof beams are in an unaccept-
able state) based on the results of the analysis of defects and damages that affect 
the bearing capacity and technical condition of the building to varying degrees. It 
is necessary to carry out repair and preventive measures and restoration work, due 
to the peculiarities of the technological process in the building, characterized by a 
large release of water vapor, it is recommended to impregnate the internal surfaces 
of the wall fencing with polymer-composite compounds, to strengthen reinforced 
concrete structures covering the structure with composite materials to maintain and 
bring the building structures into working condition. It is necessary to carry out 
safety measures to prevent the development of damage before performing work to 
strengthen the coating structures, exclude the impact of additional loads on the roof, 
including snow, loads from the storage of materials, restrict people’s access to the 
premises until the damage is repaired [11–15]. 

3 Results and Discussion 

Calculation with justification of longitudinal external reinforcement. The section 
area is: 

3 · 7.5 = 22.5 m2 . 

Loads: 

Small-sized floor slabs: 190 kg weight of 1 piece γf = 1.1. Total: 3.135 t (15 pieces). 

Roofing pie: 

Vapor barrier is 0.002 t/m2 γf = 1.2 

22.50 · 0.002 · 1.2 = 0.054 · t 

Thermal insulation is 0.016 t/m2 γf = 1.2
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Table 1 Reinforcement 
characteristics Reinforcement Class Working conditions coefficient 

Longitudinal A500 1 

Transverse A240 1 

22.5 · 0.016 · 1.2 = 0.432 · t 

Cement-sand screed 30 mm thick is 0.054 t/m2 γf = 1.3 

22.5 · 0.054 · 1.3 = 1.58 · t 

Ruberoid is 0.003 t/m2 γf = 1.2 

22.5 · 0.003 · 1.2 = 0.081 · t 

Total: 2.147 t. 
The roof scheme is taken straight. Snow: 0.168 t/m2 γf = 1.4 

22.5 · 0.168 · 1.4 = 5.29 · t 

Reinforcement is taken based on the calculation in the SCAD PC. Liability factor 
γn = 1. Element type is bending. Stress state is uniaxial bending. Maximum rein-
forcement percentage is 10. Distance to the gravity center of the reinforcement a1 = 
25 mm and a2 = 25 mm. Reinforcement characteristics are presented in Table 1. 

The type of concrete is heavy. Concrete class is B15. The coefficients of working 
conditions are presented in Table 2. 

Humidity of environment air is more than 75%. Crack width is limited. The 
requirements for the width of the crack opening are selected from the condition of 
the reinforcement safety. Permissible crack opening width: short opening is 0.4 mm, 
continuous opening is 0.3 mm. 

Structural element 1. Element No. 2. The element length is 0.85 m (support area). 
Reinforcement characteristics are presented in Table 3.

The calculation results are shown in Table 4.
Structural element 1. Element No. 7. The element length is 5.8 m (the center of 

the span). The characteristics of the given reinforcement are presented in Table 5.

Table 2 Coefficients of concrete working conditions 

Coefficient Name Value 

γb1 Accounting long-term loads 0.9 

γb2 Accounting the nature of destruction 1 

γb3 Accounting the vertical position during concreting 1 

γb5 Accounting freezing/thawing and negative temperatures 1 
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Table 3 Given reinforcement 

Plot Reinforcement Cross 
section 

1 Transverse reinforcement along the Z-axis is 9∅6, transverse reinforcement 
pitch is 100 mm. Transverse reinforcement along the Y-axis is 9∅6, 
transverse reinforcement step is 100 mm

Table 4 Calculation results 

Plot Utilization factor Verification Checked according to SNiP 

1 0.75 Strength at the ultimate moment of 
the section 

pp. 8.1.8–8.1.14 

0.38 Deformations in compressed concrete pp. 8.1.20–8.1.30 

0.07 Deformations in tension 
reinforcement 

pp. 8.1.20–8.1.30 

0.52 Strength on a concrete strip between 
inclined sections 

pp. 8.1.32, 8.1.34 

0.45 Inclined strength pp. 8.1.33, 8.1.34

Table 5 Given reinforcement 

Plot Reinforcement Cross 
section 

1 S1—3∅16. S2—3∅16 
Transverse reinforcement along the Z axis is 9∅10, transverse reinforcement 
pitch is 100 mm. Transverse reinforcement along the Y-axis is 9∅10, 
transverse reinforcement step is 100 mm 

The calculation results are presented in Table 6.
External reinforcement calculation «Composite». The diagrams of moments 

and transverse forces are shown in Figs. 1 and 2, respectively.
Characteristics of FibArm Tape 230/15P. Tensile modulus is 245 GPa. Tensile 

strength is 4000 MPa (40,770 kg/cm2). The calculated thickness of the tape is 
0.128 mm, the monolayer area is 0.192 cm2. 

Calculation of the normal sections strength. The design value of tensile strength 
is determined according to Eq. 1. 

R f = 
γ f 1 · γ f 2 · R f n  

γ f 
(1)
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Table 6 Calculation results 

Plot Utilization factor Verification Checked according to SNiP 

1 0.82 Strength at the ultimate moment of 
the section 

pp. 8.1.8–8.1.14 

0.3 Deformations in compressed concrete pp. 8.1.20–8.1.30 

0.07 Deformations in tension 
reinforcement 

pp. 8.1.20–8.1.30 

0.06 Strength on a concrete strip between 
inclined sections 

pp. 8.1.32, 8.1.34 

0.03 Inclined strength pp. 8.1.33, 8.1.34

Fig. 1 Diagram of moments 

Fig. 2 Diagram of transverse forces

Rf = (0.9 · 0.9 · 4000)/1.2 = 2700 MPa 

It should taking into account the existing steel reinforcement when calculating a 
reinforced structure, the condition according to Eq. 2 should be met: 

R f ≤ (εs2 − ε0 s ) · E f (2) 

Rf = 2700 ≤ 1225 the condition is not met, it is accepted Rf = 1225 MPa. 
ε0 s = (12.09 / (0.209 · 71,530)) · 27 cm = 0.02. 
The strength calculation of bending elements sections reinforced with external 

reinforcement made of composite materials should be carried out from the condition: 

M ≤ Mult (3) 

Mult = Rb · b · x · (h0 − 0.5 · x) + Rsc · As ' ·  (h0 − a') + R f · A f · a (4) 

x = 
Rs · As − Rsc · As ' +  R f · A f 

Rb · b (5) 

M = 12.09 · t · m ≤ Mult = 13.11 · t · m
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The lower reinforcement area is reduced by 20%.The condition is met; 1 layer of 
tape is accepted along the bottom edge of the beam. 

Bending elements calculation according to the strength of a concrete strip 
between inclined cracks. The calculation should be carried out according to SP 
63.13330 without taking into account the work of external reinforcement made 
of composite materials. The transverse reinforcement area is reduced by 20% and 
carried out the calculation in SCAD. The characteristics of the given reinforcement 
are shown in Table 7. The calculation results are presented in Table 8. 

The calculation of bending elements along inclined sections for transverse forces 
action is performed according to Eq. 6. 

Q ≤ Qb + Qsw + Q f w (6) 

Qb—transverse force perceived by concrete in an inclined section, determined 
according to SP 63.13330; 

Qsw—transverse force perceived by steel transverse reinforcement installed in an 
inclined section with a step Sw, determined according to SP 63.13330; 

Q f w—the shear force taken up by the transverse composite reinforcement in a 
sloped section, determined according to Eq. 7. 

Q f w = w f · A f w · R f w · sinα · C f w 

S f 
(7)

Table 7 Given reinforcement 

Plot Reinforcement Cross section 

1 S1—3∅16. S2—3∅16 
Transverse reinforcement along the Z-axis is 7∅6, transverse 
reinforcement pitch is 120 mm. Transverse reinforcement along the Y-axis 
is 7∅6, transverse reinforcement step is 120 mm 

Table 8 Calculation results 

Plot Utilization factor Verification Checked according to SNiP 

1 0.75 Strength at the ultimate moment of 
the section 

pp. 8.1.8–8.1.14 

0.38 Deformations in compressed concrete pp. 8.1.20–8.1.30 

0.07 Deformations in tension 
reinforcement 

pp. 8.1.20–8.1.30 

0.52 Strength on a concrete strip between 
inclined sections 

pp. 8.1.32, 8.1.34 

0.58 Inclined strength pp. 8.1.33, 8.1.34 
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Fig. 3 Crossbar reinforcement scheme 

Qb = 8721 kg.Qsw = 18635 kg.Q f w = 3897 kg. 

Q = 6450 kg ≤ 8721 + 18635 + 3897 = 31253kg 

External transverse reinforcement is not required according to the calculation; 3 
external clamps on three sides of a 7.5 cm wide at the beam support, at a distance 
of L/8 and L/4 to a height, without bringing 2 cm to the upper edge of the beam are 
structurally accepted. The crossbar reinforcement scheme is shown in Fig. 3. 

The recommended amplification technology is as follows. It is recommended to 
dry the surface, remove oils, dust, grease, coating residues before applying the primer 
Sikadur-330 or equivalent. The surface to be glued is recommended to be leveled to a 
deviation of 2 mm per 0.3 m of length. Irregularities protruding more than 0.5 mm are 
recommended to be removed by sandblasting or grinding. The corners on which the 
fabric is applied must be rounded, with a minimum rounding radius of 20 mm. The 
preparation of concrete and masonry substrates must be carried out mechanically 
using sandblasting or grinding equipment to remove laitance, loose particles and 
obtain an open profile surface. Carbon fiber should be cut with special scissors or 
a sharp knife, and wrinkling and creases should not be allowed on the surface of 
the fabric. The minimum overlap must be 150 mm in the direction of the fibers. It 
is not necessary to overlap when joining the fabric in width. It is recommended to 
lay the impregnated fabric on a damp, primed surface in the desired direction and 
smooth by hand to remove wrinkles and folds. It is recommended to roll with a Sika 
plastic roller after laying and leveling. Rolling should be carried out along the fibers 
of the fabric until the glue is evenly distributed over the fabric and the entrained air 
is removed, without applying excessive force when rolling to avoid wrinkling of the 
fabric [16–18]. 

It is recommended to apply Sikadur-300 or equivalent on the previous layer using 
the wet-on-wet method within two hours (at + 23 °C) after laying the previous layer 
and repeat the rolling procedure when laying additional layers of SikaWrap fabric.
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If it is not possible to apply a layer within 2 h, it is recommended to wait at least 
12 h before applying the next layer. Works are recommended to be carried out at 
air and adhesive surface temperatures not lower than +15 °C and not higher than + 
40 °C. Structural strengthening operations are structural and should be performed 
by experienced specialists [19, 20]. 

4 Conclusion 

The effectiveness of using composite materials as external reinforcement systems on 
full-scale structures of reinforced concrete beams of industrial buildings, aimed at 
increasing their bearing capacity are substantiated in the article. It has been estab-
lished that the strengthening of non-prestressed bending reinforced concrete struc-
tures with composite materials based on carbon fibers leads to an increase in their 
bearing capacity, and the recommended technology for their reinforcement with 
composite materials is given. 
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Determination of the Volume of Air 
Entering Through Leaks into Aspiration 
Shelters 

Alexander Goltsov , Vitaly Kireev , and Ivan Pankov 

Abstract In various industries, technological processes often occur, characterized 
by the release of dust into the working area. To maintain the required air parameters 
in terms of dust content in industrial premises, it is necessary to use a set of systems, 
including an aspiration system, a centralized vacuum dust removal system and general 
ventilation. The efficiency and performance of the above systems are interrelated, but 
the aspiration system is decisive. The aspiration shelter, which is the most important 
element of the aspiration system, localizes the source of dust emission. Seals are used 
to prevent the entry of dust from the aspiration shelter into the area of the working 
area, as well as to minimize the volume of air removed. In this work, analytical 
studies of methods for determining the suction and the amount of air entering the 
aspiration shelters through leaks were carried out, 3 characteristic approaches were 
proposed to determine the magnitude of the suction, based on the degree of tightness 
of the aspiration systems. 

Keywords Dedusting systems · Suction systems · Suction shelters · Leaks in 
suction shelters · Leaks in process equipment · Air flow coming through leaks 

1 Introduction 

As you know, in many industries, dust emissions are generated to varying degrees. 
The resulting dust in production is the cause of urban air pollution and the occur-
rence of various occupational diseases of workers. In addition, in some cases it 
creates explosive situations, worsens the production and technological environment, 
leading to premature failure of technological equipment, causing significant social
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and economic damage in general. To prevent this, various dust removal and air 
purification systems are used, however, for many processes, the available solutions 
are inefficient, energy-intensive, or non-existent [1, 2]. For industrial enterprises, 
the cost of electricity for the operation of a complex of dust removal systems can 
be up to 20% of the total costs, which undoubtedly affects the competitiveness of 
the enterprise, and also causes environmental damage. As we enter the phase of the 
fourth industrial revolution, when advanced manufacturing technologies dominate, 
this problem is a deterrent. As previous studies have shown, aspiration systems play 
a decisive role in the complex of dust removal systems. 

It is possible to solve the problem of dust removal only when using a set of 
measures, which include the following systems: aspiration systems (local exhaust 
ventilation), general ventilation systems and vacuum dust collection systems, they 
are also secondary dust control systems (CPU). 

The main element that determines both the efficiency of the aspiration system and 
its required performance is the aspiration shelter, which is designed to prevent dust 
from entering the working area. The required flow rate of air removed from the aspi-
ration shelter, and hence the energy consumption of the systems as a whole, depends 
on the degree of tightness of the shelter. Thus, the study of technical issues related 
to the compaction of aspiration shelters and technological equipment in general is 
an extremely urgent task. 

2 Materials and Methods 

As is known, in shelters of a closed type, in order to ensure the conditions for 
not knocking out dust into the air of the working area, it is necessary to create a 
stable rarefaction Py, reduce the cross-sectional area of leaks Fn to the maximum, 
or complicate the nature of existing leaks. The task of ensuring tightness in shelters 
is very important: it provides a direct impact on the volume of aspiration air, and, 
accordingly, on the energy intensity of industrial ventilation systems. At the same 
time, an increase in tightness can significantly reduce air volumes and the required 
vacuum; solutions are known that provide significant tightness of shelters, but they are 
associated with increased capital costs and ease of operation of process equipment. 
In general, the source of dust emission localized by the aspiration shelter is shown 
in Fig. 1.

A reasonably efficient solution for conveyor belt loading areas is offered by 
Sandvik Mining and Sandvik Construction. The technical solution offered by this 
company consists in the effective compaction of the place where the conveyor belt 
is loaded (Fig. 2).

It is known that the flow rate of air entering through the leak can be determined 
by the formula:
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Fig. 1 Principal and design scheme of an aspiration shelter with leaks present in it

Fig. 2 Suction shelter for Sandvik conveyor belt loading

Q = 
N∑

i=1 

μi 

/
2Pi 
ρi 

Fi (1) 

where μ = ζ −0,5, flow coefficient of the i-th hole, 
Pi—rarefaction in the area of the i-th hole, Pa; 
ρ i—air density, kg/m3; 
FHi—area of leaks of the i-th hole, m2. 
For the majority of aspiration shelters, leaks can be considered as equal in area 

with respect to hydraulic resistance and can be taken as holes in a thin wall, for which 
ζ = 2.4. The equation for determining the flow rate of air entering through leaks will 
take the form [3]: 

Q = 
/
2Pi 
ρi 

Fi (2) 

After analyzing the possible situations with aspiration shelters, a graph of the 
dependence of the volumes of air entering the shelter through leaks was obtained in 
the case of maintaining the required vacuum in the shelter (Fig. 3).

From this graph it can be seen that the lower the leakage and the higher the 
flow rate, the smaller the air volumes Qn, and the vacuum affects to a lesser extent. 
Therefore, it is advisable to create a smaller vacuum in shelters with a large vacuum, 
i.e. choose more preferable shelters, for example, use shelters that work with the
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Fig. 3 Dependence of the flow rate of air entering the shelter through leaks Qn, on the rarefaction 
Py (up to 18 Pa) and the area of existing leaks Fn with equal areas of the open section as holes in a 
thin wall

effect of double walls for loading the conveyor belt. Accordingly, when using shelters 
with a high degree of sealing, it is possible to create a higher vacuum or create 
the possibility of fluctuations in the vacuum in the shelter in a wider range when 
regulating technological processes. 

Experience in the operation of aspiration systems shows the expediency in the 
design process to take leaks slightly higher than the actual ones, since over time, 
during the operation of the systems, the existing connections will lose their design 
tightness. In our opinion, a margin of 10–15% will avoid problems during further 
operation. If in the course of operation the leaks turn out to be higher, then it is 
imperative to restore the required tightness of the equipment and aspiration shelters. 

For shelters with a low degree of relative tightness (the width of the gap along 
the perimeter of the shelter does not exceed 3 cm), the above calculation method has 
become famous and has shown its high efficiency. You can also use the basic formula 
to determine air flow through leaks using area and velocity parameters: 

Q = v · F, (3) 

This dependence is suitable for calculation with large areas of leaks, as well as 
cases when it is impossible to create a high vacuum in the shelter. This dependence 
can be used in determining the actual costs in the operation of shelters. 

In cases of sealed construction of shelters, when the following types of connections 
are used (bolted, flanged, welded, nipple, rack, clamps, etc.), a different approach 
is required to calculate the air entering through leaks. Preliminary calculations in 
Figs. 3 and 4 show a significant reduction in air consumption with a small vacuum in 
the shelter, otherwise, with significant vacuums up to 50 Pa, the amount of suction 
increases significantly. Thus, it can be seen that a refinement of the calculation of 
the volume of air entering through leaks is required for the case of localization of 
technological equipment by hermetic shelters, in which a high vacuum is maintained.

To develop a methodology for calculating Qn at high discharges in a shelter (more 
than 50 Pa), we turn to known developments, studies and reference materials [4]. 

A well-known classification is presented in [5], where four directions are 
distinguished according to the nature of analytical studies of hermetic joints:
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Fig. 4 Dependence of the flow rate of air entering the shelter through leaks Qn, on the rarefaction 
Py (up to 1300 Pa) and the area of existing leaks Fn with equal areas of the open section as holes 
in a thin wall

(1) representation of the contact zone of the sealing surfaces in the form of a narrow 
slot of constant or variable cross section [6–10]; 

(2) representation of the contact zone in the form of a porous medium [11–15]; 
(3) representation of the contact zone as a group of capillaries of a certain cross 

section [16–19]; 
(4) representation of the contact zone in the form of a system of channels of a certain 

cross-sectional shape formed by microroughnesses; in this case, the dimensions 
of the channels are determined by the accepted statistical law of the distribution 
of microprotrusions in height [11, 20–24]. 

All proposed models assume the presence of empirical coefficients in them, which 
are determined in the course of experimental studies. In this regard, before using 
one or another mathematical expression for practical application, it is necessary to 
conduct an experimental study to determine the coefficients included in it (perme-
ability coefficient, radius of curvature of microprotrusions, the nature of their distri-
bution along the height or the reference curve, the hardness of the material of the 
mating surfaces, etc.). 

For practical purposes, the amount of leakage is described by an equation like: 

[q] = +B · q (4) 

Coefficients A and B depend on various factors: the material of the sealing element, 
the state of its sealing surfaces, the type of medium being sealed, the lower sensi-
tivity limit of the device that detects leakage [5]. The latter factor is essential both 
for assessing the accuracy of the obtained values and for practical applicability. In 
expression (4), the parameter A reflects the range of q values in the initial stage of 
formation of the actual contact area of the sealing surfaces, the coefficient B charac-
terizes the intensity of the influence of the pressure of the medium being sealed on 
the specific load [q] required to exclude leakage with the method used to evaluate 
it, i.e. B = dq/dp [5]. 

Consider the tightness of the joints, based on the analytical model in the form of 
a narrow gap, it is important to take into account the air flow in small gaps, which 
has features in sealing.
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It is known that the nature of gas motion in the gap is determined by the Knudsen 
number: 

Kn = λ 
L 

(5) 

where λ—is the mean free path of a gas molecule; 
L—is the characteristic gap size [5, 25, 26]. 
The Knudsen number for certain conditions of gas flow in the gap can be calculated 

from the expression [27]: 

Kn = 105 · μ ·
(
2π RT 
M

)0,5 

L(P1 − P2) (6) 

where μ—is the dynamic viscosity of the gas; 
R—is the gas constant; 
T—is the absolute temperature of the gas; 
M—is the molecular weight of the gas; 
P– is the gas pressure. 
Normative conditions for testing equipment [15] for tightness depend on the oper-

ating conditions of the equipment (properties of the working medium, its operating 
pressure), type of equipment and environmental standards of operation. Thus, for 
the equipment of the chemical and petrochemical industries, in the currently existing 
regulatory documents, leak tests of equipment are recommended by measuring the 
pressure drop. This is the simplest and cheapest method for assessing tightness, which 
does not require special expensive equipment. However, the assessment of tightness 
by this method is quite approximate. The allowable leakage coefficient m is intro-
duced, corresponding to the pressure drop per unit time when testing the object for 
tightness: 

m = (PTk − PkT ) 
PTkτ 

where Rn = Pbn + Pmn; Pk = Pbk + Pmk—absolute pressures at the beginning and 
end of the test (Pa); indices “b” and “m”—barometric and pressure gauge readings; 

T—is the absolute temperature of the medium in the equipment under test. 
If the temperature and barometric pressure remain constant during the test, then m 

= ΔP/τ Pn. If the tests are carried out at pressures lower than the operating pressure, 
then an amendment is introduced that takes into account the effect of pressure at P 
less than 0.2 MPa m = 0.04 h−1. Values of permissible leakage coefficients m for 
certain types of equipment: 

mechanical dust collectors—pressure drop < 250 Pa/h for 1 h at P = 2.5 kPa; 
electrostatic precipitator for soot—pressure drop < 50 Pa/h for 1 h at P = 2.5 kPa. 
The tightness test is carried out with air or nitrogen, and then, when estimating the 

amount of leakage, it is recalculated for the working gas according to the expression:
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Fig. 5 Leakage limit fmax (m3/s and m3/h per m2) in air ducts per sq.m at static pressure drop p 
for 4 tightness classes (A, B, C, D) 

G = 1, 2 · 10−4 ηmV P

(
Mp 

Tp

)
, 

where η is the safety factor that takes into account the deterioration of the tightness 
of the joints over the time of their operation, η = 1.5…2.0; 

Mp—is the  molar mass of the  working gas;  
Tp—is its operating temperature; 
V—is the volume of the working cavity of the object. 
Consider the issue of tightness of ventilation systems. In accordance with [28], 

“tightness (airtightness) of the air duct—the value of allowable leakage/suction of air 
through the material of the air duct, connection, device or equipment of the ventilation 
system. 

In accordance with [28], there are 4 classes of air tightness of air ducts, which are 
characterized by the limiting value of air leakage fmax (m3/h per m2) at the limiting 
static negative pressure Ps, and static pressure P (Fig. 5): 

Class A, Ps = 500 Pa, f max = 0.097p0.65; 
Class B, Ps = 750 Pa, f max = 0.032p0.65; 
Class C, Ps = 750 Pa, f max = 0.0108p0.65; 
Class D, Ps = 750 Pa, f max = 0.0036p0.65. 
As can be seen from the requirements for ventilation systems from [28], the 

criterion for choosing a tightness class is the allowable percentage of air leakage in 
the system under operating conditions (air infiltration into equipment operating at 
reduced pressure). At the same time, the standard regulates the amount of suction 
for ventilation equipment in accordance with class B. 

When designing aspiration systems and, in particular, aspiration shelters, it is 
necessary to strive for a high degree of tightness, it is not always possible to achieve 
this and it is not always economically feasible, however, it is possible to design 
aspiration systems with a high degree of tightness. When calculating the tightness 
of flange connections in such systems, you can use the methods proposed in GOST 
32,388 and GOST R 55,430–2013 for cases with a high degree of tightness, you can 
determine such a tightening torque for flange connections that will not leak at a given 
nominal pressure drop.



146 A. Goltsov et al.

3 Results and Discussion 

After reviewing the calculation of the amount of leakage and analytical studies, the 
following sequence of calculation of Qn for aspiration shelters of process equipment 
is proposed for several cases: 

Case A. “High degree of tightness of the equipment (discharge up to 50 Pa)”. 

1. The required degree of tightness of aspiration shelters is determined, taking into 
account the requirements for energy saving, sanitary and hygienic, technological, 
explosion and fire protection and individual features of production. 

2. The characteristic length of all connections of technological equipment is 
determined. 

3. The amount of leakage through the connections used is calculated. 
4. The actual value of leaks is compared with the required degree of tightness, if 

the actual values are equal or less than required, then this type of connection is 
accepted, otherwise a change in the density of connections and seals is required. 

Case B. “Medium degree of tightness of equipment (discharge up to 50 Pa”). 

1. Depending on the type of aspiration shelter, we set the required vacuum in the 
shelter. 

2. Determine the cross-sectional area of the existing leaks. 
3. We calculate the volumes of air entering the shelter. 

Case C. “Low degree of tightness of the equipment (half-open suctions or the 
presence of openings in shelters that do not allow creating a stable vacuum.“ 

1. The optimal air velocity in leaks is determined based on the condition of non-
knocking out of dust. 

2. The area of existing leaks and open openings is determined. 
3. We determine the volume of air entering the shelter through the existing leaks. 

From the point of view of energy efficiency, it is preferable to use shelters with a 
high degree of containment (Case A). 

4 Conclusion 

Analytical studies of methods for determining the suction and the amount of air 
entering the aspiration shelters through leaks were carried out, during which 3 char-
acteristic approaches were established to determine the magnitude of the suction, 
based on the degree of tightness of the aspiration systems at a pressure in the shelter 
equal to atmospheric (semi-open suctions), as well as at discharge up to and above 
50 Pa. 

On the basis of the conducted analytical studies, nomograms and algorithms for 
calculating the volumes of air entering the shelter through leaks for 3 characteristic 
approaches are proposed.
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Determination of Aerodynamic 
Coefficients in the Design of Buildings 

Vladimir Rimshin and Pavel Truntov 

Abstract The article considers the variable definition of wind loads on a building. 
In order to determine the wind load on the building, various options for setting the 
wind load were considered, taking into account the standards of various countries. 
4 schemes were considered. The first and second determination schemes are carried 
out taking into account the provisions of the Russian standard SP 20.13330.2016, 
the third and fourth schemes in accordance with the Load Code for The Design Of 
Building Structures, GBJ 9–87. As amended by GB 50,009–2001 from 2006. To 
select the load application scheme in the design model of the building, the total (for 
the entire length) aerodynamic coefficient in the direction of the vertical axis was 
determined. According to the results of the study, the scheme of action of the wind 
load corresponding to the highest load value was determined. It is also noted that 
more accurate aerodynamic coefficients can be obtained from the results of model 
aerodynamic tests conducted in a wind tunnel. 

Keywords Aerodynamic coefficient ·Wind load · Calculation model ·Wind 
pressure 

1 Introduction 

In order to determine the wind load on the building, the paper considers various 
options for setting the wind load, taking into account the standards of various coun-
tries. To conduct the study, a building built according to the project of 1988 was 
considered. The building has 22 aboveground floors. The building has a complex 
shape, the main volume has the shape of a three-pointed star [1–4]. 

The overall stability of the building in the scheme of the connecting frame is 
ensured by the joint work of the frame structures, walls of rigidity, vertical ties and 
horizontal discs of floors. The spatial rigidity of the frame as a whole, as well as the
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stability of individual elements, is ensured by the rigidity of transverse and longitu-
dinal frames, prefabricated monolithic flooring and monolithic bottom, monolithic 
walls of rigidity. Prefabricated structures of reinforced concrete frame columns, 
beams, panels are accepted according to the TC-1 and CMS catalog. Reinforced 
concrete columns of the basement, basement and from the first floor to the sixth 
inclusive have steel cores, portal frames and metal floor beams are made of steel 
[5–9]. During installation, all steel elements in the attachment points were covered 
with tread soil and plaster on the frame and mesh or concreted. The walls of rigidity 
with half-timbered steel structures are made of reinforced concrete. The floors from 
1 to 19 are prefabricated and monolithic. Enclosing structures made of expanded 
clay concrete wall panels [10–13]. 

Floor heights: 

– basement—4.5 m; 
– 1st-5th floors—4.8 m; 
– 6th-22nd floors—3.3 m. 

2 Materials and Methods 

During the preparatory work for the simulation of the design model, the schemes of 
applying wind loads are considered, taking into account the aerodynamic coefficients 
determined in accordance with SP 20.13330.2016 Appendix V. P. V.1.2 (Scheme № 
1), P. V.1.15 (scheme № 2), as well as in accordance with the Load Code For The 
Design Of Building Structures, GBJ 9–87. as amended by GB 50,009–2001 from 
2006 (schemes № 3 and 4) [14, 15]. 

Wind load application scheme № 1. (Fig. 2). 
The wind pressure is determined in accordance with Sect. 11.1 and taking into 

account P. V.1.2 Appendix B SP 20.13330.2016 (Fig. 1). 
The conditional total aerodynamic coefficient for scheme 1 is equal to: 

C1 
ycπ = 46.150 × (0, 8 + 0, 5) = 60 

Wind load application scheme № 2 (Fig.  3).

Fig. 1 Normative aerodynamic coefficients (clause 1.2 of the appendix In SP 20.13330.2016)
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Fig. 2 Aerodynamic 
coefficients used in 
calculations according to the 
wind load application 
scheme № 1

Fig. 3 Aerodynamic 
coefficients used in 
calculations according to the 
wind load application 
scheme № 2 

The wind pressure is determined in accordance with Sect. 11.1 and taking into 
account P. V.1.15 Appendix B SP 20.13330.2016. 

When L/D = 40/46 = 0.87 coefficient Cx = 2.2. 
When L/D = 46/40 = 1.15 coefficient Cx = 2.04.
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The value of the drag is taken according to the formula (V.3) SP 20.13330.2016: 
Cx = kλ·Cx = 1·2.2 = 2.2 when the wind direction is on axis 4. 
Cx = kλ·Cx = 1·2.04 = 2.04 with direction 3 perpendicular to axis 4. 
The conditional total aerodynamic coefficient for scheme 2 is equal to: 

C2 
ycπ = 46.150 × 2.2 = 101.53 

Wind load application scheme №3 (Fig.  4–6). 
The wind pressure was determined in accordance with Sect. 11.1 and at the same 

time the aerodynamic coefficients were taken into account the regulatory document 
Load code for the design of building structures, GBJ 9–87. as amended by GB 
50,009–2001 from 2006 [16–18].

The conditional total aerodynamic coefficient for Scheme 3.1 is equal to (taking 
into account the symmetry of the building): 

C3.1 
ycπ = 2 × (0.94 × 16.2 − 0.36 × 16.2 

+ 0.08 × 16.2 + 0.5 × 16) = 49.84. 

The conditional total aerodynamic coefficient for Scheme 3.2 is equal to:

Fig. 4 Standard 
aerodynamic coefficients 
(GB 50,009–2001 from 
2006) 

Fig. 5 Aerodynamic 
coefficients used in 
calculations according to the 
wind load application 
scheme № 3.1 
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Fig. 6 Aerodynamic 
coefficients used in 
calculations according to the 
wind load application 
scheme № 3.2

Fig. 7 Standard 
aerodynamic coefficients 
(GB 50,009–2001 from 
2006) 

C3.2 
ycπ = 2 × 0.85 × 16.2 + 0.36 × 16 + 0.37 × 16.2 + 0.12 × 16.2 

+ 0.55 × 16 + 0.08 × 16.2 + 0.38 × 16.2 − 0.26 × 16 = 53.33 

Wind load application scheme № 4 (Fig.  7–8).
The wind pressure was determined in accordance with Sect. 11.1 and the aerody-

namic coefficients were taken into account in the regulatory document Load Code 
for the design of building structures, GBJ 9–87. as amended by GB 5009–2001 from 
2006. 

The conditional total aerodynamic coefficient for scheme 4 is equal to (taking into 
account the symmetry of the building): 

C4 
ycπ = 30.285 × 0.8 − 0.23 × 16 + 30.285 × 0.25 + 0.5 × 16 

+ 30.285 × 0.25 − 16 × 0.23 = 40.01
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Fig. 8 Aerodynamic 
coefficients used in 
calculations according to the 
wind load application 
scheme № 4

3 Results and Discussion 

To select the load application scheme in the design model of the building, the total 
(for the entire length) aerodynamic coefficient in the direction of the vertical axis 
was determined. The coefficient corresponding to the 1st scheme of wind action is 
taken as a unit [7, 8]. 

For scheme № 1, the total coefficient was: C = 1; 
For scheme № 2, the total coefficient was: C = 1.69; 
For scheme № 3 (3.1), the total coefficient was: C = 0.83; 
For scheme № 3 (3.2), the total coefficient was: C = 0.89; 
For scheme № 4, the total coefficient was: C = 0.67. 

4 Conclusion 

According to the calculation results, the largest total coefficient C = 1.69 corre-
sponds to scheme № 2. The resulting value is 69% higher than for scheme No. 1. In 
comparison with the regulatory document Load code for the design of building struc-
tures, GBJ 9–87. As amended by GB 50,009–2001 from 2006, the obtained values 
of the total aerodynamic coefficient according to scheme № 2 (SP 20.13330.2016) 
are 80–102% higher. 

For further design, the scheme of Appendix № 2 was adopted as the scheme 
corresponding to the highest value of the wind load. More accurate aerodynamic 
coefficients can be obtained from the results of model aerodynamic tests conducted 
in a wind tunnel.
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Effects of Glass and Plastic Additives 
on the Physical, Mechanical and Strength 
Characteristics of Concrete 

Alexey Bulgakov , Dmitrii Mishin , and Klaus Holschemacher 

Abstract The aim of the work is to study the possibility of the influence of fiber-
glass additives on the physical, mechanical and strength characteristics of concrete. 
Concrete with the addition of cullet and plastic as a fine aggregate is considered 
as an object. In modern construction, research works aimed at studying high-tech 
concretes using recycled waste are of the greatest value. The practical significance of 
the study lies in obtaining concretes with improved characteristics using municipal 
waste, which will increase the efficiency of processing industrial waste and reduce 
their harmful impact on the environment. The analysis of the properties of concrete 
mixture and concrete using cullet and plastic as a filler is carried out. The analysis 
of the mechanism of influence of additives made of glass and plastic on the prop-
erties of concrete is carried out. Recommendations for the production of concrete 
using additives made of glass and PET-flex as a fine aggregate have been developed. 
An experimental plan was developed, the composition of the concrete mixture was 
selected and tested, natural sand was used as a fine aggregate for the manufacture of 
concrete, bituminous glass was crushed using a cylinder and a plunger on a hydraulic 
press to a fine fraction as a cullet. Based on the experimental data obtained, graphs 
of the dependence of the strength of concrete on the amount of PET-flex filler, the 
dependence of the strength of concrete on the amount of cullet were constructed. The 
analysis of experimental data with determination of the greatest ultimate strength of 
concrete is carried out. It was found that glass and plastic waste can be used as addi-
tives to concrete, since the strength of these concretes is comparable to the strength 
of conventional concrete. 

Keywords Concrete · Additive · Glass · Plastic · PET flex · Tensile strength ·
Cement
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1 Introduction 

In modern construction, the use of high-tech concretes of a new generation is 
becoming increasingly popular. Raw materials are characterized by high cost, there-
fore the most valuable research works aimed at studying the possibility of using 
recyclables in the production of building materials and structures. The deteriorating 
environmental situation in the world makes it necessary to pay more and more atten-
tion to the disposal of industrial and household waste. The use of man-made raw 
materials and waste in the production of concrete structures is not only innovative, 
but also the most important and necessary. In this regard, it is impossible not to 
mention such famous scientists as I. Asadi [1], M. Behera, [2], H. Binici [3], Y. D. 
Blanco [4], G. Giada [5], B. Liguori [6], A. A. Torres-Acosta [7], K. McNeil [8], 
I. Marie [9], B. H. Bharatkumar [10], E. F. Hernández [11], Y. Jianming [12], B. 
Liguori [13], L. W., Zhang [14], M. Ortega-Lera [15], C. L. Nogueira [16], F. M. 
León-Martinez [17], D. C. González-Sandoval [18]. 

The depletion of natural resources is one of the global environmental problems 
of mankind, and therefore resource–saving technology is becoming increasingly 
necessary. The concept of resource conservation implies not only the rational use 
and economy of natural resources, but also measures to minimize or eliminate the 
formation of waste and product residues during production, and also includes the 
reuse of raw materials. A distinctive feature of the resource-saving direction in the 
policy of foreign countries is the use of incentive measures for the use of resource-
saving technologies. In a number of countries, tax incentives have been introduced 
for enterprises using resource-saving technologies in production, resource-saving 
financing systems have been adopted, and subsidies are allocated for the introduction 
of resource-saving technologies and necessary equipment. The main purpose of the 
work is to conduct a complex of experimental and theoretical studies to substantiate 
the possibility of using cullet and plastic as a filler for the production of concrete, to 
study the properties of the resulting concrete using cullet and plastic, to clarify the 
mechanism of the influence of waste on the properties of concrete. In connection with 
the above-mentioned studies, a promising direction is the study of concretes with 
improved characteristics using municipal waste, which will increase the efficiency 
of processing industrial waste and reduce their harmful effects on the environment. 
A large number of researchers have been and continue to be engaged in the study of 
concretes with improved characteristics. 

2 Materials and Methods 

To study the possibility of adding cullet and PET-flex to concrete, the concrete mixture 
was first kneaded without additives. 

The loading of the sample during the compression test was carried out smoothly 
until its complete destruction, the maximum force determined the destructive load.
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In order to study the effect of plastic additives on the strength characteristics of 
concrete, cube samples were made with the addition of plastic to the composition of 
the concrete mixture in the amount of 5, 10 and 15% of the mass of fine aggregate, 
replacing sand with a given amount of plastic. Also, cube samples were made with 
the addition of crushed glass to the composition of the concrete mixture in the amount 
of 30, 50, 70 and 100% of the mass of fine aggregate, replacing sand with a given 
amount of glass. 

3 Results and Discussion 

The content of pulverized and clay particles is determined by the change in the mass 
of sand after the grinding of particles with a size of up to 0.05 mm. 

The content of pulverized and clay particles as a percentage by weight: 

Potm = m − m1 

m 
· 100, (1) 

where, m is the mass of the dried sample before filtration; m1 is the mass of the dried 
sample after filtration. 

True density is the mass of a unit volume of a material in an absolutely dense state 
without pores and voids. 

True sand density: 

ρ = (m − m1)ρ1 

m − m1 + m2 − m3 
, (2) 

where, m is the mass of the pycnometer with sand; m1 is the mass of an empty 
pycnometer; m2 is the mass of the pycnometer with distilled water; m3 is the mass 
of the pycnometer with sand and distilled water after removing air bubbles; p1 is the 
density of water. 

The bulk density is determined: 

ρb = m1 − m 
v 

, (3) 

where, m is mass of the measuring vessel; m1 is mass of the measuring vessel with 
sand; V is vessel capacity. 

The voidness of sand is determined as a percentage by volume: 

Vm. p. =
(
1 − ρp 

ρ · 1000
)
· 100 , (4) 

where, p is the true density of sand; pn is the bulk density of sand.
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The average density of the concrete mixture is the ratio of the mass of the 
compacted concrete mixture to its volume. A measuring vessel is used to determine 
the average density. It is weighed, then filled with a concrete mixture and compacted. 
The excess is cut level with the edges of the vessel, then weighed. 

The average density is determined: 

ρad = m − m1 

V
· 1000, (5) 

ρad -is the mass of a measuring vessel with a concrete mixture; m1 is the mass of 
the measuring vessel without mixture; V is the capacity of the measuring vessel. 

The loading of the sample during the compression test was carried out smoothly 
until its complete destruction; the maximum force determined the destructive load. 

Compressive strength Rsj (MPa) of the test sample: 

Rsj  = 10 Fdp  
, (6) 

where, A is the cross—sectional area of the sample; Fdp—destructive force. 
In accordance with the requirements, there is a coefficient of recalculation of the 

strength of samples of this size for the strength of samples of standard size (150 × 
150 × 150 mm) for cube samples with a size of 100 × 100 × 100 mm. 

The results of determining the ultimate strength of concrete with the addition of 
PET-flex are shown in the graph: 

In the course of research, it was revealed that when sand is partially replaced with 
plastic in an amount of 5%, the strength of concrete decreases by 6%, in an amount 
of 10%—by 16%, in an amount of 15%—by 25%. 

To determine the dependence of the influence of the size of plastic on the strength 
characteristics of concrete, a batch of concrete samples was made with a plastic 
content of 5% of the sand weight and fractions of 0–1, 1–2 and 2–4 mm. 

The results of determining the tensile strength of concrete with the addition of 
PET-flex of various sizes in the amount of 5% are shown in the graph: 

In the course of research, it was revealed that with the partial replacement of 
sand with plastic in the amount of 5% grain size 0–1 mm, there is an increase in 
the strength of concrete by 6%, grain size 1–2 mm—a decrease in strength by 10%, 
grain size 2–4 mm—a decrease in strength by 8%. 

According to the test results, it is clear that the highest tensile strength was shown 
by concrete with the addition of PET-flex in an amount of 5% with a fraction size 
from 0 to 1 mm, the lowest strength limit was with a fraction size from 1 to 2 mm. 

The plastic additive had a strong effect on the mobility of the concrete mix. When 
5% PET-flex was added, the mobility of the mixture was 6 cm, 10% PET-flex— 
mobility was 3 cm, 15% PET-flex—mobility was 1 cm. The average density of the 
concrete mix with plastic additives decreased by an average of 6%.
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In order to study the effect of plastic waste on the strength characteristics of 
concrete, cube samples were made with the addition of crushed glass to the compo-
sition of the concrete mixture in the amount of 30, 50, 70 and 100% of the mass of 
fine aggregate, replacing sand with a given amount of glass. 

In the course of research, it was revealed that with the partial replacement of sand 
with cullet in the amount of 30%, there is a decrease in the strength of concrete by 
0.06%, in the amount of 50%—an increase of 6%, in the amount of 70%—a decrease 
of 0.8%, in the amount of 100%—a decrease of 1.2%. 

To determine the dependence of the influence of the grain size of glass on the 
strength characteristics of concrete, a batch of concrete samples with a glass content 
of 50% of the sand weight and fractions of 0–1, 1–2 and 2–4 mm was made. 

In the course of research, it was revealed that with the partial replacement of 
sand with glass in the amount of 50% grain size 0–1 mm, there is an increase in the 
strength of concrete by 10%, grain size 1–2 mm—a decrease in strength by 12%, 
grain size 2–4 mm—a decrease in strength by 1%. 

According to the test results, it can be seen that the highest tensile strength was 
shown by concrete with the addition of cullet in the amount of 50% with a fraction 
size from 0 to 1 mm, the lowest strength limit was with a fraction size from 1 to 
2 mm. 

The effect of the glass additive on the mobility of the concrete mixture. With the 
addition of 30% glass, the mobility of the mixture was 13.5 cm, 50% glass—mobility 
of 10 cm, 70% glass—mobility of 7 cm, 100% glass—mobility of 2 cm. 

The average density of the concrete mix with glass additives decreased by an 
average of 4%. 

4 Conclusion 

In the course of scientific research, it was found that when plastic with a grain size 
of 0–4 mm is added to the concrete mixture in the amount of 5, 10 and 15% of the 
sand weight, the strength of concrete decreases. The smallest decrease in strength 
was observed with the addition of PET-flex in an amount of 5% by weight of sand. 

The strength of concrete is strongly influenced by the grain size of the plastic 
additive. It has been experimentally established, but with the partial replacement of 
sand with plastic in the amount of 5% of the sand mass, the grain size from 1 to 
2 mm and from 2 to 4 mm, there is a decrease in the strength of concrete by 10% 
and 8%, respectively. The highest index of ultimate strength was observed during the 
compression test of concrete B25 with the addition of PET-flex with grain size from 
0 to 1 mm in the amount of 5% of the sand weight, the increase in ultimate strength 
was 6%. 

It was found that when using an additive made of glass of a fraction of 0–4 mm 
as a partial replacement of a fine aggregate in the amount of 30, 70 and 100%, it 
slightly reduces the strength of concrete by 0.06, 0.8 and 1.2%, respectively. The 
highest strength was shown by concrete with the addition of glass in the amount of
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50% of the mass of sand, the increase in strength compared to conventional concrete 
was 6%. 

When determining the dependence of the influence of the grain size of cullet on 
the strength of concrete stone, it was found that the greatest reduction in strength 
is given by additives from crushed glass in the amount of 50% grain size from 1 
to 2 mm and is 12%. The highest index of ultimate strength was recorded during 
the compression test of concrete B25 with the addition of glass grain size from 0 to 
1 mm in the amount of 50% of the mass of sand, the increase in ultimate strength 
compared to concrete without additives was 10%. 

When glass and plastic additives are introduced into concrete, a sharp decrease 
in the mobility of the concrete mixture is recorded, which reduces its workability. 
Also, the average density of concrete with additives is reduced by an average of 5%. 

According to the test results, it was revealed that it is possible to use glass and 
plastic waste with grain size from 0–1 mm as additives for concrete, since the strength 
of these concretes is comparable to the strength of ordinary concretes. 

Fig. 1 Manufactured samples-concrete cubes
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Fig. 2 Sample-concrete 
cube after compression test 

Fig. 3 Holding concrete samples in a normal hardening chamber
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Fig. 4 Dependence of 
concrete strength on the 
amount of PET flex 

Fig. 5 The dependence of the strength of concrete with PET-flex in the amount of 5% of the grain 
size of the fraction 

Fig. 6 Dependence of concrete strength on the amount of glass
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Fig. 7 The dependence of the strength of concrete with glass in the amount of 50% on the grain 
size of the fraction 
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Reinforcement Methods for Timber 
Closed Lattice Vaults 

Nadezhda Tsaritova , Anastasia Shtankevich , Oksana Osipova , 
Igor Kosogov , and Alexey Bulgakov 

Abstract The nodes of the reticulated vaults with metal connections provide a one-
way connection of the jambs in the nodes and the transfer of forces only with compres-
sive longitudinal forces in the jambs. With some regulatory loads, a nonholonomic 
state occurs, in which a certain zone in the grid is excluded from operation. Based 
on the research of the design solutions of the reticulated vaults, the basic principles 
of the shaping of these structures were derived and the task of studying the closed 
reticulated vaults with the reinforcement of jambs with prefabricated tapes was set. 

Keywords Timber structures · Reticulated vaults · Nodal junctions · Prefabricated 
tapes 

1 Introduction 

The expressiveness of architectural forms can be achieved by combining elements, 
which gives design engineer an excellent opportunity to improve them from a 
constructive point of view. Currently, a large number of computational software
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systems have appeared, which has simplified the development of methods for their 
calculation. Spatial structures largely satisfy such needs as unification of elements, 
lightness, high load-bearing capacity, choice of structural material [1–5]. 

For the first time the company “Tsolbau” at the end of the XIX century introduced 
closed reticulated vaults (CMV), which are used to this day. The main advantage of 
such structures is the covering of large areas without supports inside. However, 
the study of the stress–strain state of the CS was not carried out in full, which 
makes practical work possible. The issues of CMV node compliance and constructive 
nonholonomy in CMV nodes remain unexplored [6]. 

2 Methods and Materials 

In accordance with the method of node coupling, the CMV is divided into: 

1. A system Peselnik with a rectangular or rhombic grid of jambs (Fig. 1). 

2. Metal (bolted) Tsolbau systems with a rhombic system of jambs (Fig. 2).

Nowadays, engineers continue to improve the designs of circle-mesh vaults of 
various systems. The most typical example of the use of a circle-mesh vault is the 
project of an indoor arena with an artificial football field, made for Tomsk (Fig. 3), 
where the constructive solution of an indoor training arena, rectangular in plan, with 
an artificial football field measuring 55 × 90 m is of interest.

Fig. 1 Reticular vaults a 
system Peselnik: a—general 
view; b—sweep of the vault 
with a rectangular grid; v–e 
same with the rhombic one; 
1—wall beam; 2—pediment 
arch; 3—tighten; 4—main 
posts 

b c  

a 
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Fig. 2 Reticular vaults span of 14.7 m with knots on bolts

Fig. 3 Reticular vault in Tomsk
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3 Results and Discussion 

A solid flooring made of boards attached to the jambs from one side practically 
eliminates mobility in the metal joints of the nodes, thus extinguishing the structural 
nonholonomic [7], on the other hand it turns a closed circle-mesh vault into a room 
devoid of daylight (Fig. 4). 

With the help of the PC Structure CAD software package [8, 9], knowing the 
coordinates of the points of intersection of the axes of the jambs with the axis of the 
arch edge, we will make a calculation scheme of a wooden closed CMV on a square 
plan (Fig. 5). 

The authors carried out a numerical analysis of the forces arising in the jambs 
of a wooden closed CMV during loads from its own weight and temporary snow 
load. Figure 6 clearly shows the distribution of forces in the jambs of the CMV. The 
maximum value of negative forces that occurs in the jambs of the girth is 334 kN.

Fig. 4 Timber closed CMV 
on a square plan with a solid 
flooring of boards: 1—girth; 
2—footing; 3 i 4—left and 
right shoals; 5—solid 
flooring made of boards 

Fig. 5 Design scheme of a 
timber closed CMV on a 
square plan 
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Fig. 6 Diagram of forces 
occurring in CMV jambs 
when loaded by their own 
weight 

Based on the data obtained, we will analyze the work of the CMV grid and draw 
conclusions that positive efforts arise in the area of herds in KSS shoals when loading 
from their own weight, with combined loading from their own weight and snow load, 
the number and values of positive efforts in CMV shoals increase. 

The authors have developed a new constructive measure to extinguish 
constructive-nonholonomic effects without the use of solid flooring. The essence 
of this constructive event is as follows: the jambs of the grid of the wooden closed 
CMV are reinforced with prefabricated tapes connected to each other and with the 
jambs by steel capercaillie (Fig. 7). 

The width of the prefabricated steel belts is equal to 80% of the width of the 
reinforced jamb of the closed CMV (Fig. 8). This constructive measure extinguishes 
the constructive non-holonomy in the nodes of the wooden closed KSS on a square 
plan, which makes it possible to cover the arch from translucent polycarbonate panels

Fig. 7 A fragment of a grid 
of a timber closed 
circle-mesh vault on a square 
plan 
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Fig. 8 A fragment of a 
timber closed circular grid 
arch on a square plan with 
jambs reinforced with 
prefabricated bands 

of zero Gaussian curvature. The panels are installed on the cells of the vault and 
secured with tapes of non-ferrous metal or stainless steel, pressed by galvanized 
grouse, through tape linings [10]. 

Thanks to such constructive measures to extinguish constructive-non-holonomic 
effects without the use of solid flooring, the authors have developed a model with a 
translucent coating of a wooden closed CMV on a square plan (Fig. 9).

4 Conclusions 

The geometric parameters of a timber closed circle-mesh vault on a square plan are 
determined. 

The area of the appearance of positive forces arising from loads from their own 
weight and temporary snow load in the jambs of a timber closed CMV on a square 
plan is revealed. 

A special constructive measure has been developed to reduce the amount of posi-
tive efforts arising from its own weight and snow load in the jambs of a timber closed 
CMV on a square plan. 

A special constructive measure has been developed to offset the constructive-non-
holonomic effects arising from its own weight and snow load in the jambs of a timber 
closed CMV on a square plan.
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Fig. 9 Timber closed CMV 
on a square plan
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Study of the Concrete Resistance 
to the Action of Anti-Icing Agents 

Alexey Bulgakov , Jens Otto , and Viacheslav Aseev 

Abstract The research is aimed at studying methods for determining the strength 
of concrete, taking into account the effect of anti-icing agents on it. The focus of the 
study considered in the article is aimed at determining the patterns and mechanisms 
of joint work of concrete and chloride reagents that prevent the formation of ice 
on the body of concrete structures at the time of strength gain. In the course of 
the study, formulas were considered that determine the strength development of the 
samples under study in the context of the joint work of the above materials. Next, 
the coefficient of influence of anti-icing chemical additives on concrete structures 
was determined. The scientific novelty of the work lies in the determination of the 
physical and chemical mechanism that explains the causes of the destruction of 
concrete and its components under the influence of anti-icing reagents, as well as 
the identification of the main classification features of chemical de-icing agents by 
the nature of the aggressive effect on concrete and its components. As a result of 
the study, experimental studies of nine concrete samples were carried out under the 
influence of various conditions that affect the strength characteristics and durability 
of the material, and a method for calculating concrete exposed to an aggressive 
chloride environment was developed. 

Keywords Resistance of concrete · Anti-icing reagents · Chlorine substances ·
Coefficient of reagents influence
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1 Introduction 

Concrete is a material widely used in both industrial and civil engineering. One of its 
most important characteristics, namely durability, depends on a number of different 
factors: the number and amplitude of the temperature difference, the strength of the 
acting loads, the impact of chemicals, the number of freeze–thaw cycles, and, of 
course, the use of anti-icing solutions. 

A large number of works by scientists from different countries are devoted to the 
study of such characteristics as the durability of concrete, as well as the influence 
of aggressive chemicals and environments [1–3], but as the infrastructure for the 
production and maintenance of concrete products develops, other, newer ones began 
to appear. sources of influence, which also affect a number of characteristics of 
the material under consideration, including the service life [4–6]. Undoubtedly, the 
mechanism of action of new impurities and combinations of chemical compounds 
has not been fully studied even today, however, at the moment, studies show that the 
most relevant in the context of solving the problem of applying anti-icing coatings 
is the effect of chloride substances on the body of concrete [7–10]. 

To study this issue, it is necessary to determine the mechanism of destruction 
of concrete under the influence of the simultaneous influence of chlorine anti-icing 
chemical reagents and load [11–13], the dynamics of changes in the physical and 
mechanical parameters of the body of concrete and its components, to investigate 
changes in the physical and mechanical parameters of the properties of concrete in 
chemically aggressive environment, as well as to assess the physical and chemical 
changes occurring in the contact zone of concrete—anti-icing material. 

2 Materials and Methods 

In order to fulfill the task set, it is necessary to test concrete cubes of a solid section 
with dimensions of 100 × 100x100mm for short-term loads, under the influence of 
which the samples will be destroyed (Fig. 1).

For the manufacture of a concrete cube, we use the following materials: 

– Cement M500; 
– River sand; 
– Water. 

These materials were mixed in a cement/sand ratio of 1:2. Water was added 
in a volume sufficient to obtain the desired consistency. The mass of water in the 
composition of the solution was 70–75% of the mass of cement. For the preparation 
of cubes of strength class B15, cement grade M500 was used. Some samples should 
have been placed in a 0.086% deicer solution. 

To make a 0.086% deicer solution, 7 L of water are mixed with 660 g of a 
chloride deicer. The loading of the test cubes was carried out in accordance with
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Fig. 1 General view of the  
concrete sample

GOST 10,180–2012 and was carried out with an increasing load until the sample 
was destroyed. At the end of the destruction, readings were taken from the test facility. 

The next step was to plot the dependence of the critical load on the curing time for 
samples that were not in a 0.086% solution of anti-icing agent, and then for samples 
that were in this solution. After that, the difference between the obtained materials 
was analyzed, on the basis of which formulas were derived that determine the laws 
of joint work of concrete and anti-icing chloride admixture. 

A necessary step was also a comparison of the intended and actually obtained 
concrete grade, the definition formula of which is used from GOST 10,180–2012: 

R = α 
F 

A 
kw (1) 

To derive the most universal coefficients, the samples were tested on different 
days of curing. For this reason, the formula is also used: 

Rb,t = Rb28 
(lgt) 
(lg28) 

(2) 

Based on the results of experimental and theoretical studies, a graph of the depen-
dence of the critical load on the time of curing was constructed, according to which 
the level of the critical load of the samples treated with an anti-icing coating and 
being under its influence for different lengths of time was analyzed.
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3 Experimental Section 

For the purpose of the experiment, 9 samples of concrete cubes were made according 
to GOST 10,180–2012. M500 cement was taken as the components of the concrete 
samples. The next stage of this study was the manufacture of a 0.086% solution of 
anti-icing substance. 

Several batches of samples were used for the experiment. 
The first batch consisted of: 

– A concrete cube that has gained strength in 7 days, not placed in a solution; 
– A concrete cube that has gained strength in 7 days, placed in a solution for two 
– Days (located in a 0.086% solution of an anti-icing additive from 5 to 7 days); 
– A concrete cube that has gained strength in 9 days, placed in a solution for four 

days (in a 0.086% solution of an anti-icing additive from days 5 to 9). 

The second batch consisted of: 

– A concrete cube that has gained strength in 14 days, not placed in a solution; 
– A concrete cube that has gained strength in 14 days, placed in a solution for two 

days (being in a 0.086% solution of an anti-icing additive from 12 to 14 days). 
– A concrete cube that has gained strength in 16 days, placed in a solution for four 

days (being in a 0.086% solution of an anti-icing additive from 12 to 16 days). 

The third batch consisted of: 

– A concrete cube that has gained strength in 21 days, not placed in a solution; 
– A concrete cube that gained strength in 21 days, placed in a solution for two days 

(being in a 0.086% solution of an anti-icing additive from 19 to 21 days); 
– A concrete cube that has gained strength in 23 days, placed in a solution for four 

days (being in a 0.086% solution of an anti-icing additive from 19 to 23 days). 

The experiment was carried out according to the following algorithm: 

1. Destruction of a concrete cube. 
2. Taking readings. 

During the experiment, the absolute values of the destruction of concrete samples 
under the action of short-term loads were obtained. The measurement results are 
shown in Fig. 2.

On the plot of the dependence of the critical load on the curing time (Fig. 2), we 
can observe that the level of the critical load perceived by concrete samples that were 
not in a 0.086% de-icing agent solution is higher than the level of other samples. 
Moreover, it can be noted that the critical load level for samples that have been in 
solution for two days is higher than the critical load level compared to samples that 
have been in solution for four days. 

Based on the obtained values, the average Rb28 for the samples not placed in the 
0.086% solution was calculated, whose value corresponded to the expected strength 
class B15.
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Fig. 2 Comparison graph of the dependence of the critical load on the time of curing for all types 
of specimens considered 

_ __ _

—Samples that were not in 0.086% anti-icing solution 

_ __ _

—Samples that were in a 0.086% solution of anti-icing agent during the last two days of 
curing 

_ __ _

—Samples that were in a 0.086% solution of anti-icing agent during the last four days of 
curing

Using (2), we introduce a formula that determines the strength of concrete in a 
chloride solution: 

Rb,t 
cl = Rb28 

cl (lgt) 
(lg28) , (3) 

where Rb,t 
cl —the strength of concrete in an alkaline solution for t days. 

Rb28 
cl —strength of concrete cured for 28 days and then placed in an alkaline 0.086% 

solution. 
Based on the formulas described above, we introduce a coefficient that allows us 

to determine the effect of a chloride solution on the strength of concrete samples. 
Entered factor:
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ct2 = Rb,t 
cl_2t 

Rb,t 
, (4) 

where ct2—coefficient to determine the two-day effect of a chloride solution on the 
strength of concrete samples; Rb,t—strength of concrete cured in t days; Rb,t 

cl_2t — 
strength of concrete that has gained strength in t-2 days, and then gaining strength 
up to 28 days for two days in a 0.086% solution. 

Hence, to determine the strength of a concrete sample that has gained 26-day 
strength, and then gaining full strength while in an alkaline 0.086% solution for 2 
days, it will be determined by the formula: 

Rb28 
cl_2t = Rb28 ∗ Rb,t 

cl2t 

Rb,t 
(5) 

or 

Rb28 
cl_2t = Rb28 ∗ ct2 (6) 

By the same principle, based on formulas (2) and (3), we introduce a coeffi-
cient that allows us to determine the effect of a chloride solution on the strength of 
concrete samples that have been in a chloride solution for the last 4 days of strength 
development. Entered coefficient: 

ct4 = Rb,t 
cl_4t 

Rb,t 
, (7) 

where ct4—coefficient to determine the four-day effect of a chloride solution on the 
strength of concrete samples; Rb,t—strength of concrete cured in t days; Rb,t 

cl_4t — 
strength of concrete that has gained strength in t-4 days, and then gaining strength 
to 28-day four days in a 0.086% solution. 

Hence, to determine the strength of a concrete sample that has gained 24-day 
strength, and then gaining full strength while in an alkaline 0.086% solution for 4 
days, it will be determined by the formula: 

Rb28 
cl_4t = Rb28 ∗ Rb,t 

cl4t 

Rb,t 
(8) 

or 

Rb28 
cl_4t = Rb28 ∗ ct4 (9)



Study of the Concrete Resistance to the Action of Anti-Icing Agents 181

4 Results and Discussion 

As a result of the research, a graph was constructed for comparing the dependence 
of strength on time for all types of experimental samples considered, based on the 
introduced coefficients, as well as on the formulas used above (Fig. 3). 

On the graph comparing the dependence of strength on time (Fig. 3), we can 
clearly observe that the level of strength shown by the samples that were not in 
the 0.086% solution is higher than the strength level of the remaining samples. In 
addition, it is natural that the strength for the type of samples that were in solution for 
two days is higher than the strength level compared to samples that were in solution 
for four days.

Fig. 3 Comparison dependence graph of the critical load on the curing time for all types of 
specimens considered, based on theoretical calculations 

_ __ _

—Samples that were not in 0.086% anti-icing solution 

_ __ _

—Samples that were in a 0.086% solution of anti-icing agent during the last two days of 
curing 

_ __ _

—Samples that were in a 0.086% solution of anti-icing agent during the last four days of 
curing 
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5 Conclusion 

Based on the data obtained and after analyzing the constructed dependency graphs, 
we conclude that the resulting calculation algorithm, together with the introduced 
coefficients, allows, with the accuracy necessary in the context of this study, to 
determine the effect of anti-icing coating on the strength of concrete at various stages 
of hardening. 
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One of the Options for Using 
an Integrated Air Heater in Heat Supply 
Systems 

Aleksey Burtsev , Dmitry Tyutyunov , Alexander Burtsev , 
and Polina Akulshina 

Abstract This article presents a theoretical study of the functioning of an exper-
imental installation of a complex air heater designed for waste gas heat recovery. 
The resulting heat is then partially used to maintain the required temperature of the 
incoming supply air. A variant of air flow control during ventilation of premises along 
with the use of the resulting excess heat according to the “smart home” scheme is 
considered. At the same time, the transients that inevitably arise during the operation 
of the studied structure are taken into account. 

Keywords Recuperator · Utilization · Heat transfer · Experimental installation ·
Thermal balance · Cost management 

1 Introduction 

One of the main tasks of our time is the improvement of resource-saving technologies, 
as well as ensuring environmental safety. The solution of these problems involves 
the effective application of the latest scientific methods and approaches in the field of 
utilization of low-potential thermal energy of industrial waste gases and ventilation 
emissions [1, 2]. 

For this purpose, in this study, it is proposed to use a complex multilayer plate 
heat exchanger (CMPT), the principle of operation of which is to use a multilayer 
wall made of a material with a high coefficient of thermal conductivity, in which 
semiconductor Peltier elements are mounted for deep utilization of low-potential heat
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of waste gases and ventilation emissions with associated electrical energy generation 
to ensure autonomous operation of a ventilation installation or additional cooling/ 
heating of the air [3]. 

During the experimental study in the CMPT, the function of the heat source was 
performed by the air heated in the heater, which played the role of hot exhaust gases. 
At the same time, air taken by a fan from the laboratory room was used as working 
heat in the ventilation system. It was considered as an incompressible gas, and the heat 
exchange between the heated and heating heat carriers was considered a stationary 
process. In this case, their turbulence is isotropic. 

2 Materials and Methods 

The heat Q obtained in the air heater is spent, respectively, on additional heating of 
the building (laboratory) Q1 = b1·Q, where b1 = 0,85…0,88 and obtaining thermal 
EMF Q2 = b2·Q, where b1 = 0,12…0,15 [3]. The considered component Q1 can be 
implemented according to the scheme, Fig. 1. 

Fig. 1 Control scheme of the supply and exhaust ventilation system with a recuperator: D1—Supply 
air damper; D2—Exhaust air damper; F1—Supply filter; F2—Exhaust filter; M1—Supply fan; 
M2—Exhaust fan; Q1—water heater; FS1—Channel humidity sensor; FS2—room humidity sensor; 
SM1, SM2—Electric drive of the regulating damper; SM3—Electric bypass drive; SM4—Electric 
drive of the 3–way valve of the water heater; TE1—Outdoor air sensor; TE2—Air temperature 
sensor after the heat exchanger; TE3—Temperature sensor against freezing of the water heater; 
TE4—Temperature sensor of the reverse coolant; TE5—Channel temperature sensor; TE6—Room 
temperature sensor; DD1 - Dry running protection relay; M3—water heater circulation pump; 
1—plate heat exchanger; 2—room with control panel; 3—street; 4—controller
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In this case, the ventilation system of the facility is designated by the thermal load 
R, which consumes part Q1 of the heat being disposed of Q. It includes the following 
equipment and materials: 

k—the heat transfer coefficient of the enclosure of the ventilated room, W/(m2 · 
°C); 

F—the area of the inner surface of the ventilated room, m2; 
Q1, Q2, QK , QN ; Qv; QF ; Q1A; Q2A—respectively, heat flows carried in the supply 

and exhaust ducts, heated room, mixing circulation fan, in internal heat sources, 
in the devices of the supplied filtration, the mixing point of hot and cold flows A, 
supplied by fan M1 and exhaust fan M2, W.  

3 Experimental Section 

Consider the heat balance equation at point A [2, 4–6]: 

Qin  A  = Qent A (1) 

where Qin  A  and Qent A are, respectively, the total heat flows at the inlet and outlet in 
the vicinity of point A, W.  

Obviously, Qent A can be represented as: 

Qin  A  = Q1A + Q2A + QF + QV (2) 

It follows from the experiment: 

QF = QV ≈ 0 (3)  

When selecting between the exhaust and supply ventilation systems, the air 
consumption G1, G2 and the mixing coefficient of hot and cold air masses U at 
point A should be taken into account in accordance with the requirements of [7–11]: 

U = 
T1 − TA 

TA − T2 
(4) 

It is important to note that the air flow in a stationary process has heat flows 
proportional to the corresponding flow rates Q1 ~ G1 and Q2 ~ G2: 

Q1 = G1 · c1P · (T1 − T2) (5) 

Q2 = G2 · c2P · (T1 − T2) (6)
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Temperatures T 1 and T 2 are taken in the range of 15…65 °C. The specific heat 
capacities at constant pressure c1P and c2P are equal to 1,005 kJ/kg · °C. 

4 Results and Discussion 

In this case, we consider the coordinated operation of the M1 and M2 actuators 
on their joint linearity sections with vertical boundaries 1–1 and 2–2, respectively, 
segment DE (curve I) and segment SL (curve II) (Figs. 2, 3). 

Given (4, 5) and (6), it is easy to relate Q1 and Q2: 

Q2 = μ · U · Q1 (7) 

U = const., μ determined from the experiment; Q1 and Q2 are nominal values 
corresponding to the stationary mode. 

Obviously, due to this linearity, the heated air moves through the control valve V1 
with a fraction of the full opening of K1. Then it is pumped through the heat load R 
by means of the fan M1, preheating at point A with a fraction of the full capacity of 
the pump K2. In this case, we obtain the corresponding values Q1A, Q2A at point A, 
taking into account (7): 

Q1A = K1 · Q1 (8) 

Q2A = K2 · Q2 = μ · U · Q1 · K1 · K2 (9)

Fig. 2 Design scheme of the installation: RK1—plate heat exchanger; F1—Supply filter; F2— 
exhaust filter; M1—Supply fan; M2—Exhaust fan; P1—control panel; Q1—water heater; T1 and 
T2—supply and exhaust air temperatures; Ta—air temperature at point A at the bypass inlet; Tc,— 
respectively, the air temperature in the heated room and at the outlet from it; K1—the proportion 
of full opening of the bypass valve V1 (0 ≤ K1 ≤ 1); KN —the proportion of full capacity of the 
supply fan M1; M1 (0 ≤ KN ≤ 1); k is the heat transfer coefficient of the heat exchanger, W/m °C
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Fig. 3 Thermal 
characteristics of the 
actuators M1, M2

The heat flow from point A, entering the heat load R (heated room) creates in it a 
nominal temperature Tc = 20 °C (Tc = 273K). In stationary mode, the specified Qk 

flow is transmitted through the fence wall, and: 

QK = k · F · (Tk − TH ) (10) 

In this case, Q, taking into account (10), takes the form: 

QBli x = Qk + Q2 = k · F · (Tk − TH ) + Q2 (11) 

Q2 = const, Q2 ≥ 0 is the heat entering the thermoelectric generator and 
considering (1)–4), (7–11), we get: 

Q1A + Q2A = Qk + Q2 (12) 

Substituting (8–10) into (12), we have: 

Q1 · K1 · (1 + μ · U · K2) = k · F · (Tk − TH ) + Q2 (13) 

The ratio (13) corresponds to the values of the nominal values of the parameters 
included in its left and right parts. Assuming that both of these parts are non-negative. 

We investigate the dynamics of the thermal balance (13), assuming that the change 
in the temperature pressure of the ΔTkn = Tc—Tn occurs due to fluctuations in the 
outdoor air temperature Tn by a certain amount of ΔTn ≥ 0.
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In the case of a decrease in the temperature of Tn by the value of ΔTn, its new 
value Tn1 can be represented in the form Tn1 = Tn—ΔTn, in the case of an increase 
in the form Tn2 = Tn + ΔTn. 

Similarly, the temperature of the Tc of the thermal load R (ventilated room) 
changes in the form of Tc1 = Tc—ΔTk—in the case of a decrease, Tc2 = Tc + 
ΔTk—in the case of an increase. In this case, we assume ΔTc ≥ 0. 

Let’s consider the main options: 

(1) Let’s say the temperature of Tn has decreased by ΔTn degrees, which, with 
unchanged positions K1 and K2, leads to a decrease in the temperature of Tc 

by the amount of ΔTk degrees. To restore the thermal balance, it is enough to 
reduce the proportion of K1 of the full opening of the valve V1 by a certain 
amount of ΔK1 and at the same time, respectively, increase the proportion of 
K2 of the full fan performance M1 by a certain amount of ΔK2: 

Q1 · (K1 − ΔK1) · (1 + μ · U · (K2 − ΔK2)) 
= k · F · (Tk + ΔTk) − (TH + ΔTH ) (14) 

Based on the actual conditions in the state of the weather, it can be assumed 
that the temperature difference between Tn and Tc is not abrupt. 

In this case, it is permissible to put ΔK1 = 0, ΔKN ≥ 0. Given (13), we get:

ΔK2 = 
k · F · (ΔTH − ΔTk) 

Q1 · K1 · μ · U (15) 

Given that ΔK2 ≥ 0, we have:

ΔTk ≥ ΔTH (16) 

(2) Let’s say the temperature of Tn has increased by ΔTn degrees, which, with 
unchanged positions K1 and K2, leads to an increase in the temperature of Tc 

by the value of ΔT k degrees. And in this case, in order to preserve the thermal 
balance, we will reduce the proportion of K2 of the total capacity of the mixing 
pump by a certain amount of ΔK2 and, accordingly, reduce the proportion of 
K1 of the full opening of the valve V1 by a certain amount of ΔK1: 

Q1 · (K1 − ΔK1) · (1 + μ · U · (K2 − ΔK2)) 
= k · F · (Tk + ΔTk) − (TH + ΔTH ) (17) 

By analogy with point (a), we assume ΔKN = 0, ΔK1 ≥ 0. Given (13), we 
get:

ΔK1 = 
k · F · (ΔTk − ΔTH ) 
Q1 · (1 + μ · U · K2) 

(18)
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Given that ΔK1 ≥ 0, we get:

ΔTk ≥ ΔTH (19) 

The ratio (13) allows you to work in the ΔK1 · ΔKN /= 0 mode, but this approach 
complicates the control of the drives and increases the time of its implementation. 
In addition, in stationary conditions, the appearance of transients in the ventilation 
system and the corresponding heat supply is unlikely. 

Using formulas (1–13), let’s imagine an air flow control scheme in a «smart 
house», Fig. 4. 

It is important to understand that the constants and, respectively, included in 
expressions (15) and (18) are formed in advance and entered into multipliers in the 
scheme in the form of multipliers:

Fig. 4 Ventilation and heat supply control scheme of the facility 
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C̄1 = k · F 
Q1 · K1 · μ · U (20) 

C̄2 = k · F 
Q1 · (1 + K2 · μ · U ) (21) 

Q1, K1, K2, μ, U are the nominal values of the parameters. 
At the inputs, if necessary, the temperatures tk °C and tn °C are translated into the 

scale of the SI, Tc, Tn system, which translates them into the positive region of the 
temperature scale. 

It should be noted that the proportionality of the shares of K1 and K2 to the 
corresponding expenses of G1 and G2, K1 ~ G1, K2 ~ G2, which allows for the 
appropriate calibration of flowmeters. In this case, the ratios ΔK1 ~ G1, ΔK2 ~ G2 

are also valid for cost increments. This approach allows us to obtain the following 
working formulas:

ΔG2 = 
k · F · (ΔTH − ΔTk) 

Q1 · μ · U · K1 
(22) 

If ΔTn ≥ ΔTk , ΔG1 = 0, ΔG2 ≥ 0. 

.ΔG1 = 
k · F · (ΔTk − ΔTH ) 
Q1 · (1 + μ · U · G2) 

(23) 

5 Conclusions 

The design of a dependent heat supply has been developed, functioning with the help 
of an integrated air heater for waste gas heat recovery. 

A mathematical model of heat flow control in the process of ventilation and 
associated heat supply is proposed and investigated. 

A mobile scheme for controlling air heat flows based on the "smart home" principle 
has been created. 

In order to increase the efficiency of the proposed heat exchanger, Peltier elements 
can be used in its design, which, with a temperature difference in the recuperator, 
will simultaneously generate electricity, additionally utilizing the heat of ventilation 
emissions.
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Development of an Electromagnetic 
Monitoring System for Urbanized Areas 
Near Power Lines 

Alexey Bulgakov , Jens Otto , and Pavel Maltsev 

Abstract The practical significance of the study is increasing every day, because 
human’s life has changed a lot with the advent of electrical appliances and electrical 
equipment. Their functioning requires more and more energy, which, unfortunately, 
has negative properties that affect the human’s body. Based on the analysis of the 
results of the International Project on Electromagnetic Fields, the World Health Orga-
nization (WHO) concluded that there was insufficient research on the results of the 
negative effects of prolonged low-level exposure to extremely low frequency elec-
tromagnetic fields and formulated recommendations, including the need to continue 
research to determine the negative impact on human health and ways to reduce the 
levels of exposure to electromagnetic fields during construction new structures. The 
relevance of the direction is determined by the need to develop monitoring and ways 
to improve the protection of the environment and people in urbanized areas near 
power lines of various voltage classes, which is important for ensuring the sustain-
able development of human settlements and protecting people from the negative 
effects of electromagnetic pollution of the urban environment. 

Keywords Environmental monitoring · Urbanized territory · Power line ·
Electromagnetic field · Electric field strength · Magnetic field strength

A. Bulgakov (B) · P. Maltsev 
Southwest State University, 50 Let Oktyabrya St. 94, 305040 Kursk, Russia 
e-mail: agi.bulgakov@mail.ru 

P. Maltsev 
e-mail: maltsevpavel@mail.ru 

J. Otto 
Technical University of Dresden, Mommsen St. 10, 01069 Dresden, Germany 
e-mail: jens.otto@tu-dresden.de 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 
N. Vatin et al. (eds.), Modern Problems in Construction, 
Lecture Notes in Civil Engineering 372, 
https://doi.org/10.1007/978-3-031-36723-6_21 

193

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-36723-6_21&domain=pdf
http://orcid.org/0000-0003-4261-9840
http://orcid.org/0000-0001-7157-2143
http://orcid.org/0000-0001-5190-6150
mailto:agi.bulgakov@mail.ru
mailto:maltsevpavel@mail.ru
mailto:jens.otto@tu-dresden.de
https://doi.org/10.1007/978-3-031-36723-6_21


194 A. Bulgakov et al.

1 Introduction 

Intensive use of electric energy in the modern information society has led to the fact 
that in recent decades another significant anthropogenic negative factor has emerged 
and formed—electromagnetic pollution of the environment. The facts show that the 
usual level of the low-frequency electromagnetic field of a large industrial city corre-
sponds to the situation of a natural “magnetic storm” (abnormally high geomagnetic 
activity). Electromagnetic pollution in a number of cities already exceeds natural 
levels by a thousand or more times. 

Electromagnetic safety of urbanized territories is the state of protection of urban 
territories from the potential danger of electromagnetic radiation. Such safety of 
populated areas is ensured by compliance with the established maximum permissible 
levels (MPD) of electric and magnetic field strength [1]. Engineering and environ-
mental surveys for construction, which include the study of electromagnetic fields, 
are carried out to assess the current state and predict possible environmental changes 
under the influence of anthropogenic load in order to prevent, minimize or elimi-
nate harmful and undesirable environmental and related social, economic and other 
consequences and maintain an optimal standard of living and living conditions of 
the population. During the construction, operation and liquidation of construction 
facilities, engineering and environmental studies and surveys should, if necessary, 
be continued [2] by organizing environmental monitoring of the state of natural and 
technical systems, the effectiveness of protective and environmental measures and the 
dynamics of the environmental situation. In order to ensure information management 
in the field of environmental protection, rational use of natural resources, ensuring 
environmentally safe sustainable development of the territory, maintaining a data 
fund on the state of the environment and ecosystems, natural resources, sources of 
anthropogenic impact, a unified environmental monitoring system has been created. 
Environmental monitoring includes monitoring of atmospheric air, lands, forests, 
water bodies, wildlife and the state of the subsoil. 

Power transmission lines and construction facilities located next to them are a 
complex system characterized by long-term interaction and changing factors of the 
impact of its components on the environment and on each other, including electro-
magnetic factors. It should be noted that, although there is a developed electromag-
netic monitoring system for high-frequency emitting equipment, supported by an 
appropriate regulatory and methodological framework, there is no such system for 
power equipment, and monitoring of the electromagnetic environment is currently 
carried out sporadically [3]. To assess the state of the natural environment by the 
factors of electromagnetic radiation of telecommunication equipment, an automated 
software package for the analysis of the electromagnetic environment has been 
created. There are practically no such software tools for power systems.
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2 Methods 

In this paper, the study of the electromagnetic field of power transmission lines 
was carried out using an analytical method and a field strength meter of industrial 
frequency PZ-50 [4]. 

PZ-50 is designed to measure the RMS value of the electric and magnetic field 
strength excited by high-voltage electrical installations of industrial frequency. The 
appearance of the PZ-50 is shown in Fig. 1. 

Operating conditions of the device: 

– Ambient temperature from + 5 to  + 40° C; 
– Relative humidity up to 90% at a temperature of + 25° C; 
– Atmospheric pressure 70 - 106.7 kPa (537–800 mmHg). 

The main elements of the meter are the reference device UO3-50 and directional 
reception antenna converters. The operation of the meter is based on excitation in 
the antenna converter under the influence of the measured field of alternating voltage 
proportional to the field strength. The alternating voltage is pre-amplified in the

Fig. 1 Appearance of the industrial frequency field strength meter PZ-50 
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antenna converter and enters the input of the UO3-50, where it is filtered, further 
amplified, converted to a constant voltage and indicated. 

PZ-50 is designed for measurements in the frequency range from 48 to 52 Hz. 
The measuring range of the electric field strength is from 0.01 to 100 kV / m, the 
measuring range of the magnetic field is from 0.1 to 1800 A / m [4]. 

The meter allows continuous operation under operating conditions (without 
replacing batteries) for at least 17 h when powered by a new set of batteries with 
a nominal capacity of at least 1 A/hour. The electrical power supply of the PZ-50 
is carried out from the built-in battery of their 4 replaceable DC chemical elements 
with a rated voltage of 1.5 V. The power consumed from the battery does not exceed 
0.1 watts. 

To determine the RMS value of the electric (magnetic) field strength, measure-
ments were carried out at a selected point in the projection space of the electric 
(magnetic) field intensity vector on three mutually orthogonal axes. After that, the 
modulus of the electric (magnetic) field intensity vector was determined [5]. 

The assessment of the levels of electromagnetic fields of power lines was carried 
out according to the analytical calculation according to the formulas that will be 
given in the next paragraph. 

The electric and magnetic field strength was measured in the position of the 
measuring antenna at a height of 1.75 m above ground level. 

However, these instructions do not consider the case of measuring the electric 
field when turning the power line route. In addition, there is currently no method for 
measuring the magnetic fields of power lines. 

3 Results and Discussion 

To study electromagnetic pollution from power lines in the city of Kurchatov (Russia, 
Kursk region), measurements of the electric and magnetic field strength of 115 kV 
power lines, 345 kV power lines, 495 kV power lines were carried out. Measurements 
were carried out at a height of 1.75 m from the earth’s surface using a meter of electric 
and magnetic field intensity of industrial frequency PZ-50 along the flight route of 
the power line [6]. 

The initial ones for the analysis of nonstationary processes in a homogeneous 
isotropic medium are the nonstationary Maxwell equations in integral form [7] 

Used to calculate the instantaneous value of the electric field vector, V/m:

∮

l 

Edl  = −  
d 

dt  
∫
s 
Bd S (1) 

This equation is used to determine the instantaneous value of the magnetic field 
vector, A/m:
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∮

l 

Hdl  = −  
d 

dt  
∫
s 
Dd S (2) 

Using this equality, we determine the instantaneous value of the electric induction 
vector, C/m2:

∮

s 

Dd S = 0 (3)  

The equation is used to determine the instantaneous value of the magnetic 
induction vector, Tl:

∮

s 

Bd S  = 0 (4)  

All values are functions of the spatial coordinate r and time t. Equations (1 - 4) 
are equations of macroscopic electrodynamics [8]. 

The system (1–4) is not closed, since it is a system of 8 scalar equations for 16 
scalar quantities [9], if we move from vector quantities to their components in any 
coordinate system. To close this system, the material equations are postulated: 

D = εaE, (5) 

B = μa H (6) 

where εa is the absolute permittivity of the medium, F/m[10]; 
μa is the absolute magnetic permeability of the medium, H/m [11]. 
Thus, when organizing field studies in the city of Kurchatov, which are supported 

by analytical calculations, the following data were obtained (Table 1) (Fig. 2).
This and the following graph shows the dependence of the voltage of the electric 

(magnetic) field on the point of the power line located between the two supports [12] 
(Fig. 3).

As a result of the experiment, based on both graphs presented, it is possible to 
draw a logical conclusion about the amplification of the electric and magnetic fields 
in the middle of the span (L/2), since it is at this point that the transmission line has 
the greatest slack in relation to the two supports and is located at the closest distance 
to the antenna receiver of the electric field voltage measuring device, which is located 
at a distance of 1.75 m above ground level [13]. The reverse output follows at the 
points of the first (L = 0) and the next supports (L): the conductor is located at the 
maximum distance from the antenna, and therefore the sensor fixes the minimum 
value of the measured value. At the intermediate points, the values are approximately 
in the accepted ratio between the value calculated at the beginning of the support (L
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Table 1 Electromagnetic field along the span of the route. A table with the measured magnetic 
field strength (H) and electric field strength (E), with the distance (L) between two supports of 
high-voltage power lines, obtained from the results of a full-scale survey of the line in the city of 
Kurchatov using the industrial frequency field strength meter PZ-50 

The distance between the two poles of the 
power line 

Power line 115 
kV 

Power line 345 
kV 

Power line 495 
kV 

E, kV/ 
m 

H, A/ 
m 

E, kV/ 
m 

H, A/ 
m 

E, kV/ 
m 

H, A/ 
m 

0 0,49 0,29 1,17 0,70 3,27 1,91 

1/4L 1,14 0,66 2,80 1,63 5,31 3,11 

1/2L 1,95 1,13 4,30 2,52 7,44 4,38 

3/4L 1,15 0,66 2,81 1,63 5,28 3,10 

L 0,50 0,29 1,18 0,69 3,24 1,90 

Note L is the distance between the supports 

Fig. 2 Electric field strength along a high-voltage power line

= 0) and the middle of the conductor between the two supports (L/2). Both graphs 
tend to adopt the function of a parabola [14].
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Fig. 3 Magnetic field strength along a high-voltage power transmission line

4 Conclusion 

As a result of the conducted research, it was found that the level of electromagnetic 
radiation is a function of the nominal value of their voltage: with increasing voltage, 
the values of the electric and magnetic field intensity increase. It should be noted that 
with the linear route of the power line, the electric and magnetic components reach 
the highest values at the points of projection of the extreme wire to the ground, and 
the greatest amount of tension is observed at the point of maximum sagging of the 
wires, i.e. in the middle of the span [15]. 

The maximum permissible level of electric field intensity for the population is 0.5 
kV/m, for residential areas—1 kV/m. According to the measurements carried out, it 
was revealed that at the border of the established sanitary protection zones of the city 
of Kurchatov [16], the level of electric field intensity does not exceed the maximum 
permissible value for a residential development zone. 

Based on the conducted experiment, it was found that the existing method of 
measuring electromagnetic fields of power lines, according to which, in order to 
determine the rms value of the electric (magnetic) field strength, measurements must 
be carried out at a selected point in the projection space of the electric (magnetic) 
field intensity vector on three mutually orthogonal axes, can be simplified. 

The lines of force of the electric field of the power line extend parallel to the wires 
of the power line, the lines of force of the magnetic field—perpendicular to the wires.
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The values of the electric and magnetic field strength obtained by measurements 
differ from the corresponding values obtained by analytical techniques by no more 
than 1.4% [17]. 

Acknowledgements The work was carried out on the basis of South-West State University to 
participate in “Modern Problem in Construction: Setting Tasks and Ways to Solve Them” (MPC-
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Deflections and Free Vibrations 
of Circular Isotropic Plates of Thickness 
Varying in Accordance with a Parabola 
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Abstract The paper considers the relationship between the dynamic and static 
parameters of circular isotropic plates under various boundary conditions. The studies 
of the plates were carried out under static and dynamic loading, taking into account 
the variability of the thickness. The authors established the relationship between 
the maximum deflection and the natural frequencies of the transverse vibrations of 
the plates, and assessed the matching of the coefficient K obtained by numerical 
studies with its analytical one. The curves for the frequencies of free vibrations and 
deflections under the static load and the change in the coefficient K depending on 
the thickness of the plate and boundary conditions were plotted. Studies showed that 
the coefficient K complies within 5% of the dependence of Professor V.I. Korobko 
only when the ratio of the thickness in the center to the thickness on the support t2/ 
t1 = 60/50 < 1.2 for both support schemes. This is due to the fact that formula (16) 
was derived for isotropic plates with constant thickness and the distribution of mass 
evenly over the entire area of the plate leads to a significant error already at the stage 
of a small difference between the thicknesses at the support and in the center. With a 
thickness ratio t2/t1 = 100/50 = 2, the difference between the K coefficient and the 
analytical one is about 16%. 
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1 Introduction 

A large number of works are devoted to the calculation of solid and composite plates 
[1–9]. This article presents the study of the coefficient K, which express the relation 
between the frequencies of natural vibrations and the maximum deflections of the 
plates. 

The determination of static and dynamic characteristics leads to determining the 
deflections [10–15] and frequencies of system vibrations [16–19] in solving the 
relevant differential equations. The functional relationship between the maximum 
deflection and the frequency of the fundamental mode of free transverse vibrations 
of elastic isotropic plates was proved by V. I. Korobko [5]. 

2 Materials and Methods 

The differential equation of the plate transverse deflection has the form: 

∂4W 

∂x4 
+ 2 

∂4W 

∂x2∂y2 
+ 

∂4W 

∂y4 
= 

q 

D 
(1) 

With the use of biharmonic operators, the equation takes the form: 

D∇2∇2 W = 
q 

D 
. (2) 

where W = W (x, y) is the deflection function of the plate at the transverse deflec-
tion; ∇2∇2∇2∇2—is a biharmonic operator; D = EH 3 /(12

(
1 − ν2

)
) is cylindrical 

stiffness of the plate; 
q(x, y) is the law of the lateral load change. 
The differential equation of plate free vibrations: 

D

(
∂4W 

∂x4 
+ 2 

∂4W 

∂x2∂y2 
+ 

∂4W 

∂y4

)
+ m 

∂2W 

∂t2 
= 0 (3)  

D∇2∇2 W + m 
∂2W 

∂t2 
= 0. (4) 

where W = W (x, y, t) is the deflection function of a freely oscillating plate; m is the 
mass per unit area of the plate; E, ν are respectively the modulus of elasticity of the 
material and the Poisson’s ratio. 

If the vibrations are harmonic 

W = W (x, y) · cos(ωt), (5)
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then Eq. (1) can be transformed to the following form: 

D∇2∇2 W − mω2 W = 0 

or 

D∇2∇2 W − β2 W = 0, 

where β2 = mω2/D is the eigenvalue of the differential equation of vibrations of the 
plates. 

Let us represent the deflection function as a product of the maximum deflection 
W0 by the unit function f (x, y) and substitute it in the differential equations of 
transverse deflection and free vibrations of the plates: 

W (x, y) = W0 f (x, y) (6)

{
D∇2∇2 f − mω2 f = 0 
DW0∇2∇2 f − q(x, y) = 0 

It should be noted that the precise solution of these differential equations is valid 
only in the frequent cases of plate forms and boundary conditions. Therefore, in 
practice, approximate methods of solution are mainly used. 

If we assume that the plate is under a uniformly distributed load q, then having inte-
grated Eq. (6) over the entire area of the region, and having performed the necessary 
transformations, we will get: 

W0 = 
q 

D 

A 
˜ 

A 
∇2∇2 f d  A  

, ω2 = 
D 

m 

˜ 

A 
∇2∇2 f d  A  

˜ 

A 
f d  A  

. (7) 

The deflection function W (x, y) can approximately be put down in a one-parameter 
form in the polar coordinate system: 

W (x, y) = W0 f (x, y) = W0g

[
t 

r (φ)

]
= W0g(ρ) (8) 

where r = r(ϕ) is the equation of the contour of the plate in the polar coordinate 
system, t and ϕ are polar coordinates, ρ = t/r(ϕ) is the dimensionless polar coordinate. 

This function describes a surface which level lines are similar to the region contour 
and are similarly located. The representation of the function of deflections in this 
form is justified by the fact that through it we can write down the exact solution to 
the problem of transverse deflection of a rigidly pinched elliptical plate under the 
action of a uniformly distributed load. Since just in a single case it is possible to
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represent the real deflection function in the form of a one-parameter function (8), 
further results are of an approximate nature. 

We transform the integrals in (7), taking into account the deflection function in 
form (8). 

¨ 

A 

f d  A  = 
2π∫

0 

r∫

0 

g(ρ)tdtdφ. (9) 

Multiplying and dividing the right-hand side by r2, we get after the transforma-
tions: 

¨ 

A 

f d  A  = 2A 
1∫

0 

g(ρ)ρdρ. (10) 

Completing the transformation of the integral of the biharmonic operator 
according to, we finally write: 

I = (
K 2 f �g1 + K f �g2

)
/A = K f

(
K f �g1 + �g2

)
/A (11) 

where

�g1 = 
1 

2 

1∫

0

(
gIV  ρ − 12g′′′ − 21g′′ρ−1 − 3g′ρ−2

)
dρ,

�g2 = 
π 
2 

1∫

0

(
2gIV  ρ + 14g′′′ + 22g′′ρ−1 + 3g′ρ−2

)
dρ, 

(12) 

The sign of the approximate equality in (11) appeared under the transformation 
of integrals by means of the Bunyakovsky inequality. We substitute integrals (9) and 
(11) into expressions (6). After the necessary transformations, we get: 

⎧ 
⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎩ 

W0 ≈ 
q A2 

D 

1 

K 2 f �g1 + K f �g2 
, 

ω2 ≈ D 

2A2m 

K 2 f �g1 + K f �g2 

1∫

0 
gρdρ 

(13) 

Since all the values of the definite integrals occurring in the expressions (13) are  
constant numbers depending on the accuracy of the choice of function g (ρ), they 
can be represented as the proportionality coefficients Kw, Kω and B. Then
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W0 = Kw 
q 

D 

A2 

K 2 f + BK  f 
, ω2 = Kω 

D 

m 

K 2 f + BK  f 

A2 
. (14) 

where 

Kw = 1
/

�g1; Kω = 1 2�g1

/
1∫

0 
gρdρ; B = �g2

/
�g1 . (15) 

Strictly speaking, the signs of approximate equalities should be put in expressions 
(14), in view of (12) and the approximation of function g (ρ). 

Let us multiply the expressions (14) to each other: 

W0ω
2 = Kw Kω 

q 

m 
= K 

q 

m 
. (16) 

Taking into account that the coefficients Kw and Kω depend on the shape of the 
plate, the following regularity can be obtained from the expression (16): for elastic 
isotropic plates of identical shapes with homogeneous boundary conditions, the 
product of the maximum deflection W0 from the action of the uniformly distributed 
load q per square of their fundamental frequency of transverse vibrations in the 
unloaded state, ω2 with accuracy up to the dimensional factor q/m is a constant. 
Thus, it is mathematically and rigorously proved that for the whole set of plates 
with homogeneous boundary conditions the product W0·ω2 will be represented by 
a single curve. An important feature of the formulated regularity is the fact that the 
product W0·ω2, which is considered in it, does not depend on the flexural rigidity 
and dimensions of constructions. 

The design structure is a circular isotropic plate, the thickness of which varies 
in accordance with a parabola (Fig. 1). The thickness of the plate on the support is 
5 cm, the thickness in the span varies according to the parabola with maximum value 
at the middle:

t = 5 + k · x 1 2 (cm). (17) 

Numerical studies of the plates were carried out by the finite element method. The 
design schemes of composite plates are shown in Fig. 2. When calculating the plates, 
two support schemes were investigated: rigid pinching along the contour (Fig. 2a) 
and hinged support along the contour (Fig. 2b).

The plate with a diameter of 6 m is divided into 240 finite elements—24 elements 
in the annular direction and 10 finite elements in the radial direction (Fig. 1). The 
thickness of the plate on the support was taken constant 0.05 m; the thickness in the 
center was a variable parameter and varied from 0.05 m (plate of constant thickness) 
to 0.10 m with a step of 0.005 m. The plate was taken from steel of ordinary quality, 
volumetric weight 78.5 kN / m3. The modulus of elasticity is taken as E = 2.06
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Fig. 1 Circular plate with a 
linearly variable thickness 
(a—finite element scheme; 
b—plate thickness)

Fig. 2 Design diagrams of 
plates (a—with hinged 
support along the contour; 
b—with pinching along the 
contour)

·105 MPa according to the Building Code of Russian Federation SP 16.13330.2017 
“Steel structures”. All studies were carried out under the assumption of the elastic 
work of the material. Uniformly distributed load was assumed to be q = 1 kN/m2 

(Fig. 2). The support was carried out along the contour in the contour nodes of the 
plates. Two support schemes were provided—hinged support and fixing along the
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contour. To determine the natural frequencies of the transverse vibrations of the 
plates, concentrated masses from the empty weight of the plate were applied to the 
structural nodes in accordance with the load area of the nodes. 

3 Results and Discussion 

Determination of vibration and deflection frequencies was carried out using the 
SCAD software package [20]. The results of numerical studies of the plate are shown 
in Tables 1 and 2. 

According to the data of Tables 1 and 2, graphs of changes in the maximum 
deflections and vibration frequencies in the studied plates and the proportionality 
coefficient K are plotted. The deviation of the actual value of the coefficient K from 
the theoretical one was determined by the formula:

	 = 
Ktheor  − K 

Ktheor  
· 100% (18) 

Based on the results of the research, curves for the frequency of natural oscillations 
(Fig. 3), maximum deflections (Fig. 4) and the K coefficient (Fig. 5) are plotted.

Table 1 Results of numerical studies of a circular plate, the thickness of which varies in accordance 
with a parabola, D = 6 m with hinged support 

t1 (mm) t2 (mm) Circular 
frequency of 
fundamental 
tone, 
ω (s−1) 

Maximum 
deflection, 
W0 (mm) 

K = 
W0ω

2/ 
(q/m) 

K = W0w2/(q/m) 
based on analytical  
W0 and ω 

Deviation of 
K from 
Ktheor. % 

50 50 42.52237 21.8409 1.581 1.579 −0.11 

50 55 45.19654 17.9303 1.542 2.35 

50 60 47.88706 14.8697 1.507 4.58 

50 65 50.56988 12.4814 1.477 6.45 

50 70 53.25339 10.5797 1.451 8.10 

50 75 55.93603 9.0470 1.428 9.55 

50 80 58.61656 7.7981 1.408 10.84 

50 85 61.29428 6.7700 1.390 12.00 

50 90 63.96914 5.9159 1.373 13.04 

50 95 66.64001 5.2006 1.358 13.99 

50 100 69.30723 4.5969 1.345 14.84
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Table 2 Results of numerical studies of a circular plate plate, the thickness of which varies in 
accordance with a parabola, d = 6 m when pinched along the contour 

t1 (mm) t2 (mm) Circular 
frequency of 
fundamental 
tone, 
ω (s−1) 

Maximum 
deflection, 
W0 (mm) 

K = 
W0ω

2/ 
(q/m) 

K = W0w2/(q/m) 
based on analytical  
W0 and ω 

Deviation of 
K from 
Ktheor. % 

50 50 89.80446 5.1396 1.658 1.629 −1.81 

50 55 93.04019 4.4117 1.608 1.30 

50 60 96.26179 3.8158 1.562 4.09 

50 65 99.4389 3.3322 1.525 6.40 

50 70 102.5884 2.9315 1.492 8.40 

50 75 105.7178 2.5957 1.464 10.15 

50 80 108.8287 2.3116 1.438 11.70 

50 85 111.9266 2.0693 1.416 13.06 

50 90 115.014 1.8609 1.396 14.29 

50 95 118.0914 1.6806 1.378 15.39 

50 100 121.1638 1.5235 1.362 16.39

Fig. 3 Change in free vibration frequencies depending on the thickness of the plate t2 in the center
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Fig. 4 Change in deflections by static load depending on the thickness of the plate t2 in the center 

Fig. 5 Change in coefficient K depending on the thickness of the plate t2 in the center 

4 Conclusion 

As a result of numerical studies, the maximum deflections and free vibration frequen-
cies were determined for circular isotropic plates with a thickness varying in accor-
dance with parabola with a thickening in the center. Studies showed that the coef-
ficient K matches within 5% of the dependence of Professor V.I. Korobko only for 
the ratio of the thickness in the center to the thickness on the support t2 / t1 = 60/50 
< 1.2 for both support schemes. This is due to the fact that formula (16) was derived 
for isotropic plates with constant thickness and the distribution of mass evenly over 
the entire area of the plate. This leads to a significant error already at the stage of 
a small difference between the thicknesses at the support and in the center. With a 
thickness ratio t2 / t1 = 100/50 = 2, the difference between the K coefficient and 
the analytical one is about 16%, and it should be expected that the difference will 
increase with increasing plate thickness in the center.
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as a Decision-Making Tool 
for the Placement of Urban Development 
Objects 

Yana Zolotukhina , Ekaterina Prokshits , Olga Sotnikova , 
and Vladislav Pozdnyakov 

Abstract One of the complex and difficult to formalize multi-criteria tasks when 
placing objects in an urban environment is making decisions about their placement, 
it is advisable to use scientific methods of system analysis and decision theory to 
solve it. Due to the large amount of open and accessible information for the anal-
ysis and active development of geoinformation systems, it became possible to use 
this information to solve various urban planning tasks when placing objects of any 
purpose, from residential to industrial facilities and organizing information support 
for decision-making when placing these objects. An urgent task for the authorities and 
self-government currently in the field of urban planning is the development of tools 
and methods that are based on information processing and that can be implemented 
as part of a decision support system. 
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1 Introduction 

Inefficiently used territories (degraded) or depressive appeared on the master plans 
of a large number of cities. Several zones in this category are highlighted on the 
interactive map of Voronezh: 

– industrial zones defined for renovation; 
– inefficiently used land plots; 
– land plots in areas of dilapidated individual and low-rise buildings. 

The sites of new housing construction are also singled out separately, large terri-
tories of the central part of the city that previously belonged to enterprises are trans-
ferred to the housing stock every year, which thereby creates a re-consolidation of the 
territory with an already poorly developed infrastructure. The degraded territories of 
the city of Voronezh are currently shown in Fig. 1. 

It is possible to notice the trend of the decline of giant factories and the growth of 
the number of private new manufacturing firms in their place [1, 2]. New shopping 
malls and residential complexes are being built on the site of old industrial enterprises,

Fig. 1 Degraded territories of the city of Voronezh (present) 
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which requires further systematic approach and development at the level of urban 
planning. Voronezh industrial facilities in the 2019 master plan are shown in Fig. 2. 

Historical analysis shows that the growth of depressive territories is directly related 
and directly proportional to the past time due to the reasons of the economic downturn 
during the “perestroika”, the end of the service life of a large number of buildings 
within the city, the lack of a systematic approach in urban planning and design [3] 
(Table 1).

The need to manage land resources in the emerging socio-economic conditions 
requires a wide application of the principles of formation and organization of research 
and design work, as well as the creation of a unified information field in the land 
management industry [4].

Fig. 2 Voronezh industrial facilities on the 2019 master plan 
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Table 1 Technical and economic indicators of Voronezh master plans of different periods 

№ 

п/п 
Indicators 

U
n

it
 o

f 

m
ea

su
re

m
en

t 

Status on 

Projected 

calculated 

indicators for 

2013 2020 2026 

1 

The total land area of 

the Voronezh city 

district 

ha 59899.9 59948.93 59948.93 

% 100.0  100.0 100.0 

2 Population size 
thousands of 

people. 
1003.6 1058.5 1327.6 

3 Residential area 
ha 12571.3 13374.03 13067.78 

% 21.0 22.4 21.9 

4 Production area 
ha 5235.9 4220.79 4209.05 

% 8.7 7.1 6.7 

5 
Area of green areas of 

common use 

ha 706.6 703.77 703.48 

% 1.17 1.2 1.2

The use of a systematic approach and methods in scientific research, the develop-
ment of mathematical cartography, computer technology and computing technolo-
gies, all this determines the development of modern land management and urban 
planning. 

Tasks in the field of geoinformation are not limited only to cartographic research, 
but go far beyond its scope, thereby it becomes the basis for the integration of various 
fields and knowledge for the study of more complex systems. And the symbiosis of the 
acquired knowledge, information and data should be transformed into high-quality 
cartographic material [5, 6]. 

2 Materials and Methods 

To select the most optimal option for the work, a comparative analysis of geoin-
formation systems was performed, 3 programs were considered: ArcGIS, MapInfo 
and InGEO. The most suitable for the purpose of the work was the ArcGIS program 
(Table 2).

The most optimal method for choosing a territory for placing objects in the city 
is the zoning method, since it assumes the presence of zones for various purposes 
that are built up by existing objects, this method is based on the division of the 
territory into polygonal plots, taking into account certain criteria and restrictions set 
for each case [7]. The task of constructing a zoning model with specified criteria and 
restrictions in geoinformation systems is the creation of layers of polygonal objects, 
each of which has a value or a range of values assigned depending on the specified 
criterion [8, 9].
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Table 2 Comparative analysis of geoinformation systems 

Criteria ArcGIS MapInfo InGEO 

Ease of creating a custom coordinate system − + − 
Ability to project data + + + 

The function of converting the designation of the coordinates of the 
fields 

+ + + 

Definition of projection + − − 
The ability to create a custom geographical transformation + − + 

Country of origin USA USA Russia

To solve zoning problems in geoinformation systems, a large number of basic 
spatial analysis methods can be found, which in addition must be embedded in DSS 
in the form of complex procedures that are configured in a certain way to solve specific 
application problems using a specific data set. A description of such methods can be 
found in the ArcGIS program, which perfectly implements algorithms suitable for 
modeling development zones, these basic zoning methods include: 

– dissolve–zoning using vector models of geographical objects by merging by 
attribute; 

– create thiessen polygons -zoning by creating Thyssen polygons; 
– point density–zoning using raster models of geographical objects based on point 

density analysis. 

The factors influencing the placement of industrial facilities when making 
decisions by the zoning method are: 

– natural; 
– socio-demographic; 
– economic and geographical; 
– urban planning. 

The initial data for constructing a zoning model for the placement of an object in 
an urban environment are many sets of geographical objects represented on the map. 
These objects are represented on the map as a set of layers S. Layer si εS defines 
the type of spatial localization of objects and the attribute vector As− < aS l , . . .  >. 
Each object en in the layer has its own unique identifier n, a set of coordinates 
G = {x1, y1, . . .  xn, yn} defining its location and shape, and a vector of attribute 
values An =< aS l , . . .  >  

E =< el..en > (1) 

The task of constructing a zoning model can be represented as an algorithmically 
defined function
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Fig. 3 Decision-making process 

F(S‘) → M, S′ ∈ S. (2) 

The function F should implement two interrelated and non-trivial tasks: 

1. Determination of the value of the ai criterion for each polygon from M based on 
the S‘ data. This task is related to the summation of the indicators of the set of 
objects that are located in this zone under consideration, a common value is the 
integral over the area of the site for continuous quantities. 

2. Defining the boundaries of all polygons in M. 

Another indicator such as the remoteness of the zone from the source of the 
necessary resource is also not a simple and unambiguous task [10, 11]. In standard 
methods of analyzing the placement of an object, fixed points are usually specified, 
which are the centers of the areas of consumption of this energy resource, the method 
of determining the coordinates of these points is not specified, the Euclidean distances 
from the points to the source of the resource are indicated. Although in some cases in 
urban planning it is more logical to use a system of distances of city blocks, according 
to which the distance between two points is equal to the sum of the modules of 
the differences of their coordinates. Which shows the importance of an individual 
approach in choosing a method. 

Based on everything described, a general decision support scheme based on zoning 
models was identified, shown in the Fig. 3. 

The general scheme of decision support based on zoning models is shown in 
Fig. 4.

3 Results and Discussion 

The method uses GIS spatial analysis tools to automatically evaluate all possible 
ways of connecting the land plots presented on the map to the electrical substations 
or power lines presented there. At the same time, the power declared for connection
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Fig. 4 General scheme of decision support based on zoning models

and the values of the available power reserves at the facilities of the electric network 
are taken into account. 

An example of the zoning method can be a map of the connection of objects to 
the electrical networks of the city of Voronezh. In this example, we consider the 
possibility of using these electrical substations with a voltage of 6–10 kW with an 
assessment of the possibilities of connecting to them. This method allows you to 
consider the possibility of connecting both via overhead power lines and by laying 
underground cables. Figure 5 shows a fragment of the map, which shows the green 
dots-electrical substations to which connection is possible, the red lines of the bound-
aries of the plots and the capital construction objects themselves. These objects are 
taken into account when predicting the length of the routes of cable power lines [12, 
13].

Depending on the type of task, it is necessary to use a certain algorithm, for 
example, since the task of laying cable routes is an informal task, therefore, it cannot 
be solved automatically, but for a preliminary assessment of the amount of work, 
it is possible to use an algorithm for constructing shortest routes. To do this, routes 
are built on the raster model taking into account insurmountable obstacles, thereby 
allowing you to build routes taking into account existing buildings and structures. 
Objects are represented as a set of cells that are superimposed by a vector layer on the 
grid of the raster. In Fig. 6, yellow indicates objects with insurmountable obstacles 
around them (yellow and red cells) and green indicates a cable route.

This method shows that the use of geoinformation systems justifies its use from 
a practical point of view and confirms its implementation option for further use of 
evaluation and decision-making on the placement of objects in urban infrastructure. 

Trends in urban growth and expansion can be analyzed using GIS technologies 
and applied to the study of the suitability of urban spaces for the development of urban 
planning [14, 15]. To determine the areas suitable for urban growth, it is necessary to
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Fig. 5 Map of electrical 
substations and land plots

Fig. 6 Example of a raster 
tracing algorithm

take into account some factors. Currently, GIS is a functional and accessible planning 
information system that increases the usability and functionality of the software. GIS 
finds its application in urban planning as an analytical and modeling tool. It can be 
applied to a wide range of tasks. GIS also helps to conduct a feasibility study of the 
object, for example, to determine whether the site is suitable for a specific functional 
building.
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4 Conclusions 

The versatility of this model will allow further analysis of various networks, the 
possibility of their connection, take into account the restrictions associated with the 
objects of site protection and many other criteria and restrictions, which in turn 
will provide information support for decision-making on the development of the 
infrastructure of the city as a whole. For example, it will be possible to determine the 
area of the city where there are difficulties with connecting to thermal or electrical 
networks, or there is no reserve of one of the key energy resources to support the 
city’s vital activity, but there will be some other plus that will allow you to make an 
informed decision when placing objects. 

Thus, this zoning technique is an element of the technology of spatial analysis 
of the territory and various systems located in these territories. The methodology 
will allow you to automatically obtain structural models of urban structures, which 
can then be used in the analysis of existing options for their further development. 
During the model-based analysis procedure, only information available in the public 
domain of urban planning documentation is used, which determines its use by various 
structural divisions of the city administration by persons involved in the development 
of urban development. 
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Substantiation of Criteria for Supported 
Decision-Making in Urban Zoning 
on the Basis of the Concept 
of Sustainable Development 

Ekaterina Prokshits , Yana Zolotukhina , Olga Sotnikova , 
and Olga Mischenko 

Abstract Currently, universities have a significant impact on the environment due to 
high energy consumption, intensive transport, large amounts of waste, high consump-
tion of materials and intensive development of buildings and structures. The purpose 
of this study was to determine the key indicators for assessing the sustainable devel-
opment of the university campus when choosing its spatial organization and func-
tional planning. Sustainable development is the most important social problem. In 
recent years, many scientists have proposed to solve this problem on the basis of 
university communities, since they are leaders in the field of education, research and 
innovation. The different researches connected with questions of stability of territo-
ries of campus of that have been conducted as the universities can aim at creation 
of steady campuses. Options of interaction of the city with arrangement of func-
tional zones of campus based on results of quantitative and quality expert standard 
have been revealed. Depending on the obtained data options of transformation of 
the university and its adjacent territory have been offered. The main advantages and 
shortcomings of each of options of the space organization are revealed. The road 
map on making decision for town-planning placement on the city of the innovation 
educational environment is created. 
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1 Introduction 

In the conditions of global changes of the environment and climate interest in decrease 
in negative impact of anthropogenic load of the urban environment, including due to 
reduction of consumption of natural resources, ecologization, economy and rational 
territorial planning grows. Important role in achievement of goals of sustainable 
development is played by higher educational institutions. In recent years the role of 
the universities has sharply increased in achievement of goals of sustainable devel-
opment and also the innovative development of the countries [1]. For decrease in 
negative environmental impact and optimization of environmental management at 
stage of planning of territories under campus it is necessary to distribute compe-
tently the areas according to required functionality and considering the purposes and 
problems of sustainable development. 

Transformation of the system of Russian higher education is continued. In the 
next ten years in Russia it is going to construct not less than 30 world-class new 
university campuses [2]. 

The analysis of experiment of scientists and designers on creation of steady inno-
vation campuses has allowed to allocate the main trajectories of development [3–7]. 
Creation of network of modern university campuses contributes to the development 
and improvement of certain territories of the city which is meant as increase in quan-
tity of objects of service infrastructure and improvement of quality of the public 
spaces used by citizens daily [8]. 

Condition of infrastructure of the university—one of significant elements of its 
international competitiveness as making decision on the choice of the university by 
the Russian and foreign scientists, teachers and students depends including from it 
[9]. Further the last can find a job or create own business in the territory of Russia 
that can promote improvement of demographic and social and economic situation in 
the city and the region in general [3]. 

About growth of interest of the universities in questions of maintaining ecolog-
ical, cultural and economic balance in the world shows creation of different associ-
ations of the universities, such as Association of advance of the ideas of sustainable 
development in the higher education (USA), Partnership of the higher education for 
sustainable development (Great Britain), etc. Now actively the initiative of the United 
Nations “Interaction with the academic circles” directed to cooperation increase in the 
field of observance and protection of human rights, access to education and sustain-
able development is implemented. In Russia in 2017 the Association of “green” 
higher education institutions has been created [5]. 

Territories of university complexes are important link of natural framework of the 
city in the modern urbanized environment [10]. 

Transformation of the universities represents global transition from the university 
as personnel agent for industrial production to the university as innovation corpo-
ration of creation and distribution of modern knowledge today, and it demands also 
absolutely new view on architectural and space decisions in creation of university 
campuses [11].
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However it should be noted that criteria for support of decision-making process on 
the space organization of university territories and functional zoning of the innovation 
educational environment, based on mankind sustainable development concept are 
insufficiently in detail formulated. The offered criteria will be fundamental and will 
help to find answers to questions of need of transformation of the existing territory 
of the university and to its competent zoning as it is necessary to consider that set of 
functions integrate in one space. 

2 Materials and Methods 

The research was conducted on the basis of a set of theoretical and empirical methods: 
contextual analysis of modern works on the management and planning of university 
territories; comparative analysis of the role of universities as institutions of sustain-
able development of regions, annual reports and reports of organizations on the 
implementation of sustainable development goals. 

The object of the study was an innovative educational environment—campuses. 
The work was based on the concept of sustainable development, which is a funda-

mental factor in the formulation of criteria for the functional composition and urban 
planning placement of campus territories in the structure of the city. 

All the work was based on a systematic approach. The campus was considered 
as a complex integrated system. The principle of analyzing the interrelationships of 
environmental, economic and social factors of sustainable development was funda-
mental in determining the functional zones that make up the campus. In accordance 
with it, the criteria for evaluating the existing campus area and compliance with the 
required level were determined. The composition and ratios of functional zones were 
the main ones when choosing optimal solutions to improve the quality of the campus 
infrastructure and the urban environment as a whole. 

3 Results and Discussion 

The world-class campus has to be provided with all necessary for comfortable 
life. Functional saturation and variety of environment of university campus in the 
city assumes that students and the staff of the universities use city infrastructure 
continuously, are closely connected with cultural institutions and services in it. 

Students can combine study and elements of city life, and the space around 
the university can play important role for interaction and informal communication 
between students and teachers. The university itself also can create Wednesday for 
social and cultural life not only of students, but also locals: open lectures, concerts, 
university libraries can promote strengthening of local community. 

For rational allocation of functional zones first of all key indicators of compli-
ance of group of buildings and constructions of the university to the concept “steady
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campus” (see Table 1) have been formulated. Indicators have been formulated on 
the basis of the world rating of the UI Greenmetric universities [12]; sustainable 
development concepts of campus of Alshuvaykhat and Abubakar [13], program of 
sustainable development of UKM [14], indicators of sustainable development of 
campus of the University of Nottingham [15] and indicators of sustainable develop-
ment of campus of the University of Connecticut [16] and scientific research in the 
field [17, 18].

Taking into account the formulated key indicators of the effectiveness of assessing 
the sustainable development of the campus and the necessary from the point of view 
of management acts of general normative content in the territory of the innova-
tive educational environment, the following functional zones should be identified: 
housing; education; healthcare; catering; recreation, recreation; sports; consumer 
services; trade; parking lots; territories for possible expansion of space. 

It is possible to group the considered zones considering obligatory aspects of 
university processes. As a result we receive the following enlarged functions of 
territories of campus: educational and research, residential, retail trade and rest, 
entrepreneurial (commercial), infrastructure (Fig. 1).

Based on the formulated enlarged zones and the current set of rules for the design 
of buildings of educational institutions of higher education [19], groups of buildings 
and structures were identified, as well as territories necessary for the university to 
comply with the world-class innovative educational environment. 

The data obtained were used to form the university compliance questionnaire, 
which is necessary for the quantitative assessment of the university facilities and 
territory (see Table 2). Thanks to the involvement of experts in this field, students 
and teachers, it is possible to obtain data on the basis of which it is possible to decide 
whether the university territory needs transformation or corresponds to the level of 
a “sustainable campus”.

Based on the results of this assessment, it is possible to determine in which func-
tional areas there are no buildings and structures necessary for a comfortable life on 
the university campus. 

For a qualitative assessment of the territory and facilities that make up the univer-
sity, an assessment questionnaire was proposed, which provides questions for each 
functional zone that is part of the innovative educational environment (see Table 3).

On the basis of the obtained data it is possible to decide on further option of 
development of the innovation educational environment and to understand how 
considerable has to be transformation of the university. 

Taking into account opportunities of the territory and the budget it is possible 
to allocate two ways of transformation: construction (forming) new (results of 
questioning—49% and below) or reconstruction (renovation) existing (see Fig. 2).

Each of the two options has its advantages and disadvantages. The first option 
assumes creation of campus from scratch, most often use of the territory on the 
periphery of the city or beyond its limits is characteristic of this option. This approach 
is justified if the city has no earth within the developed building or necessary functions 
in campus demand specific conditions and need the considerable territory.
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Table 1 Key performance indicators of assessment of sustainable development of campus 

Sustainable 
development campus 

Economic sphere 1. Positive impact of infrastructure on 
achievement of goals of sustainable development 
and growth of national economy 
• Implementation of the project creates significant 
effect for region economy; 

• assistance to long-term and sustainable 
development of economy of the region 

2. Ensuring cost efficiency throughout all life cycle 
of implementation of the project 
• risk management mechanisms at all stages of life 
cycle; 

• use of the innovation technologies 

3. University as stakeholder organization 
• active interaction with society; 
• cooperation of bodies of the regional power, 
scientific and educational organizations, industrial 
enterprises and business communities; 

• cooperation of non-profit organizations in all 
spheres of social and economic and public life 

Ecological sphere 4. Integration of ecological aspects into the project 
• actions for minimization of negative impact on the 
environment; 

• actions for decrease in anthropogenic 
environmental impact; 

• actions for preservation of water resources; 
• recycling; 
• separate refuse collection; 
• Implementation of the program of energy saving; 
• Green construction; 
• Program of adaptation to climate change 

5. Resistance to natural disasters, emergencies 
and other risks 
• resistance to natural disasters and emergencies; 
• measures for protection against effects of natural 
disasters and emergency situations 

6. Transport and pedestrian road system 
• Organized pedestrian and walking network; 
• Bicycle infrastructure; 
• Use of the eco-friendly type of transport

(continued)
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Table 1 (continued)

Social sphere 7. Integration of social aspects into the project 
• Ensuring open access about campus life for all 
residents; 

• Implementation of the concept “smart—the city” in 
the territory of campus (smart-campus) 

8. Improvement of quality of administration by 
infrastructure 
• Courses on sustainable development; 
• Actions in the field of sustainable development; 
• Carrying out researches in the field of sustainable 
development; 

• Publications on scope of sustainable development

Fig. 1 Enlarged functional 
areas of the campus

Transformation of campus by reconstruction of the existing territory demands 
significantly smaller capital investments, than creation of campus “from scratch”. 
However specific norm of costs of one building (on the specified area) at reconstruc-
tion it is essential above, than at new construction [20]. 

Also it should be noted that at reconstruction the university not always has territo-
ries for implementation of new functional zones and also construction of new build-
ings. Besides, at reconstruction creators of campus are limited to design features of 
the existing buildings (bearing capacities of the bases, preservation of main walls, 
exterior of facades and other) [21]. 

In turn the option of reconstruction of the existing university and its territory has 
two ways:

• Consolidation and development of university built-up areas;
• Development of the campus on sites in the closest accessibility to universities.
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Table 2 Questionnaire of quantitative assessment of objects and territory of the university 

Functional zones Objects which are part of functional 
zones 

Yes No 

Educational and research functions The building or group of buildings with 
lecture audiences; 

✓ 

The building or group of buildings with: 
audiences for work in small groups, etc. 

✓ 

Laboratories ✓ 
Library with media library ✓ 
Co-working space ✓ 

Residential function Student residence ✓ 
The hostel for foreign students ✓ 
Housing for teachers ✓ 
Housing for support personnel ✓ 
Housing for short-term stay of students 
(entrants, students of other higher 
education institutions arriving within the 
competitions, conferences, etc.) 

✓ 

Housing for short-term stay of teachers 
of other 
Higher education institutions 

✓ 

Hotel complex ✓ 
Function of retail trade and rest Cafe ✓ 

Dining room ✓ 
Cultural center, museum ✓ 
Supermarket ✓ 
Building of consumer services ✓ 
Sports zones and respective buildings ✓ 

Entrepreneurial (commercial) function Business incubator ✓ 
Business center ✓ 
Bases the practician of the supervising 
employers 

✓ 

Infrastructure Parking space ✓ 
Pedestrian road system ✓ 
Transport availability (stop of public 
transport close) 

✓

(continued)
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Table 2 (continued)

Functional zones Objects which are part of functional
zones

Yes No

The reserve territory for long-range 
planning of development of the 
educational organization of the higher 
education 

✓ 

Total 100% 

100%—the territory completely conform to standards of the innovation educational environment; 
80–99%—the territory more conform to standards of the innovation educational environment, but 
need insignificant transformation; 
50–79%—the territory partially conform to standards of the innovation educational environment, 
but need transformation; 
49% and below—the territory do not conform to standards of the innovation educational environment 
and need considerable transformation

At option use the next territories it is necessary to allocate functional zones, being 
based not only on requirements of the university, but also considering requirements 
of city community. 

In case of consolidation of space due to construction of additional university 
objects, sharing of public spaces or certain buildings (for example, libraries, the 
museums, sports facilities) together with normal citizens is possible that in turn will 
create attraction points in the urban environment. 

Localization of university campus or option of the campus dispersed in the city 
depends on such factors as: historical features of development of the university in 
the city; opportunities and desire of the city and regional authorities or business 
to participate in this process; possibility of reconstruction of adjacent territories; 
redevelopment. 

Despite the chosen option of space development of campus it is necessary to 
involve city communities in discussion of development plans for the university terri-
tory and to agree on development plans for the territory with the city authorities that 
updating of the university did not come to an end with expenditure for infrastructure, 
and gave effect for development of the city. 

At the space organization of campus it is also necessary to consider that it should 
not be strongly removed from the existing centers of the industry. It is connected with 
need to provide contacts between teaching and specific productions that is especially 
relevant for the universities of technical orientation [22, 23]. The created campus 
becomes not only education and scientific center, it begins to create the environment, 
both in esthetic [24], and in the investment plan [25]. 

Thus, it is possible to formulate the main stages necessary at acceptance the 
solution on transformation and spatial arrangement of campus (See Fig. 3).

The modern campus is capable to be under construction with use of natural laws 
of development, to become part of ecosystem in general and to promote formation 
of balance between the nature and the person [2].



Substantiation of Criteria for Supported Decision-Making in Urban … 231

Table 3 Questionnaire of quality standard of objects and territory of the university 

Category of question 
according to functional 
zone 

Question That’s 
good 

So-so Badly 

Residential 1. Evaluate comfort and the present of 
dormitories of our Higher education 
institution today 

✓ 

2. Evaluate comfort and the present of 
housing for teachers of our Higher 
education institution today 

✓ 

Education 3. Estimate condition of academic 
buildings of our higher education 
institution 

✓ 

4. Evaluate scientific infrastructure, 
including laboratories, co-workings, 
the scientific-test centers of our 
university 

✓ 

Library complex 5. Estimate condition of library 
complex of our higher education 
institution 

✓ 

Health care 6. Evaluate the level and availability of 
objects of medical care in the 
territory of our higher education 
institution 

✓ 

Sport 7. Evaluate sports infrastructure of our 
higher education institution 

✓ 

Culture 8. Evaluate public and cultural spaces 
at our university 

✓ 

Leisure 9. Evaluate leisure infrastructure of 
our higher education institution 

✓ 

Trade 10. Estimate availability and level of 
trade enterprises near our 
university 

✓ 

Obshchestvennoyepitaniye 11. Evaluate the level of objects of 
power supply in the territory of our 
university 

✓ 

Social and household 
assignment 

12. Estimate availability of all 
necessary social and household 
objects to student’s life 

✓ 

Commercial (business 
activity) 

13. Evaluate the level and the present 
of the objects relating to 
commercial and enterprise activity 
(including business incubators, 
business centers, bases the 
practician of the supervising 
employers) in the territory of our 
university 

✓

(continued)
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Table 3 (continued)

Category of question
according to functional
zone

Question That’s
good

So-so Badly

Parking of the motor 
transport 

14. Evaluate the level of security with 
places for parking of the motor 
transport in the territory of our 
university 

✓ 

The reserve territory for 
long-range planning of 
development 

15. Whether your Higher education 
institution the reserve territory for 
further long-range planning and 
development of the educational 
organization has? 

✓ 

Total 100% 

100%—the territory completely conform to standards of the innovation educational environment; 
80–99%—the territory more conform to standards of the innovation educational environment, but 
need insignificant transformation; 
50–79%—the territory partially conform to standards of the innovation educational environment, 
but need transformation; 
49% and below—the territory do not conform to standards of the innovation educational environment 
and need considerable transformation

Fig. 2 Ways of university transformation after expert evaluation

For modern universities, not only the academic function is important, but also 
the opportunity to cooperate with business. The platform for the formation of inno-
vations in the city, the development of technological entrepreneurship is precisely 
this interaction between the university and business. With the help of such coopera-
tion, an innovative business is being built. In addition, a well-designed campus can 
become a point of economic growth of the territory on which it is located. 

All above shows obviously expressed need of rapprochement and combination 
of education and the city, disconnection of different cultural forms and institutions 
and forming of the open, rich educational space creating conditions for building of 
different educational trajectories.
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Fig. 3 The Roadmap of 
decision-making at 
town-planning placement of 
university campus

4 Conclusion 

1. The conducted research made it possible to formulate criteria and indicators 
for evaluating university territories, taking into account the concept of sustain-
able development. The indicators correspond to three areas of campus activity: 
economic, ecological, and social. 

2. Taking into account the mandatory aspects of university processes, the enlarged 
functional zones of the innovative educational environment are identified: educa-
tional and research, housing, retail trade and recreation, entrepreneurship, 
infrastructure.
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3. Questionnaires have been formed for quantitative and qualitative assessment of 
university facilities and territories. With the help of the information received, it is 
possible to determine exactly what needs to be transformed and how large-scale 
it should be. 

4. Various variants of the spatial organization of university campuses are analyzed 
and the pros and cons of each option are identified. 

5. A roadmap is proposed for choosing a variant of the spatial organization of an 
innovative educational environment, which can be used by universities as a guide 
for the transformation of objects and territories into a sustainable campus. 
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8. Sima M, Grigorescu I, Bălteanu D, Nikolova M (2022) A comparative analysis of campus 
greening practices at universities in Romania and Bulgaria: sharing the same challenges? J 
Clean Prod 373:13382 

9. Guo W, Ding Y, Yang G, Liu X (2022) Research on the indicators of sustainable campus 
renewal and reconstruction in pursuit of continuous historical and regional context. Buildings 
12(10):1508 

10. Cumans INO (2014) Zoning of projectible university campus. Eng Bull Don 31(4–1):14–23 
11. Prosekov AYU (2021) Concept of development of infrastructure of the southern campus of 

the network university of KUZBASS scientific education center. Univ Manage: Pract Anal 
25(2):49–58 

12. Nikolaev AN, Savvinov VM, Kugayevsky AA (2021) The university—the intellectual, innova-
tion and spiritual platform of sustainable development of the macroregion. Yakutsk: Northeast 
federal university of M.K. Ammosov, 268 

13. Alshuwaikhat HM, Abubakar I (2008) An integrated approach to achieving campus sustain-
ability: assessment of the current campus environmental management practices. J Clean Prod 
16:1777–1785 

14. Universitas Indonesia (2014) Guidelines of UI Green Metric World University Ranking. http:// 
www.greenmetric.ui.ac.id 

15. Chan FTS, Chan HK, Lau HCW, Ip RWL (2006) An AHP approach in benchmarking logistics 
performance of the postal industry. Benchmark Int J 13:636–661 

16. Fadzil ZF, Hashim HS, Che-Ani AI, Aziz S (2012) Developing a campus sustainability assess-
ment framework for the National University of Malaysia. Int J Environ Ecol Geol Min Eng 
6(6):44–48

http://www.greenmetric.ui.ac.id
http://www.greenmetric.ui.ac.id


Substantiation of Criteria for Supported Decision-Making in Urban … 235

17. University of Nottingham (2013) Sustainability report 2012–13. http://www.nottingham.ac.uk/ 
sustainability 

18. Amrina E, Imansuri F (2015) Key performance indicators for sustainable campus assessment: 
a case of Andalas University 349:11–18 

19. Melo J, Coelho AL (2022) Sustainability from the perspective of a Brazilian university: 
discourse and relations with the sustainable development goals. Revista Gestão Universitária 
na América Latina—GUAL 15:244–262 

20. Cumans INO (2014) Zoning of projectible university campus. Eng Bull Don 31(4–1):14–20 
21. Isakova SA, Morgun NA (2011) Features of forming of functional and planning blocks for 

architectural modernization of the universities (on the example of Southern Federal University). 
Bull Tomsk State Archit Constr Univ 4:27–36 

22. Chen Ya, Sonmez T (2002) Improving efficiency of on-campus housing: an experimental study. 
Am Econ Rev 92, 1669 

23. Zakharevich VG, Obukhovets VA (2022) Problems of engineering support of the innovation 
transformations in the region. Engineering bulletin of Don, Special issue “the II congress of 
engineers of Don. No 11, pp 17–27 

24. Kim SJ, Koo YM (2006) A strategic proposition for the improvement of campus town and 
an establishment of fine urban sight. New ideas of new century: materials of the TOGA FAD 
international scientific conference T. 1, pp 342–345 

25. Puchkov MV (2011) Strategies of development for the urbanized territories: campus models 
as control facility regional development. RAASN Acad Bull Uralniiproyekt 1:25–29

http://www.nottingham.ac.uk/sustainability
http://www.nottingham.ac.uk/sustainability


Truth May not Be Self-Evident but It is 
Demonstrable: The Case 
for the Construction of a Touristic 
Project at Ramla l-H−amra, Gozo 

Lino Bianco 

Abstract This paper addresses the development applications which were granted 
planning consent for the construction of a tourist complex along the side of Ramla l-
H−amra valley—the clay slope beneath the mythical Calypso Cave in which Homer’s 
Odysseus was allegedly held—a unique site of cultural and ecological signifi-
cance. A third-party objector set up SaveRamla, an environmental, non-governmental 
committee, to challenge these applications. Once granted, this multi-million euro 
project was widely supported by the national planning and environment regulator and 
given significant coverage on state media, including a debate on a prime programme. 
Based on planning legislation, the third-party objector proved that the outline permit 
on which the full permit was grounded contained false, misleading or incorrect 
information which had material bearing on the issuance of same. Both permits were 
subsequently revoked, a decision confirmed at the appeal stage. The relevance of 
this case study to contemporary literature on development planning is outlined. It 
concludes by arguing that (i) development planning history is imperative to document 
the evolution of the planning process over time; (ii) incorrect declaration of owner-
ship is sufficient for revocation of planning consent; and (iii) incomplete application 
leads to a decision that is informationally disabled. 
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1 Introduction 

When a Conservative MP from Witham, England, asked the Secretary of State for 
Communities and Local Government “what sanctions may be imposed on persons 
who have made false statements or provided false evidence in a planning applica-
tion”, the response was: “The planning application process relies on people acting 
in good faith. There is an expectation that applicants and those representing them 
provide decision makers with true and accurate information upon which to base their 
decisions. However, under Sect. 65(6) of the Town and Country Planning Act 1990, 
it is an offence to issue a false ownership certificate knowingly or recklessly. If a 
local planning authority feels that an application does not accurately or fully describe 
the proposed development, or that it is in any way misleading, it is entitled to ask 
the applicant to amend it or rectify any omissions before it agrees to process the 
application. Planning applications are publicised during the determination period so 
that any interested parties have the opportunity to comment. If any party considers 
that the application includes deliberately misleading information, or lacks important 
information that would be material to the decision, they should report this to the 
relevant local authority who will decide what action is appropriate” [1]. 

Although Malta is the name of the main island of the Maltese archipelago— 
located in the central Mediterranean (Fig. 1a)—it also refers to its dependencies, 
which include Gozo, the second largest island (Fig. 1b). Having been a colony of 
Britain until 1964, this EU Member State’s public administration and governance 
are heavily grounded on Anglo-Saxon archetypes [2]. A first source of inspiration in 
drafting legislation in Malta is in fact often British. The Development Planning Act 
1992 (DPA) [3] was modelled on the UK’s Town and Country Planning Act 1969 
[4]; the Town and Country Planning Act 1990 (TCPA) [5] was a development of the 
1969 Act.

A significant variation between the TCPA and the DPA is that in the former the 
legislative power is delegated to local and central government officials, whilst in the 
latter it is vested in the Planning Authority (PA), a centralised authority, renamed 
Malta Environment and Planning Authority (MEPA) in 2002 with the merger of 
the PA with the Environment Protection Department. It was demerged and replaced 
by the Planning Authority and the Environment and Resources Authority in 2016. 
This article addresses the case for the revocation of development planning permits 
PA5138/02 and PA7902/05 at Ramla l-H−amra, Xagèra, Gozo (Fig. 1c). The consent 
was for the redevelopment of the area occupied by the Ulysses Lodge and the 
surrounding disturbed landscape (Fig. 1d and e) The author was requested by a 
third-party objector to put forward the case. The two main technical submissions— 
which became an issue in the 2008 electoral campaign, with the Harvard-educated 
opposition leader, Alfred Sant, pledging to block this development project within the 
limits of the law [6]—form the basis of this paper [7, 8]. These submissions initially 
first stopped MEPA from sending the PA7902/05 permit, and then “to revoke it in 
a cathartic public hearing” [9]. Following an outline of the development planning
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Fig. 1 Site location: a the Mediterranean Sea showing the location of the Maltese archipelago, 
Greece, Italy and Libya; b the Maltese archipelago indicating the location of Ramla l-H−amra; 
c Ramla l-H−amra Bay, Xagèra (boxed in red); d Ramla l-H−amra Bay and the locations of the 
remains of the Roman Villa (circled in red), Calypso Cave (marked in yellow), and Ulysses Lodge 
(marked in blue); and e view of the Ramla l-H−amra Bay with Ulysses Lodge in the foreground

history at Ramla l-H−amra and pertinent instruments in local legislation, these appli-
cations were critically reviewed together with the process leading to the permits’ 
eventual revocation. The appraisal identified aspects of relevance to contemporary 
literature on planning practice. 

2 Ramla l-H−amra 

2.1 Background 

Gozo has long been identified with Ogygia, the Island of Calypso, the mythical 
prison of love where Odysseus was entrapped in Homer’s epic poem, the Odyssey. 
Odysseus—Virgil’s Ulysses—washed up there, the sole survivor of a shipwreck. On 
reaching the shore he was detained for seven years by the queenly nymph Calypso— 
“the fair-tressed daughter of Atlas, … a dread goddess”—who promised him immor-
tality and eternal enjoyment of her sensual pleasures if he would be her husband [10]. 
Athena—Odysseus’ patron goddess—begged Zeus, the king of the gods, to order 
his release from sexual slavery so that he could return to his true wife, Penelope. 
Odysseus was freed on Zeus’s order.
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Located on the north-east coast of the island, at the mouth of Wied tar-Ramla 
(Ramla Valley) between Marsalforn Bay and San Blas Bay, Ramla l-H−amra (Maltese 
for ‘red sand’) is Gozo’s largest sandy beach and the most popular in the Maltese 
Islands (Fig. 1d). It is one of the most picturesque and heritage-laden areas of the 
archipelago, notably due to the quasi-intact dune system and a Roman villa [11]. 
Although subjected to anthropogenic impacts, the coastal dunes at Ramla l-H−amra 
support flora and fauna typical to the area. A list of the vegetation cover characterising 
this sand dune habitat and other biotic communities is included in a number of 
studies [e.g., 11, 12]. These dunes likely protected the site of the Roman villa, first 
discovered in late 1910 by the director of the Museum of Archaeology and Rector of 
the University of Malta, Sir Themistocles Zammit [13, 14] (Fig. 1d). The perimeter 
of the villa was re-designed following studies undertaken over the period 2010 and 
2017 [15]. The cave of the legendary nymph is situated to the west of the present site 
of Ulysses Lodge (Fig. 1d). 

Ramla l-H−amra was scheduled in 1995 for its ecological and cultural significance 
under Article 46 of the DPA [3]; notification of this decision was published in The 
Malta Government Gazette [16]. It was designated an area of ecological importance 
as per Structure Plan Policy RCO 12 [17] and Clauses 15.34, 15:35, 15:38 and 15.39 
of the plan’s Explanatory Memorandum [16, 18]. The list of scheduled cultural 
heritage assets at this site, including the relative classification, is given in Table 1. 
All are graded in terms of Structure Plan Policy UCO 7 [17] except for the remains 
of the Roman Villa which is in terms of Structure Plan Policy ARC 2 [17]. Given the 
conflict between conservation and the use of the beach for recreational purposes, the 
Gozo and Comino Local Plan Policy GZ-Xghr-3 made provision for the formulation 
of a visitor management plan to protect the vulnerable habitats to the levels requested 
by the scheduling, and maintain and upgrade the area in a manner compatible with 
national planning policies [19]. 

Table 1 List of scheduled 
cultural heritage property at 
Ramla l-H−amra [16] 

Scheduled property Grading 

Remains of Roman Villa Class A 

Part of blockhouse of Nadur Battery Grade 1 

Fougasse Grade 1 

Underwater obstacle (sea wall) Grade 1 

Salient of Ramla Redoubt Grade 1 

Remains of Belancourt Battery Grade 1 

Remains of Retrenchment Grade 1 

Pathway Grade 1 

Statue of Our Lady Grade 1
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2.2 Development Planning History 

A historically informed approach to account for space-specific development planning 
is to trace the chronicle of applications and permits on site; this goes beyond a 
narrative-driven description [20]. Further to compiling historical documents, the 
practical role of planning history is for “a comprehensive understanding of the past in 
order to illustrate the complexity of the present and shape the future” [21: 1054]. In the 
case of Ramla l-H−amra, the relative planning applications, their respective submission 
dates and final decisions are given in Table 2. Through archival research, a building 
notice bearing reference 95/62 was retrieved for the erection of a dwelling house 
in the road leading to Calypso Cave, Xagèra. The site profiles of applications and 
permits PAPB3291/1352/69, PAPB1240/73/1352/69 and PAPB2084/84 are shown 
in Fig. 2. Until 1992, development planning was regulated by the Planning Area 
Permits Board (PAPB). Thus, the file reference numbers bear the initials PAPB, or 
PA if issued by the Planning Authority.

PAPB3291/1352/69 was for the construction of tea rooms in unrendered local 
stone and included a proviso for clearance of material at Ramla Road, Xagèra, Gozo. 
PAPB1240/73/1352/69 was a renewal of PAPB3291/1352/69. Following issuance of 
the renewal, fresh drawings were submitted. In a correspondence dated 6 September 
1974 copied to the Commissioner of Lands, the Minister of Development Albert V. 
Hyzler stated that “from an environmental point of view I strongly object to such 
buildings on the foreshore as they constitute a major threat of pollution of the sea 
and the foreshore”. At the time, planning was not regulated in Malta. Following a 
change in government in 1971, the Town and Country Planning Act 1969—drafted 
by Sir Desmond Heap, the author of similar legislation in the UK—though regularly 
enacted into law was not brought into force [4]. Applications PAPB2084/84 and 
PA2326/95 bore the same address of the site as previous applications. 

The former, submitted on behalf of Gozo Hotels Ltd by John Portelli—one of the 
earliest entrepreneurs investing in tourism infrastructure in Gozo [28]—was for the 
extension of existing restaurant and conversion into a 144-bed hotel. It was refused 
on the basis that “a building permit cannot be issued because tourist accommodation 
is envisaged” [23: 12], a decision that was confirmed at the reconsideration stage 
on 15 October 1985 [23: 25]. A fresh application submitted on 26 December 1986,

Table 2 Development planning applications [7] 

Planning Application Date submitted Decision 

PAPB3291/1352/69 22 March 1969 Granted (13 September 1969) [22: 11] 

PAPB1240/73/1352/69 26 February 1973 Granted (12 April 1974) [22: 32] 

PAPB2084/84 07 May 1984 Refused (31 July 1984) [23: 12] 

PA2326/95 04 May 1995 Refused (20 December 1995) [24] 

PA5138/02 12 September 2002 Granted (7 July 2005) [25] 

PA7902/05 14 December 2005 Granted (6 June 2007) [26]
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Fig. 2 Planning applications (site profile outlined in red): a PAPB1352/69; b PAPB2084/84 
(existing structures marked in yellow: 1. discotheque, 2. Ulysses Lodge, and 3. farmhouse; proposed, 
and eventually refused, extension is marked in red) [27]

which included new drawings, was refused on 17 February 1988 “on grounds of 
policy” [23: 41], and again on 17 February 1988 [23: 50]. Application PA2326/95, 
for the “conversion of an existing farmhouse building and extension—construction 
of swimming pool and terraces”, was refused as it ran counter to Structure Plan 
Policies SET 11, SET 12, BEN 5, RCO 4, RCO 21 and RCO 29 [17, 24], which 
prohibit developments outside urban development zones and in rural conservation 
areas which have adverse impacts on the scenic value of the site, are in areas prone 
to erosion, and on sides of valleys. It also ran counter to policy PLP 20, a blanket 
prohibition of any form of development outside areas designated for urban uses [29]. 
The decision was confirmed at reconsideration stage on 17 October 1996.

Both outline application PA5138/02 and full application PA7902/05, which where 
for the “re-development of an existing fully licenced commercial complex”, bore the 
same site address as previous applications, namely, Triq Gèajn Qamar, Xagèra. The
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latter included the demolition of an existing commercial complex and the construction 
of dwelling units with pools, as per permit PA5138/02. Outline and full planning 
applications, encouraged through Structure Plan Policy BEN 8, were introduced 
through the DPA [3]. This policy states [17: 27]: “Intending applicants for permission 
to develop are advised to consider applications for outline permits which establish the 
principles and general characteristics of a development proposal before the applicant 
is faced with the expense of the more detailed application for a full permit to develop. 
Where this procedure is used, the application fee will be payable for the outline 
application only. Two types of development permit can be granted: 1. outline permit 
which gives approval in principle to the proposed development, but specifies reserved 
matters which need to be included in a full permit application or applications. A time 
is given within which full permit applications shall be submitted otherwise the outline 
permit becomes invalid. No development may commence without a full permit; and 
2. full permit which is required before any development can commence whether 
or not an outline permit has been issued”. Thus, outline permission implies that the 
development is approved in principle but it does not give rise to any right/s to execute 
it. Permits PA5138/02 and PA7902/05 allowed construction to change an area that 
included a small farmhouse, a detached house covered by building notice 95/62, 
and a complex covered by permit PAPB1240/73/1352/69, into a hamlet of luxurious 
detached houses. 

2.3 Relevant Local Legislation 

2.3.1 Local Planning Legislation 

The DPA, as amended through Act XXI of 2001, introduced Article 39A, which 
addresses revocation and/or modification of development permission. Article 39A(1) 
[3] states that the MEPA may, “only in the cases of fraud or where public safety is 
concerned or where there is an error on the face of the record, by order revoke or 
modify any development permission granted under this Act”. Furthermore, Article 
39A(2) [3] defines “fraud” as “the submission to the Authority of any information, 
declaration or plan on the basis of which the Authority has approved a development 
permission, where such information, declaration or plan is false, misleading or incor-
rect, irrespective of whether such deceit is the result of a wilful or negligible act”, 
whilst “error on the face of the record” is defined as “an error on the face of a record 
which offends against the law”. According to the same article, MEPA should not 
revoke or modify a development permission in cases of fraud when the information 
submitted has no material bearing on permission granted.
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2.3.2 Laws of Malta 

According to Articles 2143 and 2144(2) of the Civil Code of Malta, the prescriptive 
period for acquisition of title of immovable property is 30 years and 40 years for 
immovables belonging to thirty parties and to churches or other pious institutions, 
respectively [30]. Furthermore, under the terms of Article 2115(2), with exceptions, 
no prescription may be set up against any right or action of the Government of Malta 
[30]. On the contrary, under Sect. 85 of the Criminal Code, a pretended right carries 
a prison sentence and/or a fine [31]. Furthermore, in the case of property of the 
Government of Malta this may be disposed of only in terms of Article 31 of the 
Government Lands Act [32]. 

2.4 Third-Party Objectors 

With respect to both planning applications, only PA7902/05 had registered objectors 
in terms of Article 32(5) of the DPA [3], namely, Gaia Foundation, Kumitat Regjonali 
Alternattiva Demokratika Gèawdex and two residents from Xagèra, one of them 
being Mary Carmen Bajada. At the time, Bajada was a councillor of Xagèra Local 
Council, a working mother of four with an unemployed husband. She subsequently 
set up the environmental non-governmental SaveRamla Committee. 

The applicant had filed a judicial protest against Bajada which, although acknowl-
edging her right to protest, requested her to (i) stop further actions, and (ii) withdraw 
the claim that fraud was present in the applications. Furthermore, the judicial protest 
stated that she was being held responsible for damages which might amount to 
hundreds of thousands of Maltese Liri [33: 2]: “l-esponenti … tinterpellaha sabiex 
tiddesisti mill-aġir abbużiv u illegali u in mala fede da parti tagèha; u titira formal-
ment l-allegazzjonijiet foloż kollha illi hija xerrdet kontra l-esponenti, u tinfurmaha 
illi hija qegèda minn issa iżżomm lill-intimata responsabbli gèad-danni kollha illi 
l-esponenti qegèda u tista‘ ‘l quddiem issofri per konsegwenza ta‘ dan l-aġir abbużiv 
u illegali, u qegèda minn issa tirrizerva id-dritt illi tipproċedi kontra tagèha gèar-
rizarċiment ta‘ dawn id-danni kollha illi hija sofriet u gèad ‘il quddiem tista‘ ssofri 
per konsegwenza” (the exponent … requests her to desist from the abusive and illegal 
behaviour in bad faith on her part, and formally retract all the false allegations that she 
has spread against the exponent, and informs her that she is from now on being held 
responsible for all the damages that the exponent is and may in the future suffer as a 
consequence of this abusive and illegal behaviour, and the exponent is from now on 
reserving the right to proceed against her for the compensation of all these damages 
that the exponent has suffered and in the future may suffer as a consequence).
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3 Applications PA5138/02 and PA7902/05 

3.1 General Considerations 

Application PA5138/02 included three drawings: (i) the site plan, (ii) existing build-
ings, and (iii) proposed block plan. Section 23 of the application states that the internal 
road is to be redesigned, whilst Sect. 27, which refers to previous applications and/ 
or permits on site, is filled in as ‘NA’, an acronym for ‘not available’ or ‘not appli-
cable’ [25]. From consulting the relative planning file, notably the minutes included 
in same, it was noted that the files with respect to the following applications were 
not consulted by MEPA during its processing: PAPB1240/73/1352/69, PAPB2084/ 
84 and PA2326/95. 

In accordance with Article 36 of the DPA, the applicant is granted thirty days to 
put forth written submissions on the contents of the Development Permit Application 
Report (DPAR); submissions are attached to the same document when the application 
is referred to MEPA’s Board for a decision. In the case of PA5138/02, the DPAR, 
which recommended a grant, was cleared on 6 July 2005 [34, 35]. It was not sent to 
the applicant and the application was referred and approved by MEPA’s Board the 
day after. The agenda for 7 July 2005 was issued on 30 June 2006 and advertised in 
the local media on 2 July 2005 [36]. The eventual permit was subsequently assessed 
by MEPA’s auditor. His report raised the following two objections [37]: 

1. The presence of a MEPA board member at a meeting between officials of the 
Planning Directorate and the developer; and 

2. Failure of MEPA to publish the reasoned justification as to why it waived the 
environment impact assessment (EIA). 

He argued that the former—not a part of the planning process—was tantamount 
to unethical behaviour, whilst the latter was a breach of legislation. His rejoinder 
stated that “MEPA did not publish a justification of its exemption from carrying 
out of an Environmental Impact Assessment. It just published a [public] notification 
[of a waiver] without adequate reasons being brought forward” [37]. The EIA was 
requested by the Environment Protection Directorate, but MEPA’s Planning Direc-
torate “later waived it off due to a submission of a very detailed Project Description 
Statement, which included a geo-environmental impact assessment, an ecological 
assessment, a slope stability analysis, a geo-technical study of foundations and an 
archaeological heritage report” [35]. 

Section 14 of application PA7902/05 stated that neither new vehicular access 
nor altered access will be formed, whilst Sect. 18 listed the following application/s 
and permit/s on site: PAPB1240/73/1352/69, PA2326/95 and PA5138/02 [26]. This 
application stated that the expiry of the first and last cited permits were 12 April 1974 
and 14 October 2010, respectively. Neither application PA5138/02 nor PA7902/05 
referred to the refused application, PAPB2084/84. The site profile and existing and 
proposed structures covered by application PAPB2084/84 are shown in Fig. 2b. The 
DPAR, which recommended to grant the proposed development, was cleared on 24
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May 2007 [39]. The report was not sent by post to the applicant and the file was 
placed on the MEPA Board agenda for 6 June 2007; the agenda was issued on 31 
May 2007 and published on 2 June 2007 [40]. 

3.2 Particular Considerations 

It is worth recalling the following: 

1. During processing of application PA5138/02, the Planning Directorate did not 
consult any of the applications and permits on site, as the relevant Sect. 27 relating 
to this information was filled in as ‘NA’; 

2. The legal developments covered by application PA5138/02 are: (a) dwelling 
unit, licensed to operate as discotheque, covered by building notice 95/62, and 
(b) Ulysses Lodge, covered by PAPB1240/73/1352/69 (Fig. 2a); 

3. Application PA5138/02 states that the proposed development involves the 
redesign of the internal road. No applications were filed to redesign Ramla Road, 
nor was this road included as part of the proposed development, as Sect. 23 of 
the application stipulates. The road was still public land, as per the application 
of the Director of Estate Management Department, filed with the Lands Registry 
(Gozo Branch) in 2002 to register title of the same (Fig. 3). The profile of the road, 
which runs through the land of the applicant, as stated in application PAPB2084/ 
84, is shown in Fig. 4b;

4. Permit PA5138/02 was to develop an existing complex which covers Zone C, 
“developed and disturbed land”; Zone A and Zone B corresponded to terraced 
fields and unspoilt land, respectively. Although it was claimed that it “will take up 
the committed and disturbed areas”, this was not true to fact; half of its superficial 
area was never committed for development, as illustrated through official aerial 
imagery at the time (Fig. 4a). Also, the profile of Ramla Road was neither to 
be realigned nor included as part of the development of Ulysses Lodge. This 
is confirmed by the site plan attached to application PAPB2084/84. The road 
is government property and not owned by the applicant and thus the respective 
permits, which included the development of detached houses on the same, would 
have obliterated the road and trespassed on a public right of way; 

5. Through permit PA5138/02 and, subsequently, permit PA7902/05, MEPA 
permitted the development of tenements on a public right of way, namely Ramla 
Road, a statement of fact which MEPA was not aware of when issuing both 
permits, as the applicant declared in the respective application that he is the sole 
owner of the site. 

The information and declaration contained in application PA5138/02, the basis 
on which it was approved, qualify as “false, misleading or incorrect” as the unde-
clared contents of files PAPB3291/1352/69, PAPB1240/73/1352/69, PAPB2084/84
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Fig. 3 Government property at Ramla l-H−amra: site plan attached to the application of Director, 
Estate Management Department, to Land Registry: the perimeter of government property is marked 
with bold lines; the area outlined in red corresponds to Fig. 4b

and PA2326/95 have a material bearing on the issuance of said permit. Moreover, 
the declaration of ownership is not correct and, given that it is a public right of way, 
it is not just a matter of land ownership, but a planning control consideration with 
direct material bearing on the issuing of a permit. 

3.3 Other Considerations 

During the MEPA Board meeting when application PA7902/05 was granted, the 
description of the development proposal was changed from a residential to a touristic 
complex. This amounted to a significant material change from the original, and thus 
merited republication in the local media, as stipulated by Article 32 of the DPA [3]. 
Therefore, the permit was in breach of this article. In terms of Article 32(4) of this 
Act, MEPA was bound to (i) publish the amended proposal in the local press, (ii) 
advertise the said proposal by affixing a notice on site, and (iii) furnish Xagèra Local 
Council with a copy of the amended application.
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Fig. 4 Planning applications PA5138/02 and PA7902/05: a site profile of zones A, B and C, hatched 
in green, yellow and blue, respectively plotted on an aerial photo; the profile of the public road shown 
in Fig. 3b can be read; b site covered by permits PA5138/02 and PA7902/05 is outlined in red, in 
contrast with the previous PAPB permit which is shown outlined in green; the profile of the public 
road shown in (a) is also plotted [7]

Furthermore, in terms of Article 32(5), MEPA denied people the opportunity to (i) 
review fresh plans submitted in the planning process and (ii) make representations 
regarding the amended development. Finally, in terms of Article 15(1)(d), MEPA 
denied any person the right to file a third-party appeal against the amended develop-
ment, as said person would have failed to file their representation in terms of Article 
32(5).
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4 Revocation of Permits PA5138/02 and PA7902/05 

4.1 Advertising the Development 

To defend the permits issued, a campaign of systematic advertising commenced. 
Notable was the primetime investigative journalistic programme Bondi Plus broad-
cast on 25 June 2007 by the Maltese national television station [41], and an issue 
of X-Plain [42]. This publication—a full-colour four-page, nearly A3-sized pull-out 
distributed with the Sunday Times of Malta on 1 July 2007—covered the permit for 
the redevelopment of Ulysses Lodge. As noted in the Malta Environment and Plan-
ning Authority’s Annual Report, this was not a public relations campaign, but the 
time and effort put into it by the Public Relations Office of MEPA was nothing less 
than that that required for such an endeavour [43]. Although, according to Article 
5(1) of the DPA, the functions of the MEPA include the promotion of proper planning 
and sustainable development, and controlling developments in accordance with plans 
and policies approved in terms of the Act [3], the content of this publication was not 
compatible with this mission, consisting as it did of advertising more fitting for a 
real-estate company involved in aggressively marketing speculative developments 
than a public authority entrusted with sustainable environmental planning [44]. 

4.2 Request for Revocation 

Arguing for the development, the presenter of Bondi Plus exhibited file PAPB2084/ 
84, a file that had not been made accessible to Bajada upon request some days earlier. 
After consulting it, the complete scenario of the development planning history could 
be comprehended. On 16 July 2007, the objector filed the following requests with 
MEPA [8]: 

1. not to send by post the permit PA7902/05, otherwise MEPA would be held crim-
inally responsible for granting consent to a pretended right by a private party to 
a stretch of Ramla Road, thus interfering with the enjoyment of a public right of 
way (the receipt of the physical copy of the permit would grant the right to the 
applicant to submit a commencement notice and start construction works); and 

2. to revoke permit PA5138/02 under Article 39A of the DPA and, given that permit 
PA7902/05 was intrinsically dependent on it, to declare PA7902/05 null and void. 

Furthermore, given that a significant part of Zone C was not covered by planning 
consent, and thus not legally committed, MEPA was requested to apply and enforce 
articles 51, 52 and 55A of the DPA and issue enforcement notice(s) with respect to 
infringements present on site [27].
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4.3 Deliberations Within MEPA 

The discussion at the MEPA Board meeting where revocation of the permits 
was debated was reviewed by several environmentalists and environmental non-
governmental organisations. Among them was Edward Mallia—a retired Associate 
Professor of Astrophysics and Honorary Chairman of Friends of the Earth Malta, 
who was, and still is, at the forefront of the main environmental crusades in Malta. 
He noted that during this meeting most MEPA members objected to the notion of 
‘disturbed land’, converging on the suggestion that one should make use of the term 
‘disturbed ground’ instead, as it is “of no use to anybody except the developer” 
[45]. The defence of the permits “was shot down in flames” by the technical report 
submitted on behalf of the third-party objector, which “showed that the ‘disturbed 
land’, claimed to be part of the original development, was never covered by any 
permit. It was simply taken over” [45]. This tract of land begged the questions, “who 
‘disturbed’ the ground in the first place, and under what dispensation?” [46]. 

Referring to points raised by the environmental non-governmental and non-profit 
voluntary organisations Din l-Art H−elwa and the Gaia Foundation, the latter having 
managed the Ramla l-H−amra area since 2000, Mallia described this disturbed ground 
as “a surreptitious grab of public land, never covered by any permit” over an area 
circa twice the legal footprint of the existing development and thus with no legal 
basis under the present permit [46]. 

4.4 Planning Appeals 

Following the revocation of the permits on 4 October 2007, the applicant submitted 
appeals, bearing reference numbers PAB312/07 and PAB320/07, with respect to 
PA5138/02 and PA7902/05, respectively. The Appeals Board dismissed the former 
appeal on 28 July 2011 on the basis that the applicant failed to submit the correct 
certificate of ownership, a fact which he admitted [47]. The applicant appealed this 
decision on a point of law to the Court of Appeal, which dismissed it on 30 October 
2012 [48]. The appeal with respect to the latter was dismissed on 2 October 2009 
on a preliminary issue: it was declared null and void on the basis that the applicant 
failed to make the additional payment for the appeal that was required by law, which 
amounted to a trivial figure, and thus the Appeals Board abstained from taking further 
cognisance of it. On 6 February 2009, the Board granted the appellant two months to 
make the payment of e5655.34; by 6 April a sum of e1025.32 was paid and a further 
e1170.78 on 13 May 2009 to tally with the revised amount issued by MEPA on 23 
April 2009 as the original amount was erroneous computed by the same authority. 
Although the total amount tallied with the revised fee, the tribunal had requested the 
settlement of the original amount [49]. No appeal was filed against this decision with 
the Court of Appeal.
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A third-party appeal against permit PA7902/05, bearing reference number 
PAB171/07, was filed by Din l-Art H−elwa and the Gaia Foundation. On 1 November 
2011, this appeal was deemed no longer necessary as the permit to which it related was 
revoked and the Appeals Board subsequently refrained from considering it further 
[50]. 

5 Relevance 

5.1 The Role of a Planning Board 

The deliberations of the MEPA Board at the revocation stage—essentially focusing 
on a statement to rationalise a development—were illustrative of behaviour which 
went beyond the planning agenda. It played the role of a laboratory for conjuring 
legal jargon to bypass applications. Such board is neither there to defend a party (in 
this case, the MEPA’s Planning Directorate vs the applicant/third party) nor is it a 
court of law (with respect to interpretation); it must rely on the facts and science on 
which legislation and policies are based. The board’s role is to ensure that applica-
tions conform to policy, as drafted in the spirit of the law, and not to come up with 
suggestions which, for example, propose ways for applicants to circumvent the facts 
by using vague terminology. Its role is not to find reason/s to excuse a speculative 
development but to protect the environment for the common good; the responsibility 
is collective and the end does not justify the means. 

5.2 The Power of Third-Party Objectors 

Development and construction impact on the public domain and thus public opinion 
can make or break a proposal [51]. At law, third-party objectors may have a vested 
interest in a given development either directly or indirectly; they can be governmental 
agencies, local councils, environmental non-governmental organisations, or even 
individuals. In the case of Ramla l-H−amra, thanks to the perseverance of a private 
citizen, the permits were challenged and subsequently revoked. It is imperative that 
when third parties are given rights at law to object and/or provide feedback, these 
rights are made use of. This ensures not only public consultation but effective public 
participation in any process or decision which has an impact on the immediate area 
and/or the general public.
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5.3 Environmental Impact Assessments 

The significance of the environmental impact of a proposed construction on the 
site in 1974 provided the grounds for its refusal. Such environmental awareness 
followed the worldwide trend towards assessing the environmental impacts generated 
by development initiatives since the 1960s. 

The objective of an environmental impact assessment (EIA)—“an assessment of 
the impact of a planned activity on the environment” [52: 1]—is to provide data for 
a less subjective decision-making process. It is undertaken “to identify and predict 
the impact on the environment and on man’s health and well-being of legislative 
proposals, policies, programmes, projects and operational procedures, and to inter-
pret and communicate information about the impacts” [53: 8]. The International 
Association for Impact Assessment defines an EIA as “the process of identifying, 
predicting, evaluating and mitigating the biophysical, social and other relevant effects 
of development proposals prior to major decisions being taken and commitments 
made” [54: 1].  

With respect to the outline planning stage, MEPA argued that “an EIA is a process 
whereby the Authority requests an applicant to predict, analyse and interpret signif-
icant environmental impacts of a proposed development. Since the proposed devel-
opment could have qualified for an EIA the Authority, following the EIA procedures, 
requested the carrying out of certain studies during the Project Description Statement 
(PDS) stage” [42: 2]. An EIA was not requested, as “the applicant had submitted 
a sound and detailed PDS” which “was enough because the studies submitted to 
MEPA were sufficiently detailed to enable the Authority to waive the requirements 
for further studies” [42: 2]. This not only ran contrary to local planning legisla-
tion, but denied the authorities a rigorous assessment on which a decision could be 
reached on whether to commit the site for development. Third parties did challenge 
the fact that an EIA was not undertaken at the Auditor’s level, but did not question 
the PDS—its terms of reference and whether the studies undertaken were impartial 
and/or exhibited bias towards the proposed development. The PDS was submitted 
on 23 May 2005 [42], a fortnight prior to the MEPA sitting when the relative permit 
was issued. Furthermore, given that an EIA was not undertaken, no environmental 
monitoring and/or auditing of the project during and post-construction were thus 
included. 

5.4 Environmental Ethics 

The first chapter of Genesis, the first Biblical text, is an account of a number of stages 
of creation—God’s construction of the world—and includes an environmental audit 
undertaken at each phase [55]. In a joint declaration, dated 10 June 2002, Pope John 
Paul II and Patriarch Bartholomew stated that: “in our time we are witnessing a 
growth of an ecological awareness which needs to be encouraged, so that it will
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lead to practical programmes and initiatives. … In this perspective, … all … have a 
specific role to play in proclaiming moral values and in educating people in ecological 
awareness, which is none other than responsibility towards self, toward others, toward 
Creation” [56]. After the full permit was granted, publications and press releases 
issued by MEPA promulgated it as an upgrading of the site’s development. Projecting 
itself as the national compass for the protection of natural and cultural environs 
through planning policies and education campaigns, MEPA’s objective here was to 
ensure such a development took place, rather than to advance a speculative one. 

5.5 The End Does not Justify the Means 

Niccolò Machiavelli’s (1469–1527) dictum, “the end justifies the means”, is often 
read as a statement that any method suffices provided one’s objective is attained, 
even if said method goes beyond what is ethically correct. According to this inter-
pretation, a goal may be morally important enough that any means of reaching it, 
any actions taken to support it, are justified. Actually, a closer reading of the work 
of this diplomat, author and philosopher suggests he was not putting forward an 
ethical code but a psychological argument: “if a leader does what it takes to win 
power and keep it, his methods will always be reckoned honourable and widely 
praised. The crowd is won over by appearances and final results. And the world is 
all crowd: the dissenting few find no space so long as the majority have any grounds 
at all for their opinions” [57: 71]. In either scenario, in contemporary environmental 
and development planning, such an approach may be unacceptable to the general 
public and, if tackled professionally, can be easily laid bare. This begs the question 
of whose actions are being justified. Are they the ones of the developer—which may 
win support from adjudicating bodies through lobbying or setting up and/or funding 
environmental NGOs to support the development proposal? The crux of the matter 
is individual versus collective responsibility. Patriarch Bartholomew called for the 
latter, as it champions the protection of the natural environment [58]. The common 
good is supreme. The two similar-sounding Maltese words, ‘is-sit’ and ‘is-sid’ (the 
site and the owner), are best used as a guidance: first is-sit, then is-sid. The integrity 
of the site comes before the desires of the owner. 

5.6 Construction Complements Creation 

Development planning complements creation; when it runs counter to nature, disas-
ters are bound to happen. Development is imperative for progress; not the same 
cannot be said of speculation. Construction development involving excavation is 
irreversible in geological terms, yet the resultant development may compliment the 
site, even accentuate nature. A classical case study of a built project which comple-
ments nature on an ecologically sensitive slope is Kaufmann’s house. Erected partly
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over a waterfall in the Laurel Highlands, Pennsylvania, this building was inscribed 
by UNESCO in 2019 as a World Heritage Site [59]. This iconic building, known as 
Fallingwater (1935–1938), was designed by Frank Lloyd Wright in 1935. It grows 
organically from the site; its integration with the natural landscape is impeccably 
dynamical; it was designed with nature. 

The vocational call of architects and construction engineers is to design with 
nature, to complement creation. Phil Johnson (1906–2005) once claimed that “archi-
tects are pretty much high-class whores. We can turn down projects the way they 
can turn down some clients, but we’ve both got to say yes to someone if we want to 
stay in business”[60]. Architecture, as prostitution, is one of the oldest professions; 
indeed, it is the oldest vocation. Recalling the Homeric myth associated with Ramla 
l-H−amra and the pristine beauty of this unique picturesque and culturally laden site, 
one need not rape to make love. Although the action is identical, the intention is 
significantly different, and so are the consequences. Redeveloping the site at Ramla 
l-H−amra did not imply speculating on its beauty, metaphorically raping the site; one 
simply had to develop it—the unbuilt is as important as the built environs. 

6 Conclusions 

The development planning history of a given site not only outlines the chronology 
of planning applications; their respective files—including the site plan and drawings 
attached to an application—provide documentation of the processes and subsequent 
decisions in light of the legislation in force at the time. These files are therefore 
primary sources for the historical–legal circumstances of a given place, its immediate 
setting and the wider regional/national context. They document the evolution of 
the philosophy and practice of planning. The reason for including the location and 
previous applications and/or permits on site in any new request for development is 
not academic. It assists planning officials in tracing the relative files, reviewing them 
and assessing them in order to process the new request. Had the case officer been 
aware of all the files covering the development history of Ramla l-H−amra, s/he would 
have gained a holistic picture of the site, and been aware of the incongruency between 
the new and earlier requests for development. 

The applicant’s failure to list previous applications and/or permits pertaining to 
the site meant not only that the application was filled incorrectly, but that the omission 
had a material bearing on the granted consent and thus qualified as fraud in terms 
of planning legislation. Furthermore, the applicant declared himself to be the sole 
owner of an area that included a third-party property—in this case a public road— 
and did not submit the correct certificate of ownership, on which basis the planning 
appeal for revocation of the outline permit was confirmed. This decision provides an 
interesting precedent. Although all planning permits are subject to third-party rights, 
and if a permit is issued on a site erroneously declared to belong to the applicant, the 
owner of the site may call on the court to issue a prohibitory injunction followed by 
a civil case, an incorrect certificate of ownership is a valid reason to revoke a permit.
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When information submitted in applications is not complete, any resultant deci-
sions will be informationally disabled. When factual elements of the case are 
excluded, the applicability or otherwise of policies will inevitably be misinformed. 
Including all information relevant to a given case helps determining the factual 
evidence necessary to assess it. Demonstrating the existence of such facts ensures 
comprehension of the holistic scenario of a given case; the facts establish the circum-
stances accurately. Truth may not be self-evident but it is demonstrable. In the 
case described here, despite MEPA’s contestation of the objectors’ factual claims, 
the planning regulator did concede the flawed decisions and revoke the permits 
unreservedly. 
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Justification of the Heat Network Project 
Based on the Simulation of Hydraulic 
Models When Connecting Consumers 

Dmitry Kitaev , Svetlana Tulskaya , and Tatiana Polivanova 

Abstract The object of the study is the water heating network of a residential area 
of the city. According to the development plan, it is planned to build 9 residential 
buildings, and the first stage of construction, consisting of 5 houses, has already 
been implemented. The remaining buildings will be commissioned one per year. 
The article discusses the issue of an expedient option for the construction of a water 
heating network, taking into account the development of its configuration when 
connecting new buildings. The problem is the fact that the heating network of the first 
stage of construction was designed without taking into account further development, 
i.e. it is intended to supply the estimated amount of heat for only five buildings. To 
solve the problem, water heating networks of promising development were designed. 
When connecting buildings of the second and subsequent stages of construction to 
the existing network, the flow rate will increase, and consequently, the hydraulic 
resistance, pressure losses and energy costs for fluid transportation will change. Based 
on the hydraulic modeling of the heating network, taking into account the input of 
all construction stages, the cost estimate for the costs of pumping the coolant and the 
project for the reconstruction of the existing network with an increase in throughput, 
an expedient option for building the network was determined. 
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1 Introduction 

The trend of today is the construction of new microdistricts of cities. In large cities, 
the central parts are densely built up and new construction is often carried out on the 
outskirts and territories adjacent to cities. A necessary condition for construction is 
to ensure the creation of communal infrastructure, in particular, a heat supply system. 
Existing master plans for urban development are long-term and consider a period of 
time of several decades. Territory planning projects take into account development in 
the short and medium term. The problem arises of synchronizing the development of 
the heat supply system with the construction of new buildings. The heat network is a 
complex and expensive construction project and it is difficult to attract investors for 
the implementation of long-term projects. A number of existing heat supply systems 
were built without considering the development perspective. A multivariant problem 
arises about the optimal development of the heat supply system. Similar tasks need to 
be solved within the framework of creating heat supply schemes for settlements. Not 
only the investment component of the initial project depends on the correctness of the 
decision, but also the operational component, which is borne by energy consumers 
in the form of a tariff for thermal energy. 

The task of finding an expedient option for the development of a heat network is 
complicated by the need to consider several possible options, depending on the rate 
of commissioning of buildings. It is also necessary to resolve the issue of expediency 
indicators and their number. Modern researchers have proposed various criteria for 
the optimality of design solutions. Criteria such as the material characteristics of the 
network, construction and technological criteria, reliability criteria are used [1–3]. A 
number of researchers consider the criteria for hydraulic stability when connecting 
new consumers [4–6]. The solution of the problem of connecting the optimal number 
of heat network consumers is considered in [7]. Optimization of thermal–hydraulic 
regimes of a centralized heat supply network is considered in [8–11]. It should be 
noted that most works do not consider the prospect of operation during the design life 
of the network. According to a number of authors, a cost-effective solution without 
considering the time perspective is not optimal [11–13]. 

2 Materials and Methods 

The paper considers the development area with residential buildings in the city of 
Tambov. The general plan of the construction area is shown in Fig. 1. According 
to the development plan of the area, in the first place of construction (I), residential 
buildings with the designation 2K1, 2K2, 2K3, 4K1, 4K2 fall into the second (II) 
6K1, in the third (III) 6K2, in fourth (IV) 6K4, fifth (V) 6K3. The first stage of 
construction has already been implemented, and without taking into account the 
prospects for development. The remaining stages of construction are expected to be 
implemented one per year.
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Fig. 1 Scheme of the construction area with the queues for commissioning 

Heating networks operate according to the temperature schedule 95/70 °C. The 
external pipelines are steel with polyurethane foam insulation, the laying of the 
heating network is underground in impassable channels. The heating network system 
is closed with independent connection of consumers. 

For the buildings shown in Fig. 1, the calculated heat loads for each stage of 
construction were determined according to the aggregated indicators. The thermal 
power of the first stage of construction is 5.62 MW, and the total for the subsequent 
ones is 4.204 MW. Compared to the first stage, the load should increase by 74.8% 
over the entire construction period. Estimated water consumption for the heating 
network of the first stage of construction is 240.7 t/h. The total water consumption 
for subsequent stages of construction is 180.85 t/h, the consumption increases by 
75.14%. 

It is necessary to connect all subsequent stages of construction to the heating 
networks of the existing configuration of the first stage of construction. Water heating 
networks were designed for prospective development under the condition of fluid 
movement in the area of a developed turbulent regime, as is customary in direct 
hydraulic calculation. Obviously, when new consumers are connected to the existing 
network, the speed of water movement and pressure loss will change. The task is 
reduced to performing a reverse hydraulic calculation when the pipeline diameters 
and flow rates are known. Modeling of the hydraulic regime of the heating network 
of the first stage of construction was carried out when connecting new buildings 6K1, 
6K2, 6K4, 6K3. Obviously, with an increase in flow rate and a constant diameter 
of the pipeline, the velocity of the liquid will increase. During the direct hydraulic 
calculation, the network was designed to operate in the region of a developed turbulent 
regime, therefore, the same regime will be maintained with an increase in flow. 
In this case, to calculate the coefficient of hydraulic friction λ, one can use the 
Prandel-Nikuradze formula 

λ =
(
1.14 + 2 · lg d 

k

)−2 

, (1) 

d—is the pipe diameter, m; k—is the equivalent pipe roughness.
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Figure 2 shows the results of calculations of the change in water velocity for 
sections of the design pipeline of the heating network of the first stage of construc-
tion with an increase in water consumption associated with the connection of new 
buildings. 

From Fig. 2 it follows that when all consumers are connected, the speed of water 
movement in the first hydraulic section (in Fig. 2, the designation “1”) will increase 
from the initial value of 1.344–2.336 m/s, and in the fourth section it will increase by 
4.24 times (from 0.9–3.82 m/s). An increase in speed will contribute to an increase in 
the values of specific pressure losses in the hydraulic sections of the network, shown 
in Fig. 3. 

Fig. 2 Changes in speed by network sections 

Fig. 3 Changes in specific head loss
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Fig. 4 Changes in head loss across network sections 

According to Fig. 3, the most significant specific head loss will increase in Sect. 4 
by 18.84 times (from 67.15 to 1265.15 Pa/m). The smallest increase will occur in 
Sect. 2 from 46.37 to 179.6 Pa/m (3.9 times). Obviously, in this case, the total 
pressure loss also increases (Fig. 4) to the greatest extent in Sect. 4 6.24 times (from 
29.36 to 183.25 kPa). 

To change the water flow in order to provide consumers with the calculated amount 
of heat at constant diameters, it is necessary to increase the pump drive power N, 
kW, which can be determined by the formula: 

N = 
10−3 · Q · ρ · g · H 
3600 · η · ηm · ηe 

, (2) 

Q—pump flow, m3/h; H—pump head, mH2O; ρ—is the density of water, kg/m3; 
g—is the acceleration of gravity, m/s2; ηm—mechanical transmission efficiency; 
ηe—electrical efficiency; η—is the efficiency of the pump. 

The results of calculating the power expended for transporting the coolant while 
maintaining the diameters of the first stage of construction unchanged are shown in 
Fig. 5 (curve A).

It follows from Fig. 5 that power costs when connecting all consumers will increase 
by 20.4 times (from 2.2 to 44.8 kW). It should be noted that the standard service 
life of the pump unit specified by the manufacturer is 10 years. The recommended 
service life of the heating network in the calculations is assumed to be 30 years. The 
cost of electricity consumed for pumping the coolant at the current price level was 
determined. The total cost for 10 years, taking into account the cost of one pump, is 
12,630,474.36 rubles, and for 30 years, taking into account the replacement of three 
pumps, 47,747,243.64 rubles.
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Fig. 5 Changing the pump drive power: A—with constant diameters; B—taking into account the 
reconstruction of the network

The first option for the development of a heat network involves maintaining the 
existing network configuration and increasing the value of the pump power. Obvi-
ously, in this case, it will be necessary to replace not only the electric motor, but also 
the pump itself. With this option, the costs for the lifetime of the heating network 
will amount to 47.75 million rubles. 

A variant of the network reconstruction with an increase in the diameters of the 
pipelines of the existing network was also considered in order to reduce subsequent 
operating costs for pumping the coolant. The hydraulic regime of the network was 
simulated when connecting from one to four buildings and the diameters were deter-
mined to provide the recommended water flow rates and losses. Commissioning of 
new buildings is carried out at the rate of one per year, and the network is planned 
to be reconstructed only once. In this case, the reconstructed network will operate 
for 4 years in the mode of reduced hydraulic resistance. As calculations have shown, 
during this period, in a number of sections of the network, fluid movement will be 
observed in the transition region of the turbulent regime. In this case, to find the 
coefficient of hydraulic friction, the Colebrook-White formula was used: 

λ =
[
−2 · lg

(
2, 51 

Re · √
λ 

+ k 

3.7 · d
)]−2 

, (3) 

Re—Reynolds number. 
Table 1 shows the sections of the network, indicating the values of the outer 

diameters D and wall thickness s, to be replaced and their length l in one-pipe terms.
Figure 5 (curve B) shows the results of calculating the power expended for trans-

porting the coolant under the condition of reconstruction of the first stage heat 
network. The replacement of pipelines in the existing development with pipelines 
with large diameters will take place even before all four houses are put into opera-
tion, then the pressure in the network when connecting one, two and three houses 
will be less than at the design costs of the heating network when connecting four 
houses. This can explain the decrease in drive power in Fig. 5 (curve B) at flow rates 
of 304.139, 356.279 and 390.166 m3/h, because it directly depends on the pressure 
in the heating network.
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Table 1 Pipeline sections to be replaced 

Pipeline section number Existing network diameter, D 
× s 

Pipe diameter after 
reconstruction, 
D × s 

pipe length 
l, m  

1 273 × 8 377 × 9 46.01 

2 273 × 8 325 × 8 177.56 

3 194 × 6 325 × 8 91.96 

4 159 × 4.5 273 × 8 35.97 

10 159 × 4.5 273 × 8 116.47 

11 152 × 4.5 219 × 6 70.77 

13 152 × 4.5 194 × 6 23.5

3 Results and Discussion 

To determine the economic feasibility of the considered approaches to the prospective 
development of the heating network, the cost of the options was determined. Taking 
into account the reconstruction of the heating network, the total cost of the option for 
10 years will be 1,624,659.83 rubles for electricity, 425,761.48 rubles for the cost 
of one pump, 23,745,525.58 rubles for the cost of replacing pipelines, total 25 RUB 
795,946.89 For 30 years of operation, the cost of electricity will be 5,999,888.66 
rubles, the cost of three pumps will be 1,277,284.44 rubles, the cost of replacing 
pipelines will be 23,745,525.58 rubles, a total of 30,171,175.71 rubles. 

Figure 6 shows the values of financial costs for the two considered options over 
time over a period of 30 years. It follows from Fig. 6 that the cost of increasing 
operating costs associated with pumping the coolant will become equal to the costs 
of network reconstruction with an increase in diameters in the 19th year of system 
operation (in 18.5 years). With the standard service life of the heating network of 
30 years, it is economically feasible to reconstruct the heating network. 

Fig. 6 The cost of options for the development of a water heating network
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The data obtained also indicate that, given the existing standard service life of 
thermal water networks, it is expedient to build, taking into account the prospective 
development of the region. It is also advisable to carry out the reconstruction of 
existing networks of small length with an increase in its capacity, because. the costs 
of pumping coolant with large hydraulic losses after several years of operation begin 
to exceed the cost of reconstruction. The longer the standard service life of the 
equipment, the more effective the measures to increase the throughput of the heating 
network. 

4 Conclusions 

As a result of the work carried out, a feasibility study was proposed for an expe-
dient option for the development of a water heating network. Based on the hydraulic 
modeling of the operating modes of the heating network when connecting new build-
ings according to the development plan of the area, changes in the speeds and pres-
sure losses and costs for transporting the coolant were determined. Based on the 
reverse hydraulic calculation, sections of the existing network were identified that 
are subject to reconstruction in order to increase the throughput and reduce energy 
costs for pumping. Based on the calculation of the estimated cost of construction of 
heat networks for the options under consideration, taking into account the operating 
costs for pumping, an expedient development option was determined. 

An approach is proposed to determine an expedient option for the development of 
heat networks based on hydraulic modeling of promising hydraulic regimes. It has 
been proved that with the recommended standard service life of heat networks, the 
option of reconstruction with an increase in throughput is the most appropriate. 
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Control of Structure Formation 
of Reaction Powder Concretes 
by Triboelectrization 
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Abstract Concretes containing dispersed fillers, reactive rock powders, microsilica 
and micro-hydrated kaolins are the object of research. The structural topology of 
such materials is predetermined by the activity of the dispersed filler. The unstable 
nature of the disperse systems, due to the high free surface energy, was used to 
increase the adhesion of cement to stone materials. Directional control of structure 
formation of reactive powder concretes is achieved by triboelectrification providing 
creation of transition layer on the surface of mineral material which interacts well 
with both cement and mineral substrate. An experimental research method based 
on a laboratory apparatus of a vortex layer is presented, which allows to form a 
triboelectric effect on the surface of fine-grained fillers. To break the aggregating 
effect of electromagnetic forces at the first stage of preparation of cement mortar for 
mixing cement with microfillers used energy-saturated high-speed mixers, and at the 
second stage for mixing cement composition with sand used traditional fillers. 
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1 Introduction 

Concretes based on composite binders have a complex structural topology. It is 
characterized by a special distribution of highly dispersed powder particles in them 
and is determined by the rate of flow, the mechanism of reaction interactions between 
the components and the degree of hydration of the binder, as well as the surface 
activity of the dispersed filler. 

During rock crushing an instability of disperse systems occurs due to the high free 
surface energy, which can be used to increase the adhesion of cement to stone mate-
rials. As the bonds between the molecules are of electrical nature, it is possible to 
regulate the surface energy activity of contacting materials by means of electron–ion 
technology. One direction of this technology is triboelectrization. The triboelectric 
effect occurs when two materials with opposite electric charges intencive friction. 
Quartz sand forms a weak adhesion with cement stone. In order to achieve a strong 
bond between the mineral material and the cement it is necessary to create a transi-
tion layer on the surface of the mineral material which interacts well with both the 
cement and the mineral substrate. In order to create such a substrate, materials with a 
negative charge should be treated with a surface-active substance (surfactant) of the 
cationic type and surfactants of the anionic type with positive charges. A surfactant 
is a chemical compound which, when concentrated at the interface between ther-
modynamic phases, causes a reduction in surface tension. Triboelectric quartz sand 
particles with a negative charge are treated with a 2% lime suspension at a rate of 
0.1% of the material weight and a 1% aqueous solution of cationic surfactants at a 
rate of 0.04%. 

The formation of a permeable film of colloidal particles of hydrosilicates, hydroa-
luminates and hydroferrites, which themselves cannot diffuse, but does not stop the 
diffusion of ions through the layer of cement gel substance, creates the thinnest films 
of cement stone between the filler. It is known that micro-cracks occurring during 
hardening of the cement stone “eat away” up to 90% of the strength. Reducing the 
thickness of the cement film to the distance between the micro-cracks in the cement 
stone can significantly increase the strength of the cement stone and the material 
itself [1, 2]. 

The technology of production of concrete and other building materials with 
cement binders is based on surface phenomena at the boundaries of solid and liquid 
phases [1, 3–6]. In the process of hardening of binders during their interaction with 
water crystalline and gel-like products are formed which along with non-hydrated 
grains take part in the formation of the three-dimensional framework of the cement 
stone. Depending on the nature of the connection between the newly formed hard-
ening structure is proposed to be divided into the following types: coagulation, 
crystallization, crystallization-condensation [7, 8]. 

Superplasticisers (SP) are used in concrete production. Cement mixed with water 
with SP adsorbs it primarily by hydrate formations, thus providing liquefaction of 
cement systems [9, 10]. In the process of clinker grinding with dry SP and following 
water mixing of resulting cement not only diluting ability of SP increases, but also
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speed of cement stone strength gain radically changes. In order to obtain composite 
materials it is necessary to create strong and dense film at interphase boundaries of 
cement paste with aggregates [5, 11–14]. Increasing the chemical potential of the 
components [15] serves as a way of strengthening the adhesive contacts, which is 
achieved primarily by chemical action. 

A number of works [16, 17] have experimentally determined the optimum strength 
values of concretes and other cement composites containing fine aggregates. It should 
be noted, however, that a large specific surface area causes adhesion of particles under 
electrostatic forces, which, in turn, leads to a loss of the interface. This fact is also 
confirmed by physico-chemical and other methods of investigation [7, 9, 16, 18–39]. 

By means of an electric charge of the required sign, energetically affecting the 
mineral component particles, it is possible to control the degree of molecular bonding 
of the cement matrix with the mineral filler and—simultaneously—the processes 
of structure formation. The electron–ion technology implies investigation of the 
processes of electric charges appearance on the surface of disperse materials [40– 
45]. Electric charges on the surface of particles under the influence of the environment 
are immediately neutralized, so it is necessary to ensure their fixation on the tribo-
electrified surface with the help of surface-active substances, which is of practical 
importance [46–49]. 

Several stages can be distinguished in the mechanism of sand triboelectrification: 
mechanical action and “opening up” of the sand surface to reveal active nanostruc-
tures; pneumatic transport of sand grains through pipes to ensure dynamic contact 
with the pipe surface with the formation of an electrical double layer to charge the 
sand with charges equal in absolute value and opposite in sign; blocking of active 
nanostructures of the sand surface with an appropriate type of surfactant to prevent 
their neutralisation by the environment. 

The aim of the study is to control the structure formation of reactive-powder 
concrete by triboelectrization in order to reduce cement consumption while achieving 
maximum homogeneity and strength. 

2 Methods and Materials 

Cement produced by Chechencement (Chiri Yurt village, Shali district, Chechen 
Republic, Russia) was used as binder. The chemical composition of this material 
contains the following elements (in %): CaO—64.67; SiO2—20.85; Al2O3—4.52; 
Fe2O3—4.02; SO3—1.81; MgO—13.9; K2O—0.7; Na2O—0.16; Cl—0.003; other 
calcination products—2.06. 

The mineralogical composition of the binder includes (in %): 3CaO·SiO2— 
62.4; 2CaO·SiO2α—0; 2CaO·SiO2αβ—13.3; 3CaO·Al2O3(kyb)—4.1; 
3CaO·Al2O3(opt)—4.1; 4CaO·Al2O3·Fe2O3—11.6; CaOSO4·2H2O—0; 
CaOSO4·0.5H2O—0; CaOSO4—0; K2SO4—0; Ca(OH)2—0; CaCO3—0; 
MgO—3.7; SiO2—0.
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Chemical composition of dolomite and quartz powders used as fillers (in 
%). Quartz sand: SiO2—69.35; Al2O3—13.01; Fe2O3—3.42; CaO—3.88; MgO— 
2.41; SO3—0.06; K2O—2.05; Na2O—1.64; Cl—0.003; W—0.75; p.p.p.—4.55. 
Dolomit: SiO2—0; Al2O3—0.02; Fe2O3—0.06; CaO—37.17; MgO—20.14; 
SO3—0.04; K2O—0; Na2O—0.18; Cl—0.049; W—0.40; other calcination prod-
ucts—46.83. 

Mathematical experiment planning methods were used in the research. The imple-
mented simplex-scheme plan Scheffe included ten experiments. Table 1 presents the 
third-order planning matrix for the three-component system. 

The variation factors according to the experiment planning matrix were: X1— 
quartz powder with Ssg = 3000–3100 cm2/g; X2—dolomite powder (CaO > 97%) 
with Ssg = 6000–6200 cm2/g; X3—dolomite powder (CaO > 97%) with Ssg = 9000– 
9200 cm2/g. The amount of each fraction was taken as control variable, the amount of 
other components was recorded and remained constant throughout the experiment. 
The composition-property diagram was studied with the vertices Z1(X1 = 100%, 
X2 = 0%); Z2(X2 = 100%, X3 = 0%); Z3(X3 = 100%, X1 = 0%). Flexural and 
compressive strength, dynamic modulus of elasticity and water demand were the 
optimised values for the suspension component. 

Triboactivation can be carried out by blowing silica sand through a metal or dielec-
tric tube [50]. The emergence of free radicals as a result of breaking chemical bonds, 
changing the structure of surface layers of mycelial particles formed in the process 
of dispersion, can be highlighted as key factors in this process. It should be noted 
that free radicals have extremely high activity, which allows them to easily interact 
chemically with ordinary molecules of other substances [51–53]. Triboelectriciza-
tion of dry materials is promising in case of its application to all fractions of crushed 
stone, sand and mineral powder. This process is feasible if appropriate equipment is 
used [54]. 

For formation of triboelectric effect on the surface of fine-grained fillers a labora-
tory apparatus of vortex layer developed by Logvinenko D. D. was applied (Fig. 1) 
[55]. It is a pipeline with a diameter of 300 mm, which is located in the inductor of 
a rotating electromagnetic field. Several thousand (5 kg) cylindrical ferromagnetic 
elements (needles) with diameter of 1 mm and length of 20 mm are placed in the 
working area.

Table 1 Third-order simplex lattice plan for a three-component mixture 

N X1 X2 X3 Y N X1 X2 X3 Y 

1 1 0 0 Y1 6 0 2/3 1/3 Y223 

2 0 1 0 Y2 7 0 1/3 2/3 Y233 

3 0 0 1 Y3 8 2/3 0 1/3 Y113 

4 2/3 1/3 0 Y112 9 1/3 0 2/3 Y133 

5 1/3 2/3 0 Y122 10 1/3 1/3 1/3 Y123 

1 1 0 0 Y1 6 0 2/3 1/3 Y223 
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Fig. 1 Vortex apparatus: 1—housing; 2—inductor; 3—working space; 4—ferromagnetic elements 
(needles); 5—exchangeable insert 

A rotating electromagnetic field is created by an external source of electricity. The 
needles become a dipole as a result of the interaction of the primary field with the 
fields of the needles themselves, resulting in the appearance of chaotically rotating 
needles. Again, this chaos is only apparent, so the results are probabilistic. The 
rotation speed of the needles is in direct correlation with the rotation speed of the 
electromagnetic field. Filler and filler particles gain static electricity as a result of 
direct collisions of the needles with each other and with the material particles that are 
loaded into the work area. This process is accompanied by dispersion, “peeling off” 
of the surface layer of the particles and their homogenization. Note that the vortex 
layer apparatus increases the rate of chemical reactions by a factor of 1.5–2 times 
[56]. 

These processes are ensured primarily by fixing surfactant layers in the surface 
layer of low-active mineral particles, which interact well with both the mineral base 
and the binder, which is why they are intermediate chemical bonds. All this will bring 
the reaction centres of the juvenile mineral surface closer to the active functional 
groups of the cement to such distances, which are available for molecular action in 
order to activate their interaction. 

3 Results and Discussion 

Optimal conditions for agglomeration and particle cohesion in filled cement systems 
are achieved through the use of hydration-active microfillers and reduction of particle 
spacing through optimum particle size distribution and reduced water content. In this 
case the contact points between the cement or cement particles and the microfillers, 
brought close to minimum distances, may act as active crystallisation zones. The
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Table 2 Planning matrix and results of the experiment 

Nr Index Z, m.p., % Strength, MPa D, E·103 MPa W, % 

Z1 Z2 Z3 FS CS 

1 n1 100 0 0 16.6 43.7 48.7 48.7 

2 n2 0 100 0 22.1 57.6 44.7 44.7 

3 n3 0 0 100 19.8 58.1 24.16 46.7 

4 n122 33 67 0 19.3 46.6 22.94 43.5 

5 n133 33 0 67 9.9 29.8 17.96 46.7 

6 n233 0 33 67 11.1 41.5 19.07 52.7 

7 n112 67 33 0 21.4 62.8 26.62 42.0 

8 n113 67 0 33 16.9 55.7 23.08 45.3 

9 n233 0 67 33 26.0 63.8 29.03 40.7 

10 n123 33.3 33.3 33.4 8.3 31.0 15.77 50.7 

Where Z—mixture composition, mass of particle %, FS—flexural strength, CS—compressive 
strength, D—dynamic modulus of elasticity, E·103 MPa, W—water content, % 

physical and mechanical properties of cement composites can be improved by using 
binary filler, which is a mixture of quartz and limestone powders [57, 58]. 

In the manufacture of the compositions, the cement content was assumed to be 
100% and the amount of water was taken as an indicator of equal mobility. As for 
the other components, in particular the fillers of different fractions, their content 
was selected according to a planning matrix which contains the real values of the 
individual factors (Table 2). In addition to the planning matrix, Table 2 shows the 
values for the compositions of the cement composites determined by physical and 
mechanical tests and the experimental results. 

Statistical methods were applied for the processing of experimental results. As 
a result, regression equations were obtained. Let’s result equations of regression of 
indicators of composites on durability at a bending (Rb), compression (Rc), a modulus 
of elasticity (E) and water consumption (W): 

Rb = X1 + 0.33X2 + 1.19X3 + 0.247X1 X2 − 1.327X1 X3 − 0.675X2 X3 

+ 1.552X1 X2(X1 − X2) + 3.262X1 X3(X1 − X3) 

+ 5.76X2 X3(X2 − X3) − 12.915X1 X2 X3 (1) 

Rc = X1 + 1.31X2 + 1.32X3 + 0.405X1 X2 − 0.832X1 X3 − 0.54X2 X3+ 
+ 3.195X1 X2(X1 − X2) + 4.702X1 X3(X1 − X3) 

+ 3.465X2 X3(X2 − X3) − 10.867X1 X2 X3; (2)



Control of Structure Formation of Reaction Powder Concretes … 275

E = X1 + 1.24X2 + 1.2X3 − 0.112X1 X2 − 0.382X1 X3 − 0.135X2 X3 

− 0.067X1 X2(X1 − X2) ++2.137X1 X3(X1 − X3) 

+ 3.285X2 X3(X2 − X3) − 8.01X1 X2 X3; (3) 

W = X1 + 0.91X2 + 0.95X3 − 0.36X1 X2 − 0.157X1 X3 − 0.112X2 X3 

− 0.405X1 X2(X1 − X2) −−0.247X1 X3(X1 − X3) 

− 1.597X2 X3(X2 − X3) + 3.555X1 X2 X3. (4) 

Based on the regression equations obtained, the graphical relationships shown in 
Fig. 2 are constructed. 

The graphs show that, from the point of view of improving the strength properties 
of cement composites, a filler in the form of particles of different particle size distri-
bution is optimal. This option allows to increase the strength of cement composites 
by 10–15% in comparison with a single fraction. Optimisation of the composition 
of the filled binder makes it possible to reduce cement consumption and the cost of 
concrete.
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Fig. 2 Changes in relative flexural strength (a), compressive strength (b), dynamic modulus of 
elasticity (c) and  water demand (d) of cement composites 
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The application of surfactant and electrolyte additives creates additional condi-
tions for purposeful formation of improved structure and improvement of physical 
and mechanical properties. 

Triboelectrically activated sand served as the basis for the production of 4 × 4 
× 16 cm samples. A cement-carbonate-quartz composition was used as a matrix. 
Information on the content of the components in the investigated compositions as 
well as the results of comparative tests of the samples made with inactivated and 
triboelectrified sand are presented in Table 3. 

The analysis of the results of the study leads to the conclusion that triboactivation 
improves the strength properties of cement composites. 

It should be emphasised that this technology of concrete preparation allows saving 
up to 70% of cement in comparison with conventional options and, what is equally 
important, to obtain high-strength concretes. It is implemented using a high-speed 
mixer by preparing a cement composition based on finely dispersed mineral materials 
and cement. The resulting mixture is then combined in a compulsory mixer with 
triboelectric fine aggregate. 

Due to the destruction of the crystal lattice of the activated materials, surface 
energy is accumulated and further increased due to the triboelectricity effect. At 
the stage of composite material formation, the process of defect formation must 
be inhibited by the same defects (pores, microcracks, dislocations) that were the 
sources of the acts of destruction at the stage of activation, as well as by increasing 
the dispersibility of the stone structure, i.e. increasing the number of dislocation 
movement obstacles. This requires minimum W/C at the most efficient compaction 
methods and optimal grain sizes of the composition. The combination of amorphous 
structures in the process of activation, combined with crystalline structures in the form 
of sand in the architecture of the cement stone are the best in terms of synthesis of its 
strength. This requires an optimum grain size and ratio of cement slurry components 
with a developed surface area and a minimum W/C at the most efficient compaction 
methods [59–62].

Table 3 Test results 

Nr Mixture composition, mass of particle Type of aggregate Strength, MPa 

PC DP1 DP2 QP W/C KP FS CS 

1 100 33.3 33.3 33.4 0.4 200 Non-activated 9.6 35 

2 100 33.3 33.3 33.4 0.4 200 Activated 11.5 45 

Where PC—Portland cement; DP1—dolomite powder with Ssg = 6000–6200 cm2/g; DP2— 
dolomite powder with Ssg = 9000–9200 cm2/g; QS—quartz powder with Ssg = 3000–3100 cm2/ 
g; W/C—water/cement; FS—flexural strength, CS—compressive strength 
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4 Conclusions 

1. Fine-grained mineral powders are primarily subject to electrostatic forces in 
contrast to coarse-grained components which are subject to gravitational forces. 
In this regard, two steps are necessary in the preparation of the cement mortar. In 
order to break the aggregating action of electromagnetic forces in the first stage 
of mixing cement with the micro filler it is necessary to use energy-saturated 
high-speed mixers. At the second stage of mixing cement composition with sand 
traditional mixers can be used. 

2. The effectiveness of the combined use of acidic quartz and alkaline lime 
microfillers in the cement composition has been determined. 

3. The optimum specific surface area of microfillers is determined: dolomite powder 
Ssg = 6000–6200 cm2/g, quartz powder Ssg = 3000–3100 cm2/g; quartz sand 
fractions 0.315–0.63. 

4. By methods of mathematical planning of experiment the quantitative relation 
between cement and microfillers has been determined: Portland cement: dolomite 
powder Ssg = 6000–6200 cm2/g; dolomite powder Ssg = 9000–9200 cm2/g; 
quartz powder with Ssg = 3000–3100 cm2/g; quartz sand fractions 0.315–0.63. 

5. It was found that the compressive strength of the activated mixture is 1.3 times 
higher than the strength of the non-activated mixture, and the flexural strength is 
1.2. 
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Rational Design of Composite 
Strengthening of Reinforced Concrete 
Elements for Experimental Research 

Vladimir Rimshin and Pavel Amelin 

Abstract In recent years, due to the increase in design loads in operated build-
ings, there is a need to strengthen their load-bearing structures. The use of high-
modulus composite materials contributed to the further development of reinforce-
ment methods. The analysis of the works related to the composite reinforcement 
of reinforced concrete bendable structures showed the need for experiments with a 
variation in the ratio of the length of the composite reinforcement to the calculated 
length of the element. This paper presents a preliminary calculation and selection 
of options for strengthening reinforced concrete bendable elements, including their 
inclined sections, for further field experimental studies using normative methods. 
Reinforced concrete beams made of concrete of strength class B15 were selected as 
the studied samples. The reinforcement is made in the form of a flat frame using rods 
of classes B500 and A400. Composite reinforcement is made using SikaWrap carbon 
tapes. The location of the breakage of the composite reinforcement in the stretched 
zone of the element is determined when plotting the load-bearing capacity of the 
non-reinforced element and the bending moments from the maximum possible load 
of the reinforced elements. An increase in the bearing capacity may lead to a change 
in the pattern of destruction of the sample, which requires additional calculation and 
design of composite reinforcement of inclined sections of the element. 
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1 Introduction 

Buildings and structures in the process of long-term operation require repair and 
restoration work. The process of reconstruction of buildings with a reinforced 
concrete frame is often associated with an increase in the design loads on their 
load-bearing elements [1–4]. In this regard, there is a need to strengthen rein-
forced concrete structures. The use of polymer composite materials in construction 
contributed to the further development of reinforcement methods. These materials 
have high strength and deformation characteristics, while they can be operated in 
aggressive environments [5–7]. 

At the moment, experimental and scientific experience of research on the opera-
tion of reinforced concrete structures has been accumulated. The development and 
application of composite reinforcement methods became possible thanks to the theo-
retical and experimental work of Rimshin I., Mailyan D. R., Morozov I., Bokarev S. 
A., Polsky P. P., Georgiev V., Granovsky V., Kostenko A. N., Plevkov V., Kudyakov 
A. V., Krishan A. L., Truntova P. S., Khozina V. G., Ketsko E. S., Travush V. I., 
Al-Ruzan R., R. K., Gonzalez-Libreros I. N., Isfahani M. R., H. Rahimi, Jariwala V. 
H., Richie P. A., Saadatmanesh H., Ehsani M. R., Triantafillou T. S., Shahawy M. A., 
Hutchinson A., Lee H., Deng J., Xie Yu., Wang E. Yu., Chen Y. and others [1–16]. 

The analysis of the scientists’ work showed that a multiple increase in the bearing 
capacity of the normal section of the element during bending can be achieved by using 
high-modulus composite materials, increasing the area of composite reinforcement 
by sticking several layers of canvases and lamellas in a stretched face, using U-shaped 
composite clamps of various angles of inclination to the longitudinal axis and clips 
in the support zone as an anchoring device. 

However, to date, there have been no tests of reinforced concrete bendable 
elements having different ratios of the length of the composite reinforcement along 
the stretched face to its value of its estimated length. It is necessary to conduct 
comprehensive experimental studies on this topic. 

2 Methods and Materials 

To solve this problem, it is necessary to design and calculate the composite rein-
forcement of bent reinforced concrete structures. Reinforced concrete beams made 
of heavy concrete of class B15 were selected as control samples. The dimensions of 
the prototypes are 120 × 220 (h) × 1290 mm. The estimated span was 1100 mm. 
The geometric dimensions of the cross sections of the prototypes, the classes of 
concrete and reinforcement, the configuration and diameters of the reinforcement 
rods were adopted on the basis of preliminary calculations, taking into account the 
prevention of destruction along inclined sections or due to loss of overall stability. 
The prototypes of the beams are reinforced with a flat welded frame made of A400 
Ø12 mm reinforcing steel in the stretched zone and A400 Ø6 mm in the compressed
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Fig. 1 Scheme of formation of the studied structure 

zone. Rods made of reinforcing steel B500 Ø5 mm are accepted as transverse rein-
forcement. The pitch of the transverse reinforcement along the length of the beam is 
variable: in the extreme quarters—100 mm, in the middle—200 mm. The value of 
the protective layer of concrete is 20 mm. The reinforcement scheme of the samples 
is shown in Fig. 1. 

The characteristics of materials required for calculations for the first group of 
limit states are shown in Table 1. 

The bearing capacity of the cross section of the beam Mult is determined according 
to SP 63.13330.2018 by the Eq. (1): 

Mult = Rbbx(h0 − 0.5x) + Rsc A
'
s(h0 − a') (1) 

where: 

Rb resistance of concrete to compression; 
Rsc resistance of the rebar Ø6 A400 to compression; 
b section width; 
x the height of the compressed concrete zone, determined by the Eq. (2): 

x = 
Rs As − Rsc A'

s 

Rbb 
(2)

Table 1 Design characteristics of concrete and reinforcement 

Concrete characteristics Rebar characteristics 

Strength 
class 

Rb, MPa  Rbt, MPa  Eb, MPa  Diameter 
and class 

As, cm2 Rs, MPa  Rsc, MPa  Es, MPa  

B15 8.5 0.75 24,000 Ø12 
A400 

1.131 350 210,000 

Ø5 B500 0.196 300 210,000 

Ø6 A400 0.283 350 210,000 
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Fig. 2 Diagram of the load application on the beam 

h0 the working height of the section, defined as the difference between the height 
of the section h and the thickness of the protective layer of concrete a and a'; 

Rs resistance of the reinforcement Ø12 A400 to stretching. 

To determine the transverse force perceived by the beam, we will take a calculated 
scheme of loading the beam in the form of a four-point bend, with a projection of a 
long projection of an inclined section C equal to 400 mm (Fig. 2). 

The transverse force perceived by the beam Q calculating by the Eq. (3): 

Q = Qb + Qsw = 
ϕb2 · Rbt · b · h2 0 

C
+ 

ϕsw · Rsw · Asw · C 
sw 

(3) 

where 

ϕb2 coefficient for concrete, accepted 1.5; 
ϕsw coefficient for reinforcement, accepted 0.75; 
Asw cross-sectional area of the transverse reinforcement Ø5 B500; 
Rsw resistance of transverse reinforcement Ø5 B500 to compression; 
sw the pitch of the transverse reinforcement rods Ø5 B500 in the cut span. 

A unidirectional woven strip of carbon fiber SikaWrap—530 C is used as 
reinforcement, which is glued in a stretched zone 120 mm wide in one layer. 

The SikaWrap—530 C tape has the following physical and mechanical charac-
teristics: 

– strength R f,n = 3200 MPa; 
– modulus of Yong E f = 225,000 MPa; 
– estimated tape thickness t f = 0.29 mm; 
– the cross-sectional area of the tape A f = 34.8 mm2. 

According to the recommendations of SP 164.13330.2014, the calculated tensile 
resistance of a composite material R f calculating by Eq. (4): 

R f = 
γ f 1 · γ f 2 · R f n  

γ f 
(4)
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where 

γ f the reliability coefficient of the composite material, depending on the type of 
material and the group of limiting states, which is equal to 1.2; 

γ f 1 the coefficient of the working conditions of the composite material, depending 
on the type of material and operating conditions, for structures located inside 
the building is equal to 0.9; 

γ f 2 the coefficient of the working condition of the composite material, taking into 
account its adhesion to the structure, and determined by Eq. (5): 

γ f 2 = min

[[
0.9 

1 
2.5·ε f,ult 

/
Rb 

n·E f ·t f

]]
(5) 

where: 

n estimated number of layers of composite material; 
tf thickness of one layer of composite material, mm; 
εf,ult limiting relative deformations that are found for the resistance of a composite 

material R f with a coefficient γ f 2 = 1, and calculating by Eq. (6): 

ε f,ult = 
R f 
E f 

(6) 

Next, the condition is checked ξ ≤ ξr f  , where ξ = x f 
h —relative height of the 

compressed zone, x f —the height of the compressed zone, determined from the 
Eq. (7): 

x f = 
Rs As − Rsc A'

s + R f A f 
Rbb 

(7) 

The value of the maximum relative height of the compressed zone ξr f  calculating 
by the Eq. (8): 

ξr f  = ω 
1 + R f 

εbu1 E f 
(1 − ω 

1.1 ) 
(8) 

εbu1 = 0.002 maximum relative deformation of concrete during compres-
sion; 

ω = 0.85 – 0.008·Rb the relative height of the compressed concrete zone at which 
the actual zero line passes through the reinforcement. 

Based on the obtained values of the height of the compressed zone of reinforced 
concrete, as well as the calculated resistance of the composite material to stretching, 
the actual value of the load-bearing capacity of the reinforced beam section is 
determined by the Eq. (9):
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M f,ult = Rbbx f (h0 − 0.5x f ) + Rsc A
'
s(h0 − a') + R f A f a (9) 

The increase in the bearing capacity of the cross section of the element is achieved 
mainly by increasing the height of the compressed zone of the element from the use 
of composite reinforcement. 

3 Results and Discussion 

The results of calculations based on the Eqs. (1–9) for control and enhanced 
experimental samples are shown in Table 2. 

Based on the data on the bearing capacity of the reinforced element M f,ult , and 
the known two-point loading scheme shown in Fig. 2, it is possible to calculate the 
limit value of the load F on the element from each traverse by the Eq. (10): 

P 

2 
= F = 

M f,ult 
c 

(10) 

where 

c distance from the support to the point of application of the load F . 

To determine the rational length of the composite gain along the longitudinal axis 
of the stretched face, we construct a plot (Fig. 3) of the moment from the application 
of a two-point load with an equivalent maximum value of M f,ult and the moment 
perceived by the cross section to the gain of Mult along the length of the element 
(Fig. 3).

As can be seen, at a distance of 230 mm from the support, the cross section 
perceives the load from the traverse only with working steel reinforcement, which 
leads to the irrational use of carbon fiber. 

The magnitude of the transverse forces Q', the effect on the reinforced element is 
numerically determined by the magnitude of the load from the traverse F which for 
this element is 31.21 kN, which is greater than the magnitude of the transverse force 
Q = 31.14 kN. Strengthening of the normal cross-section can lead to the destruction 
of the element along the inclined section, therefore it is necessary to ensure minimal 
reinforcement of the inclined sections with composite materials. 

Based on the results obtained on the basis of preliminary calculations on the 
reinforcement of reinforced concrete bendable elements, as well as in order to ratio-
nalize the use of composite reinforcement, the author has developed an experimental

Table 2 Calculated values of the carrying capacity of the experimental sample 

Mult , kNm Q, kN R f , MPa x f , mm M f,ult , kNm  

7.287 31.14 854.4 57.9 12.485 
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Fig. 3 Plot of moments perceived by the cross section before amplification and from the application 
of a two-point load

program, in accordance with which the destruction of 4 series of bendable elements 
and auxiliary samples to them is envisaged (Fig. 4): 

– testing of auxiliary concrete samples of the design class for compressive strength 
B15 in the form of cubes with a size of 10 × 10 × 10 cm and prisms with a size of 
10 × 10 × 40 cm for compression, bending, determination of the initial modulus 
of elasticity in the amount of 6 pcs. per series; 

– testing of auxiliary samples in the form of reinforcing bars B500, A240 and A500 
and unidirectional woven strips of carbon fiber SikaWrap—230 C for longitudinal 
stretching; 

– testing of control samples of reinforced concrete elements with a short-term static 
bending load (series 1); 

– static bending test of reinforced concrete elements previously damaged under the 
influence of an aggressive environment, unloaded and reinforced with carbon fiber 
canvases (series 2, 3, 4). 

The ratio of the length of the reinforced section Lyc to the calculated length of the 
element Lyc was chosen as the variable parameters during the test L (1/1, 0.8/1.1, 0.6/ 
1.1), as well as the angle of inclination of the transverse composite reinforcement 
α (90, 60, 45%). The transverse composite reinforcement in the elements, while 
strengthening the inclined section of the element, has the function of anchoring 
carbon tapes in the stretched zone to concrete.

The transverse reinforcement is designed from carbon fiber SikaWrap 230C tapes 
with a width of 50 mm and a pitch of 100 mm, having the following physical and 
mechanical characteristics: 

strength R f,n = 3200 MPa; 
modulus of Yong E f = 225,000 MPa; 
estimated tape thickness t f = 0.129 mm; 
the cross-sectional area of the tape A f = 14.48 mm2.
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Fig. 4 Design schemes of 
experimental reinforced 
samples: a—series 1 (Lyc/L 
= 1; α = 90°), b—series 2 
(Lyc/L = 0,8/1,1; α = 60°), 
c—series 3 (Lyc/L = 0,6/1,1; 
α = 45°)

4 Conclusion 

The calculation made by the authors was carried out with the aim of rational 
use of composite material when performing experimental studies on strengthening 
reinforced concrete bendable elements.
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The values of the destructive moments allowed us to plot the effective operation 
of the composite material along the length of the element. Variation of the angle 
of inclination of the transverse composite reinforcement to the longitudinal axis of 
the element will allow to obtain extensive data on the work of reinforced concrete 
elements on bending. 
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Modeling of Reinforced Concrete 
in the “LIRA” Intelligence 
for the Problem of Crack Opening 

Vladimir Kolchunov 

Abstract In most of the world-famous computing complexes, when designing rein-
forced concrete structures, is not taken into account the current development of a 
finite element model, where it is necessary to adequately take into account the nature 
of the development and opening of cracks in them. The criterion for the disclo-
sure of cracks in reinforced concrete structures is carried out using the achievement 
of completely different criteria. Completely different criteria should be used when 
analyzing the appearance and development of discrete cracks for modeling discrete 
cracks, taking into account the effect of violation of the discontinuity of concrete 
and the reaction of reinforcement from the mechanics of destruction of two elements 
and the development of cracks in reinforced concrete. The physical essence of which 
is the additional deformation effect of the reaction of reinforcement and concrete 
in the form of an ellipsoid for an alternative kinematic crack, from a universal two-
console element in reinforced concrete. At the same time, in the stretched area of 
concrete for the distance between cracks and the width of the opening has in these 
local zones adjacent to the crack adhesion and importantly compressed concrete 
tensions. A classification of the basic spatial cracks in spatial reinforced concrete 
composite structures is constructed for discrete levels,—cracks that develop to zones 
of concentration of geometric, force, deformation loading or the inter-environment 
region, where the full picture of various types of cracks. Based on the basic cracks, 
a complete scheme of spatial cracks is applied by finding adjacent cracks with the 
involvement of the deformation criterion of their formation and the method of finding 
the extremum of the function of many variables using Lagrange multipliers. Never-
theless, the method of modeling discrete cracks, including using most of the world’s 
well-known, has not been developed by the intelligence of computing complexes. 
The development of spatial cracks is carried out on special bilinear surfaces. Then 
approximating spatial finite elements are inserted into them, which are “expanded”,
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modeling a spatial crack, the disclosure of which is set in the form of a deforma-
tion effect, taking into account the effect of reinforced concrete continuity violation. 
When solving the inverse problem of determining the width of crack opening, the 
deformation effect is not set, and with the help of “stitching”, only the presence 
of a gap of the minimum possible width is modeled, its opening under appropriate 
loading and determines the width of crack opening as the divergence of the banks 
of this gap. The article considers the pairs of finite elements adjacent to such a 
crack from opposite sides—a special calculated two-element console model. These 
pairs are considered in two states: before their “stitching” and after their “stitching”, 
taking into account the deformation effect and the effect of breaking the continuity 
of concrete. To find the level distance between cracks and the width of their opening 
from a reinforced concrete structure, which allows determine the desired parameters, 
tools or modules of the LIRA program. 

Keywords Discontinuity effect · Reinforced concrete · Opening width ·
Methodology · Modeling of discrete cracks · Bilinear surface · Classification ·
Function of variables · Two-element console · Analytical coupling · Stitching 
finite elements · Modules—tools 

1 Introduction 

In connection with the recommendations, in recent decades, the construction prac-
tice has been increasingly introduced, which necessitates the use of their spatial 
design scheme, the complex resistance of reinforced concrete buildings, structures 
and structures, plane-stressed finite elements (panel buildings, pylons, etc.) are used 
or performed with the help of volumetric finite elements, taking into account their 
complex resistance of spatial cracks (building cores, hydraulic structures, arched 
reinforced concrete dam, nuclear power plants, etc.) [1–14, 22–24]. 

Schemes of discrete cracks—this classification is based on the geometric, force 
(deformation) and inter-medium concentration of the stress–strain state with the 
corresponding concentrator sources proposed in the works [22–24]. The criterion for 
crack disclosure in reinforced concrete structures is performed using the achievement 
of completely different criteria should be used when analyzing the appearance and 
development of discrete cracks for modeling discrete cracks, taking into account the 
effect of violation of the discontinuity of concrete and the reaction of reinforcement 
from the mechanics of destruction of two elements and the development of cracks in 
reinforced concrete [1–14]. 

Considering that to date, the development of a finite element model, where it is 
necessary to adequately take into account the nature of the development and opening 
of cracks in them. Nevertheless, the intelligence of computing complexes (direct and 
inverse problems of discrete cracks) has not been developed before the methods of 
modeling discrete cracks, including using the most well-known in the world [22– 
24], Relevance more and more attention is paid to the development of models of
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deformation of reinforced concrete with the use and development of tools and basic 
provisions of fracture mechanics [24, etc.]. 

2 Materials and Methods 

The method of modeling discrete cracks and calculating the rigidity of spatial rein-
forced concrete constructions, buildings and structures with their complex resistance 
will be based on the following design positions: 

1. The author has developed the effect of reinforced concrete (discovered in reinforced 
concrete by Professor Vladimir Kolchunov) [1–9, 16, 23, etc.], the physical essence 
of which is the additional deformation effect of the reaction of fittings and concrete 
in the form of an ellipsoid crack (at a distance of two diameters of the working 
reinforcement from the axis of its rod or its alternative kinematic crack), related with 
a violation of the continuity of concrete for its tools from a two-console element 
(TCE) in reinforced concrete based on the mechanics of destruction. 

The main aspects of fracture mechanics focus on the features of the stress–strain 
state in areas with broken continuity, including cracks. The mechanism of crack 
straining (during its development) is laid in the zone of pre-collapse, with localized 
deformation w in this zone and with the formation of new specific crack surfaces. 
Determination of the energy release rate is performed on the basis of the functional 
of fracture mechanics: 

ζbu = lim 
δ A→0

(
δW − δV 

δ A

)
= 

dW 

d A  
− 

dV  

d A  
+ 

1 

3 

n∑
i=1

(
P2 
i · δCi 

δ A 
− Ci Pi 

δ Pi 
δ A

)
. (1) 

Here—is a decrease in the potential energy of the body when the crack moves by a 
small increment;—additional work performed on the body when the crack moves by 
a small increment δa. 

To implement the obtained dependence, we use Fig. 1, where, in relation 
to a selected two-console element under the influence of a number of forces, 
(ΔT, P1, P2, Mcon) and movements in any sections of interest (Δ1 . . . Δi ) are 
determined by methods of structural mechanics.

Two-element (TCE) universal spatial cracks in its surface were obtained to imple-
ment the dependencies of fracture mechanics in reinforced concrete. Linger on the 
main provisions and features of cutting out a two-console element (TCE), including 
a crack for constructing a calculation apparatus of reinforced concrete. For a solid 
body, the stress–strain state is analyzed by the methods of the theory of elasticity 
and plasticity, an elementary cube is allocated describing the dependence between 
tension and deformations at a point. Then, when moving to the cross section, the 
established connection is integrated throughout the cross section. As a result, the 
problem is reduced to differential equations, the exact solution of which, as a rule, 
is very difficult. In the resistance of materials, the hypothesis of plane deformations
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(a) 

(b) 

Fig. 1 Reinforced concrete effect: crack shape,—from triangle to ellipsoid (a); reaction from 
discontinuous concrete to solid reinforcement (b); c—mechanical model for its physical essence 
(process)); relative deformations of reinforcement and stretched concrete along the x axis

for the entire cross section is adopted, which greatly simplifies the solution of the 
problem. For a discontinuous body with a crack (where the continuity of the body 
is broken), when establishing a connection between tension and displacements, the 
methods developed in the theory of elasticity, plasticity and resistance of materials 
are not applicable. Nevertheless, the use of the fundamental method of cross sections 
in relation to the material with cracks brings its positive results. This also applies to 
the approximate method of determining the tension intensity coefficient, it can also 
be used in the allocation of a special TCE, which has found application in fracture 
mechanics. 

The allocation of such TCE, including a crack, in relation to a core reinforced 
concrete element has its own specifics. 

Firstly, if DCE is allocated for a long two-console element (fully including the 
entire crack), for the entire length of the crack, and not for some of its elementary 
section, then the crack length is generally determined from the condition of the 
following condition of fracture mechanics: 

dζbu 

dhcrc 
= 0. (2) 

At the same time, it should be noted that the difficulties arising here are the main 
reason (along with the need to use complex numbers) for which the detailed tools of



Modeling of Reinforced Concrete in the “LIRA” Intelligence … 295

fracture mechanics are developed (allowing to study the features of the stress–strain 
state in the vicinity of the crack), these tools have not yet found proper application 
in the theory of reinforced concrete. 

Formula (2) is due to the Saint–Venant principle, applied to the near-armature 
zones of working reinforcing rods adjacent to the spatial crack and is confirmed by 
a number of experimental studies [1–9, 16, etc.]. 

Let’s consider a short TCE, the length of which is known for design reasons (it 
is allocated at half the length of the zone adjacent to the crack located between the 
working reinforcing rods, for example, clamps or tiered longitudinal reinforcement), 
Fig. 2. 

Secondly, the forces in the cross sections passing at a distance and (for a universal 
two-console element) from the crack must be associated with the desired parameters 
of the stress–strain state of the reinforced concrete element. 

Thirdly, we should not forget about the virtual movements of the dedicated TKE 
consoles when the neutral axis of the reinforced concrete element is rotated and the

Fig. 2 A two-console 
element with torsion bending 
(a) and  (b) in model A and 
model B, respectively,—the 
nodes of the spatial crack in 
its surface for a separate 
polyline (middle) strip of 
TCE 1,rig; TCE 1,lef—the 
first (lower) for the right and 
left elements; TCE 2,rig; 
TCE 2,lef—the second 
(upper) for the right and left 
elements 

(a) 

(b) 
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rotation angles of the working reinforcing rod caused by the pressure forces, i.e. the 
pinching of the consoles on both sides DKE, in some cases, may not be absolutely 
rigid. 

Thus, the allocation of TCE for reinforced concrete (which is transformational 
between the dependencies of fracture mechanics and the theory of reinforced 
concrete) is a very important and difficult problem. It should be linked not only 
with the task of determining the stress–strain state of the cross-section of a rein-
forced concrete element, but also with the problem of the distribution of adhesion 
between reinforcement and concrete, since the appearance of a crack in a solid body 
can be considered as some deformation effect, affecting the features of the coupling 
of reinforcement and concrete in the areas adjacent to the crack. 

With the help of TCE, the connection of its stress–strain state with the value ζbu 
in the pre-collapse zone seems to be the most successful (in contrast to the use of 
the Gurs function with complex numbers). At the same time, the malleability of the 
crack banks, through which the value of ζbu can be expressed, is determined using 
the functional of fracture mechanics. 

Thus, the TCE is used as a link between the dependencies of the mechanics of a 
solid deformable body and the mechanics of fracture. 

The above considerations were used in the development of universal two-channel 
elements, suitable, among other things, for solving the problem of resistance of 
reinforced concrete structures during torsion with bending (Fig. 2). 

As a result, the effect of reinforced concrete for the disclosure of spatial cracks 
and the rigidity of reinforced concrete structures during bending with torsion has 
been developed [1–9, 16, 23, 24, etc.]. At the same time, from a small separate 
strip (medium width and length) for a two-console element (TCE) (Fig. 2). In the 
calculated models A and B of strips Δbi for the left and right elements up to half the 
width of the structure from the neutral axis to the lower and upper elements (length 
lt,∗, —Fig. 2a and b), respectively. 

Then a universal TCE was obtained to implement the dependencies of the fracture 
mechanics in reinforced concrete of spatial cracks in its surface for a separate polyline 
(middle) strip: characteristic stress plots in stretched concrete and the cutting of a 
special TCE in the vicinity of a spatial crack adjacent to the working armature of 
the axes XsYsZs through the i-th axes XiY iZi for displacement types,—separation 
(for displacement ±0,5a∗); transverse shear (for displacement ±0,5b∗); longitudinal 
shear (for displacement ±0,5c∗); node for the features of the stress–strain state at the 
tip of the crack (Figs. 1 and 2). In this case, we perform a sequential displacement 
and rotation of the axes along x, y, z (Fig. 2), we have: xi = xc ± 0.5a∗,i ; yi = 
yc ± 0.5b∗,i ; zi = zc ± 0.5c∗,i , as well as rotation angles,—αi (for cosine l), β i (for 
cosine m), θ i (for cosine n),—xi = xc · (±li ); yi = yc · (±mi ); zi = zc · (±ni ). 

Then after the joint displacement and rotation of the axes, we get (see Fig. 2): 

⎧⎨ 

⎩ 

xi =
(
xc ± 0.5a∗,i

) · (±li ); 
yi =

(
yc ± 0.5b∗,i

) · (±mi ); 
zi =

(
zc ± 0.5c∗,i

) · (±ni ). 
(3)
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Here, the parameter, in accordance with the Saint–Venant principle and studies of the 
near-armature zone performed using semi-analytical and numerical methods, is in 
the first approximation equal to one and a half of the diameter of the reinforcement. 
The tensile tensions in the selected sections are distributed according to the square 
parabola law from the neutral axis to the point where the sign of these tensions 
changes. At the same time, their maximum value is limited by the value Rbt therefore, 
in a significant area, the actual distribution of tensile tensions is close to the rectangle, 
regardless of the law of their distribution in the elastic stage. Compressive stresses 
in the same sections in the areas adjacent to the armature are distributed along a 
triangle. Δb is taken in the area adjacent to the reinforcement equal to the value of 
the protective layer plus half the diameter and this value is doubled (since the strip 
is allocated from both sides of the reinforcement rod), Fig. 2. 

During bending (tension–compression), the expression (4) is not used, because 
the geometry of the crack in thickness b does not change. The spatial crack is twisted, 
i.e. its profile changes in thickness. 

Finally, and no more than 4d diameters of working fittings are accepted.

Δb = 2(as − 0.5d), (4) 

Here as and d are are the distance from the center of the working armature to the lower 
face of the cross section and the diameter of the working armature, respectively. 

For the selected TCE at the thickness Δb determined by the formula (4), it is 
logical to simplify this surface by taking its slope constant within Δb (angle Θ—the 
angle of inclination of the spatial crack in the plane, cross-section). In turn, the angle 
of inclination of the spatial crack in the vertical longitudinal plane perpendicular to 
the cross section—the angle αcrc is also assumed to be constant within the distance 
between the clamps. Up to half the thickness b of a rectangular reinforced concrete 
structure, it is assumed to be equal α1,crc, and for the second half,— α2,crc: 

α2,crc = α1,crc ± 90◦. (5) 

The sign “plus” or “minus” is taken depending on which side of the side surface 
(right or left) the angle starts counting. 

The accepted simplifications make it possible to significantly simplify the 
resolving equations, without closing the complex equation of the spatial crack surface 
on them into a single system (at each iteration step), but using it discretely for the 
selected strip, thickness Δb. 

The iterative process is organized when using a transitional (transformational) 
TCE as a tool. The two- console element is a connecting link and serves as a transfor-
mational element between the dependencies of fracture mechanics and the equations 
of the theory of reinforced concrete. 

3. Equation of the linear spatial surface of the crack. The formation of the subse-
quent level of spatial cracks is carried out after the stretched concrete fibers reach their
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maximum deformations εbt,u along the axes of the working reinforcement (longi-
tudinal or transverse). There may be several levels of cracking. The development 
of spatial cracks is carried out on special bilinear surfaces. To do this, knowing the 
equation of a bilinear surface in parametric form [18–24], the value of the angular 
points of the cross-section of a reinforced concrete structure (points A, B, C, D,) is 
entered into it—the equation of a bilinear surface is concretized in relation to a 
given cross-section. 

[xk; yk; zk] =[xA; yA; zA] · (1 − uk) · (1 − wk) + [xB; yB; zB] · (1 − uk) · wk+ 
+ [xC ; yC ; zC ] · uk · (1 − wk) + [xD; yD; zD] · uk · wk (6) 

From the equation of the bundle of planes, where is written in the following form: 

(yN − yM ) · x − (xN − xM ) · y − xM (yN − yM ) + yM (xN − xM )+ 
+λ · [(zN − zM ) · x − (xN − xM ) · z − xM (zN − zM ) + zM (xN − xM )] = 0. 

(7) 

4. On the extremum of the function of many variables for reinforced concrete using 
Lagrange multipliers. Projections of different cracks on the horizontal (vertical) are 
found on the basis of a block model with calculated cross-sections passing through 
the beginning and end of the crack (refined during iterations; one of these sections, 
as a rule, is attached to the greatest force—the reference reaction Rsup or goes to one 
of the faces of the construction) with the involvement of analytical dependencies, 
which are based on the extremum of the function of many variables using Lagrange 
multipliers F1,2 = f

(
qsw, xB , σs, x, σb, σs,I , σb,1, C2, λ1, λ2, λ3, λ4, λ5, λ6, λ7

)
and 

F3 = f
(
qsw, xB,2, σs,3, c2, λ1, λ2, λ3

)
, respectively, and the resulting conditions 

of equality of partial derivatives to zero [1–9, 16, etc.]: 

∂ f 
∂ x1 + λ1 

∂φ1 

∂ x1 + λ2 
∂φ2 

∂ x1 +  · · ·  +  λm 
∂φm 

∂x1 
= 0 

∂ f 
∂x2 

+ λ1 
∂φ1 

∂ x2 + λ2 
∂φ2 

∂ x2 +  · · ·  +  λm 
∂φm 

∂x2 
= 0 

.......................................................... 
∂ f 
∂xn 

+ λ1 
∂φ1 

∂ xn + λ2 
∂φ2 

∂ xn +  · · ·  +  λm 
∂φm 

∂xn 
= 0 

⎫⎪⎪⎪⎬ 

⎪⎪⎪⎭ 
(8) 

the projection of a spatial crack is found C. 
The parameters depend on the geometric characteristics of reinforced 

concrete composite structures, geometric and mechanical characteristics of 
concrete and reinforcement, coupling parameters, parameters of the stress– 
strain state of the design sections I–I and II–II, which pass through 
the beginning and end of the spatial (or inclined) crack, respectively— 
S, B /, B /

a,1, B
/
a,2, Asw, Esw, qsw, qsw,hor , Q/

s,3, h0, τb, x, xB,2, σb, σS, σS,1, τxy,2, a, 
b, Rsup, AS,i , α, ψS, vb 

. 

5. Analytical model of reinforcement coupling with concrete and their compliance. 
The proposed analytical model, along with modeling the reinforcement process with
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concrete, can be used to determine the secant stiffness of reinforcement joints crossing 
a crack—a necessary parameter for calculating structures using a discrete crack 
model. The longitudinal (transverse for clamps) compliance λsm (rigidity of the Csm 

connection) is determined by the ratio of the Usm movement to the reaction of the 
Nsm connection in it: 

λsm = 
1 

Csm 
= 

Usm 

Nsm 
. (9) 

This reaction (also known as the force at the end of the rod) depends on the 
boundary conditions that we vary during the study. 

The model considers a reinforced concrete element (representative volume) with 
a single central reinforcement. The case of central reinforcement with one rod when 
pulling it out of a concrete matrix most fully reveals the pattern manifested when 
pulling a reinforcing rod out of a concrete block (a representative volume in the 
form of a prism with a reinforcing rod), which is one of the most important tasks 
of the structural mechanics of reinforced concrete in the presence of discrete cracks 
[6, etc.]. All types of reinforcement of reinforced concrete structures by a system of 
reinforcing rods are precisely or approximately reduced to this case [1–9, etc.]. 

The left end of the element is rigidly fixed from any movement, the right end is 
free. A tensile force Ns is applied to the reinforcing rod, causing the rod and the end 
face of the element Us and Ub to move, respectively, along the entire length of the 
reinforced concrete rod (Fig. 3). 

The coupling forces acting on the contact of the reinforcement with concrete are 
characterized by linear tangential forces τbond (x), in concrete—in the direction of 
the acting load, and in the reinforcement—oppositely directed [1–9, etc.]. 

The law of adhesion between concrete and reinforcement in the studied model is 
elastic–plastic, described using a bilinear diagram τbond−εq (x) that takes into account 
the experimental data of Golyshev, Kolner, Kholmyansky, Babich [1–9, 16, 24, etc.]. 

τbond = k · εq (x) = 0, 4 · Ecm · [εs(x) − εc(x)], (10)

Fig. 3 Calculation element of the model 
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of εq (x) = [εs(x) − εc(x)] ≤ ε∗
q (x) = 4, 95 · fctm Ecm 

; 

τbond = 0, 0232 · Ecm · [εs(x) − εc(x)] + 1, 866 · fctm, (11) 

of εq (x) = [εs(x) − εc(x)] > ε∗
q (x) = 4, 95 · fctm Ecm 

. 
Where εq (x) is the relative mutual displacement of concrete and reinforcement, 

in cross section x (Fig. 4); accumulation of relative mutual displacements of concrete 
and reinforcement in the area between cracks and constitutes the value of the crack 
opening width acrc; ε∗

g(x)—boundary relative mutual displacement of concrete and 
reinforcement corresponding to the endpoint of the first section of the coupling 
diagram (Fig. 4). 

The work of concrete in this model is also described using a bilinear diagram 
σc − εc, shown in Fig. 4.

(a) (b) 

(c) 

Fig. 4 Coupling dependencies and deformation diagrams implemented in the analytical model: 
a—bilinear coupling dependence and concrete deformation diagram, linear reinforcement steel 
deformation diagram; b—bilinear coupling dependence and concrete and reinforcement steel defor-
mation diagrams; c—trilinear coupling dependence and concrete deformation diagram, bilinear 
reinforcement operation 
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For concrete, we use the following dependence modeling elastic–plastic work 
(Fig. 4): 

εc(x) =
{

Nc(x) 
Ecm ·Ac 

, ecπu Nc(x) 
Ac 

≤ 0, 9 · fctm, 
18·Nc(x) 
Ecm ·Ac 

− 15, 3 · fctm Ecm 
, ecπu Nc(x) 

Ac 
> fctm; (12) 

Also in this model, the following variants of diagrams of reinforcement deforma-
tion, concrete and reinforcement coupling with concrete are implemented (Fig. 4) 
by changing the expressions of the system of equations: 

– a variant of the model with nonlinear concrete, coupling dependence and linear 
reinforcement operation (Fig. 4a); 

– a variant of the model with nonlinear concrete, reinforcement and coupling 
dependence (Fig. 4b); 

– a variant of the model with trilinear concrete, coupling dependence and a bilinear 
diagram of reinforcement deformation (Fig. 4c). 

The fittings in this model are described using a line diagram. 
Using the equilibrium conditions of concrete and reinforcement rods, we obtain 

the following two differential equations connecting the forces in the rods and the 
tangential coupling stresses (Fig. 5): 

– for fittings: 

−Ns + Ns + dNs − t · dx  = 0; (13) 

– for concrete: 

−Nc + Nc + dNc + t · dx  = 0. (14) 

After the corresponding algebraic transformations, we will have: 

– for fittings:

Fig. 5 Reinforcement work in concrete 
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dNs 

dx  
= τbond · πds; (15) 

– for concrete: 

dNc 

dx  
= −τbond · πds . (16) 

Hooke’s law is valid for fittings: 

σs = Es · εs;⇒  εs = 
σs 

Es 
= 

Ns(x) 
Es · As 

. (17) 

From here, we get: 

εs(x) = 1 

Es AS 
· Ns(x). (18) 

Thus, a nonlinear boundary value problem consisting of four equations, two of 
which are differential of the first order, has the following form: 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

εs(x) = 1 

Es · As 
· Ns(x); 

εc(x) =
{

Nc(x) 
Ecm ·Ac 

, ecπu Nc(x) 
Ac 

≤ 0, 9 · fctm, 
18·Nc(x) 
Ecm ·Ac 

− 15, 3 · fctm Ecm 
, ecπu Nc(x) 

Ac 
> fctm; 

dNs(x) 
dx  

= 

⎧⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎩ 

π · ds · 0, 4 · Ecm · [εs(x) − εc(x)], ecπu 

εq (x) ≤ ε∗ 
q (x) = 4, 95 · fctm 

Ecm 

π · ds · {0, 0232 · Ecm · [εs(x) − εc(x)] + 1, 866 · fctm}, ecπu 

εq (x) > ε∗ 
q (x) = 4, 95 · fctm 

Ecm 

dNc(x) 
dx  

= 

⎧⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎩ 

−π · ds · 0, 4 · Ecm · [εs(x) − εc(x)], ecπu 

εq (x) ≤ ε∗ 
q (x) = 4, 95 · fctm 

Ecm 

−{0, 0232 · Ecm · [εs(x) − εc(x)] + 1, 866 · fctm}, ecπu 

εq (x) > ε∗ 
q (x) = 4, 95 · fctm 

Ecm 
(19) 

The boundary conditions of the problem are written as follows: 

Nc(x = 1) = 0, NS(x = 1) = C. (20)
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6. Modeled with the help of “stitching” with finite elements. Then the spatial 
cracks—surfaces are approximated by parallelepipeds inscribed into them after 
modeling a reinforced concrete structure with the same spatial finite elements 
(Fig. 6c). 

A classification of discrete basic spatial cracks is introduced. In spatial rein-
forced concrete composite structures [15–21, etc.], the following basic cracks may 
occur: (1) cracks that develop to or from zones of geometric concentration of stress– 
strain, etc.); states (in places where the cross-sections change in size, in the incoming 
corners, in the zones of non-circular holes and states (in places where the cross-
sections change in size, in the incoming corners, in the zones of non-circular holes 
and (2) cracks that develop to or from the zones of concentration of force and defor-
mation loading (locations of support reactions and concentrated, places where the 
intensity of loading changes along the contour of the structure, places of deformation 
loading from subsidence; of particular importance is the type of loading—bending, 
shifting, compression—stretching); (3) longitudinal cracks that develop in the zones 
of compression—stretching); inter-medium concentration of deformations (in the

(а) (b) 

(c) 

Fig. 6 The proposed crack model: a—a real crack; b—modeled with the help of “expansion” of 
plane–stressed finite elements (CE) and deformation effects; c—modeled with the help of “expan-
sion”, spatial finite elements (CE) and deformation effects in a block computational model with a 
spatial and normal cross-section passing through the end of a spiral crack; 1—crack; 2—transverse 
reinforcement and its modeling with 201 CE, 3—longitudinal reinforcement and its modeling with 
201 CE; 4—possible crack closure and its modeling with 255 CE 
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joints between concretes in flat-stressed reinforced concrete composite structures; 
along the longitudinal reinforcement in anchoring zones, etc.). 

In the practice of construction (for example, in complex engineering and geolog-
ical conditions), the most common schemes of force and deformation loading, which, 
as a rule, cause the imposition of various cracks [15–21, 24, etc.]. 

With complex resistance, as already noted above, the building (Fig. 1a) can be 
modeled using both planar and spatial finite elements. 

The essence of the proposed crack model [15–21, 24] is that a real crack (Fig. 2a for  
flat reinforced concrete structures and described by formula (2) for spatial reinforced 
concrete structures) is replaced by a model in the form of a polyline corresponding 
to the inscribed finite elements (Fig. 2b for flat and Fig. 2c for spatial, is considered 
on the example of the Lira-CAD VC), which are “embroidered” by modeling a 
crack, and its disclosure is given in the form of a deformation effect Δ = acrc,j 
directed perpendicular to the surface of the spatial crack [1–9], described by the 
dependence (1). Consideration of the effect of discontinuity violation [15–21, 24, 
etc.], is performed with the help of the introduction of a variable crack opening width 
depending on its distance from the axis of the working (longitudinal or transverse) 
reinforcement. 

When solving the inverse problem [15–21, 24, etc.],—determining the width of 
crack opening, the deformation effect is not set, and with the help of stitching, only 
the presence of a gap of the minimum possible width is modeled, and its opening 
under appropriate loading determines the width of crack opening, as the divergence 
of the banks of this gap. 

7. Special calculated two-element console model (TCM) for finite elements. Another 
variant of modeling discrete cracks is also possible [15–21, 24, etc.]. It is used in 
the case when the renumbering of the nodes of the design scheme of a reinforced 
concrete structure (building or structure), associated with the need for “stitching”, 
considered in the first variant, is undesirable. 

In this variant, the final elements are not “stitched” along the entire crack, and 
at the first stage of modeling discrete cracks, only imaginary discrete cracks are 
used, the development of which is predicted by the introduced crack classification 
in relation to a specific calculation. 

At the second stage of crack modeling, pairs of finite elements adjacent to such 
a crack from opposite sides are distinguished along the trajectory of an imaginary 
crack. These pairs are considered in two states: before their “stitching” and after 
their “stitching”. To do this, a special two–element console model is involved in the 
calculation (in the first case, it is flat in accordance with Fig. 4a, b. In the second case, 
it is a spatial one in accordance with Fig. 4c–e), with the help of which a sequential 
iterative analysis of the stress–strain state of spatial cantilever elements adjacent to 
the simulated spatial crack from opposite sides is performed and implemented with 
the help of “stitching” and deformation effects, which also takes into account the 
effect of continuity violation concrete. In this case, the distributed reinforcement is 
replaced by two (for a flat model) and four (for a spatial model) stubble end elements 
in each mutually perpendicular direction, respectively.
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The movements of the nodes are determined from the calculation of a two-element 
calculation model with loads specified in the nodes (nodal finite element forces). At 
the same time, the support anchorages of two nodes in a flat model and four nodes 
in a spatial model (alternating pivotally fixed and pivotally movable supports), for 
averaging purposes, must be set from left to right, front to back, bottom to top. It is 
also important that, along with nodal loads, the deformation effects associated with 
the crack opening width are also set in the two-element model, which, in turn, is 
associated with the effect of continuity violation [24, etc.]. 

The deformation action is set in each node (except for the reference ones) 
according to three etchings in accordance with Fig. 3, e, where l, m and n are the 
guiding cosines of the main vector of crack opening at one or another of its points 
to the x, y and z axes, respectively. 

Then, with the applied efforts and movements in the console nodes, the values of 
the works in two states are compared: “before the stitching” and “after the stitching” 
of the two-element model. From the condition of equality of these works, the thick-
ness of the finite elements in the state “before stitching” decreases. This procedure 
is performed for all pairs of finite elements adjacent to the crack from different sides 
(along horizontal, vertical or their lateral surfaces). As a result, the thickness of the 
finite elements decreases along the imaginary crack, which provokes the formation 
and development of cracks according to the criterion of regular dispersed cracks, 
without resorting to the expansion of the finite elements. 

The averaged forces in the nodes in different directions for a two-element console 
model are determined from a physically nonlinear calculation of the entire structure. 
For this purpose, nodal forces are used in the corresponding end elements of concrete 
and reinforcement. 

As a result, the new thickness of the finite elements adjacent to the crack is found by 
the formula: 

b = 
W1 

W2 
· b1 (21) 

where W1 and W2 are the works of the two–element model “before stitching” and 
“after stitching”, respectively. 

The proposed algorithm provides for an iterative process regulated by the achieved 
accuracy of the thickness of the marked finite elements that are adjacent to imaginary 
cracks, and the dynamic characteristics of a reinforced concrete structure (building 
or structure). 

It is appropriate to note here that the rigidity of core reinforced concrete structures 
in areas with inclined cracks, including intersecting ones (characteristic of seismic 
impacts for supporting sections and junctions), is replaced by equivalent rigidity: 

B(λ) = 
M2 · Δx 

2 · W3 
(22)
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where W3 is the sum of the forces of the selected area. 
Here the iterative process ends after reaching the specified error in determining 

B1(λ). 
In areas with normal cracks, the rigidity of core reinforced concrete structures is 

determined using the values of the bending moment M and the radius of curvature 
and ρ according to the standard methodology for the corresponding stretched zone 
(the area with normal cracks is recommended to be divided into 4–6 zones): 

Bi (λ) = Mi · ρi (23) 

The algorithm in the intelligence “LIRA” for modeling reinforced concrete and 
the problem of cracking and creating the effect of reinforced concrete in the form 
of concrete discontinuity and reinforcement reaction based on the mechanics of 
destruction and additions to modules 1–7 and tools:

1. Effect—module1—tools. The author has developed the effect of reinforced 
concrete (discovered in reinforced concrete by Professor Vladimir Kolchunov) 
[1–9, 16, 23, etc.], the physical essence of which is the additional deformation 
effect of the reaction of reinforcement and concrete in the form of an ellipsoid 
crack 

2. TCE = Module 2—tools. Tools from a spatial crack of a two-console element 
(TCE) in reinforced concrete based on the mechanics of destruction associated 
with a violation of the continuity of concrete. 

3. Surface—module 3—tools. To do this, it is written from the equation of the 
beam of a bilinear surface, where it is concretized with respect to a given 
cross-section. 

4. Lagrange module 4—tools. At the extremum of the function of many vari-
ables for reinforced concrete and the maximum crack width, a multi-level 
development process involving inequalities and the deformation criterion of 
their formation and the method of finding using Lagrange multipliers allows 
finding projections and distances of adjacent cracks. 

5. Analytical model of reinforcement coupling with concrete and their compli-
ance—module 5—tools. 

6. “Stitching” of finite elements—module 6—for the instrument program 
“LIRA”. and along the seam between the layers of concrete; 

7. TCM console—module 7—tools. For the nonlinear calculation of the entire 
reinforced concrete structure for the specified force and deformation effects, 
pairs of finite elements adjacent to such a crack are allocated and a special two-
element console model (TCM) of reinforced concrete resistance is involved. 
These pairs are considered in two states: before their “expansion” and after their 
“expansion”. The deformation action is performed in each node (except for the 
support ones) according to three alignments in accordance with Fig. 7, d, where 
l, m and n are the guiding cosines of the main crack opening vector at one or 
another of its points to the x, y and z axes, respectively.
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(а) (b) 

(c) (d) 

(e) 

Fig. 7 Construction of two–element flat and spatial models: a—flat, without “stitching”; b—the 
same, after “stitching”; c—spatial, before “stitching”; d—also, after “stitching”; e—deformation 
effects: 1—255 CE before “stitching”; 2—201 CE; 3—255 CE after “stitching”; 4—233 CE 

With the help of which a sequential iterative analysis of the stress-strain 
state of spatial cantilever elements adjacent from opposite sides to the simulated 
spatial crack is performed.

8. “Closing the crack” after “stitching” is a tool for the final element. 255CE 
program “LIRA” and implemented with the help of “stitching” and deformation 
effects, which also takes into account the effect of breaking the continuity of
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concrete for incompatibility of deformations of concrete and reinforcement— 
reinforcement rods are modeled with additional 201 CE, and possible crack 
closure—concrete with 255 CE. 

9. The proposed method of opening the width or along the seam between layers 
of concrete; stiffness and determination of the distance between cracks of flat-
stressed and spatial reinforced concrete composite structures with the involve-
ment of the software package PC “Lira-CAD” is considered in two versions 
[1–9, 16, 23, 24, etc.]. According to the first variant, the stiffness is determined 
using a special technique for modeling the explicit reverse method of minimal 
cracks of their movements of its banks for opening and closing (Fig. 7). For the 
second direct method, the construction of formulas for the disclosure of the 
width of reinforced concrete (deformation effect Δ = acrc). 

10. It is also possible to model cracks along the trajectory of an implicit (imag-
inary) crack and stiffness, adjacent pairs of finite elements are allocated to 
reduce their thickness. Then the work of W1 and W2, respectively, of each pair 
of CE is calculated twice using a two-element cantilever model (Fig. 7): before 
the “plugging” of the CE and after the “plugging” of the CE with the applied 
nodal forces and deformation effects from the opening of cracks and taking into 
account the effect of breaking continuity. In this case, the distributed reinforce-
ment is replaced by two (for a flat model) and four (for a spatial model) core 
fiber end elements. 

3 Results and Discussion 

As a result, the new thickness of the finite elements adjacent to the crack is found 
according to formula (21), as well as the stiffness of the core reinforced concrete 
structures in areas, including normal or intersecting cracks, is replaced by equivalent 
stiffness according to formulas (22) or (23), respectively. 

The averaged forces in the nodes in different directions for a two-element 
cantilever model are determined from a physically nonlinear calculation of the entire 
structure. For this purpose, nodal forces are used in the corresponding end elements 
of concrete and reinforcement. In the places of transitions of horizontal sections of 
simulated cracks to vertical and lateral, the work of angular finite elements is deter-
mined by averaging them. As a result, the thickness of the finite elements decreases 
along the imaginary crack, which provokes the formation and development of cracks 
according to the criterion of discrete cracks, without resorting to the expansion of 
the finite elements. 

The iterative process ends after reaching the specified deviation in determining 
B1(λ). 

11. The procedure is first performed by the constructor of enough pairs of finite 
elements adjacent to the crack near the working armature, for a rod of lateral and 
lower faces, where their concentrations are included along perpendicular straight 
lines. Further loading in the intelligence of “LIRA” automatically includes corridors
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along the directions of stretching (their criteria) of their finite elements through the 
already stepped spatial surface. 

Such a comprehensive comparative analysis of the values of opening width and 
stiffness will certainly contribute to an in-depth study of these values [1–9, 16, 23, 
24, etc.]. 

4 Conclusion 

1. Until today, there have already been a large number of well-known computing 
complexes in the world that use finite element models. Nevertheless, there 
remains a need to find an adequate type of development and crack opening. 
For the design of reinforced concrete structures, a block calculation model with 
spatial (or flat) working sections is also involved. The calculation of the disclo-
sure of discrete cracks is performed using completely different analysis criteria, 
taking into account the effect of reinforced concrete. The physical essence of 
the effect lies in the additional deformation effect of disruption of the conti-
nuity of the reaction of reinforcement and concrete in the form of an ellipsoid 
for an alternative kinematic crack using a universal two-console element from 
fracture mechanics. At the same time, in the stretched area of concrete, in order 
to determine the distance between cracks and the opening width in these local 
areas adjacent to the crack, it is important to take into account the adhesion and 
tensions of compressed concrete. 

2. In reinforced concrete conventional and composite structures for discrete levels, a 
classification of basic spatial cracks is constructed from a picture of various types 
that develop to zones of concentration of geometric, force, deformation loading 
or the inter-environment region. The complete scheme is applied to the base and 
adjacent cracks, as well as by finding projections and distances. This makes it 
possible to obtain a multilevel development process involving the deformation 
criterion of their formation and the method of finding the extremum of a function 
of many variables using Lagrange multipliers. 

3. The technique of modeling discrete cracks, including for intelligence, has not 
yet been developed for most of the known computing complexes in the world. 
The development of spatial cracks is carried out by special bilinear surfaces. 
Loadings in the “LIRA” intelligence are automatically included in the corridors 
along the directions of stretching (criteria) of their finite elements through an 
already stepped spatial surface. Then approximating spatial finite elements are 
inserted into them, which “embroider” the spatial crack. For the direct method, 
the opening is set in the form of a deformation effect and a formula for the width 
of the crack opening, taking into account the effect of breaking the continuity of 
reinforced concrete. When solving the inverse problem of determining the width 
of crack opening, the deformation effect is not set, but only the presence of a 
“gap” (the minimum possible width) is modeled, where in the corresponding 
loading it determines the width of crack opening, as the divergence of the banks.
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4. The article considers pairs of finite elements adjacent to the crack from opposite 
sides—a special calculated two-element console model (TCM). These pairs are 
considered in two states: before their “stitching” and after their “stitching”, taking 
into account the deformation effect and the effect of breaking the continuity of 
concrete. Tools or modules of the “LIRA” program are used to find the level 
distance between cracks and the width of their opening in a reinforced concrete 
structure, which allows determining additional desired parameters. 

5. Based on the analysis and generalization of experimental and theoretical studies, 
a methodology and algorithm have been developed that allow modeling discrete 
cracks and rigidity of reinforced concrete structures with complex resistance. 
In the “LIRA” intelligence, a crack opening simulation was performed and the 
effect of reinforced concrete was obtained in the form of concrete discontinuity, 
reinforcement reaction based on fracture mechanics and additions to modules 
1–7. The following tools were also used: a two- console element (TCE) based on 
a spatial crack; from the bilinear surface beam equation; finding projections of 
adjacent spatial cracks: at the extremum of functions of many variables for rein-
forced concrete and the maximum crack width using Lagrange multipliers; an 
analytical model of reinforcement coupling with concrete and their compliance; 
the proposed classification of basic spatial cracks; “expansion” for the instrument, 
the program “LIRA”; a special calculated two-element console model (TCM); 
“closing the crack” after “stitching” is a tool for the final element of the 255CE 
program “LIRA”. The proposed methodology for determining the width of the 
opening, stiffness, distance between cracks for the direct method of constructing 
formulas for the width of the crack or the reverse method of minimal cracks, the 
movements of their banks during opening and closing. It is also possible, when 
modeling an implicit (imaginary) crack, to replace the stiffness with an equiva-
lent stiffness to reduce the thickness of the finite elements, which provokes the 
formation and development of cracks according to the criterion of discrete cracks, 
without resorting to the expansion of the finite elements. The procedure is first 
performed by the constructor, and then the loadings in the “LIRA” intelligence 
automatically include corridors in the direction of stretching (their criteria) of 
their finite elements through an already stepped spatial surface. 
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Experimental Investigation of RC Frame 
with Sway Columns Under Corner 
Column Removal Scenario 

Sergey Savin , Natalia Fedorova , and Pavel Korenkov 

Abstract Although the progressive collapse has a small probability in economically 
developed countries, it can lead to catastrophic consequences. Therefore, this paper 
is aimed to experimental and numerical investigation of impact parameters on the 
reinforced concrete frames under scenario of sudden column removal. As well as it 
provides the analysis of the failure mechanisms of the frame under consideration, 
and substantiation of the criteria for assessing these failure mechanisms. For the 
purposes of the study, a two-story reinforced concrete scaled frame was designed, 
manufactured and tested. A nonlinear dynamic and quasi-static analysis of rein-
forced concrete frame have been performed using finite element bar models both of 
the structure and leverage loading system. Numerical and physical modeling of an 
accidental impact such as sudden removal of the corner column of the shows that the 
exhaustion of the load capacity of eccentrically compressed column of a structural 
system can be caused by the stability failure. 

Keywords Reinforced concrete · Sway column · Frame · Accidental impact ·
Stability failure 

1 Introduction 

The problem of resistance of structural systems of buildings and structures after a 
failure of one of the structural member or ties have a great interest to engineers and the 
scientific community. In recent years, a large number of experimental and numerical 
studies has been carried out in this field [1–10]. Authors of such researches investi-
gated the features of deformation and fracture of buildings and structures, proposed 
various design solutions in order to prevent disproportionate failure and increase
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the resistance structural members and its joints [11–14] under impacts which are not 
provided for by the normal operation conditions. Reinforced concrete structures have 
widely application in modern construction. Therefore, a wide layer of publications 
on progressive collapse problem provides the research results on the resistance to 
disproportionate failure of such structures. However, research in this area is mostly 
focused on assessing and improving the resistance of joints and structures of beams, 
slabs and roofs of civil buildings under a removal of load bearing member, usually 
such as column [1–3, 15]. The issues of resistance of vertical load-bearing structures 
of reinforced concrete frames have a less coverage the scientific literature. This is due 
to the fact that reinforced concrete columns have significant bending stiffness and a 
significant margin of load capacity under loading only with dead and reduced live 
loads, which should be accounted in analysis for progressive collapse in accordance 
with design codes [16–18]. However, it is not uncommon when in civil buildings, 
which allow massive presence of people, columns with great slenderness ratio are 
used [19–21]. For some building frames, such columns allow the displacement of the 
upper and lower end sections relative to each other (sway columns), or the effective 
slenderness ratio of the columns increases due to environmental impacts on structures 
[22–24]. The deformation of such columns is associated with the manifestation of 
inelastic second-order effects, leading to a decrease in the load capacity compared to 
short columns. Therefore, this paper is aimed to experimental and numerical inves-
tigation of impact parameters on the reinforced concrete frames under scenario of 
sudden column removal. As well as it provides the analysis of the failure mechanisms 
of the frame under consideration, and substantiation of the criteria for assessing these 
failure mechanisms. 

2 Method  

For the purposes of the study, a two-story reinforced concrete frame with slender 
sway columns of the second floor was designed and manufactured. The test frame 
was designed in accordance with a preliminary performed numerical simulation. The 
composition of the concrete mixture for the test frame was selected in order to obtain 
concrete of compressive class B25, i.e., characteristic strength of the cube specimens 
was not less than 25 MPa. A spatial steel reinforcement carriage with a symmetrical 
arrangement of longitudinal bars was adopted as Fig. 1 shows.

Tests of the physical model of the reinforced concrete frame consisted of two 
stages. At the first stage, a gravitational load was applied stepwise in 10 steps to the 
upper nodes of the test frame using a leverage loading system. At the second stage, a 
special device that simulate corner column sudden removal had been transformed to 
instantaneously changeable mechanism. The Fig. 2 presents loading scheme of the 
test frame both at normal operation mode and accidental impact caused by corner 
column removal.

To estimate the reaction redistribution time of the suddenly removed support 
simulating corner column, numerical simulation was performed using a rod model,
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Fig. 1 The design of the experimental reinforced concrete frame: reinforcement scheme (a), general 
view of the stand with the frame installed (b)

including the design of an experimental frame and a lever load system. Lira CAD 
software had been applied to perform finite element analysis of the test frame under 
accidental impact [25]. Finite elements of universal physically nonlinear bar FE 210 
simulated structural members of the test frame and leverage loading system. The 
time for redistribution of the removed support reaction was adopted in regard with



316 S. Savin et al.

Fig. 2 Design scheme of the test frame for normal operation mode (a), and the same one for sudden 
removal of corner column (b)

comparison of test and preliminary simulation results. It was 0.1 s that almost corre-
sponds to 1/10 of the period of free vibration of the frame for a lowest mode. A strain 
had been accepted as a criteria of a special limiting state (failure criteria) for frame 
member’s cross section. Ultimate strain for compressed concrete was 0.0035, and 
ultimate strain for steel reinforcement in tension was 0.033, which is in accordance 
with Building Code requirements [18]. 

3 Results and Discussion 

The mechanical contact between the frame joint and support simulating column 
removal was abrupted in the range from 0.1 to 0.133 s after support removal. After, 
for the time range from 0.133 to 0.167 s, a change in the direction of the frame 
joint movement had been observed. Beginning from the time 0.83 s, there was an 
intensive increase in the displacement of the considered frame joint had been fixed. 
This increasing was accompanied with stability failure of second floor middle column 
of the test frame at 1.167 s as Fig. 3a presents.

Numerical simulation showed a pattern of dynamic displacements similar to 
experimentally obtained one for the following parameters of impact and bending 
stiffness: 

– the factors 0.6 and 0.3 were accepted for initial deformation modulus of concrete 
of columns and girders respectively that accounts the nonlinear behavior of these 
structural members; 

– the time of the reaction redistribution for the collapsed structural member was 
accepted as 0.1 s, which is about 1/10 of the period of free vibrations of the 
frame (T = 0.9 s) without corner column for a lowest mode associated with static 
deformed state of the frame after accidental impact.
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Fig. 3 The frame stability failure: general view at 1.200 s after sudden corner column removal (a); 
view of the failure of the middle column on the second floor of the test frame after accidental impact 
(b); N–f curve based on the results of a nonlinear finite element analysis (c)

The non-linear dynamic and quasi-static deterministic finite element analysis 
showed failure propagation similar to experimental one when kinematic impact in 
the form of the FEM node displacement in the middle of the column height was of 
0.184 cross-sectional depth was applied. The achievement of null incremental stiff-
ness or dP/df = 0 was adopted as a criterion for evaluating the special limiting state 
of the structure under initial local failure (corner column removal).
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4 Conclusions 

The present article provides an experimental and numerical study of the parameters of 
impacts on reinforced concrete frames subjected to sudden corner column removal, 
as well as an analysis of the failure mechanisms for the frame with sway slender 
columns. 

Numerical analysis and physical simulation of an accidental impact caused by 
sudden removal of load bearing structural member or ties allowed us to establish that 
such an impact on frame with sway column causes it stability failure. 

The paper showed that achieving of null increment bending stiffness can be consid-
ered as an integral criterion for evaluating the special limiting state of the sway slender 
columns of the frame subjected to column removal scenario. 
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Energy Consumption Analysis During 
the Life Cycle of Buildings in Palestine 

Elena Gorbaneva , Elena Vinogradova , Mahmoud A. M. Hamdan , 
and Munther M. H. Abuasad 

Abstract Buildings are responsible for about 40% of all energy consumed in Pales-
tine; therefore, buildings are responsible for most greenhouse gas emissions. It’s 
necessary as the first step to developing the building sector in Palestine to be an 
energy-saving is to quantify the amount of embodied energy and the corresponding 
greenhouse gas emissions releases (CO2 equivalent) associated with each stage of 
the building life cycle; therefore, the result can be used to determine the stages and 
activities that need improvement. In this study, we’ve done the life cycle analysis of 
embodied energy and greenhouse gas emissions (CO2 equivalent), as well as the esti-
mated cost of emissions for the typical building in Palestine. It’s found that 73% of 
energy consumption and 82% of greenhouse gas emissions happen during the oper-
ation phase. The construction phase takes 45% of the life-cycle cost. The embodied 
energy is about 40 GJ/m2, and greenhouse gas emissions equal 3.9 t/m2. 

Keywords Life cycle analysis embodied · Embodied energy · Greenhouse gas 
emission · Energy · Palestine · CO2 equivalent 

1 Introduction 

Palestine depends on imported energy resources and electricity from neighboring 
countries. The buildings increasing of (from 2007 to 2017) 30.6% [1, 2] makes this 
sector consume 59% of total amount of electricity in 2019 with 175% of incre-
ment from 2010 [1], furthermore 17% of oil products with 10.5% decrement from
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(2010–2019) [1, 2]. Analyzing energy consumption and greenhouse gas emissions 
throughout the life cycle gives the potential to develop the building to be more energy 
efficient. 

This study aims to determine the quantity of energy consumed and greenhouse 
gas emission (CO2 equivalent) for each m2 in Palestinian residential buildings. 

The building life cycle consists of 4 phases: construction, operation, maintenance 
and demolition [3]. 

The quantity of embodied energy (EE) and greenhouse gas emission (GHG) throw 
out the building life cycle can be calculated by Eqs. (1) and (2), respectively. 

EE  = EEconstruction + EEoperation + EEmaintenance + EEdemolition (1) 

CO2 eq = CO2construction + CO2operation + CO2maintenance + CO2demolition (2) 

2 Methods 

2.1 Construction Phase 

The construction phase can be divided into three steps: extraction of raw material; 
fabrication of primary construction material; building construction activities. The 
authors used a (BSRIA guide ICE 10/2011) [4] to determine the (EE) and (CO2 eq) 
for materials due to lack of information in Palestine. 

The main building material and their corresponding (EE) and (CO2 eq) are shown 
in Table 1. These values are the sum of the three steps of the construction phase 
[4–6]. 

Table 1 Embodied energy 
(EE) and greenhouse gas 
emission (GHG) for main 
building material 

Materials EE (MJ/unit) CO2 (kg CO2/unit) 

Bitumen 51 0.43 

Reinforced concrete 2.34 0.214 

Paint 70 2.42 

Lime stone 1.5 0.087 

Cement 1.33 0.208 

Concrete 0.78 0.106 

Paint 70 2.42 

Sand 0.081 0.0048 

Block 0.83 0.1
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2.2 Operation Phase 

It considers all the energy used to maintain comfort life, such as lighting, heating, 
cooling, etc. The operation phase is one of the most complicated phases because it 
depends on many factors that interact with each other, such as economic situation, 
price change, availability of energy resources, consumer behavior, etc. 

In this study, all the data of energy consumed is given from the Palestinian Central 
Bureau of Statistics (Household Energy Survey: (January 2015)). Calculating the 
total cost of energy throughout a life cycle can be done by using Eq. (3). 

FC = PV  (1 + r )t (3) 

where: 

FC future cost 
PV Present value 
r inflation rate 
t number of years. 

2.3 Maintenance Phase 

Major maintenance is assumed to occur every 30 years. The main activity is removing 
and installing plaster, paint, asphalt (water insulation), ceramic and tiles (if needed), 
and cleaning external wall envelope limestone. 

The consumed energy is calculated using (BSRIA guide ICE 10/2011) data. 

2.4 Demolition Phase 

In this section, the volume of the primary building material must be calculated to 
estimate the quantity of (EE) and (CO2 eq) for trucks and excavators. The cost of 
demolition in Palestine is 63.6 $/m2. 

2.5 General Information 

The analysis was made for a typical building in Bethlehem city. The weather is hot 
in summer and cold in winter, temperature range from (−1 °C) to (+41 °C).
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Table 2 Specifications of 
building Building area 160 m2 

The life span 100 year 

Number of floors 1 

Internal floor height 2.75 m 

External wall thickness 27 cm 

Internal wall thickness 14 cm 

Ground floor thickness 15cm 

Top floor thickness 27 cm 

Thermal insulation No 

2.6 Building Description 

The building is a low-rise building (one floor) concrete structure. The total height 
of the building is 3.5 m. There is no thermal insulation on walls or on the floor. 
The ground floor is a reinforced concrete solid slab (10 cm thickness); on the other 
hand, the top floor is a reinforced concrete ribbed slab (27 cm) covered with asphalt 
(water insulation). External walls consist of limestone blocks, concrete and concrete 
blocks. All internal layers are covered with plaster and paint. summarize the building 
information (Table 2). 

2.7 Construction Phase 

Table 3 shows the construction elements, embodied energy, and greenhouse gas 
emissions.

The result of the construction phase shows that the ground floor has the largest 
EE and GHG Figs. 1 and 2, respectively.

2.8 Operation Phase 

Buildings in Palestine generally use natural gas, wood, and electricity for heating. 
They mainly use natural gas for cooking. 

This section also calculates the amount of energy used to deliver water to the 
building. Table 4 shows the average energy consumed by each family, the delivered 
amount of water, and their corresponding EE and GHG [4]. Formula (3) used to  
calculate the all-over energy cost through the life cycle Table 5. Figures 3, 4 and 
5 shows the results.
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Fig. 1 Life-cycle embodied energy percentages 

Fig. 2 Life-cycle greenhouse gas emissions percentages

Table 4 Average energy consumed and delivered amount of water 

Quantity Unit Energy eq 
(MJ) 

GHG 
(kg CO2 eq) 

Natural gas (L) 264 L 2956.8 53.592 

Electricity (kw/h) 6000 kw/h 21,600 2856 

Wood 550 kg 8800 1045 

Water 420,000 kg 4200 420 

Kerosene (L) 252 L 9649.189 745.92 

Total 47,205.989 5120.512
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Table 5 Future cost over a 
life span PV 9015.68 

Inflation RATE 0.02867 

Life span 100 

FC 152,267.045 

Table 6 Shows the results of the maintenance phases 

First maintenance Second maintenance 

Energy until maintenance MJ 2,865,340.064 4,281,519.734 

CO2 eq until maintenance kg 254,860.2686 408,475.6286 

Energy maintenance MJ 171,920.4038 171,920.4038 

CO2 eq maintenance kg 5097.205372 5097.205372 

Total energy MJ 3,037,260.468 4,453,440.138 

Total CO2 eq kg 259,957.474 413,572.834 

2.9 Maintenance Phase 

Maintenance activities are assumed to occur every 30 years over the building life 
cycle (Table 6). 

2.10 Demolition Phase 

It’s important to calculate the total volume of waste and machinery specification used 
for activities in the demolition phase. The total waste was 220 m3 in this section. The 
truck’s volume 20 m3, and the fuel consumption is 15 l of diesel per 100 km. The 
excavator consumes 26 l of diesel per hour (Table 7). 

Table 7 Shows the results of 
the demolition phases Cost $/m2 63.6 

Total area of building 160 

Total cost 10,182 

Energy until demolition 6,341,680 

CO2e until demolition 618,393 

Energy demolition 12,683 

Total energy 6,354,363 

CO2e demolition 1677 

Total CO2e 620,070



Energy Consumption Analysis During the Life Cycle of Buildings … 329

3 Results 

Floors have the largest embodied energy and greenhouse gas emissions in the 
construction phase. 

The operating phase is responsible for 73% of energy consumption and 82% of 
greenhouse gas emissions happen over the buildings’ 100-year lifetime. 

Electricity is the primary source of energy used in Palestinian buildings. 
Furthermore, it’s the latest producer of GHG. 

The embodied energy and GHG for each m2 are considered high valued in contrast 
to energy-efficient buildings. 

The total cost of the building is 131,523 $. 
The embodied energy is about 40 GJ/m2, and greenhouse gas emissions equal 

3.9 t/m2. over the life-cycle. 
The construction and operating phases are responsible for 84% of the total cost 

(Figs. 3, 4, and 5; Table 8). 

Fig. 3 Cost percentage of each phase
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Fig. 4 EE percentage of each phase 

Fig. 5 GHG percentage of each phase 

Table 8 Shows the final 
results EE (MJ) CO2 (kg) Cost $ 

Constructional phase 1,449,160.394 101,244.9086 64,000 

Operational phase 4,720,598.9 512,051.2 46,142 

Maintenance 343,840.8077 10,194.41074 11,200 

Demolition phase 12,683.3594 1677.021965 10,182 

Total 6,526,283.461 625,167.5413 131,523 

For each m2 40,789.27163 3907.297133 822



Energy Consumption Analysis During the Life Cycle of Buildings … 331

4 Conclusion 

The main reason for high energy consumption and the Greenhouse gas in buildings 
is the low thermal resistance value of the building envelope (due to lack of thermal 
insulation materials). Improving it provides a high potential for energy-saving and 
reduces air pollution. In addition, it is necessary to reduce dependence on electrical 
energy generated by burning fossil fuels and find alternative solutions to generate 
electricity using renewable energy. 
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Failure Mechanism of Reinforced 
Concrete Frames Under Accidental 
Impacts 

Pavel Korenkov and Sergey Fedorov 

Abstract The collapse of building objects during design, construction and oper-
ation is present throughout modern civilization. This article studied in detail the 
features of the exhaustion of the bearing capacity and the nature of the destruction 
of four series of experimental studies of monolithic reinforced concrete frame struc-
tural systems, which differ in the nature of the destruction of the sections (brittle or 
plastic), as well as the use of such methods of protection against progressive collapse, 
such as prestressed elements and indirect reinforcement. As the initial prerequisites 
for the calculation analysis, a diagrammatic calculation method was used, using 
the actual static-dynamic parameters of the “strain stress” diagrams for reinforce-
ment and concrete, adopted in the current standards for the design of reinforced 
concrete structures. When assessing the nature of the destruction of the supporting 
sections (localization of cracks and the depth of their development), a satisfactory 
convergence with the accepted model of static-dynamic deformation of structural 
materials adopted for the calculation analysis was established. The considered and 
experimentally tested technical solutions make it possible to implement such stiff-
ness characteristics of the design scheme, in which energy dissipation occurs without 
disturbing the geometric variability of the building’s supporting system. 

Keywords Progressive collapse · Nonlinear deformation model diagram method ·
Reinforced concrete accidental impact special limiting state 

1 Introduction 

In recent years, natural, man-made and even terrorist impacts have become more 
frequent all over the world. Until recently, such special impacts on buildings and 
structures were not taken into account by design standards, however, these impacts
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often led to damage to load-bearing structures, sometimes caused the collapse of 
individual parts, and in some cases the entire structure [1–4]. 

In many countries of the world [5, 6], including Russia [7], in order to improve 
the mechanical safety of buildings and structures, preserve the life and health of the 
people in them, new generation regulatory documents for the protection of build-
ings have been developed and introduced into design practice and structures from 
progressive collapse under such impacts. 

In scientific publications, separate problems related to this problem have been 
considered and solved, a number of new features of the stress–strain state of structures 
of buildings and structures under such influences, which cause a special limit state 
in structures, have been studied [8–13]. 

Considering the most common methods of experimental studies of the resistance 
of structural systems to progressive collapse, in the form of quasi-static tests on 
individual substructures, separated by the decomposition method from the building 
frame, described in the works of Yu and Tan [14], Kang et al. [15], Forquin and Chen 
[16], Han et al. [17], we can note the use of hydraulic jacks that transfer force to the 
structure at a controlled speed of movement of the moving part of the loader. device, 
it can be noted that this method contradicts the dynamic nature of the processes 
under study. The method of modeling loads on experimental structures by means of 
a mechanical lever system, described in [18], more strictly corresponds to the actual 
nature of the work when the elements of the carrier system are locally switched off 
from work. 

The purpose of this work is a comprehensive analysis of the mechanisms of 
destruction and exhaustion of the bearing capacity according to specially planned 
and conducted physical experiments of reinforced concrete frame-rod frames of 
buildings with different types of destruction (plastic and brittle), as well as design 
features, in the form of prestressed elements and indirect reinforcement of nodal 
compounds under the specified special effects. 

2 Materials and Methods 

For a more detailed study of the features of the exhaustion of the bearing capacity 
and the nature of the destruction of buildings with a monolithic reinforced concrete 
frame, we will consider four series of experimental studies conducted jointly by 
scientists from the Southwestern State University, the National Research Moscow 
State Civil Engineering University on the basis of the V.I. Vernadsky Crimean Federal 
University. 

The key feature of the experimental studies performed is the completely identical 
simulation of the operation of the carrier system in the event of an emergency impact 
due to the shutdown of the first floor column. All work on transferring the load to 
the prototype is performed by a mechanical lever system of the gravitational type, 
without reducing the load parameters, allowing you to fully evaluate the resulting
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dynamic impact in a time frame similar to real objects [18, 19]. A general view of 
the test setup is shown in Fig. 1. 

As examples, consider several types of monolithic reinforced concrete frame-rod 
structural systems:

• a system in which the destruction of elements occurs along the reinforcement, i.e. 
ξ <  ξR , concrete class B15, reinforcement class A400C [20], Fig. 2a

• a system in which the destruction of elements occurs along the concrete, i.e. 
ξ >  ξR , concrete class B15, reinforcement class A400C [20–22], Fig. 2a

• bearing system, using indirect reinforcement in the supporting sections of the 
crossbars, class B15 concrete, class A240C reinforcement, indirect reinforcement 
with meshes B500 [23], Fig. 2c

• load-bearing system, using a prestressed crossbar at the second floor level, class 
B40 concrete, class A600C reinforcement, structural reinforcement B500C [24], 
Fig. 2d 

All large-scale prototypes of two-span three-story frames are made of monolithic 
reinforced concrete of different classes from B15 to B40, with different reinforcement 
classes A240, A400, A500, A600. The reinforcement parameters of the crossbar 
section for each of the series of experimental structures are shown in Fig. 2.

Fig. 1 General view of the installation during experimental studies: 1—power frame; 2—strands; 
3—distributive beam; 4—lever; 5—switching off connection device, 6—experimental design of 
reinforced concrete frame 



336 P. Korenkov and S. Fedorov

Fig. 2 Reinforcement of sections of crossbars for the first (a), second (b), third (c) and fourth 
(d) series of experimental structures

To estimate the parameters of the stress state of the considered sections of rein-
forced concrete elements, we use the diagram method of calculation. The transition 
from the diagram of stresses in concrete to generalized internal forces is determined 
using the procedure of numerical integration of stresses over a normal section. To 
do this, the normal section is conditionally divided into small sections: with oblique 
eccentric compression (tension) and oblique bending—along the height and width 
of the section; in case of eccentric compression (tension) and bending in the plane of 
the axis of symmetry of the cross section of the element—only along the height of 
the section. Stresses within small sections are assumed to be uniformly distributed 
(averaged). 

When calculating the elements using the deformation model, we will accept: 

– values of the compressive longitudinal force, as well as compressive stresses and 
deformations of shortening of concrete and reinforcement with a “minus” sign; 

– values of the tensile longitudinal force, as well as tensile stresses and deformations 
of elongation of concrete and reinforcement with a plus sign. 

The signs of the coordinates of the centers of gravity of the reinforcing bars and the 
selected sections of concrete, as well as the points of application of the longitudinal 
force are taken in accordance with the assigned XOY coordinate system. In the 
general case, the origin of this system is located at an arbitrary location within the 
cross section of the element (Fig. 3).
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Fig. 3 Calculation scheme 
of the normal section of a 
reinforced concrete element 

When calculating normal sections for strength, in the general case, use: 

– equations of balance of external forces and internal forces in the normal section 
of the element: 

Mx =
∑

i 

σbi · Abi · Zbxi +
∑

j 

σs j  · Asj  · Zsx  j (1) 

My =
∑

i 

σbi · Abi · Zbyi +
∑

j 

σs j  · Asj  · Zsyj (2) 

N =
∑

i 

σbi · Abi +
∑

j 

σs j  · Asj (3) 

– equations that determine the distribution of deformations over the section of the 
element: 

εbi = ε0 + 1 
rx 

· Zbxi + 1 
ry 

· Zbyi (4) 

εbi = ε0 + 1 
rx 

· Zbx j  + 1 
ry 

· Zbyj (5) 

– dependencies linking stresses and relative deformations of concrete and reinforce-
ment: 

σbi = Eb · νbi · εbi (6) 

σs j  = Esj  · νs j  · εs j (7) 

where Mx , My—bending moments from an external load relative to the coordinate 
axes selected and located within the cross section of the element (respectively acting 
in the XOZ and YOZ planes or parallel to them), determined by the formulas:
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Mx = Mxd + N · ex (8) 

My = Myd + N · ey (9) 

here Mxd , Myd—bending moments in the respective planes from an external load, 
determined from the static analysis of the structure; 

N—longitudinal force from external load; 
ex , ey—distances from the point of application of the longitudinal force to the 

respective selected axes; 
Abi , Zbxi , Zbyi , σbi —area, coordinates of the center of gravity of the i-th section 

of concrete and stress at the level of its center of gravity; 
Asj  , Zsx  j  , Zsyj  , σs j  —area, coordinates of the center of gravity of the j-th rebar 

and stress in it; 
ε0—relative deformation of the fiber located at the intersection of the selected 

axes; 
1 
rx 

, 1 ry —curvature of the longitudinal axis in the considered cross section of the 
element in the planes of action of bending moments Mx i My ; 

Eb—initial elastic modulus of concrete; 
Esj  —elastic modulus of the j-th rebar; 
νbi —coefficient of elasticity of concrete of the i-th section; 
νs j  —coefficient of elasticity of the j-th rebar. 
Coefficient values νbi i νs j  are taken according to the corresponding diagrams of 

the state of concrete and reinforcement. 
Coefficient values νbi i νs j  is defined as the ratio of stress and strain values for 

the considered points of the corresponding state diagrams of concrete and reinforce-
ment, taken in the calculation, divided by the modulus of elasticity of concrete and 
reinforcement. 

νbi = σbi 

Eb · εbi (10) 

νs j  = σs j  

Es j  · εs j  (11) 

To assess the parameters of the force resistance, static-dynamic diagrams of 
the deformation of structural materials were used, taking into account the time 
of dynamic additional loading and the level of the stress state at the time of the 
emergency impact [25].
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3 Results and Discussion 

In the first series of prototypes, we will consider the most loaded section of the 
crossbar of the first floor. The first stage of the stress–strain state of a reinforced 
concrete element ends at the level of stresses in the reinforcement equal to 6%; in 
concrete, the stresses do not reach 20% of the compressive strength of concrete. 

The next transition point is the formation of the first crack at Mcrc = 0.3Mult . 
When comparing the obtained results with the experiment, one can see a similar 
pattern of destruction. (Fig. 4). In this case, the depth of the crack reaches 60 mm. A 
special limit state occurs when the reinforcement reaches the yield strength and the 
stress level in concrete is about 60% of the compressive strength of concrete. The 
depth of the original crack is increased by 30%. 

In the second series of prototypes, the opening of the first crack, 10 mm high, 
occurs at Mcrc = 0.13Mult . The bearing capacity is exhausted when concrete reaches 
its compressive strength. 

In the study of frames with indirect reinforcement of the supporting sections of 
the crossbars, the cracking threshold occurs at Mcrc = 0.45Mult , which is explained 
by the increased tensile strength of concrete when creating a three-dimensional stress 
state with meshes of indirect reinforcement. After the formation of the first crack, 
by analogy with the first series of prototypes, with the only difference that the stress 
level in the reinforcement is at the level of 8% (10% in the first series) of the yield 
strength, and the stress in the compressed reinforcement is 8% of the yield strength. 
In the first series, this parameter did not exceed 5%. The destruction occurred along 
the reinforcement, at a stress level in concrete of 45% of the compressive strength 
of concrete. 

When considering the stress state of the sections of frames with a prestressed 
lower crossbar, an increased crack resistance was established. The cracking moment 
is Mcrc = 0.55Mult . The destruction occurred due to the achievement of the yield 
strength by the reinforcement at a stress level in concrete not exceeding 70% of the 
compressive strength.

Fig. 4 Structural scheme 1 of a series of prototypes (a), the nature of the destruction (b) and  the  
stress state before the destruction of the supporting section of the crossbar 
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Fig. 5 Level of stress state in reinforcement at the time of cracking (a) and concrete upon reaching 
a special limit state (b) 

Based on the calculations performed, in comparison with experimental studies, it 
was established that the level of cracking is of a different nature due to the design 
features of each series of prototypes and ranges from 13 to 55%. The stress level in 
the reinforcement does not exceed 10%. In all prototypes, except for series 2, the 
plastic nature of destruction was realized, and a non-critical (from 60 to 70%) stress 
level in concrete was revealed. A comparative analysis of the stress state level in 
reinforcement and concrete is shown in Fig. 5. 

Assessing the pattern of destruction of the sections of the elements, we can 
conclude that the stresses in them have reached the conditional yield strength, but 
significant deflections are not observed in the case. The pre-stress played the role 
of a damper, acting as a vibration damper, and all the energy was absorbed by the 
opening of cracks and their subsequent closure due to a decrease in the effect of 
dynamic additional loads after an emergency impact. 

4 Conclusion 

Analyzing the nature of the destruction of the support sections (localization of cracks 
and the depth of their development), one can see a satisfactory convergence with the 
accepted model of static-dynamic deformation of structural materials adopted for 
the calculation analysis. 

The impact of design features that minimize damage and sometimes prevent 
progressive collapse is very significant. The solutions considered and tested exper-
imentally make it possible to implement such stiffness characteristics of the design 
scheme, in which energy dissipation occurs without violation of geometric variability 
and by relatively simple means, without resorting to significant labor and material
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costs to ensure the required level of structural safety and survivability of buildings 
and structures made of monolithic reinforced concrete. 
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Experimental Study of the Survivability 
of Monolithic Reinforced Concrete 
Frames 

Vitaly Kolchunov and Olesya Bushova 

Abstract To increase the protection of monolithic reinforced concrete frames during 
destruction along inclined sections, the article offers a variant of a technical solu-
tion for cross-reinforcement of crossbars in such structures. The results of tests of 
monolithic reinforced concrete frames with a special impact in the form of a sudden 
hypothetical removal from the work of the extreme column are presented and exper-
imental parameters of deformation, cracking and destruction of such structures in 
extreme conditions are given. The results obtained have shown the effectiveness of 
using the proposed variant of cross reinforcement of crossbars of monolithic frames 
to increase their survivability. 

Keywords Reinforced concrete frame · Survivability · Progressive collapse ·
Reinforcement · Inclined rods 

1 Introduction 

With the ever-increasing volume of natural, man-made and terrorist impacts on build-
ings and structures, their local and even progressive collapses are possible. Thus, on 
the basis of new theoretical and experimental studies in domestic [1–9] and foreign 
[10–15] scientific publications, various methods of protecting reinforced concrete 
frames of buildings from progressive collapse under special influences are proposed. 
For example, it is proposed to increase the cross-sections of structural elements of 
load-bearing frames of buildings [1, 16], to install continuous double upper and lower 
working reinforcement in the crossbars [1, 16], to install indirect reinforcement [4],
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to install prestressed reinforcement [5, 17], to ensure reliable anchoring of the rein-
forcement at the junctions of the crossbars with columns [18] and other constructive 
solutions [19]. However, the issues related to ensuring the protection of reinforced 
concrete frames of buildings from progressive collapse along inclined sections for 
the considered structural systems remain practically unexplored. At the same time, a 
number of recent studies have shown that, in relation to reinforced concrete frames 
of multi-storey buildings, such destruction along inclined cross-sections of cross-
bars can be fragile and, accordingly, become more dangerous [20]. According to the 
results of the analysis of the stress–strain state of traditionally reinforced crossbar 
structures, it is shown that their reinforcement in cases of special emergency impacts 
is ineffective, and such solutions can lead to disproportionate failures of buildings and 
structures. It follows from this that the study of force deformation and the develop-
ment of ways to strengthen the load-bearing structures of reinforced concrete frames 
of multi-storey buildings to increase their survivability is an urgent task. 

Therefore, the aim of the work was an experimental study of the survivability 
of the support zones of the crossbars of reinforced concrete frames of multi-storey 
buildings. In accordance with this goal, the following tasks were formulated and 
solved: 

– The scheme of reinforcement of the supporting zones of the crossbars of the 
reinforced concrete frame is proposed, which increases their force resistance in 
case of sudden changes in force flows; 

– An algorithm has been developed and experimental studies of experimental struc-
tures of reinforced concrete frames with accepted reinforcement schemes have 
been carried out under special influence in the form of sudden removal of the 
extreme supporting column of the first floor; 

– An analysis of experimental studies has been carried out. 

2 Materials and Methods 

The picture of the stress–strain state, as well as the picture of the destruction of the 
structural system as a whole, is affected by sudden changes in the structure of the 
structure under beyond-design influences [17, 21]. That is, when the connection is 
turned off in the constructive system, the degree of static indeterminability changes 
and, accordingly, the force flows between the structural elements are redistributed. At 
the same time, it is possible to change the sign of the forces, in this case, for example, 
if the support area of the bolt is reinforced with inclined rods of one direction, 
then when the sign of the transverse force changes, this reinforcement does not 
work. Consequently, the traditional scheme of reinforcing the crossbars of reinforced 
concrete frames with inclined rods of the same direction under special influences does 
not provide criteria for limiting states. 

The paper proposes an alternative scheme of reinforcement of the support zones of 
the crossbars of reinforced concrete frames of multi-storey buildings, which allows, 
when changing the force flows caused by a structural change in the system, to ensure
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their protection from progressive collapse. To do this, it is proposed to perform 
transverse reinforcement with inclined rods in two mutually orthogonal directions. 

As part of experimental studies, two samples were manufactured and tested: one 
with the traditional option of reinforcing crossbars, and the second with the proposed 
option. 

The prototypes were made in the form of monolithic two-span three-storey rein-
forced concrete frames made of concrete B30 with a cross section of 50 × 100 mm. 
The reinforcement is calculated according to [22] and is assumed to be symmetrical, 
the working reinforcement is made of f8A500C, the transverse reinforcement and 
inclined rods of the crossbars are f2B500. Cross rods with a pitch of 35 mm were 
installed in the supporting sections. Such a technical solution made it possible to 
ensure the perception of force flows changing in the frame with a special impact 
caused by the sudden removal of one of the supporting columns, and as a result, to 
increase the resistance of the frame to progressive collapse. 

The prototypes were alternately tested for out-of-design effects. The experimental 
study of the samples took place in two stages: 

1. At the first stage, the specified operational load was applied (primary calculation 
scheme); 

2. At the second stage, the column-stand was suddenly removed (the forbidden 
effect was realized). 

Prior to the design load, the frame was loaded using a lever-suspension system 
(Fig. 1) with concentrated forces located symmetrically at a distance of 150 mm from 
the supports. The out-of-design impact was realized by the sudden removal of the 
extreme column of the first floor. For this purpose, a special collapsible mechanism 
was used, which made it possible to instantly turn off the rack installed instead of 
the missing column.

The deformations and displacements were evaluated using the IC10 hour-type 
indicators with a division price of 0.01 mm, 6-PAO deflectors (Fig. 2) and strain 
gauges (strain gauges with a base of 10 mm were glued to the reinforcement rods, 
and on the side surfaces of the concrete frame sample—with a base of 50 mm).

3 Results and Discussion 

According to the results of experimental studies, characteristic patterns of cracking 
were obtained and graphs of the dependences of the deflection change on the load 
before and after the frame rack was turned off were constructed. 

From the analysis of these data, it can be seen that before the load-bearing column 
is turned off, the deformations and deflections of the frames are almost the same 
and are less than 1 mm (fragments C and D Figs. 3 and 4). At the same time, the 
maximum crack opening width was 0.25 mm in the area of the crossbar interface with 
the column. A crack opened at the XIV stage of loading, before the implementation 
of the project impact.
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Fig. 1 Test installation: 1—Prototype, 2—lever-suspension system, 3—design load, 4—distribu-
tion beams and strands, 5—strain gauge station, 6—collapsible mechanism

Fig. 2 The layout of the deflection meters
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Fig. 3 Dependence load-deflection of the frame reinforced with rods of the same direction 

Fig. 4 Dependence load-deflection of the frame reinforced with double-sided inclined rods 

After the application of a sudden emergency impact, the deflections of frames 
reinforced with inclined rods installed in two mutually orthogonal directions are 
30% lower than those of frames reinforced in the traditional way (Figs. 3 and 4). 
They are 240 mm (relative deflection was 1/4) with traditional reinforcement and 
180 mm (relative deflection is 1/6) with the proposed version.
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Fig. 5 Patterns of cracking of experimental frames after the implementation of the forbidden effect 

Also, in the situation under consideration, frames reinforced traditionally break 
down brittle and have large destruction zones (Fig. 5). In turn, frames with the 
proposed reinforcement do not collapse, the maximum width of crack opening is 
5 mm. 

4 Conclusion 

To increase the protection of monolithic reinforced concrete frames in case of destruc-
tion along inclined sections, a variant of a technical solution for cross reinforcement 
of crossbars in such structures is proposed. 

The results of experimental studies of deformation, cracking and destruction of 
monolithic reinforced concrete frames made it possible to establish the effective-
ness of installing double-sided inclined reinforcement of load-bearing elements to 
increase their survivability and, accordingly, protection from progressive collapse 
under special and emergency impacts. 

The installation of two-sided mutually orthogonal inclined rods in the supporting 
sections of the crossbars reduces the width of crack opening when the frame is loaded 
with static load and then dynamic loading caused by an emergency impact.
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The proposed reinforcement of the crossbars of monolithic frames can be consid-
ered as one of the ways to protect reinforced concrete frames of buildings from 
progressive collapse. 
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Analysis of Heat and Moisture Damage 
of Enclosing Structures Based 
on Contactless Diagnostics 

Margarita Tselyaritskaya , Yulia Pashchenko , Olga Sotnikova , 
and Vladislav Pakhomov 

Abstract Thermal imaging surveys of residential premises in monolithic houses 
built in 2018 and 2019 of the cities of Russia are analyzed. Based on the regulatory 
requirements of the federal law “on energy saving”, the question arises about the 
existing shortcomings in the structural units of the monolithic overlap. 

Keywords Monolithic housing construction · “Cold bridge” · Thermal insulation 
liner · Thermal imaging examination 

1 Introduction 

Monolithic housing construction for a number of reasons prevails against the back-
ground of panel and brick buildings. The advantages of this method of building 
construction become especially relevant with the adoption “On Energy Conserva-
tion and Energy Efficiency Improvement” [1]. The wide possibilities of monolithic 
housing construction technology allow us to solve current problems in the perspec-
tive of sustainable development of the construction industry. Ecological construction, 
which includes the solution of a complex of tasks, such as architectural, construc-
tion, environmental, urban planning, economic and social, has the definition of 
“sustainable construction”. 

To solve the environmental problem of sustainable development, it is necessary 
to minimize the impact of heat and moisture defects of building structures on the 
operation of the house. Damages that cannot be determined visually are subjected
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to thermal imaging diagnostics. Thermal imaging surveys reveal the so-called “cold 
bridges”. 

"Cold bridges" are one of the most common damages to building structures. There are various 
types of "cold bridges": due to design features, properties of the material of structures, loca-
tion (geometry) [2]. Thus, geometric "cold bridges" are a joint of homogeneous materials 
with similar density, but diametrically opposite in terms of the coefficient of thermal conduc-
tivity. Low temperature indicators on damaged surfaces, increased transmission losses, and 
the occurrence of "dew points" serve as an indicator of "cold bridges". 

The physical properties of structural materials contribute to capillary movement 
in their thickness, as well as increased humidity create favorable conditions for heat 
and moisture damage. Moreover, the lack of systematic ventilation of the room leads 
to an oversaturation of the air with water vapor. Excess moisture in the air at a certain 
temperature can no longer be retained and is released in the form of water droplets. 
The temperature at which this phenomenon is observed is called the “dew point” 
temperature. In this case, the relative humidity of the air is 100%. 

There are such layers of air in the room that have direct contact with the colder 
surfaces of building elements. These layers are cooled more significantly than 
others—to the surface temperature [3]. If in the area of the “cold bridge” the minimum 
temperature of the surface is lower than the temperature of the “dew point”, therefore, 
the air temperature in this zone is also lower than the temperature of the “dew point”. 
As a result, the moisture contained in this layer of air is released as condensate on a 
cold surface [4]. 

Spontaneous heat losses are possible in vulnerable places, such as room corners, 
wall joints, door and window openings, balconies and protruding slabs. 

A number of measures to improve thermal protection properties, accounting for 
thermal heterogeneity, quality control of construction and installation work—this is 
what allows you to avoid the formation of “cold bridges”. 

2 Materials and Methods for Solving Problems 

Avoiding the formation of “cold bridges” at the stage of the construction of a mono-
lithic house is a difficult task, as a rule, the solution to the problem of “heat leakage” 
is dealt with after the commissioning of the object, when the outdoor temperature 
reaches negative values [5]. Tele-visor is a modern device for diagnosing building 
structures. Thermal imaging examination is the acquisition of images of objects with 
the power of thermal (infrared) radiation emanating from them [6]. 

The method of thermal imaging examination is focused on the remote measure-
ment of temperature fields of the surfaces of enclosing structures. The result is a 
snapshot in an infrared image. The thermal imager perceives electromagnetic radia-
tion of a building structure: the higher its temperature, the brighter it is. The calcula-
tion of heat transfer resistances and temperatures of the inner surfaces of enclosing 
structures is based on fixing the temperature difference between the inner and outer 
surfaces of the fence.
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Contactless diagnostics using thermal imaging technology also makes it possible 
to identify errors in the design and installation at the early stages of their formation, 
which reduces the need for expensive measures to strengthen structures [7]. 

3 Results and Discussion 

One of the main tasks of heat conservation and the formation of a comfortable 
microclimate during the operation of a residential building is the creation of effec-
tive thermal insulation of external enclosing structures. The level of thermal protec-
tion and microclimate parameters in residential premises are regulated, according 
to regulatory documents in force on the territory of the Russian Federation. Indoor 
microclimate parameters”. 

At the design stage of a monolithic residential building, the floor-by-floor support 
of the exterior walls on the cantilever outlets of the floor slabs is provided. This 
method implies the clearest separation of structural elements into load-bearing and 
enclosing structures according to their functional purpose. Of course, the presence 
of “cold bridges” is possible in places where the outer enclosing structure rests on 
the cover. 

At the stage of installation work, they provide for the location of the walls along 
the perimeter with an offset from the edge by 100 mm. 

For interfaces with the floor slab, the minimum temperatures on the inner surface 
of the wall depend on the thickness of the wall and the presence of ventilation [10]. 
In the nodes of this type, freezing is practically not observed. An example of the 
application of this solution is shown in Fig. 1.

Subject to the conditions of energy saving, ensuring sanitary and hygienic condi-
tions, we will model the temperature isofield in the LIRA LAND software (see Fig. 2). 
The indoor air temperature is taken to be tinside = +20 °C, the temperature of the 
coldest five-day period with a security of 0.92 toutside = −24 °C.

The minimum temperature at the location of the heat-conducting inclusions does 
not exceed the normalized temperature drop equal to Δtn = +4 °C, therefore, the 
sanitary and hygienic condition [8] is fulfilled. We come to the conclusion that there 
are no “cold bridges”. 

Experimental studies were carried out in residential buildings in Voronezh, during 
which the TESTO 865 thermal imager (serial number 62280818) was used. 

The survey of the above-mentioned residential buildings, which have been in 
operation since 2019 and 2018, was carried out in a contactless way. 

The main technical characteristics of the TESTO 865 thermal imager are presented 
in Table 1.

Survey thermography of the internal surfaces of enclosing structures was 
performed in residential premises having the characteristics given in Table 2.

Detailed measurements were made in a perpendicular direction to the wall or 
with a deviation not exceeding 30°. Thermography was performed sequentially, with 
frame-by-frame recording of thermograms and one-time measurement, and fixing the
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Fig. 1 Thermal pads in a monolithic overlap

Fig. 2 Thermographic 
visualization of perforation 
of monolithic overlap disk 
releases

temperatures of reference sites. In Figs. 3, 4, 5 and 6, the dark color zone indicates 
the area of the maximally lowered temperature values on the inner surface of the 
fence. The results of thermal imaging surveys are presented in the Tables 3, 4, 5 and 
6.
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Table 1 Technical characteristics of TESTO 865 

N Name Name 

1 Detector size, pixels 160 × 120 
2 Temperature measurement range, °C From −20 to +280 

3 Temperature sensitivity (NETD), mK, no more 120 

4 Operating temperature, °C From −15 to +50 

4 Measurement accuracy, °C, no more 2

Table 2 Technical characteristics of TESTO 865 

Location Type of building Commissioning, 
year 

Number of 
floors 

The 
temperature of 
the air on the 
gun, °C 

Temperature in 
the living 
room, °C 

The first 
object 

Monolithic 2019 25 −15.0 +22.5 

The second 
object 

Brick-monolithic 2018 17 −14.0 +21.0

Fig. 3 Thermographic 
visualization of the upper 
zone of the outer wall of the 
residential building of the 
first object 

Fig. 4 Thermographic 
visualization of thermal 
imaging examination of the 
lower zone of the outer wall 
of a residential building of 
the first object
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Fig. 5 Thermographic 
visualization of a thermal 
imaging survey of the lower 
zone of the outer wall of a 
residential building of the 
second object 

Fig. 6 Results of thermal 
imaging examination of the 
upper zone of the outer wall 
of a residential building of 
the second object 

Table 3 Results of thermal imaging examination of the upper zone of the outer wall of the 
residential building of the first object 

Measured objects Temperature, °C Internal air temperature, °C Temperature difference, °C 

Measuring point 1 16.3 22.5 6.2 

Measuring point 2 16.3 22.5 6.2 

Measuring point 3 16.8 22.5 5.7 

Measuring point 4 16.7 22.5 5.8 

Measuring point 5 16.6 22.5 5.9 

Measuring point 6 16.6 22.5 5.9 

Measuring point 7 16.8 22.5 5.7
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Table 4 Results of thermal imaging examination of the lower zone of the outer wall of a residential 
building of the first object 

Measured objects Temperature, °C Internal air temperature, °C Temperature difference, °C 

Measuring point 1 15.5 22.5 5.0 

Measuring point 2 15.4 22.5 7.1 

Measuring point 3 15.9 22.5 6.6 

Measuring point 4 16.1 22.5 6.4 

Measuring point 5 15.7 22.5 6.8 

Table 5 Results of a thermal imaging survey of the lower zone of the outer wall of a residential 
building of the second object 

Measured objects Temperature, °C Internal air temperature, °C Temperature difference, °C 

Measuring point 1 7.0 21.0 14.0 

Measuring point 2 12.8 21.0 8.2 

Measuring point 3 11.2 21.0 9.8 

Measuring point 4 10.4 21.0 10.6 

Table 6 Results of thermal imaging examination of the upper zone of the outer wall of a residential 
building of the second object 

Measured objects Temperature, °C Internal air temperature, °C Temperature difference, °C 

Measuring point 1 10.7 21.0 10.3 

Measuring point 2 11.7 21.0 9.3 

Measuring point 3 12.3 21.0 8.7 

Measuring point 4 13.7 21.0 7.3 

4 Conclusion 

The analysis of thermograms is based on the identification of the causes of thermal 
insulation violations of external enclosing structures or a decrease in its qualities. The 
main criterion for comparing different sections of the surface of enclosing structures 
is the temperature difference at the selected point on the compared surface area. 

The temperature difference between the indoor temperature and the surface 
temperature of the wall of a residential building of the first object exceeds +6.0 °C 
with a normalized value of Δtn = +4.0 °C. The temperature difference between the 
indoor temperature and the temperature on the top of the wall of a residential building 
of the second object exceeds +11.0° C with a normalized value of Δtn = +4.0 °C. 

The above results of the thermal imaging survey allow us to conclude that thermal 
pads were either not installed along the perimeter of the cantilever disks of the 
ceilings, or were mounted with gross errors.
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Uncontrolled loss of heat through fixed “cold bridges” leads to a significant 
increase in heat consumption for heating the building. This is contrary to the law “On 
Energy Conservation and Energy Efficiency Improvement”. It is quite labor-intensive 
to exclude existing bridges in operated apartments. It is advisable to prevent their 
formation at the design stage and during installation work [3] by means of perforation 
of a monolithic floor slab. The use of thermal pads leads to a decrease in specific heat 
loss by an average of 1.5 times and practically eliminates freezing under standard 
conditions. 
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Abstract The traditional method of determining the isolation of air noise of a 
massive structure is considered, in accordance with SP 23-103-2003 “Design of 
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1 Introduction 

In recent years, the volume of housing construction has increased significantly, in 
particular, multi-storey. The growth rate continues to grow. In our country, the greatest 
preference is given to the method of monolithic construction of houses. With this 
design scheme, the load-bearing elements are carried out directly during installation. 
Inter-apartment partitions are erected at the last stages of construction. Hence, there 
are problematic situations of the technological process associated with the timing 
of the construction and commissioning of the building. The standard design of the 
partition is brickwork, but the installation is quite laborious, which leads to an increase 
in the construction time, as well as the cost of future apartments. Therefore, one of 
the solutions is the implementation of walls made of large-sized blocks, which often 
do not meet acoustic requirements [1]. 

In addition, apartments with the so-called “free layout” have now become popular, 
when the owner or tenant independently determines the boundaries of the rooms 
inside the room. In the future, an independent finishing of the walls is carried out. All 
these factors lead to a decrease in the acoustic comfort of the surrounding apartments. 

2 Materials and Methods 

The main method for calculating sound insulation is the graphoanalytic method. As 
the studied materials for the execution of inter-apartment partitions, the following 
were selected: 

(1) ceramic porous blocks with dimensions 380 × 250 × 219 mm, density 800, 
900, 1000 kg/m3; 

(2) aerated concrete blocks with dimensions of 625 × 250 × 250 mm, density of 
800, 600, 500 kg/m3. 

According to SP 275.1325800.2016 “Structures enclosing residential and public 
buildings. Rules for the design of sound insulation” [2], the graphoanalytic method 
is based on the construction of the frequency response of the isolation of air noise, 
which is represented as a polyline constructed at points A, B, C, D (Fig. 1).

The beginning of the construction begins with finding the coordinates of point 
B, depending on the density and thickness of the enclosing structure, in accordance 
with the graphs and tables of this set of rules [2]. 

The value of air noise isolation RB , dB, at point B is determined by the formula 

RB = 20log(m�) − 12, (1) 

m�—the equivalent surface density, kg/m2, is determined by the formula 

m� = K · m, (2)
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Fig. 1 Frequency response of air noise isolation by a single-layer flat fence

where K is a coefficient that takes into account the relative increase in the bending 
stiffness of the fence made of concrete on light aggregates, porous concrete, etc. in 
relation to structures made of heavy concrete with the same surface density. 

m is the surface density of the enclosing structure, kg/m2. 
During the calculation using this method, it became difficult to construct the 

frequency response of air noise insulation, since the coordinates of point B and the 
value of the coefficient K can be determined for a limited number of materials, 
namely: 

– expanded clay concrete; 
– perlite concrete; 
– sinter concrete; 
– cinder-block concrete; 
– aerated concrete, foam concrete; 
– brick; 
– gypsum concrete, gypsum. 

There are no K values for masonry made of ceramic porous blocks with a density 
range of 800–1000 kg/m3, as well as for aerated concrete blocks of the lowest density, 
such as 500 and 400 kg/m3. 

In addition to the listed types of large-block wall structures, many new types of 
building materials have appeared in our country, such as granular materials, shotcrete, 
polystyrene concrete and others that are promising. However, it is not possible to 
calculate their sound-insulating properties according to the method [2]. 

Another significant disadvantage of this calculation method according to [2] is  
rounding the value of the critical frequency B to the geometric mean frequency of 
the third octave band, within which is fB [3].
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Since, due to the above problems, it is not possible to choose exact data, and 
there is currently no other method for calculating the sound insulation of massive 
structures, the calculations carried out are not accurate. 

After drawing on the graph, in order to construct the calculated frequency 
response, point B to the left, the AB section is postponed to the mean geometric 
frequency of 100 Hz. To construct a segment of a polyline BC, it is necessary to form 
its slope of 6 dB per octave, while taking into account that the point C always has an 
ordinate Rc = 65 dB. After determining the frequencies fCD, Hz, a complete design 
characteristic is obtained. Next, the values of the air noise isolation indices are set 
according to the calculated characteristic for the corresponding frequencies [4]. 

The next step is to determine the presence of unfavorable deviations, the values of 
which are entered into the table based on the values obtained as a result of constructing 
the calculated frequency response. The condition must be met 

ROC,i > Rcalc,i . (3) 

where ROC,i , dB—the values of the air noise isolation indices according to the 
estimated curve for the corresponding frequencies; 

Rcalc,i , dB—the values of the air noise isolation indices according to the calculated 
curve for the corresponding frequencies. 

The values of unfavorable deviations of the calculated frequency response from 
the estimated curve are calculated NOi dB, according to the frequencies of the third 
octave bands: 

NOi = ROC,i − Rcalc,i . (4) 

Next, the amount of unfavorable deviations is determined on the basis of which 
the analysis of the obtained numerical values is carried out. It is important that the 
total value does not exceed 32 dB [2]. 

3 Results and Discussion 

In the calculation, various variants of blocks plastered with solutions of different 
composition and density, in one or two layers, were considered. Below, in Table 1, 
the variants of enclosing structures are presented, which were calculated by the 
graphoanalytic method according to [2].

The results of numerical calculations are presented in Tables 2, 3, 4, 5, 6 and 7.
A graphic illustration of the dependence of Ri , dB, air noise isolation index on 

the frequency range fi , Hz, is shown in the figure. The calculated frequency charac-
teristics of various variants of wall structures are based on the results of calculations 
given in Tables 2, 3, 4, 5, 6 and 7 (Fig. 2).
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Table 1 Calculated index of air noise insulation of wall structures 

№ The composition of the wall structure Air noise isolation index, calculated Rc (dB) 

1 2 × 10 mm—plaster, 800 kg/m3 

250 mm—ceramic porous block, 800 kg/m3 

2 × 10 mm—plaster, 800 kg/m3 

51 

2 2 × 10 mm—lime plaster, 1600 kg/m3 

250 mm—ceramic porous block, 900 kg/m3 

2 × 10 mm—lime plaster, 1600 kg/m3 

55 

3 10 mm—cement-sand plaster, 1800 kg/m3 

250 mm—ceramic porous block, 1000 kg/m3 

10 mm—cement-sand plaster, 1800 kg/m3 

53 

4 10 mm—cement-sand plaster, 1800 kg/m3 

250 mm—aerated concrete block, 800 kg/m3 

10 mm—cement-sand plaster, 1800 kg/m3 

54 

5 2 × 10 mm—plaster, 800 kg/m3 

250 mm—aerated concrete block, 600 kg/m3 

2 × 10 mm—plaster, 800 kg/m3 

51 

6 2 × 10 mm—lime plaster, 1600 kg/m3 

250 mm—aerated concrete block, 500 kg/m3 

2 × 10 mm—lime plaster, 1600 kg/m3 

52

4 Conclusion

1. According to the normative values of air noise insulation indices by internal 
enclosing structures Rreq  

w for residential and public buildings, walls and partitions 
between apartments, between apartment rooms and offices; between apartment 
rooms and stairwells, halls, corridors, lobbies should take 52 dB [5]. 

2. The wall is made of ceramic porous blocks, with dimensions of 380 × 250 × 219 
mm, density of 900 kg/m3, plastered with lime plaster in two layers of 10 mm on 
each side, density of 1600 kg/m3, as well as of ceramic aerated concrete blocks, 
with dimensions of 625 × 250 × 250 mm, density of 800 kg/m3, plastered with 
cement-sand plaster in one layer of 10 mm with a density of 1800 kg/m3 is 
calculated to meet the requirements. 

3. The wall is made of ceramic porous blocks, with dimensions of 380 × 250 × 
219 mm, density of 1000 kg/m3, plastered with cement-sand plaster in one layer 
of 10 mm, density of 1800 kg/m3, as well as of ceramic aerated concrete blocks, 
with dimensions of 625 × 250 × 250 mm, density of 500 kg/ m3, plastered with 
lime plaster in two layers of 10 mm on each side, with a density of 1600 kg/m3, 
according to calculations, meet the requirements. 

4. The wall is made of ceramic porous blocks, with dimensions of 380 × 250 × 219 
mm, density of 800 kg/m3, plastered with gypsum plaster in two layers of 10 mm 
on each side, density of 800 kg/m3, as well as of ceramic aerated concrete blocks, 
with dimensions of 625 × 250 × 250 mm, density of 600 kg/m3, plastered with
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Fig. 2 Calculated frequency characteristics of various variants of wall structures: 1—ceramic 
porous block, 800 kg/m3; 2—ceramic porous block 900 kg/m3; 3—ceramic porous block 1000 kg/ 
m3; 4—aerated concrete block 800 kg/m3; 5—aerated concrete block 600 kg/m3; 6—aerated 
concrete block 500 kg/m3; OC—evaluation curve

gypsum plaster in two layers 10 mm on each side, with a density of 800 kg/m3, 
according to calculations do not meet the requirements.

5. It is necessary to conduct experimental studies for further evaluation and 
comparison with calculations made by the graphoanalytic method of the Set 
of Rules. 

References 

1. Angelov VL (2009) Problems of ensuring sound insulation of fences of monolithic residential 
and public buildings. Acad Archit Constr 5:193–195 

2. SP 275.1325800.2016. Structures enclosing residential and public buildings. Rules of sound 
insulation design. The Ministry of Construction of Russia dated 17.06.2017. Techexpert: 
[website]. https://docs.cntd.ru/document/456050583

https://docs.cntd.ru/document/456050583


Investigation of Methods and Algorithms for Predicting Sound … 371

3. Shchelokov YuA (2015) Calculation of air noise insulation (sound insulation) of single-layer 
plates. Noise Theory Pract 1(1):70–76 

4. Ananyin MYu, Kremleva DV (2014) Calculations of sound insulation by enclosing structures 
of buildings: textbook manual. Ural University, Yekaterinburg. ISBN 978-5-7996-1336-5 

5. A set of rules. SP 51.13330.2011. Noise protection. Updated version of SNiP 23-03-2003. 
Gosstroy of Russia dated 30.06.2003 No. 136. Techexpert: [website]. http://docs.cntd.ru/doc 
ument/1200035251

http://docs.cntd.ru/document/1200035251
http://docs.cntd.ru/document/1200035251


Design and Calculation 
of Multifunctional Canopies in the Form 
of Shallow Shells 

Alexander Kolesnykov , Tatyana Tsurik , Sofya Kurakina , 
and Ksenia Litvinova 

Abstract Multifunctional canopies with a covering using a shape of shallow shells 
having a skylight for higher insolation are investigates. A derivation of equation is 
presented in view of the geometric nonlinearity of the thin-walled structure perfor-
mance. A technique for solving systems of equations using the Bubnov-Galyorkin 
method is given. The concept of a universal shell canopy is proposed. Structures 
with various ways of fixing is simulated. The skylight is set on an arbitrary section 
of the structure with changing parameters. The influence of the shape and location 
of the skylight on the value of the critical load is investigated. The results of the 
investigations are given in a dimensionless form and are illustrated by graphs, which 
makes it convenient to use them in engineering calculations. Recommendations are 
given for correcting the shape and thickness of covering structures in the form of 
shallow shells with a skylight to maintain their bearing capacity. 

Keywords Shallow shell · Stress–strain state · Spatial structure · Canopy ·
Critical load 

1 Introduction 

Large-span canopies can be used as structures for various purposes. They have great 
imaginative potential and were originally designed as exhibition spaces to show-
case achievements in the field of art, science and technology. The world practice of 
construction has accumulated extensive experience in the use of large-span structures 
by the most famous architects. The ancestor of this phenomenon can be considered 
world trade exhibitions. For instance, in London in 1851, there was an exhibition 
located in the huge Crystal Palace, designed by Joseph Paxton, who used standard
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elements in the form of a factory cast-iron grate filled with sheet glass, which even-
tually formed a greenhouse of enormous size. Paxton’s Crystal Palace was charac-
terized by the maximum use of the materials which became available. The structure, 
563 m long and 124 m wide, clearly demonstrated the metal architectural possibilities. 
Metal trusses with a cross lattice were used for the floors. 

Further development of large-span constructions demonstrated their new capa-
bilities: lightness, quick assembly, versatility and expressiveness. The use of new 
materials, as well as the idea of openness inherent in modern architecture, has led 
to the fact that large-span buildings have become widespread, including exhibition 
centers, fair spaces, sports facilities, railway stations, and trade facilities. 

Examples of the use of long-span shells are extremely diverse. At the same time, 
according to volumetric and spatial characteristics, three types of them can be distin-
guished: shell as roofing; shell as a covering of a part of a building; shell as a building 
[1]. From our point of view, buildings of the third type are of the greatest interest, 
since they are devoid of the problem of establishing the scale of structures for a 
person. The specificity of large buildings with a shell, as with a late formative view, 
is that the form itself is a facade embodiment, giving the building additional attrac-
tiveness. We have provided the concept of a multifunctional canopy, which can be 
located in residential security and serve as a point of attraction, depending on the 
purpose. This conceptual design has a great potential, has different aesthetic and 
economic characteristics and can be integrated into any environment (Fig. 1).

The most difficult structure for design and calculation in the considered multifunc-
tional canopy is a cover in the form of a shallow shell with a skylight. The explore of 
structures in the form of shallow shells is currently receiving considerable attention 
all over the world. Stability [2, 3], strength [4, 5], and oscillations of thin shells [5] 
are explored, including those in a nonlinear formulation [6, 7] and various forms 
of the middle surface [8, 9]. Works that analyze the behavior of layered [10–12] 
and orthotropic shallow shells [13], explores of the long-term strength of coating 
shells and its reduction due to various factors [14, 15], are of particular interest, as 
the results of them can be used to model reinforced concrete and reinforced cement 
structures. 

Currently, most of these structures are calculated using software based on the finite 
element method [16, 17]. However, in the case of non-linear problems, it is possible 
to obtain results whose accuracy is difficult to estimate, since the solution strongly 
depends on the type and number of finite elements. At the same time, designers often 
face the task of not only calculation of structures, but also exploring them, so the 
development of methods for their analysis is an important task. 

2 Materials and Methods 

The task of calculating the roofing of buildings and structures in the form of shallow 
shells with a skylight in an arbitrary section (Fig. 2) with any aspect ratio in the plan 
and type of support, as well as loaded with a vertical uniformly distributed load,
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Fig.1 General view of the multifunctional canopy

can be represented by a system of equations (1). At the same time, the thickness 
of the structure is relatively small compared to the dimensions in the plan, and the 
deflections are commensurate with the thickness, therefore, it is necessary to take 
into account the geometric nonlinearity of the structure [18, 19]: 

⎧ 
⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎩ 

1 
h∇2∇2 1 

E(x,y) ϕ + ky ∂
2w 

∂ x2 + kx ∂
2w 

∂y2 − 2kxy  ∂
2w 

∂ x∂y 
+ ∂2w 

∂x2 
∂2w 
∂ y2 − ∂2w 

∂x∂ y = 0, 
h 
12∇2∇2 E(x,y) 

(1−ν(x,y)2 ) w − ∂
2ϕ 

∂ y2

(
kx + ∂2w 

∂x2

)

− ∂2ϕ 
∂ x2

(
ky + ∂2w 

∂y2

)
+ 2 ∂

2ϕ 
∂ x∂ y

(
kxy  + ∂2w 

∂ x∂y

)
− Z = 0. 

(1) 

where ϕ is the stress function, w is the deflection function, F = F(x, y) is the median 
surface function, Z is the load function.
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Fig. 2 Covering a multifunctional canopy in the form of a shallow shell with a skylight 

F(x, y) = f
[

α
( x 

a

)2ξ + β
( y 

b

)2ξ + 1
]

. (2) 

where 
f is the arch camber in the center of the shell, 
α = −  f1 f , β = −  f2 f —parameters characterizing the shape of the shell, 
f1, f2—support arch lifting booms of the shell, 
a, b—plan dimensions. 
The skylight is modeled as a change in the modulus of elasticity on an arbitrary 

area of the structure in the following way: 

E(x, y) = E0 − 

⎛ 

⎜ 
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1 +
(
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)2Θ
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⎟ 
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⎠. (3) 

where 
E0—stands for initial modulus of elasticity (Fig. 3); 
η, γ—coefficients characterizing the skylight size [0; a); 
m—coefficient characterizing the displacement of the center of the skylight along 

the x axis [−a; a], 
n—coefficient characterizing the displacement of the center of the skylight along 

the y axis [−b; b],

Fig. 3 The shape and location of the skylight depending on the variation of parameters m, η, θ 



Design and Calculation of Multifunctional Canopies in the Form … 377

θ, ϑ—coefficients characterizing the shape of the skylight faces along the x and 
y axes, respectively (0, 5; ∞). 

Variation of the coefficients m, η, θ gives the opportunity to set a large number of 
options for possible cuts (their location, size and shape of the faces). 

Stresses at any point of the shell can be determined using the Bubnov-Galerkin 
method [20]: 
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Here h stands for thickness of the coating structure in the form of a shallow shell, 
ν is the Poisson’s ratio, 
A, B—indeterminants of the Bubnov-Galerkin method, 
Zx, Zy are the V.Z. Vlasov beam functions. 
Since the structures under consideration can be attributed to thin shallow shells 

(the thickness is much less than the plan dimensions), in most cases it becomes 
necessary to check the structure for stability. The critical load factor for shallow 
shells on an elastic foundation can be represented by the equation: 

pcr = 
2 

27 

1 

C2 
1

[(
C2 
1 − 3C1C3

)3/2+ C2

(

C2 
2 − 

9 

2 
C1C3

)]

. (19) 

The values obtained using the presented method were compared with the results 
of other authors. The results of the solution showed good convergence with the values 
of the authors using other numerical methods [19]. When calculating by the finite 
element method, the result strongly depended on the number of finite elements used 
in the model.
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3 Results and Discussion 

The presented method for determining the stresses and critical load in coatings in 
the form of shallow shells with skylights makes it possible to study the influence of 
various factors on the stress–strain state of structures, which is not always possible 
using methods based on the finite element method. 

For example, we considered the construction of a coating in the form of a shell 
on a square plan with a ratio of thickness to size in plan h/a = 1/10. Figure 4 shows a 
decrease in the value of the critical load of a thin-walled coating structure, determined 
by formula (19), with an increase in the parameter m, i.e. displacement of the hole 
from the center to the edge of the structure. 

The figure clearly illustrates the decrease in the strength characteristics of shells 
as the skylight approaches the support zone and the possibility of using the above 
equations to determine the stress–strain state in them. 

Figure 5 shows the change in critical load depending on the size of the skylight 
located in the center η.

The graphs show the possibility of using the presented numerical technique for 
determining the stress–strain state of structures in the form of shallow shells to 
analyze the influence of various cutout parameters (location, size, shape of the hole 
edges) and structure dimensions (thickness, structure shape, lifting boom) on the 
studied characteristics. 

The technique for determining the stress–strain state of structures in the form of 
shallow shells with cutouts makes it possible to conduct research and evaluate the 
bearing capacity of a structure based on design conditions. 

The representation of Eq. (19) in a dimensionless form is convenient for obtaining 
dependencies and analyzing the changes introduced without reference to specific 
dimensions.

Fig.4 Influence of the 
location of the skylight on 
the value of the critical load 
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Fig. 5 Dependence of the 
critical load on the size of 
the skylight in the center of 
the shell

Setting the function of the middle surface F, which is included in the system (1) in  
the form of a transfer surface [23], made it possible to study the effect of a skylight 
on structures of various shapes with the same dimensions in plan and lifting boom. 
For structures in the form of shallow shells with a generatrix in the form located 
between the spherical and chain functions, the influence of defects on the value of 
the critical load is manifested to a lesser extent. 

The use of a changing shape and location of the cutout (Fig. 3) allows us to model 
a skylight that is as close as possible to the design requirements. 

Graph 4 shows the effect of notch placement on the critical load value, as the most 
important defect parameter after its value, the influence of which is obvious (Fig. 5). 
It allows us to evaluate the degree of reduction in the bearing capacity, depending 
on the approach of the cutout to the support zone. The analysis of these parameters, 
along with the characteristics of the structure shape and thickness distribution along 
the generatrix, makes it possible to achieve the best values of the critical load for 
given design parameters. It is possible to reduce the value of the influence of the 
cutout by giving a shape close to optimal at the design stage of the structure or by 
setting a rational change in the thickness of the structure along its generatrix [20, 21]. 

4 Conclusion 

The proposed design of canopies makes it possible to erect structures with a changing 
functional purpose. The presented technique can be used to determine and study the 
stress–strain state of structures in the form of shallow shells, taking into account the 
geometric nonlinearity of work in the presence of cutouts in them. The constructed 
graphs of the dependence of the critical load on various parameters made it possible
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to evaluate the operation of structures, taking into account changes in various factors 
of skylights. The use of varying characteristics of cuts allows you to get results that 
are close to real conditions. 
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The Influence of Operational Factors 
on the Thermal Conductivity 
of Polystyrene Foam Boards 

Pavel Monastyrev , Oleg Evdokimtsev , and Mikhail Loktionov 

Abstract The influence of operational factors on the thermal conductivity coef-
ficient of polystyrene foam boards is investigated. In the study the initial density, 
humidity, the number of cycles of alternating freezing-thawing of polystyrene foam 
boards and the amplitude of the transition temperature through zero were taken 
as operational factors. To describe the response surface a four-factor laboratory 
experiment was conducted according to the second-order plan: 

Y = (X1, X2, X3, X4) (1) 

At the same time a composite three-level symmetrical plan was used as it has a 
sufficiently high efficiency according to the main statistical criteria and includes 
24 experiments. Based on the results of the laboratory experiment a regression 
model was constructed for further in-depth analysis which resulted in the conclusion 
about the influence of the investigated operational factors on thermal conductivity of 
polystyrene foam boards. 
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1 Introduction 

Multi-year experience in the use of exterior walls made from homogeneous materials 
allowed us to evaluate their service life and evaluate the rate of frequency between 
major and ongoing repairs. However, the implementation of energy-saving policy 
in the field of construction has caused the emergence of new structural and techno-
logical solutions for exterior walls which have turned from single-layer structures 
into multi-layer ones consisting of materials with different strength, density, thermal 
conductivity, vapor permeability, etc. [1, 2]. The use of materials with various ther-
mophysical properties in enclosing structures has an impact on the temperature and 
humidity regime of external walls, which in its turn affects the service life of the 
enclosure and its operational qualities [3–6]. 

From the point of view of operational reliability the construction of a multilayer 
wall can be represented as a complex system that from the point of view of the func-
tional relationship of its elements, can be represented as a system comprised by the 
load-bearing part of the wall—thermal insulation layer—protective and decorative 
layer. 

This system should ensure the temperature and humidity conditions and comfort 
in the premises, the performance of the wall within the specified regulatory limits, 
its decorative and protective functions. 

A multilayer wall consists of elements connected in series, the failure of which is 
determined by the failure of the weakest link [5, 6]. The load-bearing part of the wall 
is designed to be nonrecoverable in almost all cases. The probability of trouble-free 
operation during a given service life can be taken as the safety in failure indicator. 
In such situation the thermal insulation material and protective decorative layer can 
be considered the elements that determine the reliability of the system as a whole. 
In this article we will focus on the thermal insulation layer that is typically made of 
mineral wool or expanded polystyrene boards. 

The main operational indicator of thermal insulation boards in the walls is their 
ability to provide heat-protective qualities for a certain time period. Therefore it 
is possible to take the time constancy of their thermal conductivity coefficient as 
the main criterion for the operational resistance of thermal insulation boards. In the 
works [5, 6] the influence of operational factors on thermal and physical-mechanical 
properties of mineral wool slabs was studied, however, there were no comprehensive 
studies of the influence of operational factors on the thermal conductivity coefficient 
of expanded polystyrene boards. In this regard, the article presents a study of the 
change in the thermal conductivity coefficient of polystyrene boards depending on 
the initial density, humidity, the number of polystyrene board alternating freezing-
thawing cycles and the amplitude of the transition temperature through zero.
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2 Materials and Methods 

An experimental study of the change in the thermal conductivity coefficient λ, W/  
(m·°C) (function Yλ) of polystyrene foam board samples was carried out considering 
the following factors: 

– initial density of polystyrene foam boards γ (X1) kg/m3; 
– humidity of polystyrene foam boards ω (X2) %;  
– the number of alternating freezing-thawing cycles of polystyrene foam boards n 

(X3), cycles; 
– amplitudes of the transition temperature through zero °C, A0 (X4). 

Polystyrene foam plates of the “NOVOPLAST” company were used as the object 
of the study. 

All factors in the study varied on three levels. 
The variation limits of the first factor (X1)—initial density were taken consid-

ering the product line of the manufacturer of expanded polystyrene boards, “NOVO-
PLAST” company, as well as their technical specifications and recommendations for 
the use in enclosing structures. Polystyrene foam boards with a declared density of 
25, 35 i 50 kg/m3 were selected for the study. Actual density of the samples was 
as follows: 15, 30, 40 kg/m3. In this regard the variation levels of factor X1 were as 
follows: 

−1—minimum value (15 kg/m3); 
0—average value (30 kg/m3); 
+1—maximum value (40 kg/m3). 
For the lower limit of variation (−1) of the second factor, the humidity value is 

taken as equal to 0%. 
As an intermediate (0) limit of variation, the value of the sorption humidity of the 

polystyrene foam board is used, which was determined experimentally according to 
GOST 17177-94 [7] and was 20%. 

The upper limit of variation (+1) of the second factor (X2), the moisture content 
of the samples, was taken based on the maximum value of water absorption of 
polystyrene foam boards. This value was determined experimentally according to 
GOST 17177-94 [7]. 

For the lower limit of variation (−1) of the third factor (X3)—the number of 
freezing and thawing cycles of the experimental study, a value equal to 10 cycles 
was taken. As an intermediate (0) limit of variation, a value equal to 55 cycles was 
used. Accordingly, the upper limit (+1) of the variation of the fourth factor is 100 
cycles. 

As a fourth variation factor (X4)—the doubled average value of the amplitude of 
outdoor temperature transition through 0 °C during the day was taken into consider-
ation. In the experiment this value varied from 4 °C (lower level of variation) to 40 
°C (upper level of variation) (Table 1). The lower level of variation was taken based 
on the possible assignment of the smallest amplitude and the upper one based on SP 
131.13330.2012 [8].
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Table 1 The area of variation of factors and their coded values 

Factor −1 0 +1 

1 Initial density of polystyrene foam boards 
γ (X1) kg/m3 

15 30 40 

2 Humidity of polystyrene foam boards ω 
(X2), % 

0 20 40 

3 Number of cycles of alternating 
freezing-thawing of polystyrene foam 
boards n (X3), cycles 

10 55 100 

4 Amplitude of the transition temperature 
through 0 °C in the layer of thermal 
insulation material A0 (X4), °C 

4 22 40 

The areas of variation of factors and their coded values are shown in Table 1. 
Response values were supposed to be obtained on the basis of a laboratory 

experiment. To do this an experiment was carried out according to a special plan. 
To describe the response surface a four-factor laboratory experiment was 

conducted according to a second-order plan: 

Y = (X1, X2, X3, X4) (2) 

At the same time we used a composite three-level symmetrical plan that has a 
sufficiently high efficiency according to the main statistical criteria and includes 24 
trials. The experimental plan is shown in Table 2.

To describe the required dependencies, the following model was built: 

Ŷ =b0 + b1 X1 + b2 X2 + b3 X3 + b4 X4 + b5 X1 X2 + b6 X1 X3+ 
+ b7 X1 X4 + b8 X2 X3 + b9 X2 X4 + b10 X3 X4 + b11 X2 

1 + b12 X2 
2+ 

+ b13 X2 
3 + b14 X2 

4 (3) 

When implementing the experimental plan, the variants of varying factors were 
randomized. To do this, the sequence of tests was determined by using the table of 
uniformly distributed random variables. 

We tested the “NOVOPLAST” polystyrene foam board samples. 
To run the tests for the changes in the thermal conductivity coefficient, the samples 

of polystyrene foam boards were cut out with a size of (a)100 × (b)100 × (h)25 mm. 
The sample sizes were selected based on the possibility of measuring the thermal 
conductivity coefficient and the dimensions of the testing equipment. 

Samples of polystyrene foam boards with a minimum humidity value were dried 
to a constant weight according to GOST 17177-94 [26]. The sample was considered 
prepared when it reached its constant weight, i.e. the mass loss after repeated drying 
for 0.5 h should not exceed 0.1%.
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Table 2 Planning matrix and results of the experiment to determine the coefficient of thermal 
conductivity 

№ 
exp 

γ (X1) 
kg/m3 

ω (X2), 
% 

n (X3), 
cycles 

A0 (X4), 
°C 

Y1 Y2 Y3 Yλ Si 2 

1 15(−1) 0(−1) 10(−1) 4(−1) 0.038 0.039 0.037 0.038 0.0000015 

2 40(+1) 0(−1) 10(−1) 4(−1) 0.032 0.031 0.033 0.032 0.0000015 

3 15(−1) 40(+1) 10(−1) 4(−1) 0.042 0.041 0.043 0.042 0.0000015 

4 40(+1) 40(+1) 10(−1) 4(−1) 0.035 0.036 0.037 0.036 0.000001 

5 15(−1) 0(−1) 100(+1) 4(−1) 0.04 0.039 0.041 0.040 0.0000015 

6 40(+1) 0(−1) 100(+1) 4(−1) 0.041 0.042 0.04 0.041 0.0000015 

7 15(−1) 40(+1) 100(+1) 4(−1) 0.043 0.044 0.045 0.044 0.000001 

8 40(+1) 40(+1) 100(+1) 4(−1) 0.046 0.041 0.043 0.043 0.0000145 

9 15(−1) 0 (-1) 10(−1) 40(+1) 0.04 0.041 0.042 0.041 0.000001 

10 40(+1) 0 (-1) 10(−1) 40(+1) 0.042 0.041 0.043 0.042 0.0000015 

11 15(−1) 40 (+1) 10(−1) 40(+1) 0.044 0.04 0.041 0.042 0.0000105 

12 40(+1) 40(+1) 10(−1) 40(+1) 0.045 0.043 0.044 0.044 0.0000025 

13 15(−1) 0(−1) 100(+1) 40(+1) 0.043 0.044 0.045 0.044 0.000001 

14 40(+1) 0(−1) 100(+1) 40 (+1) 0.039 0.04 0.041 0.040 0.000001 

15 15(−1) 40(+1) 100(+1) 40(+1) 0.046 0.044 0.045 0.045 0.0000025 

16 40(+1) 40(+1) 100(+1) 40(+1) 0.045 0.045 0.043 0.043 0.000002 

17 15(−1) 20(0) 55(0) 22(0) 0.041 0.04 0.042 0.041 0.0000015 

18 40(+1) 20(0) 55(0) 22(0) 0.041 0.039 0.043 0.041 0.000006 

19 30(0) 0(−1) 55(0) 22(0) 0.039 0.037 0.038 0.038 0.0000025 

20 30(0) 40(+1) 55(0) 22(0) 0.038 0.039 0.037 0.037 0.0000025 

21 30(0) 20(0) 10(−1) 22(0) 0.041 0.04 0.042 0.041 0.0000015 

22 30(0) 20(0) 100(+1) 22(0) 0.042 0.04 0.044 0.042 0.000006 

23 30(0) 20(0) 55(0) 4(−1) 0.037 0.038 0.036 0.037 0.0000015 

24 30(0) 20(0) 55(0) 40(+1) 0.038 0.037 0.039 0.038 0.0000015

The samples with average and maximum humidity values were prepared according 
to GOST 17177-94 [7]. 

The samples of polystyrene foam boards were subjected to cyclic temperature 
exposure in the climatic chamber THV-80. 

Freezing and thawing of samples was carried out according to the algorithm 
proposed in the work of Alexandrovsky [9]. The temperature –time change pattern 
is shown in Fig. 1.

The coefficient of thermal conductivity was measured according to GOST 7076-99 
[10] by means of ETP MG4 (100) device.
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Fig. 1 The course of 
temperature change from 
time to amplitude: a 4 °C;  
b 22 °C; c 40 °C

3 Results and Discussions 

The planning matrix and the results of the experiment made to determine the thermal 
conductivity coefficient are shown in Table 2. 

Based on the results of the experiment (Table 2), a regression model is constructed: 

Ŷλ =0, 0389 − 0, 0, 0006X1 + 0, 0014X2 + 0, 0010X3 + 0, 0012X4 + 0, 0009X1 X4+ 
+ 0, 0014X3 X4 + 0, 0026X2 

1 − 0, 0014X2 
2 + 0, 0026X2 

3 − 0, 0014X2 
4 . (4)
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(a) (b) (c) 

Fig. 2 Change in the coefficient of thermal conductivity λ, W/(m °C) depending on the humidity of 
polystyrene foam boards ω, , % (factor  X2) and the number of cycles of alternating freezing-thawing 
n, cycles (factor X3) with the density of polystyrene foam boards: a −1(15 kg/m3); b 0(30 kg/m3); 
c +1(40 kg/m3) and the amplitude of the temperature 22 °C 

Fig. 3 Change in the 
thermal conductivity 
coefficient of expanded λ, W/  
(m·°C) polystyrene boards 
depending on the number of 
cycles of alternating 
freezing-thawing of 
expanded polystyrene boards 
n, cycles (factor X3) and  the  
amplitudes of the transition 
temperature through zero A0, 
°C (factor X4) at the density 
of polystyrene foam boards 
30 kg/m3 and humidity 20% 

A graphical interpretation of the experimental results is shown in Figs. 2 and 3. 

4 Conclusions 

The interpretation of the results of the study is based on the analysis of the regression 
equation. First of all, we revealed the influence of individual factors.



392 P. Monastyrev et al.

The strongest influence on the thermal conductivity coefficient of expanded 
polystyrene boards is exerted by the factor X2—the humidity of the thermal insu-
lation material. Positive linear and negative quadratic effects of this factor have 
been revealed, which indicates an increase in the thermal conductivity coefficient 
of expanded polystyrene boards with a change in their humidity from 0 to 40%. A 
slight increase of Ŷλ, up to 8.3% from 0.036 to 0,039 W/m·°C) is observed when 
humidity changes from 0 to 20%. In the range from 20 to 40%, the thermal conduc-
tivity coefficient of polystyrene foam boards remains at the same level (0.039 W/ 
m·°C). 

The factor X4—the amplitude of the transition temperature through 0 °C in a 
layer of thermal insulation material - took the second place in terms of the influence 
on the thermal conductivity coefficient of polystyrene foam boards. Positive linear 
and negative quadratic effects of this factor have been revealed, which indicates 
an increase in the thermal conductivity coefficient of expanded polystyrene boards 
with a change in amplitude from 4 to 40 °C. An increase of Ŷλ, up to 8,3% (from  
0,036 to 0,039 W/m·°C) is observed when the amplitude changes from 4 to 22 °C. 
In the range from 22 to 400C the thermal conductivity coefficient of polystyrene 
foam boards remains at the same level (0,039 W/m·°C). The nature and strength of 
the influence of factor X4 is slightly influenced by its interaction with factors X1 

(the initial density of expanded polystyrene boards), X3 (the number of cycles of 
alternating freezing-thawing of expanded polystyrene boards). 

Factor X3 (the number of cycles of alternating freezing-thawing of expanded 
polystyrene boards) was in third place in terms of the strength of influence. Positive 
linear and quadratic effects of this factor have been revealed, which indicates an 
increase in thermal conductivity with an increase in freeze-thaw cycles from 10 to 
100 cycles. However the change Ŷλ depending on this factor is uneven. With a change 
in X3 from 10 to 55 cycles Ŷλ it decreases by 4.8% (from 0.041 to 0.039W/m·°C), 
at the same time in the interval from 55 to 100 cycle is observed an increase Ŷλ, of  
10,2% (from 0.039 to 0.043 W/m·°C). The nature and strength of the influence of 
factor X3 is slightly influenced by its interaction with factor X4 (the amplitude of the 
transition temperature through 0 °C in a layer of thermal insulation material). 

In the last place in terms of the strength of the influence on the thermal conductivity 
coefficient of expanded polystyrene boards was the factor X1—the density of the 
thermal insulation material. Negative linear and positive quadratic effects of this 
factor have been revealed, which indicates a decrease in the thermal conductivity 
coefficient of expanded polystyrene boards with a change in their density from 15 to 
40 kg/m3. However, the change Ŷλ depending on this factor is uneven. A decrease 
of Ŷλ, up to 7,1% (from 0.042 to 0,039 W/(m·°C)) is observed when the density of 
the thermal insulation material changes from 15 to 30 kg/m3. In the range from 30 
to 40 kg/m3 here is an increase in the thermal conductivity coefficient of expanded 
polystyrene boards (from 0.039 to 0,041 W/(m·°C)) by 5,1%. The nature and strength 
of the influence of factor X1 is slightly influenced by its interaction with factor X4 (the 
amplitude of the transition temperature through 0 °C in a layer of thermal insulation 
material).
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A graphical interpretation of the experimental results is shown in Figs. 2 and 3. 
From them it can be seen that when the number of cycles of alternating freezing-
thawing of expanded polystyrene plates changes, the thermal conductivity coefficient 
decreases at the first stage, and increases at the second. The turning point of the 
dynamics of the change in the coefficient of thermal conductivity, regardless of the 
density of the samples under study, is 50 freeze-thaw cycles. It was found that the 
samples of expanded polystyrene boards with a density of 30 kg/m3 have lower 
thermal conductivity compared to expanded polystyrene with a density of 15 and 
40 kg/m3. 

The influence of humidity of polystyrene foam boards has the same effect on 
the coefficient of thermal conductivity of thermal insulation material of different 
densities. Namely, in samples of any density when their humidity changes from 0 
to 40%, the thermal conductivity coefficient changes by approximately 0.002 W/ 
(m·°C). 

The conducted research has shown that operational factors can have a significant 
impact on the change in the thermal conductivity coefficient of expanded polystyrene 
boards, which must necessarily be taken into account when designing, building and 
operating external enclosing structures. 
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Comparative Analysis of Enclosing 
Facade Structures in Terms of Energy 
Efficiency 

Anastasiia Grokhovskaia and Daria Nemova 

Abstract The purpose of the study is to evaluate the energy efficiency of the structure 
depending on the various options of the facade enclosing system. The variability of 
the facade system consists in considering several types of thermal insulation material. 
The following materials are selected for comparison: mineral wool, glass wool, and 
XPS insulation. The comparative analysis is based on the consideration of the total 
heat loss of the building, if the remaining parameters of the object remain unchanged, 
as well as on the basis of separate data on carbon emissions for each material under 
consideration. Based on the results obtained, conclusions are drawn about a more 
energy-efficient design with minimal impact on the environment. 

Keywords Energy efficiency · Carbon footprint · Life cycle assessment · Thermal 
insulation material · Thermal resistance · Thermal conductivity · Transmission 
losses 

1 Introduction 

Nowadays the issue of ecology is one of the most discussed and demanded in all 
spheres of human activity. Any activity of the Earth’s population has a negative 
impact on natural conditions. The consequence of which is global climate change [1, 
2], depletion of natural resources. Of course, there is a natural-time factor in changing 
the climatic parameters of the environment, but the human aspect accelerates and 
worsens the situation [3]. Another important problem of our time is the greenhouse 
effect [4, 5], which is more related to the activity of people [6–8]. 

The construction industry is no exception. According to recent studies, the 
construction sector occupies one of the primary places in terms of energy consump-
tion, namely, the share of consumption is approximately 40%, which also corresponds
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to the share of CO2 gas emissions [9, 10]. Of the exact 39% of emissions, 28% is 
accounted for by energy consumption during the life cycle of the facility and 11% 
of emissions are produced by construction materials [11]. It is also worth noting 
that according to the forecasts made by experts, energy consumption is expected to 
increase by up to 71% in the period up to 2030 [12]. 

Thus, the greatest popularity and demand in modern construction is the concept of 
energy–efficient construction [13–17] of energy-efficient structures and such science 
as construction ecology, the main tasks of which more closely echo the goals set to 
minimize the impact of construction activities on the environment. Therefore, the 
following aspects can be distinguished [18–20]: 

1. Rational consumption of natural resources 
2. Increasing the volume of secondary use; 
3. Forecasting the negative impact at the design stages and taking measures to 

reduce it at the beginning of the process. 

The main rule that distinguishes an energy–efficient building from other structures 
is the ability to produce more energy compared to the volume consumed, as well as 
the amount of energy spent during its construction [21, 22]. 

However, as mentioned earlier, the energy efficiency assessment of a building 
is a complex process that should take into account all stages of the life cycle of a 
structure. 

The life cycle of a construction object is a period of time from the moment of 
production of materials for the construction of a particular structure to the moment of 
its deconstruction and disposal of the remaining materials [23–29]. With the use of 
information technology systems that greatly simplify the monitoring of all systems, 
this approach allows you to track data about the construction object throughout the 
entire process of its existence [30, 31], which also significantly affects the economic 
aspect of construction activity [32, 33]. 

In accordance with the European standard EN 15978 (2011), the following stages 
of the life cycle of an object are distinguished, during which greenhouse gases are 
released: 

Stage A: 

Stage “Product” (A1–A3). 

Describes the complete production process of materials used for construction. 

Stage “Construction” (A4–A5). 

This stage includes the process of transporting manufactured materials between the 
manufacturer and the construction site. In addition, this stage takes into account the 
installation carried out on the construction site.
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Stage B (B1–B7): 

Describes the stage of the project life cycle during which its operation is performed. 
Thus, this stage describes direct greenhouse gas emissions due to the electricity 
consumed by the facility. 

Stage C “End of Life” (C1–C4): 

Stage C describes the end of the facility’s operating time. This stage includes indica-
tors related to the transportation of recycled raw materials, the process of recycling, 
recycling and reuse. 

Stage D: 

This stage, similar to stages A and C, characterizes indirect greenhouse gas emissions. 
The final stage of the construction life cycle assessment takes into account aspects 
related to the estimated potential for reuse of materials. 

In accordance with the long-term experience of using these stages of the object’s 
life cycle, statistics show that the most significant stage is the “Product” stage, that is, 
Stage A. Despite the fact that greenhouse emissions are indirect at the pre-operational 
stage, their share is significant. In addition, the change of construction solutions in 
the direction of reducing the greenhouse effect, at this stage is the easiest compared 
to the subsequent stages. This fact is the basis for an active study of the stages A1-A5 
of the project life cycle. 

2 Materials and Methods 

This work presents a comparative analysis of various variants of the enclosing struc-
ture of the facade system of the building was carried out from the point of view of 
the energy efficiency of the object. Insulation materials were also evaluated at stages 
A1-A3 of the facility’s life cycle. 

For a more comprehensive assessment, the building of a high-rise business center 
was modeled. Based on immutable designed data, the influence of variability of 
thermal insulation materials on the energy efficiency of the structure was analyzed. 

Autodesk Revit 2021 software was chosen as the main software package for 
modeling the structure. In this program, an architectural model is developed, struc-
tural parameters are set and an analytical energy model of a structure based on a BIM 
model is created. 

Figure 1 shows a 3D view of the design object. The basic information on the 
object, as well as the summary characteristics of the proposed construction site are 
presented in Tables 1 and 2, respectively.
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Fig. 1 3D-view of the object 

Table 1 The main characteristic of the design object 

Characteristic Value 

Functional purpose Office building 

Height 45 m 

Heated area 13991,7 m2 

Heated volume 53168,46 m3 

Address Russia, Saint Petersburg 

Estimated number of the stuff 1400 

Table 2 Climatic characteristics of the construction area 

Characteristic Value 

Estimated outdoor air temperature for thermal protection design −24 °C 

Average outdoor temperature during the heating period −1,3 °C 

Duration of the heating period 213 day/year 

Degree-day of the heating period 4110,9 °C * day/year 

Estimated internal air temperature for thermal protection design 18 °C 

Estimated temperature of the technical field 8 °C
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The following options were selected as the considered options for the enclosing 
structures of the facade system—Table 3. 

The main characteristic affecting the energy consumption of a building is the 
thermal resistance of the structure. The reduced value is calculated by the following 
formula (1): 

Rr 
o = r ∗

(
1 

αint 
+

∑ δ�

α�

+ 
1 

αext

)
(1) 

r—the coefficient of thermal uniformity of the enclosing structure, taking into 
account the influence of joints, slopes of openings, framing ribs, flexible connections 
and other heat-conducting inclusions, r = 0, 65 

αint—the coefficient of heat transfer of the inner surface of the enclosing structures 
for cold period conditions, αint = 8, 7W/(m2 ∗ °C).

Table 3 Variants of enclosing structures 

№ Description of the variant (composition of the structure) Figures Resistivity 

1 Fiber cement slabs—20 mm 
Mineral wool—70 mm 
Aerated concrete on cement binder (400 kg/m3)—300 mm 

Figure 2 2,54 m2 * °C/W  

2 Fiber cement slabs—20 mm 
XPS isolation—70 mm 
Aerated concrete on cement binder (400 kg/m3)—300 mm 

Figure 3 2,99 m2 * °C/W  

3 Fiber cement slabs—20 mm 
Glass wool—70 mm 
Aerated concrete on cement binder (400 kg/m3)—300 mm 

Figure 4 2,95 m2 * °C/W  

Fig. 2 Option №1: 
1—Aerated concrete on 
cement binder (400 kg/m3); 
2—Carrier subsystem; 
3—Mineral wool; 
4—Insulation dowel with 
steel/plastic nail; 5—Fiber 
cement slabs; 
6—Professional all-season 
mounting foam
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Fig. 3 Option №2: 
1—Aerated concrete on 
cement binder (400 kg/m3); 
2—Carrier subsystem; 
3—XPS insulation; 
4—Insulation dowel with 
steel/plastic nail; 5—Fiber 
cement slabs; 
6—Professional all-season 
mounting foam 

Fig. 4 Option №3: 
1—Aerated concrete on 
cement binder (400 kg/m3); 
2—Carrier subsystem; 
3—Glass wool; 
4—Insulation dowel with 
steel/plastic nail; 5—Fiber 
cement slabs; 
6—Professional all-season 
mounting foam

αext—the heat transfer coefficient of the outer surface, enclosing structures for cold 
period conditions, αext = 12W/(m2 ∗ °C). 

δ—layer thickness, mm. 

α�—thermal conductivity of the layer material, W/(m * °C), the thermal conductivity 
of the materials under consideration is shown in Table 4.
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Table 4 Thermal conductivity of building materials 

№ Material The value of thermal conductivity, W/(m * 
°C) 

1 Aerated concrete on cement binder (400 kg/ 
m3) 

0,15 

2 XPS insulation 0,029 

3 Mineral wool 0,041 

4 Glass wool 0,030 

Based on the resistivity of the enclosing structure, the transmission coefficient of 
heat transfer of the building is calculated (2). This characteristic has a direct effect 
on the class of energy characteristics of the structure. 

K tr  m =
(

Awall 
Rr 

wall 
+ Awindow 

Rr 
window 

+ Adoor  
Rr 
door  

+ n ∗ A f l  Rr 
f l  

+ Aroof  

Rr 
roof

)
Asum 
e 

(2) 

AX—square of the X construction; 

Rr 
X—calculated values of the heat transfer resistances of the structure X; 

n—the coefficient taken depending on the position of the outer surface of the 
enclosing structure X in relation to the outside air. 

3 Results and Discussion 

In the course of the conducted studies for the same building, taking into account the 
various enclosing structures of the facade system, the transmission coefficients of 
the heat transfer of the building were determined, the data are presented in Table 5. 

Figures 5, 6 and 7 show the distribution of transmission and ventilation losses for 
each variant of the enclosing structure, respectively.

The red area in the diagrams indicates transmission losses, while the blue area 
indicates ventilation losses. 

Thermal energy losses were also determined for each structure. The percentage 
of data is presented in Table 6.

Table 5 Transmission 
coefficients of building 
options 

Option Type of insulation K tr  m , W/(m2 ∗ °C) 
1 Mineral wool 0,418 

2 XPS insulation 0,391 

3 Glass wool 0,394 
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Fig. 5 Option №1 

Fig. 6 Option №2 

Fig. 7 Option №3
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Table 6 Percentage of heat 
loss for design options Option Type of insulation Percentage of heat loss (%) 

1 Mineral wool 26,9 

2 XPS insulation 25,6 

3 Glass wool 25,7 

Table 7 The amount of 
CO2e according to the 
thermal insulation materials 

Option Type of insulation Kg CO2e (A1–A3) 

1 Mineral wool 12,23 

2 XPS insulation 29,71 

3 Glass wool 4,82 

Fig. 8 Mineral wool

The main difference between the facade structures under consideration is the type 
of material of the thermal insulation layer. That is why, with the help of the One Click 
LCA program, a comparative characteristic of these materials was carried out. Stages 
A1-A3 were taken as the main stages of the object’s life cycle for comparison. The 
data were obtained using the One Click LCA software package and are presented in 
Table 7 and Figs. 8, 9 and 10. 
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Fig. 9 XPS insulation 

Fig. 10 Glass wool 

4 Conclusion

After analyzing the results obtained, it can be concluded that: 

1. The smallest percentage of transmission losses of the whole building, depending 
on the change in the insulation of the enclosing structure of the facade, has a 
building using XPS insulation. 

2. At the stages of the life cycle of the A1–A3 XPS facility, insulation has the 
highest amount of emissions. 

3. The smallest amount has a glass wool material, which assumes approximately 
the same amount of heat loss in the whole building. 

The generalized data is presented in the diagram format in Fig. 11.
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Fig. 11 Generalized comparative data
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Changes in the Heating Period 
Parameters for the Belgorod Region 
in the Context of Global Warming 

E. O. Sheremet and A. S. Seminenko 

Abstract Currently, we can observe an increasing trend toward the global warming 
of our planet. Multiple studies are aimed at assessing the impact of climate change on 
the construction industry and the infrastructure sector in general. At the same time, 
relatively few studies are dedicated to the climate change impact on the buildings’ 
need of energy for heating. The goal of this paper is to consider the change in the 
main parameters of the heating period in the Belgorod Region, which are required to 
calculate the heat protection of buildings. We have analyzed the duration of heating 
periods; the minimum temperatures during heating periods; the temperatures during 
the five coldest days in each heating period; the average temperatures during heating 
periods; and the number of heating degree days from 1936 to 2021. We have identified 
trends towards increasing minimum temperatures during heating periods; increasing 
temperatures of the five coldest days in each heating period; increasing average 
temperatures during heating periods, and a decreasing number of heating degree 
days. We have drawn a conclusion on the correlation between the global warming 
and the climate warming in the Belgorod Region. We have found that warming in the 
Belgorod Region occurs faster than it is estimated based on data in several studies in 
the early twenty-first century. We have given some recommendations for designing 
heating systems taking into account the trend towards increasing the number of 
heating degree days per heating period. 

Keywords Climate change · Heating · Energy saving · Heating system
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1 Introduction 

The current energy policy in the Russian Federation [1–3] includes some activities 
for increasing the energy efficiency and energy saving throughout the energy sector 
of our country. These activities also involve reducing the energy intensity and energy 
consumption, increasing the functionality and flexibility of heating system operation 
[4–8]. These issues cannot be solved in the context of the Russian Federation without 
taking into account the global warming in general and each region in particular. 

Many studies are dedicated to the research of climate change in various regions 
of our planet and in the territory of the Russian Federation. However, relatively few 
studies are aimed at researching the main parameters of a heating period, which can 
affect the design of future buildings and the assessment for reducing the thermal 
need of existing structures. Mostly, these are large-scale studies are focused on the 
general assessment of the global warming impact on various fields of infrastructure 
[9]. There are some foreign studies [10–14] of the global warming impact on the 
energy saving of buildings. 

The most detailed study of changes in the heating period parameters in the Euro-
pean part of Russia as a result of global warming is presented in paper [15] published 
in 2002. Based on the data from 90 meteorological stations located in the central 
part of Russia, calculations were carried out for the duration of heating periods, 
the average temperature, and the shortage of heat during heating periods within the 
time range from 1881 to 1995. As stated in this study, its data was also subjected to 
smoothing by a 10-year moving average. In order to research the dynamics of regional 
climatic parameters, the authors of the above study used a regression analytical model 
of climate [16], the algorithm of which is described in [17, 18]. Following this anal-
ysis, they obtained the maps of the central part of Russia with isograms of the heating 
period duration, the average temperature during heating periods, and the shortage of 
heat during heating periods at the moment of their study with a forecast for 2050. 
For Belgorod, the heating period durations were about 190 days at the moment of 
the study and 180 days by 2050. 

2 Objective of the Study 

The purpose of this study is analyzing the dynamics of the main parameters of heating 
periods in the Belgorod Region and comparing them with the existing data.



Changes in the Heating Period Parameters for the Belgorod Region … 411

3 Materials and Research Methods 

In order to study the main parameters of heating periods in the Belgorod Region, we 
needed the region’s climatic data for the most extended time interval. Initially, we 
planned to analyze the data from the meteorological station of the International 
Airport named after V.G. Shukhov, that is available in the public domain [19]. 
However, the depth of the data from this meteorological station is limited by the 
year of 2005, which we considered as an insufficient time interval for our study. 
After some search for the nearest meteorological station with a sufficient depth of 
meteorological data, we have chosen the Gotnya meteorological station located in 
the Village of Proletarsky, Rakitnoye District, Belgorod Region. This meteorological 
station is located at a distance of 73 km from Belgorod and possess data of average 
daily temperature in this area starting from 1936. When processing this data, years 
with uncomplete annual data were not taken into account. The sampling does not 
include data from 1941 to 1944 inclusively, as well as the data for 1976. 

At the first stage, we decided the issue of how much the meteorological data 
of the International Airport named after V.G. Shukhov differs from the data of the 
Gotnya meteorological station. For this purpose, we decided to compare the average 
monthly temperature for the time interval from 2006 to 2021. At the second stage, 
we processed the data from the Gotnya meteorological station. 

For processing this information, we used Pandas—a software library in the Python 
language for data processing and analysis; Matplotlib—a library in the Python 
programming language for data visualization; Seaborn—a library in the Python 
programming language based on Matplotlib. To improve the visual presentation of 
information, to smooth short-term fluctuations, and to highlight the clearest key 
trends for building up graphs, we used the moving average with a period of 10 
(hereinafter referred to as the MA (10)). 

4 Results of the Study 

In order to assess the similarity of meteorological data from the meteorological 
stations under consideration, we have calculated the difference between the average 
monthly temperatures at the meteorological stations in Belgorod and Gotnya. We 
have compared the average monthly temperatures from 2006 to 2021 in the number 
of 192 months. Based on the calculation results, we have found out that a difference 
between the average monthly temperatures over 1 °C was recorded only during 
10 of 192 months. The difference between the average monthly temperatures from 
0.5 to 1 °C was recorded when comparing data for 71 months. In the other 111 
cases, we observed a difference between the average monthly temperatures less than 
0.5 °C. At the same time, there were 135 positive deviations of the average monthly 
temperatures and 57 negative deviations. Based on the data obtained, we concluded 
on an insignificant difference between the climatic conditions in Belgorod and in
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Gotnya; however, Belgorod, being located further south-east than Gotnya, turned to 
be some warmer. 

Figure 1 shows the graphs of changes in the average annual temperatures in the 
Belgorod Region according to the data from the meteorological station in Gotnya. 
As we can see from this graph, the average annual temperature in the period from 
1950 to 1990 varied within a range of 6–6.5 °C. Since the late 1990s, there has been 
a trend to a drastic increase in the temperature which has reached 8 °C and more by 
2020. 

Figure 2 shows the graphs of changes in the heating period duration in the Belgorod 
Region. The heating period duration has a wave-shaped graph. Since 1980, there has 
been a trend towards decreasing minima and maxima. Since the early 2000s until 
2010, we can observe a sharp decrease in the average values of the heating period 
duration from 195 to 180 days with a slight rebound of about 185 days which we can 
observed in the recent years. 

Figure 3 shows the graphs of temperature changes during the coldest days of 
heating periods in the Belgorod Region. The temperatures during the coldest days 
have wave-shaped graphs with increasing maxima and minima, which can be seen

Fig. 1 Dynamics of the average annual temperatures in the Belgorod Region: according to the 
meteorological station’s data (on the left) and MA (10) (on the right) 

Fig. 2 Duration of heating periods in the Belgorod Region: according to the meteorological 
station’s data (on the left) and MA (10) (on the right) 
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Fig. 3 Dynamics of the coldest day temperatures in the Belgorod Region: according to the 
meteorological station’s data (on the left) and MA (10) (on the right) 

most clearly in the time interval from 1970 to 2021. Whereas from the 1950s till the 
late 1970s, the temperature of the coldest day was within a range of −24 to −21 °C, 
the average temperatures from the 1990s to 2005 varied within a range of −22.5 to 
−19.5 °C, and from 2005 to 2022, within a range of −21.5 to −19 °C, if we consider 
rounded value. If we consider peak values, the average temperature of the coldest 
day did not fall below −10.5 °C for the first time in the history of observations. 

A similar pattern can be found also when analyzing the temperature change graphs 
during the five coldest days (Fig. 4). In this case, averaged temperatures from the 
1980s did not fall below −18 °C, whereas the maximum temperature limits during 
the five coldest days approached the average values of about −15 °C. We can also 
see that, during the abnormally warm heating period of 2019–2020, the temperature 
during the five coldest days was about −8 °C.  

A rather good indicator of the climate warming in the region is the averaged 
change in the average temperature during the heating period (Fig. 5 (on the right)). 
We can observe a rather smooth increase in the average temperature during heating 
periods within the entire range of studies. The temperature change to the present day, 
as compared with the 1950–1960s, is about 2.5 °C. The highest average temperature 
during the heating period was recorded in 2019–2020 (Fig. 5 (on the left)), being 
equal to 2.73 °C.

Fig. 4 Temperatures during the five coldest days in the Belgorod Region: according to the 
meteorological station’s data (on the left) and MA (10) (on the right) 
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Fig. 5 Dynamics of the average temperatures during heating period in the Belgorod Region: 
according to the meteorological station’s data (on the left) and MA (10) (on the right) 

5 Discussions 

Based on the comparison with the date obtained in this study, we can say that the 
heating period duration in 1995–2000 is consistent with the existing data [15]. 
However, the actual decrease in the heating period duration down to 180 days 
according the results of this study occurred by 2012–2013; currently, it is about 
183 days. 

The average temperature values during heating periods in [15] at the moment 
of the study and the forecast for 2050 have changed insignificantly, being about − 
1.5 °C. In this study, we can see that, in the 2000–2010s, the average temperature 
during heating periods was really about −1.5 °C. However, in the recent decade, 
there was a significant jump: by the 2020–2021, the average values reached −0.5 °C. 

When examining the graph of changes in the number of heating degree days per 
heating period, taking into account the indoor air temperature equal to 18 °C (Fig. 6), 
we can draw a conclusion on a smooth decrease in the number of heating degree days 
per heating period over time. If in the 1950–1960s, the averaged value of heating 
degree days was within a range of 4,000 to 4,100, in the 2010–2020s, this value fell 
below 3,500. The minimum number of heating degree days per heating period was 
recorded in the heating period of 2019–2020, being equal to 2,535. 

Fig. 6 Heating degree days per heating period in the Belgorod Region: according to the 
meteorological station’s data (on the left) and MA (10) (on the right)
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If we compare heating degree days per heating period, the change from 2000 to 
2050 according to the author’s data [15] was about 3,900 in 2000 and 3,300–3,400 in 
2050. However, the actual decrease in the number of heating degree days per heating 
period according to the results of this study fell below 3,400 by 2021. 

Therefore, we can conclude that, in general, the warming in the Belgorod Region 
occurs faster as compared to the indicator forecast in studies [15]. The forecast values 
of the heating period duration, the average temperatures during heating period, and 
the number of heating degree days per heating period by 2050 can be observed 
already in 2021, and they often exceed the value forecast by 2050. 

6 Conclusion 

When analyzing the main parameters of heating periods in the Belgorod Region, 
such as the heating period duration, the average temperatures during heating period, 
and the number of heating degree days per heating period, we have found that 
the Belgorod Region shows the general trend towards the global climate warming, 
whereas the warming develops more than twice as intensively as scientists predicted 
in the early 2000s. 

Undoubtedly, for a more global assessment, this study should be scaled up to the 
level of Federal Districts and, possibly, to the entire territory of the European part of 
Russia. However, we need to talk already now about a possible change in the methods 
for calculating the heating period parameters, such as heating degree days per heating 
period calculated using averaged data over the last 50 years of observations, which 
poorly reflects the latest climate change trends. 

A rational change in the number of heating degree days towards decreasing the 
same will allow to reasonably reduce the required thermal resistance in the construc-
tion of enclosing structures of new buildings, which will affect the insulation thick-
ness and the design of external walls in general. This solution will save the construc-
tion costs depending on the scale of its application, which will undoubtedly allow to 
reduce the carbon footprint on the atmosphere in the future. 

For existing buildings, the warming trend observed during the heating period 
will increase the thermal efficiency and create conditions for reducing energy 
consumption in the winter season. 

This work was realized in the framework of the Program “Priority 2030” on the 
base of the Belgorod State Technological University named after V.G. Shukhov. The 
work was realized using equipment of High Technology Center at BSTU named V.G. 
Shukhov.
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Structural Construction Optimization 
of Fire Protection Systems 

Oleg Kochnov , Svetlana Sazonova , Alexey Kochegarov , 
Pavel Korkunov , and Roman Yemelyanov 

Abstract This paper analyzes basic structural constructions of fire protection 
systems and demonstrates reliability and evaluation methods of such constructions. 
Even in the best year, 9565 people got injured by fire, with the risk being 65 times more 
than acceptable. Today, the main approach is a so-called “risk-oriented approach”, 
aimed at minimizing the value of individual fire risk, or, maximizing the safety of 
people in residential and public buildings and structures. It would be more correct 
to consider this model as dynamic, as in need of constant improvement. Various 
methods and formulas were used to draw dependencies and assess risk of fire. The 
results show that the most significant system is Fire Alarm System (which is evident 
on the fact that this system is responsible for fire detection). The most usefulness is 
provided by Smoke Control System; however, it has the lowest reliability. Emergency 
Notification System, having the lowest usefulness, has a high reliability. Emergency 
Notification System reliability (effectiveness) can affect (control) the Fire Protection 
System effectiveness, but within certain limits. It was determined that one of the 
most important ways to minimize the risk is to use higher type Emergency Notifi-
cation System. Paper also shows significance of the Fire Protection Systems in two 
aspects—reliability and structural reliability. System performance is fully disclosed 
in such parameter as—technical or functional efficiency, that depends on reliability 
and other parameters, for instance, human error, connectivity coefficient, topology 
efficiency etc.
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1 Introduction 

In the methodology for determining the magnitude of an individual fire risk [1], 
there is a coefficient that takes into account the compliance of the fire protection 
system (FPS), aimed at ensuring the safe evacuation of people in case of fire, with 
the requirements of regulatory documents (RD) on fire safety (FS). Initially, this 
unconditional coefficient had a different (more adequate) interpretation in the form of 
an (unconditional) probability of the effective operation of the FPS, aimed at ensuring 
the safe evacuation of people in case of fire. The coefficient in its right interpretation 
is currently present in active and up-to-date standard [2]. Conformity factor is, in turn, 
determined by other such factors (basic values are: RFAS = 90%, RENS = 80%, RSCS = 
80%), which would be more correct to interpret and apply as conditional probabilities. 
By substituting these factors into a base formula, the FPS conformity factor takes 
a value of 92%, which is not entirely accurate for two reasons: firstly, it was said 
that these factors (coefficients) should be replaced with conditional probabilities of 
efficiency; secondly, they must be calculated in each individual case. Furthermore, 
in reality, the Fire Alarm System, which activates Emergency Notification System 
(ENS) and Smoke Control System (SCS), cannot have the reliability rate which 
exceeds itself (90%), if not doubled. Practically, with parallel-daisy chaining, and, 
usually, without doubling and even a backup, the reliability rate of the whole system 
takes a value of 86% and not 92%. This serious discrepancy cannot be unaccounted 
for. The alternate result shown in this paper is confirmed by statistical data [3], which 
was analyzed in this paper. 

Ensuring fire safety of buildings and structures is one of the urgent problems being 
solved today. In the process of ensuring said safety, a wide spectrum of specialists 
is involved—engineers, designers, installers, operators, risk management personnel, 
etc. The main issue is the responsibility for making a final decision on the structure 
and content (manufacturer) of technical means. It is easy to say that every specialist, 
responsible for the safety of buildings and structures, is interested in this publication. 

2 Materials and Methods 

It should be recognized, that some of the methods, stated in [1], are not perfect, and 
there is a reason to believe that the situation may worsen even more, as hinted at 
by the first edition of the upcoming new risk calculation methodology, in which the 
accounting for the effectiveness of fire protection systems used at the facilities will 
become even more formal.
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The Conformity factor of technical solution, used in methodology for calculating 
the value of an individual fire risk [1], even in the form of “probability of effective 
operation of the technical solution”, have not received proper justification from the 
competent authorities, as of today. This paper makes another attempt [4] to understand 
the reliability meaning and the correct interpretation of this parameter. 

Efficiency is generally understood as the ratio of the economic (technical) effect to 
the cost of producing it. To put it another way, by applying the system it is expected to 
have some effect, or gain. To achieve this effect, many technical and organizational 
decisions are made to improve the output. The feasibility of implementing such 
solutions should be tested by both technical and economic factors [5]. To accurately 
evaluate the specific solution’s effectiveness, it is necessary to choose evaluation 
methods and compile a list of expected effects, as well as expected losses. Making the 
appropriate decisions while performing these operations is supported by knowledge 
of certain technical solution’s features. Applying this approach to FPS, by “technical 
efficiency” we will understand gain as in the form of minimizing risk, which would 
be achieved by applying the system in comparison to its absence. An example of 
such gain can be seen in the standard [2] and methodology [1], designed for hard 
fire-preventing objects and accounting for safe evacuation under all possible fire 
scenarios and options. 

Let’s turn to the method [6], in which, the conditional probability of a person 
getting injured when he is in the i room during the implementation of the j scenario 
of fire: 

Qdi j  =
(
1 − P i j

) · (1 − Di j
)
, (1) 

P ij—probability of people evacuating, located in the i area of the building during 
the implementation of the j scenario of fire; 

Dij—probability of effective work of the technical means of ensuring safety of 
people in i area of building during the implementation of the j scenario of fire. 

Formula (1) shows, that if technical means are available (for one area) with a 
probability of effective operation Dij = 0,8 (80%), the probability of injury (risk 
value) will be reduced by 5 times compared to their absence. 

The probability of effective operation of Fire Protection Systems (FPS), generally 
[2], is determined by effectiveness of each technical solution: 

PFP  = 1 − 
n∏

i=1 
(1 − Ri ), (2) 

n—a number of technical fire preventive solutions in the building; 
Ri —probability of effective operation of i technical solution. 
In the means of reliability, the formula (2) reflects the parallel connection of 

technical solutions. In practice, however, the way in which technical solutions (FPSs) 
are constructed and tailored can vary significantly.



420 O. Kochnov et al.

Remark: In the calculation example [2], probabilities of effective operation of 
Emergency Notification Systems and Smoke Control Systems are taken as equal: 
RENS = RSCS = 0.95. And even with such elevated values, and theoretically assumed 
doubling, individual risk could not be ensured [7]. 

Let’s write down the coefficient for determining the FPS conformity factor, in the 
form of probabilities of effective operation of FPS [1, 2]: 

PFPi  = 1 − (1 − RFASi  · REN  Si  ) · (1 − RFASi  · RSPSi  ) (3) 

RFASi  —probability of effective fire alarm system operation. The RFASi  param-
eter value is defined by technical reliability of the elements of Fire Alarm System 
(FAS) provided in technical documentation; REN  Si  —conditional probability of effec-
tive operation of ENS in case of effective operation of FAS; RSPSi  —conditional 
probability of effective operation of SCS in case of effective operation of FAS. 

Remark: According to [1], If there is no information on technical reliability param-
eters, we can accept that: RFASi  = REN  Si  = RSPSi  = 0, 8. The question of means 
to define given parameters has been raised a number of times, for instance, on the 
forum “0–1 RU”, addressed in VNIIPO, but was not given any resolution. 

Addressing the Emergency Notification System: as stated in regulatory docu-
ments, the REN  Si  reliability parameter is taken as 0,8, if at least one of the following 
conditions is met: the building is equipped with ENS, that meets the requirements of 
RD on Fire Safety; the equipment of building with ENS is not required in accordance 
with the requirements of RD on Fire Safety. 

Therefore, if ENS is present on the object of protection and has certification, it is 
safe to assume that it is sufficient for the REN  Si  reliability parameter to be taken as 
0,8. In other cases the REN  Si  is taken as 0. It is clear that there is a stretch, since even 
80% reliability rate is still needed to be provided, not to mention the effectiveness, 
the system may simply not be turned on. To clarify what has been said, it is time to 
turn to statistics. 

2.1 Statistical Data on ENS Performance 

FGBU VNIIPO EMERCOM of Russia annually issues a statistical compendium— 
“Fire and fire hazard” [3]. Analyzing the data from 2012 to 2020, we can draw several 
important conclusions:

1. From the analysis of the overall fire dynamics, it can be seen that the maximum 
number of fires (471) reached in 2019, which is a negative fact. On the report of 
the official data, the number of public buildings in Russia is 213000. In the worst-
case scenario, the frequency of occurrence of a fire in a building or a structure is: 
Q2019 = 471 

213000 = 0.0022, which is lower than the average (QF = 0, 028) value 
for buildings and structures, as stated in the method [9], meaning the value is in 
the (conditional) norm.
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Fig. 1 Number of injured people from 2016 to 2020 

2. The case is much worse with a number of injured people: not only is it not 
decreasing, but in the relative case—increasing. 

Figure1 provides statistical data on injured from 2016 to 2020. 
Using statistics let’s calculate the risk for the best year—2020: Russia’s population 

in 2020—146 000 000 people. Number of injured people by fire (2020) —9565 
people. Risk equals: Q2020 = 9565 

146000000 = 6, 55137E − 05. 
We can draw the conclusion that the risk is 65 times higher than acceptable. 
Let’s consider the statistics for automated fire systems (AFS). Average data from 

2012 to 20 is provided in Table 1.
Let’s note the following indicators: 

1. Based on the provided data, ratio of failure (not activating and therefore not 
performing) to total number of system activations, the statistical reliability of the 
systems can be assessed. 

2. The table shows that even with a functioning system there are a large number of 
victims. 

This gives us the reason to introduce new parameters: 
Ku—Coefficient of usefulness, which should be understood as a ratio of a number 

of victims with systems not working to a total number of victims. 
Let’s turn to formula (3), that defines the FPS structure (Fig. 3a), and allows 

to calculate such parameters, as reliability BR and structural BS significance of the 
system [8]. 

The structural significance of the system can be defined as the result of 
differentiation:
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Table 1 Average automated fire systems performance data from 2012 to 20 

EVENT SWS SWF SDW SOFF SUM USEFULNS STRSIG 

F Fires 
number 

1021.8 0 157.63 54.5 1233.88 

A Dead 228 0 96 25 349.00 

S Injured 679 0 167 24 870.00 

Reliability 1.00 0.87 0.96 0.83 0.26 1.15 

S Fires 
number 

126.13 4.5 40.125 9.625 180.38 

C Dead 76 0 27 6 109.00 

S Injured 190 9 61 3 263.00 

Reliability 0.98 0.78 0.95 0.70 0.28 0.24 

E Fires 
number 

185.38 3.25 20 7.75 216.38 

N Dead 70 4 6 2 82.00 

S Injured 117 19 8 1 145.00 

Reliability 0.98 0.91 0.96 0.86 0.18 0.35 

FAS—Fire Alarm System; SCS—Smoke Control System; SWS—System worked and Successfully 
completed its task; SWF—System worked but failed its task; SDW—System did not work (failed its 
task); SOFF—System was disabled; USEFULNS—usefulness; STRSIG—Structural significance.

BS

(
i 

P

)
= 

∂ PFP  

∂ Ri 
(4) 

PFP—probability of failure-free operation of FPS, which depends on reliability 
of i system (SCS, ENS). 

By opening the brackets and differentiating (3), for example, relative to RENS we 
can define the ENS structural significance in the FPS structure: 

BEN  S

(
i 

P

)
= 

∂ PFP  

∂ REN  S  
= RFAS  − RFAS  

2 · RSPS (5) 

Substituting statistical data from Table 1, we get: BEN  S  = 0,35. Calculated results 
is provided in the STRSIG column of Table 1. 

The results show that the most significant system is Fire Alarm System (which 
is evident on the fact that this system is responsible for fire detection). The most 
usefulness is provided by SCS; however, it has the lowest reliability. ENS, on the other 
hand, having the lowest usefulness, has a high reliability. The product of coefficients 
of usefulness and reliability, in this evaluation, can be interpreted as a (functional) 
effectiveness of the system. 

Remark: Analyzing a number of injured people with a not working ENS is a hard 
task, compared to a not working Smoke Control System. The important question 
is why people were affected by Dangerous Fire Factor (DFF) and were not able to
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Fig. 2 Statistics of effective operation of ENS from 2013–20 

evacuate before DFF reached critical values. Consequently, we have to appeal to the 
importance of ENS, as a combination of organizational events and technical means; 
as a system, that minimizes delay of the start of evacuation and has the highest 
importance at the initial stages of evacuation. 

When calculating reliability, making technical specifications, we can rely on 
statistics of effective operation of ENS from 2013–20 (Fig. 2). 

When constructing a dependency “Task was failed” (Fig. 2), as a summary of 
(1) and (3), following considerations were made. Deactivated system can mean the 
following: it was out of order, or, if it was working, it had some kind of a defect or 
malfunction. The graph shows that the ENS reliability varies from 80 to 88 percent, 
in which, from 8 to 14%—because of malfunction, and from 3 to 7%—because of 
not working. Additional reasons (not yet defined) could affect the reliability too. 

Let’s address the definition of Fire Protection System (FPS) reliability. 

2.2 Evaluation of the Reliability of Fire Protection Systems 

The resulting likelihood of an effective FPS operation (which has been shown to 
either provide or not provide risk) is determined by the structural design.

Figure 3 shows the structural scheme of Fire Protection System, in accordance to 
formula (3): 

We can highlight the following:

1. In the reliability means, (formula (1) of methodology [1]) automatic fire extin-
guishing systems (AFES) and Fire Protection System (FPS) are connected in 
parallel (they double each other), though, in practice other connection methods 
are present.
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Fig. 3 Structural scheme of FPS; (A) According to method №382; (B) According to practice

2. Structure shown on Fig. 3A (doubled FAS), in practice does not occur. In accor-
dance with this scheme, and also formula (3), when RFAS = RENS = RSPS = 
80%, overall FPS reliability would be PFPS = 87%, which is possible only with 
reservation (doubling). 

3. The FPS reliability shown on Fig. 3B (serial-parallel connection) is: 

PFP  = RFAS  · [1 − (1 − REN  S) · (1 − RSPS)]. (6) 

3 Results and Discussion 

Let’s draw the dependencies of FPS from probability of ENS operation with these 
constant parameters: RFAS = RSPS = 80%, Fig. 4:

Figure 4 shows: 

1. Probability of FPS activation, calculated with formula (3) and with constant RFAS 

= RSPS = 80% and with raised RENS from 80 to 100%, PFP increased from 87 to 
93%. At the same time the real effectiveness with the same parameters increases 
only from 77 to 80%. 

2. If SCS is not present, R = 0, FPS effectiveness is defined by ENS and FAS 
effectiveness (increasing from 64 to 80%). 

With the same technique we can calculate structural significance BS of ENS, 
opening the brackets and differentiating (6) relative to RENS, we get: 

BS

(
i 

P

)
= 

∂ PFP  

∂ REN  S  
= RFASi  − RFAS  · RSPS (7) 

With RFAS  = 0, 83, RSPS  = 0, 75, BENS = 0,25. 
The calculation shows that the real value differs from the theoretical one BENS = 

0.35.
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Fig. 4 Dependency of FPS effectiveness from probability of ENS operation with RFAS = RSPS = 
80%

Let’s calculate and compare probabilities of FPS effective operation, using 
statistics from Table 1. 

Based on theoretical (calculated with the help of methodology) formula (3): 

PFP = 1 − (1 − 0.83 ∗ 0.7) ∗ (1 − 0.83 ∗ 0.86) = 0.88(88%) 

Based on practical (calculated with the help of the alternative) formula (6): 

PFP = 0.83 ∗ (1 − (1 − 0.86) ∗ (1 − 0.7) = 0.795. 

Comparing these results, we see an elevated value from formula (3), compared to 
the practical value calculated with formula (6). 

Now we can draw and compare probabilities of FPS effective operation based on 
statistics (Fig. 5).

Using obtained result, we can draw a dependency (Fig. 6) of individual risk 
(formula (1) from methodology [1]) from a probability of FPS effective operation 
with the following constant parameters:

• Probability of fire occurrence (for supermarkets), QF = 0,0293; 
• Probability of evacuation (assuming the maximum value), Pe = 0,999; 
• Probability of people present (taking a high number), Ppr = 18/24 = 0,75 
• Probability of AFES effective operation, RAFES = 0,9:
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Fig. 5 Probabilities of FPS effective operation based on statistics from 2013–20

Fig. 6 Risk when located in a supermarket depending on effectiveness of FPS (based on statistics 
from 2013–20)

Let’s make the task a little harder and calculate the risk with the evacuation 
probability Pe < 0,999. 

For that, using formula (3) from methodology [1], let’s calculate evacuation prob-
ability relative to the data (te = 12 min, tbl = 20 min) and delay time td = 0,26 min. For 
the starting evacuation delay time, tse1 = 3,75 min, Pe1 = 0,9975, where tse1—average 
delay time for ENS type I-II (Fig. 6).
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The graph shows that with some delay (td = 0,26 min is assumed accurate), the 
probability of evacuation takes a value of Pe = 0,9975; risk increases fast. According 
to the graph, for 2013–14, risk was not achieved even for the base formula (3). Critical 
(located at the top) curves were drawn taking into account the starting evacuation 
delay time, typical for ENSs type I–II. 

A note: this example uses parameters that were selected deliberately. This was 
done to graphically demonstrate a dynamic. Although, those parameters are possible. 

We are ready to draw the first and important conclusion: switching ENSs type 
I–II to ENSs of higher type (III and IV), risk goes back to normal. Therefore, one of 
the most important ways to minimize the risk is to use higher type ENSs. 

Depending on the problem being solved, reliability and effectiveness of FPSs can 
be controlled. FPS reliability depending on risk can be evaluated (calculated) based 
on required value of individual fire risk using formula (8): 

PFP  ≥ 1 − (QH /(QF · Ppr · (1 − Pe) · (1 − RAF E  S)) (8) 

ENS reliability according to theoretical formula (3): 

REN  S1 = [1 − 1 − PFP  S  

(1 − RFAS  · RSPS)
]/RFAS (9) 

ENS reliability according to practical formula (6): 

REN  S  = 1 − 
(1 − PFP  /RFAS) 

(1 − RSPS) 
(10) 

4 Conclusion 

Locking the parameters and using formulas (8), (9), (10), dependencies can be drawn. 
Nonetheless, there is no point, since we already have shown the main results. ENS 
reliability (effectiveness) can affect (control) the FPS effectiveness, but within certain 
limits (Fig. 4). According to (3) and (6), while changing RENS ranging from 0 to 1, 
the FPS reliability changes within limits: (RFAS*RSPS) ≤ PFP ≤ RSPS. 

Several important conclusions were made: 

1. When considering the system reliability, we need to point out 2 of its aspects 
([9])—reliability of elements, defined in the production stage, and structural 
reliability, defined in the designing stage. 

2. From statistics (Table 1) we can see, that the system could be functional, but not 
working (not effective). By injured people and by presence or lack of presence of 
the system we can evaluate its usefulness. Parameters, such as usefulness, relia-
bility, and structural significance can be very useful when evaluating a structural 
solution.
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3. Paper shows significance of the FPS in two aspects—reliability and structural 
reliability. Individual fire risk value can be minimized by several parameters, 
including FPS reliability, that depends, firstly, on effectiveness of structural 
construction, and only secondly, on reliability of its subsystems. Reliability of a 
subsystem (ENS for example) is not self-sufficient on its own. 

4. System performance is fully disclosed in such parameter as—technical or func-
tional efficiency, that depends on reliability and other parameters, for instance, 
human error, connectivity coefficient, topology efficiency etc. 

5. Although reliability of ENS RENS affects the FPS reliability, PFP is present within 
certain limits, which is enough to improve the situation by minimizing individual 
fire risk value. 
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Application of the White Noise 
Generator to Evaluate the System 
for Modeling the Impact of Soil 
on the Working Body of the Bulldozer 

Alexey Bulgakov , Georgii Tokmakov , and Wen-der Yu 

Abstract Improvement of quality, decrease of terms and cost of construction are 
inseparably linked with problems of effective use of bulldozer equipment. The most 
important problem of control tractions modes of the bulldozer is the fullest use of trac-
tion opportunities of the machine at the expense of management of work tool. Auto-
matic maintenance of the maximum traction power or resistance preset value on work 
tool is complicated by a large number of the random factors operating on the bull-
dozer. In this regard the system of automatic control has to possess possibility of self-
adjustment. In this paper with applying of analytical simulation method and neural 
network technologies, been decomposed model bulldozers workflow as mechatronic 
system realized. Models of the sub-processes are included into the general structure 
of bulldozer’s workflow simulation model. They are intended to be used to study 
bulldozer’s separate units applying analytic dependences of between their workflow 
parameters and to simulate bulldozer’s workflow in general. Technique of identifica-
tion and modeling of bulldozer’s workflow based on neural networking technologies 
is described. 
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1 Introduction 

On the basis of bulldozer’s workflow dynamics modeling and analyses described in 
a variety of works, we have concluded that the models to describe kinematics and 
dynamics of its working equipment, hydraulic and transmission features tend to be 
analytical formulas derived from well-known laws of physics and from information 
on bulldozer’s structure and mechanisms. If some parameters of the workflow are 
unknown or constantly changing, the models are either statistical tables or empiric 
dependences summarizing experimental data. The models depict interaction of end-
effectors, engines and environment as well as statistic features of bulldozer’s complex 
units. 

Application of regulators based on classical control theory is difficult due to the 
frequent changes in workflow conditions. Thus, it is necessary to develop adapted 
control systems to eliminate the difficulties described. The system includes both the 
bulldozer’s dynamics modeling and bulldozer’s workflow control method to take into 
consideration the complex non-linear dependencies between workflow parameters 
and incomplete information on its working conditions changes [1, 2]. 

2 Materials and Methods 

2.1 Structure of Bulldozer Working Process Model 

The main goals for analytic simulation modeling of bulldozer workflow are: 

– Bulldozer simulation as a controlled object to realize bulldozer’s workflow 
parameters for using them at workflow neural network identification; 

– Efficient traction modes parameters definition to be supported by the control 
system; 

Simulation tasks: 

– To single out the main sub-systems in bulldozer’s structure and interrelations 
between the sub-systems; 

– To develop analytic and simulation models for workflow elements and to include 
them into the general structure of the model. 

General structure of the workflow model for automated bulldozers is developed 
(Fig. 1). The structure meets the goals of workflow control. When moving soil by 
the bulldozer, it is necessary to utilize bulldozer’s traction capacity in full keeping 
the nominal traction value N ; when surfacing, the altitudes of the right and left side 
of the blade y = (yn; y1) are to correspond the design marks. The key element at the 
scheme (Fig. 1) shows the choice for the first or the second operational mode.
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Fig. 1 Structure of bulldozer working model 

2.2 Formation of casual resistance force on working blade 

At developing the models, we use mathematical apparatus of the random processes 
theory, transfer functions, table interpolation, numerical solution of algebraic equa-
tions and ordinary differential equations in the Cauchy form. Random changes in 
the coordinates of untreated soil surface f , as well as normalized fluctuations in the 
resistance forces on the working organ Pf , caused by the heterogeneity of the soil are 
highlighted among the disturbing effects on the working organ of the bulldozer from 
soil conditions. Disturbance f cause unwanted vertical movement of the working 
organ that affects both the y coordinates and the change in the digging depth h. Depen-
dence of the blade position and dig depth from disturbances f reflects the intricate 
relationship between the geometric parameters of the bulldozer in space. Loading 
conditions on the working organ are due to random variation in the dig depth and 
heterogeneity of soil properties. Soil digging process with bulldozer working organ 
is studied on the base of the finite element model of the soil mass, a mathematical 
model of random forces of resistance on the working organ P being developed. The 
actual bulldozer velocity v depends on the strength P and the properties of the mover, 
transmission and the power unit. In its turn, disturbance parameters, movement of 
the working organ and the formation of stress depend on the velocity v. Bulldozer 
drive model and mover interaction with the soil include engine model, mechanical 
and hydro mechanical transmission, as well as slipping. Control system regulator 
depending on the objectives, control algorithm and the incoming data from the bull-
dozer as a control object produces electrical signals c to the electro- hydraulic distrib-
utors being part of the working organ hydro drive. Lifting or burying the blade is 
done to control either the pulling power N , or the blade coordinates y. The following 
describes the models of the bulldozer workflow elements. A formation model of the 
random forces of resistance on the working organ being developed as follows:
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Fig. 2 Formation of casual resistance force on working blade 

P = Ptr(1 + Pf); (1) 

where Ptr—is the trend of resistance forces depending on the dig depth h; Pf—are 
the normalized random fluctuations caused by the heterogeneity of the soil (Fig. 2). 

2.3 Simulation model impact of soil on the working body 
of the bulldozer 

The developed models for bulldozer workflow elements are to be used for separate 
bulldozer units study with the help of analytical dependences between workflow 
parameters as well as for bulldozer general workflow simulation [3]. 

Elements models of bulldozer workflows being developed are intended both for 
the research of individual bulldozer units using analytical relationships between the 
parameters of the workflows and simulation of bulldozer workflows in general [4, 5]. 

When constructing a discrete simulation model, the following assumptions are 
taken: 

– the linear motion of the machine is investigated; 
– the design is considered to be rigid; 
– backlash and friction between the elements of the working equipment are not 

considered; 
– the elastic- damping properties of movers are not considered; 
– the dynamic characteristics of a diesel engine with fuel regulator and hydro 

mechanical transmission torque converter are replaced with static;
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– coordinates of the treated soil surface are completely determined by the coordi-
nates of the cutting edge of working organ; 

– engine power selection to the drive of the working organ and auxiliaries are 
neglected; 

– rate of motion of hydraulic cylinders rods for lifting and burial of the working 
organ is identical and does not depend on the applied load; 

– mover rolling resistance is constant. 

A simulation model is implemented in MATLAB/Simulink [6, 7]. 
Experimental data loaded simulation model. Simulation tasks: 

To single out the main sub-systems in bulldozer’s structure and interrelations 
between the sub-systems; 
To develop analytic and simulation models for workflow elements and to include 
them into the general structure of the model. 

The structure meets the goals of workflow control. When moving soil by the 
bulldozer, it is necessary to utilize bulldozer’s traction capacity in full keeping the 
nominal traction value; when surfacing, the altitudes of the right and left side of the 
blade are to correspond the design marks. The key element at the scheme (Fig. 3) 
shows the choice for the first or the second operational mode.

At developing the models, we use mathematical apparatus of the random processes 
theory, transfer functions, table interpolation, numerical solution of algebraic equa-
tions and ordinary differential equations in the Cauchy form. Random changes in 
the coordinates of untreated soil surface, as well as normalized fluctuations in the 
resistance forces on the working organ, caused by the heterogeneity of the soil are 
highlighted among the disturbing effects on the working organ of the bulldozer from 
soil conditions. Disturbance cause unwanted vertical movement of the working organ 
that affects both the coordinates and the change in the digging depth. Dependence of 
the blade position and dig depth from disturbances reflects the intricate relationship 
between the geometric parameters of the bulldozer in space. Loading conditions on 
the working organ are due to random variation in the dig depth and heterogeneity of 
soil properties. Soil digging process with bulldozer working organ is studied on the 
base of the finite element model of the soil mass, a mathematical model of random 
forces of resistance on the working organ being developed. The actual bulldozer 
velocity depends on the strength and the properties of the mover, transmission and 
the power unit. In its turn, disturbance parameters, movement of the working organ 
and the formation of stress depend on the velocity. Bulldozer drive model and mover 
interaction with the soil include engine model, mechanical and hydro mechanical 
transmission, as well as slipping. Control system regulator depending on the objec-
tives, control algorithm and the incoming data from the bulldozer as a control object 
produces electrical signals to the electro- hydraulic distributors being part of the 
working organ hydro drive. Lifting or burying the blade is done to control either the 
pulling power, or the blade coordinates. 

After training the model, load the data into the on-board complex of the bull-
dozer to check the adequacy of the model. To evaluate the proposed system, two 
experiments were carried out:
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Fig. 3 Verification system 
modeling surface

Operator controlled without using an automatic system (Fig. 3a); 
When controlling the operator using the developed system (Fig. 3b); 

After that, the results were compared. 
Thus, it can be noted that the system allows you to simulate a bulldozer digging 

surface with a deviation not exceeding 2 cm. 

3 Conclusions 

Input model signal, used for training, simulation and verification is presented in 
Fig. 4a. Adaptive learning for the model is stopped at time t=9,5 s. Receiving at this 
moment a neural network model parameter values, modeled digging resistance force
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and speed of the machine (Fig. 4b, d) are accomplished, as well as the forecast for 
another 0.5 seconds is developed.

This is due to a change in unmeasurable chip thickness, as well as the rapidly 
changing conditions of the mover clutch with the ground. Therefore, the parameters 
of the adaptive neural network model must be adjusted in real time. The accuracy of 
prediction of pulling power N(t) has been estimated; the average relative error being 
14.7 % on an interval from 7 to 10 s. Identification Technique of bulldozer workflows 
and models obtained on its basis, are designed for use in the development of adaptive 
systems of automatic workflow management of bulldozer. 

Thus, after a comparative analysis of the results, the following conclusions can 
be drawn: 

(1) the digging resistance force simulation system allows you to calculate the 
working process of the bulldozer; 

(2) training methods applied to the control system allow integrating control prin-
ciples into the earth-moving machines operation system to increase work 
efficiency. 
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The Study of the Suction Activated 
by the End Supply Jet from Plasma 
Cutting Area 

Oleg Zaitsev , Natalia Semicheva , Andrey Ishutin , Yuri Sivachenko , 
and Sergey Egorov 

Abstract The study of a local suction activated by perpendicular straight-flow jet 
from plasma cutting areas in the outlet space of the heterogeneous jet has been 
carried out. The results of the numerical simulation of various options for suction 
torch activation and experimental studies of the proposed suction apparatus design 
are presented. Axial velocity values at different air flow rates with the optimal flow 
rate ratio β are determined for the patented design of the local suction. It is revealed 
that the absence of negative factors of jets interaction during supply air jet formation 
in the form of radial air jet is achieved for the activating and removing jets ratio β 
= 0.8–1. It is also determined that schemes when the values of the flow ratios are 
β > 1 lead to an increase in the suction range, and the opening angle of the cutting 
radial air jet is close to 90°. Experimental data obtained by modelling the effects of 
suction and radially directed limiting flow has been obtained and substantiated. The 
geometrical parameters of the device at which an improvement in the conditions of 
the suction flow performance is observed have been obtained. 

Keywords Removal · Local suction · Plasma cutting · Suction torch 

1 Introduction 

In the Russian Federation, in 2013–2022, the production of metal-cutting machines 
increased from 2,928 to more than 5,500 pieces, among which the number of plasma 
cutting machines is about 1.8–2 thousand pieces [1]. A wide range of various low-
efficient exhaust devices, which remove significant volumes of air, is used to localize
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and remove harmful emissions from plasma cutting. For such systems, the average 
volume of air removed varies from 5000 to 7000 m3/h. 

However, despite the variety of exhaust systems, they require significant volumes 
of exhaust air and are characterized by low efficiency due to the rapid attenuation 
of the suction flow rates. Therefore, localization and removal of harmful emissions, 
which make up the bulk of plasma cutting, from the area below the metal plane 
using a local suction activated by a radial air jet, seems to be the most promising 
hypothesis. 

Thus, there is a significant potential for upgrading the means of local exhaust 
ventilation used for plasma metal processing in order to improve the quality of 
working conditions and reduce energy costs [1–5]. 

The purpose of the work is to reduce emissions of harmful substances into the 
environment and maintain the required parameters of the microclimate by improving 
the means for localizing, removing air from non-stationary places of plasma metal 
cutting. 

The objectives of the study are as follows: 

– To investigate the interaction of a heat heterogeneous jet emerging at the cutting 
points with the gas flow and the suction with the help of numerical simulation, 
and to develop a highly effective technique of localizing and removing harmful 
emissions based on the results obtained; 

– to develop a coaxial air distribution device with an end flow distribution for ventila-
tion systems which allows localizing the released harmful emissions in the places 
where a plasma arc passes through metal; 

– to investigate experimentally the design of the suction applying the proposed 
technique for removing harmful emissions [6]. 

2 Materials and Methods 

The objectives set were solved by mathematical methods of physical modelling and 
numerical simulation [7–11]. Physical modelling was applied to obtain dependencies 
that formulate methods for calculating aerodynamic and ecology and energy param-
eters of the resulting flow during the interaction of the plasma flow with the suction 
spectrum and the radial activated jet. Numerical simulation was used to obtain a 
spatial representation of flow lines, temperature, velocity, and pressure fields. The 
reliability of the obtained scientific considerations, conclusions and recommenda-
tions is based on contemporary views on aerodynamics and heat transfer and is 
confirmed by the fact that the results obtained do not contradict the conclusions 
of the known provisions. Aerodynamic studies of the process of removing harmful 
emissions from the places of plasma metal cutting were carried out on an experi-
mental setup which is based on the installation of the proposed local suction activated 
by a radial supply jet.
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2.1 A Digital Model of the Coaxial Suction with End 
Distribution of Limiting Flow 

The model consists of two pipes installed coaxially, and the air ducts are arranged 
in such a way that they form an inter-tube space. The suction jet moves through the 
internal air duct. In the inter-tubular space, the feeding jet moves in the opposite 
direction. After flowing out of the hole, the feeding jet forms a limiting zone, that 
is, it is reflected from the limiting diffuser and propagates coaxially into space. The 
following data were accepted as the initial conditions for modelling: atmospheric 
pressure—Pa = 101,325 Pa, air temperature—tn = 20 °C, air flow rate passing in 
the inter-tubular space and in the inner pipe—Qvy = 1000 m3/h, inner pipe section 
length—lvy = 500 mm, external pipe section length lvn = 490 mm. In the first 
approximation, the diameter of the limiting diffuser was Dd = 100 mm, then it was 
increased by 100 mm with a final value of 200 mm. The diameters of the inner Dv 

and outer Dn air ducts were 100 mm and 115 mm, respectively. The angle of the 
limiting diffuser relative to the axis of the ducts was 90°. The computational diagram 
of the model is shown in (Fig. 1). In this task, the motion of the flowing media, i.e. 
the gases being removed and the supply jet, is modelled applying the Navier–Stokes 
equations, which in a non-stationary formulation describe the laws of conservation 
of mass, momentum and energy of these media, the numerical implementation of 
which is performed in the SolidWorks software package. 

Fig. 1 Computational 
diagram of the numerical 
model
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2.2 Experimental Studies. Research Conditions 

The operation of the experimental setup (Fig. 2) is as follows: the air flow is sucked 
through an inner pipe (3) on which a round limiting diffuser (1) is fixed; an inner 
air duct of a smaller diameter is inserted into the outer duct of a larger diameter and 
the outer duct is installed at some distance from the diffuser, which is fixed on the 
air duct of a smaller diameter forming an air distribution device. The second flow 
passes through the inter-tubular space formed by the inner tube (3) and the outer tube 
(2). The pipes are fixed together by centering guides to adjust the distance between 
the pipes, and, as a result, the volume of air passing between them from one side 
of the inter-tubular space, and also to adjust the direction of air distribution from 
the inter-tubular space, and, respectively to change the volume of the inter-tubular 
space. The flow passing through the inter-tubular space moves to the outlet formed 
by the outer pipe (2) and the limiting diffuser (1) flows around the limiting diffuser 
and then is distributed into the space around the device, thereby forming an area of 
increased pressure. The distribution is controlled by a nozzle-regulator (5) fixed to 
the outer pipe (2). 

To determine the main characteristic features of the suction flow, a set of exper-
imental studies was carried out, consisting in determining the zone of the suction 
flow action, the distribution of velocities at different distances from the suction hole 
as well as determining the axial flow velocity. 

At the first stage, the zone of action of the suction flow was determined. To do this, 
at a distance of 800 mm from the suction inlet, a tripod with an ATE 1034 Aktakom 
anemometer was installed. An axial marking was applied to the limiting diffuser to 
determine the center of the hole. The tripod was adjusted relative to the axis of the 
suction hole by the laser level, installing the level, the diffuser and then the tripod 
with an anemometer coaxially. During the experiment, the tripod was placed on a 
stencil of 1000 × 1000 mm marked in increments of 50 mm; in this case one of the 
sides of the stencil was placed in the center relative to the axis of the diffuser so that 
the axis of the diffuser coincided with the central axis of the stencil. Focusing on 
the values of the distances obtained from the results of the simulation when carrying 
out measurements, the tripod moved from the suction hole in the opposite direction 
shifting to the previously defined boundary of the suction flow area at the control

Fig. 2 Scheme of the 
experimental installation 
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points at a fixed distance of 50 mm until the readings were fixed on the anemometer 
scoreboard; a set of experiments was carried out with averaging the final readings. A 
set of at least five measurements was carried out at control points with a difference 
between the results by more than ±5%; in the opposite case, the sets of measurements 
were repeated. 

Thus, the range of the suction flow and the deviation from the values obtained 
from the simulation results were determined. 

3 Results and Discussion 

3.1 Results of Numerical Modelling 

As a result of the conducted modelling of the air flow formed during the operation of 
the suction device with a given flow rate of 1000 m3/h, it was obtained that the leakage 
of air flows occurs from the entire sphere to the suction inlet, which corresponds to 
the statements set out in [5–7, 12–16] and is shown in (Fig. 3). The axial velocity 
was 0.8–1.2 m/s at a distance of 10–15 cm from the suction inlet; it was 0.4–0.6 m/s 
at a distance of 30 cm; the air velocity was 0.1 m/s at a distance of 45 cm. At a given 
distance l1 = 15 mm (Fig. 4), a flow pattern in which a limitation of the leakage of 
flows from the backward hemisphere was achieved was obtained; at the same time, 
in the frontal zone the stability of flows relative to each other was not achieved. The 
modelling results show that for the values of the flow ratio (Figs. 5 and 6) β = 0.8–1, 
the absence of negative factors of jet interaction during the formation of the supply 
air flow in the form of a radial air jet was achieved.

3.2 Experimental Study Results 

Based on the data obtained, a dependence of axial velocities on the distance from the 
axis of the suction hole at different values of Q and the value of β = 1 was built. A 
summary graph of the dependence of axial velocities on the distance from the axis 
of the suction hole at specified flow rates Q1-Q4 and the value β = 1 is shown  in  
(Fig. 7).

As a result of numerical modelling of the activated suction operation, schemes in 
which the values of the flow ratios at β > 1 lead to a slightly greater stabilization of 
the flow, the opening angle of the cutting-off radial flow approaches 90° have been 
identified; however, for the layout design of the installations for local exhaust venti-
lation, it is not advisable to adjust the value of β upwards, for example, for devices 
with one agitator for the distributing and suction flow. Thus, the range of variation of 
the ratios of air flow rates for the formation of the limiting jet is determined (Fig. 6), 
the flow rate of the removed air is equal to 0.8 ≤ β ≤ 1.
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Fig. 3 Visualization of flow lines during the operation of the non-activated suction 

Fig. 4 Visualization of the flow lines at a distance from the external duct to the limiting diffuser l1 
= 15 mm
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Fig. 5 Visualization of flows at β = 7.2, Qv2 = 3,600 m3/h, Qv1 = 500 m3/h 

Fig. 6 Diagram of the 
dependence of the velocity 
on the distance to the axis of 
the suction hole at Qvy = 
1000 m3/h

As a result of the performed experiment, the data of numerical modelling of the 
impact of the suction and radially directed limiting flow were substantiated. The 
geometrical parameters of the device at which an improvement in the conditions 
of the suction flow is achieved are also obtained. Some structural design solutions 
of the exhaust device for local ventilation systems to remove harmful emissions 
during plasma treatment of metals which allows to improve working conditions 
were proposed [6].
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Fig. 7 A summary graph of the dependence of velocities on the distance from the axis of the suction 
hole at specified flow rates Q1-Q4 and the value β = 1

4 Conclusion 

1. Based on the experimental and theoretical studies of the suction torches of a 
coaxial exhaust device limited by a radially directed distributing flow the values 
of axial velocities at various air flow rates with the optimal flow ratio β for the 
patented local suction design were determined for the first time. 

2. As a result of numerical modelling, it was revealed that for the values of the 
flow ratio β = 0.8–1, the absence of negative factors of jet interaction during 
the formation of the supply air flow in the form of a radial air jet is achieved. It 
was also determined that the schemes in which the values of the flow ratios at β 
> 1 lead to a slightly greater stabilization of the flow, the opening angle of the 
cutting-off radial flow approaches 90°. 

3. It was revealed that for the layout solutions of installations for local exhaust 
ventilation, it is not advisable to adjust the value of β upwards the value of β is 
not advisable to adjust upwards for devices with one agitator for the supply and 
suction flow. At the same time, the range of variation of the ratios of air flow 
rates for the formation of a limiting jet equal to 0.8 ≤ β ≤ 1 was determined.
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A Technique for Determining a Polymer 
Product Temperature Time Dependence 
Under Process Air Cooling 

Evgeny Umerenkov , Elina Umerenkova , Ekaterina Savelyeva , 
and Victor Budnikov 

Abstract The issue of heat removal in various processes is topical and often deter-
mines the efficiency of the achieved result. The authors of the article consider the issue 
of heat removal in the process of manufacturing rectangular and cylindrical polymer 
products under specified process conditions. The authors propose an approach for 
determining the operating and design parameters of a cooling chamber based on the 
technique for determining the time dependence of the temperature of air-cooled work-
pieces in a turbulent flow regime. To estimate the time dependence of the temperature 
of the cooled rectangular workpieces, it is assumed that each of them is in approx-
imately the same conditions. Therefore, to perform such an evaluation, the cooling 
of an individual product is considered. A similar approach is used for products in 
the form of thick-walled hollow cylinders. The complexity of formalization due to 
the random loading of workpieces into the container, is resolved by considering 
the so-called triangular packaging, closest to the natural laying of products. Thus, 
a method of engineering evaluation of air cooling of polymer products of various 
shapes required within the manufacturing process has been developed. The proposed 
approach makes it possible to evaluate the time dependence of the temperature of 
workpieces of various shapes and to select the optimal input parameters of the cooling 
method, i.e. it can be adapted to other materials of products. 

Keywords Air cooling · Flow regime · Heat transfer · Thermal conditions ·
Operating parameters · Design parameters 

1 Introduction 

The problem of heat removal in various technological processes is important and often 
determines the efficiency of the process. A wide range of works presents both classical 
methods for solving heat transfer issues [1–6] and applied ones [7–9]. Individual
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technological techniques for cooling production processes have been developed for 
each industry. Depending on the specifics of the equipment and the amount of thermal 
energy removed, cooling can be performed with water, air or oil. To implement the 
cooling process a tool is needed to determine the operating and design parameters 
of the cooling chamber under specified process conditions. 

The authors of this article propose a method for determining the temperature time 
dependence for air-cooled workpieces in a turbulent flow regime. 

2 Methods and Materials 

The issue is considered in relation to the cooling process of rectangular and cylindrical 
polymer products. 

To estimate the time dependence of the temperature of rectangular workpieces, 
we assume that each of them is in approximately the same conditions. Therefore, 
to perform such an assessment, let us consider the cooling of an individual product. 
The diagram of the problem is provided in Fig. 1. 

The thermal state of a workpiece with Lz (length - height) × δz (thickness) × hz 
(width) can be described by the following balance expression

Fig. 1 The diagram of the problem of air cooling a rectangular workpiece: 1—sdesign workpiece; 
2—adjacent, symmetrically arranged workpieces; 3—channels (clearance) for the movement of 
cooling air 
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M × Cp × 
dt 

dτ 
= −q, (1) 

where M is the weight of the workpiece, kg; Cp is the specific heat of the product 
material (polymer), J 

kg.◦C ; 
t̄ is the volumetric average temperature of the workpiece, °C; 
τ is the time, sec; 
q is the heat flow from the workpiece to the cooling air, W. 
It is obvious that, 

M + LZ + δZ + hZ + ρP, 

where ρp is the material density, kg/m3. 
According to the information from the customer, Lz = 650 mm, δz = 133 mm, hz 

= 154 mm. 
The thermophysical properties of the polymer [10] are  Cp = 1130 J/kg × °C.; ρp 

= 1140 kg/m3; conductivity λr = 0,19 W/m °C. 
For the heat flow q the following is true 

q = F × α × (tp − tr), (2) 

where F is the lateral surface of the workpiece (heat exchange surface), m2. In this  
case, 

F = 2 × Lz(δz × hz); (3) 

α is the coefficient of the heat transfer (exchange) from the workpiece surface to 
the cooling air, W/m2 °C.; tp is the average surface temperature; tr is the design 
temperature of the air in the clearance between the workpieces, as a rule, taken equal 
to the arithmetic average input and output air temperatures in the channel, i. e. 

tr = 0, 5 × (tin − tout). (4) 

On the other hand, expression for q can be written in the following form 

q = G × cv × (tout − tin), (5) 

where G is the air mass flow (per workpiece) in the channel, kg/sec; cv is the air 
heat capacity at the design temperature tr. Taking into account the slight impact of 
the temperature on the air thermophysical properties we will consider them to be 
constant and determined at the design temperature 

tro = 0, 5 × (tin + to), 

where to—is the initial workpiece temperature.
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To calculate using tro let us use interpolation equations [11] 

cv = (1, 0005 + 1, 1904 × 10−4 × tro) × 103; 

Air density (at the normal atmospheric pressure) is 

ρv = 101325 

287, 4(tro + 273) 

λv = 2, 44 × 10−2 × ( 
tro + 273 

273 
)0,82; 

dynamic viscosity is 

μv = 1, 717 × 10−5 × ( 
tro + 273 

273 
)0,683 . 

Making q equal according to (2) and (5) taking into account (4), on rearrangement 
we obtain 

tout = 2 

W + 1 
× tp + 

W − 1 
W + 1 

× tin, (6) 

which plugging in (5) gives 

q = W 

W + 1 
× F × α × (tvn − tin). (7) 

Here, the equivalent of the flowrate according to E.Ya. Sokolov [12]) is 

W = 
G × cv 

Fα × 0, 5 
. (8) 

If we bear in mind that body condition changes quite quickly into the regular 
thermal condition [13], then 

dt 

dτ 
= 

dtp 
dτ 

And taking into account (1) and (7) we obtain 

M × Cp × 
dtp 
dτ 

= −  
W 

W + 1 
× F × α × (

tp − tin
)
, (9) 

Which is the ordinary differential equation of the 1st degree for function tp (τ). 
The solution (9) by means of the separation of variables gives



A Technique for Determining a Polymer Product Temperature Time … 451

tp = tin  + (to − tin) × e−rτ , (10) 

where r = W 
W+1 × F×α 

M×C has a dimension inverse to time. 
In the provided expressions, heat transfer coefficient α is used. To determine it 

let us calculate the Reynolds number, in this case for close clearance of width bk/2 
(flowrate G refers to one product). Then, 

Re = G/(2bkμv) (11) 

Supposing that in significant from the practical point of view cases air flow in the 
channel is turbulent, the Nusselt number for the air is determined as [13] 

Nu = 0, 018Re0.8 (12) 

And the heat transfer coefficient is. 

α = Nuλv2/bk. (13) 

A similar approach is used to estimate the time dependence of the temperature of 
workpieces in the form of thick-walled hollow cylinders. The complexity of formal-
ization is due to the random loading of workpieces into the container. In our opinion, 
the closest to the natural packaging of products is their packaging when each cylinder 
is surrounded by six adjacent ones, the so-called triangular packaging (Fig. 2). 

Fig. 2 Triangular packaging 
of workpieces: 1—internal 
cooling channel; 2—external 
cooling channel (one of 6)
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In addition to the internal cooling channel, each cylinder has 6 external channels 
formed by the arcs of the circles corresponding to the central angles 60°. 

The cooling air flowrate per workpiece G is distributed to the inner Gvn and 
outer Gn parts in proportion to the corresponding cross-sections, although, strictly 
speaking, this is a more complex hydrodynamic problem that requires taking into 
account the hydraulic resistances of the channels. 

The cross-sectional area of the inner channel (see Fig. 2) is  

Svn = πd2 /4 (14)  

and the area of the curvilinear triangle (2 in Fig. 2) as the area of an equiangular 
triangle with side D minus three circular sectors is Sv = D2(2 

√ 
3 − π)/8. 

Since the air passing through such a channel provides heat exchange with three 
adjacent, symmetrically arranged cylinders, we will define the share of the channel 
area related to one workpiece as one third of Sv, and taking into account the pres-
ence of six such cavities for the total cross-sectional area of the outer channel (per 
workpiece) we will get. 

Sn = D2 (23−−π)/4. (15) 

According to the customer, d = 30 mm, D = 110 mm, product length L = 
1,450 mm. 

Then according to (14) and (15) Svn = 706.8 mm2, Sn = 975.6 mm2. The total 
area S = 1682.4 mm2, and the proportions of the inner and outer parts are 0.42 and 
0.58, respectively. In the same proportion, the total consumption G (per workpiece) 
is divided into internal and external parts, i.e. Gvn = 0.42G and Gn = 0.58G. Note 
that the difference between Gvn and Gn is small, which serves as a justification for 
further simplification. 

The design diagram of the thermal problem is provided in Fig. 3 (in Sect. 1 of 
Fig. 2). 

q = Wvn 

Wvn + 1 
Fvnαvn(tp.vn − tin) + Wn 

Wn + 1 
Fnαn(tp.n − tin), (16) 

where: 

Wvn = Gvncv/(Fvnαvn0, 5); Wn = Gncv/(Fnαn0, 5) 

Fvn = π dL; Fn = πDL.

However, the direct use of q together with (1) is not possible, since (16) contains 
two independent variables tp.vn and tp.n. In this regard, we assume that these temper-
atures are equal: tp.vn = tp.n = tp. Consequently, the difference in heat flows from the
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Fig. 3 The diagram of the cooling problem for a workpiece in the form of a hollow cylinder

outer and inner surfaces of the hollow workpiece will be determined by the differ-
ence in the surfaces themselves Fvn and Fn, air flowrates Gvn and Gn and heat transfer 
coefficients αvn and αn, i.e., ultimately, Gvn and Gn. 

Thus, the temperature change tp on the cylinder surface is calculated by (10), 
where the exponential factor is equal to 

r = (Fvnαvn + Fnαn) (17) 

The workpiece weight in this case is M = π(D2 − d2)Lρp/4. 
We will also focus on the specific features of calculating the heat transfer 

coefficients of αvn and αn. 
For the inner surface of the tube. 

Revn = 4Gvn/(πdμv). (18) 

The Nusselt number Nuvn for the developed turbulent conditions is calculated 
according to (12) and. 

αvn = Nuvnλv/d. (19)
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As for αn, in this case, the calculation is reduced to determining the heat transfer 
coefficient during the flow of the air in a triangular channel with curvilinear walls— 
each side of the triangle is an arc equal to 1/6 of the circumference. The coolant 
flow rate in such a channel is equal to the tripled (the channel is surrounded by three 
cylinders) value of one sixth of the flow rate Gn, i.e. Gn/2, and the hydraulic diameter 
of the channel is. 

dekv = D(−1). (20) 

Taking into account the design flow rate in the channel and (20) Reynolds criterium 
is 

Revn = 4Gn/(πDμv), (21) 

And heat transfer coefficient is 

αn = Nunλv/dekv. (22) 

3 Results and Discussion 

The results of the determination of the time dependence of the temperature of rect-
angular workpieces cooled by air under the turbulent flow regime tp (τ) according to 
(10) taking into account (9, 11–13) at different flow rates G are provided in Fig. 4.

As the initial temperature of the workpiece in the calculations to = 80 °C is taken, 
the air temperature at the inlet of the channels (clearance between workpieces with 
a width of 1 cm) is tin = 25 °C. 

The results of the calculation of the time dependence of the temperature of air-
cooled workpieces in the form of thick-walled hollow cylinders tp(τ) for various 
air flow rates G (per workpiece) according to (10), taking into account (17–22) are 
provided in Fig. 5.

As can be seen from Figs. 4 and 5, the cooling of workpieces is significantly 
accelerated with an increase in the cooling air flowrate G. The relative position of 
the parts (the dimensions of the channels for air passage) has a certain value for the 
intensity of heat exchange. 

4 Conclusion 

Thus, the proposed technique for estimating the time dependence of the temperature 
of workpieces of various geometric shapes allows us to choose the optimal input 
parameters for the cooling method and can be adapted to other materials. Special
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Fig. 4 Surface temperatures of flat workpieces

Fig. 5 Temperatures of cylindrical workpieces surfaces
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optimization of the above-mentioned parameters in terms of the given schemes of 
loading workpieces into containers is a separate task that requires consideration. 
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Some Aspects of Heat Accumulators 
Application in Thermal Power 
Engineering 

Evgeny Umerenkov , Elina Umerenkova , Ekaterina Savelyeva , 
and Rostislav Markov 

Abstract The given paper poses some problems and possible ways of their solution 
concerning the applicability of heat accumulators in thermal power engineering. The 
need to install heat accumulators in the systems with different modes of heat supply 
and consumption is evident. It is suggested that the efficiency of such devices, in 
particular with respect to the physical data of the device, be increased through accu-
mulation using the latent heat of the melting-solidification phase transition. By objec-
tive selection criteria, such as melting point, heat of phase transition, accessibility and 
non-toxicity, technical paraffin is of particular interest for the accumulation of thermal 
energy. In addition, the authors have justified the conditions for the implementation 
of ecological effectuality of heat accumulators application, including phase-shifting 
heat accumulators (FSHA), in traditional decentralized heat consumption systems, 
namely, reducing greenhouse gas emissions, primarily CO2. It has been established 
that if, with the growth in the heat load, and consequently the boiler capacity, the 
product of the square of CO2 volume concentration in the exhaust gases per their 
mass flow increases non-linearly, and this dependence is convex, switching off the 
heat source for the time of accumulated heat use gives a positive environmental effect, 
i.e., contributes to reduction in greenhouse gas emissions. 

Keywords Heat-retaining material · Phase transition · Heat accumulator ·
Ecology · Greenhouse gases 

1 Introduction 

At present, the introduction of new technologies in the field of heat consumption 
and modern energy-saving equipment solves not only the problems of reducing 
the consumption of traditional energy sources in the thermal power industry, but 
also, no less important environmental problems. Atmospheric pollution by harmful
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substances, such as carbon monoxide, sulfur dioxide, nitrogen oxides, hydrocar-
bons, dust emissions, thermal pollution of the environment is caused by energy 
consumption as such. 

Despite a fairly high level of energy saving technology development and the use of 
renewable energy sources, there is a certain range of problems that require additional 
research. 

In particular, almost all solar and heat pump heat supply systems (heat sensor— 
soil, reservoirs, outdoor air) contain heat accumulators. 

Typical examples of such systems are solar heat supply systems, heat pump 
systems using soil, water of natural or artificial reservoirs, outdoor air, and systems 
using secondary energy resources as a heat sensor [1, 2]. 

As a rule, a heat accumulator is a container with water or solid elements of natural 
or artificial origin (stones, pebble, etc.). Thus, of all possible options for storing heat, 
the simplest method is used—accumulation in heat–intensive masses (at least in 
products brought up to the consumer level). 

At the same time, it is well known that accumulation using the latent heat of the 
melting-solidification phase transition is significantly more effective, in particular 
with respect to the mass and dimensional characteristics of the device [3]. However, 
its application in engineering practice is hindered by a number of concomitant nega-
tive factors, the overcoming of which is the subject of quite intensive studies. They 
are conducted both in research centers and in the laboratories of corporations in 
different countries [3–13]. 

The expediency of installing heat accumulators, including those with heat-
retaining material undergoing melting-solidification phase transitions, in systems 
with different modes of heat supply and consumption is obvious. These can be both 
solar installations and systems for recycling secondary energy resources, in which 
periods of heat supply with capacities exceeding the required one alternate with time 
intervals when the heat efficiency of the source is less than the calculated thermal 
load. At the ordinary level, however, there is an idea of the possibility of saving 
energy resources (and related costs) when installing an additional element—a heat 
accumulator in conventional systems (a boiler—a heat consumer in the form of a 
heating system or hot water supply). To a large extent, this approach reflects the 
authors’ misconception, because it does not stand the elementary verification by 
energy conservation law—the heat consumption system will receive from the accu-
mulator (within 24 h or a longer period) the same amount of heat (minus additional 
losses from the heat accumulator) as if it (the accumulator) received from the source 
during the charging period. Since the duration of charging and discharging a heat 
accumulator is generally different (it is desirable for the consumer to have a short 
charge, but a long discharge), then the heat flows (power) at which heat is pumped 
into the accumulator and its consumption are different. Direct savings (in monetary 
terms) can be said only in terms of reducing labor costs for servicing a heat source, 
if it is not automated and requires regular supervision during operation (solid fuel 
boilers) and the consumer or none at all (equal to zero).
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It is possible to assume that the application of heat accumulators, including phase-
shifting heat accumulators (FSHA) is ecologically effective in conventional decen-
tralized heat consumption systems; this refers to reducing greenhouse gas emissions, 
primarily CO2. 

2 Materials and Methods 

By now, a large number of substances and compounds have been tested as heat-
retaining materials (HRM) for various temperature levels, although the search for a 
HRM that meets the entire set of requirements continues. Analyzing the studies by 
domestic and foreign authors on the thermophysical properties of a number of organic 
and inorganic substances [14, 15] shows that four groups of substances can be used 
as HRMs: paraffins, fatty acids, salt hydrates and a number of metal compounds. 
Their main parameters are given in Table 1. 

In low-potential systems (solar hot water and heating systems), crystalline 
hydrates with a low melting point are widely used. 

Another equally significant, along with the search for materials, is the problem of 
heat transfer between the heat medium and the working fluid. 

In order to minimize thermal resistance, methods of active heat exchange are 
used, where the attachment of the solid phase to the heat exchange surface is forcibly 
prevented. Currently, several variants of an active heat exchange method have been 
proposed, these are: 

(1) scraping of the solid phase from the inner surface of the heat transfer tube; 
(2) scraping of the solid phase from the outer surface of the heat transfer tube; 
(3) shell-and-tube heat exchanger with heat-retaining material circulation (coated 

heat transfer tubes are used); 
(4) spraying a jet of heat-retaining material; 
(5) direct contact of HRM and heat medium; 
(6) using abrasive formed during the polishing of the drum.

Table 1 Main parameters of phase transition HRMs 

Heat-retaining materials Melting temperature range (°C) Volume density of accumulated 
energy (MJ/m3) 

Salt hydrates and their 
mixtures 

30–50 200–400 

Organic compounds 30–60 150–200 

Salts 140–1000 300–1900 

Metals and their alloys 270–1000 540–3000 

Alkalis 300–500 1280 
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Active heat exchange that assumes the direct contact of the heat medium and 
the working fluid. It would be more efficient. However, the implementation of such 
exchange is technically much more complicated and more expensive. 

At present, shell-and-tube devices (passive heat exchange) have become the most 
widespread ones. In the passive method, heat exchange is carried out through the 
heat exchange surface. The main type of devices implementing this method are:

• shell-and-tube storage units in which the heat medium moves through the tubes, 
and the heat-retaining material is located in the inter-tube space;

• capsule-type devices in which the accumulating material in the form of capsules 
(cylindrical rods, granules, hollow cylinders) is placed in the storage housing, in 
which the circulation of the heat medium is provided. 

The design of heat accumulators (HA) with the required technical specifications 
is impossible without appropriate algorithms and calculation techniques. In its turn, 
the development of such algorithms and techniques presupposes the existence of an 
adequate model of the thermal state of HRM—the heat medium. At the same time, as 
shown in a number of studies [7, 10], the accumulator discharge mode (heating of the 
heat-exchanging medium) plays a decisive role, due to the specifics of heat and mass 
transfer during this period of the process. We are talking about the formation of a layer 
of solidifying HRM on the heat exchange surface (on the surface of heat exchange 
tubes), which has a significant thermal resistance, and which leads to the “locking” 
of the heat flow carried away by the heat medium. Therefore, the parameters of HA 
defined for the discharge conditions are directly related to its consumer properties. 

The proposed environmental effectuality of using a heat accumulator, including 
a phase-shifting one, in conventional heat consumption systems is based on 
reducing greenhouse gas emissions, primarily CO2. However, the conditions for 
the implementation of this assumption require an appropriate justification. 

We shall compare carbon dioxide emissions for two variants of the traditional heat 
consumption system that differ in the presence (variant 2) of a heat accumulator. 

So, in the basic variant (No. 1), the heat source works T1 hours a day with a 
capacity of Q1, in the second variant, respectively, T2 (for charging the accumulator) 
and Q2. We assume that both in the first and in the second variants the same boiler 
is used, the power modulation range of which includes both Q1 and Q2. 

Based on the daily balance of heat consumption and neglecting the heat loss of 
the accumulator itself, one can write 

T1 · Q1 = T2 · Q2. (1) 

If, in the basic variant, the heat source works around the clock, T1 = 24 h. A 
longer period can also be considered as a balance period (up to a year, if we are 
talking about seasonal accumulation). 

Now we shall calculate the daily CO2 emissions, kg for both variants as 

M1 = (ρco/ρg)1 · Gg1 · (CO2)1 · T1 · 3600 and
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M2 = (ρco/ρg)2 · Gg2 · (CO2)2 · T2 · 3600, (2) 

where ρco and ρg—densities of CO2 and exhaust gases, respectively; Gg—their mass 
flow, kg/s; CO2—volume content of carbon dioxide in dry waste gases, %. Subscripts 
“1” and “2”, as said above, mean the 1st and 2nd (with accumulator) comparison 
variants. Then the reduction of CO2 emissions per day (as percentage) will be 

δM = M1 − M2 

M1 
· 100 = 

⎡ 

⎣1 −
(

ρco 

ρg

)
2(

ρco 

ρg

)
1 

⎤ 

⎦ · G2 

G1 
· (CO2)2 

(CO2)1 
· T2 

T1 
· 100. (3) 

When assessing the density ratio, we will proceed from the fact that flue gases are 
a mixture of ideal gases, one of the components of which is carbon dioxide. Using 
the Mendeleev-Clapeyron equation for CO2 and the mixture as a whole and bearing 
in mind that the temperatures of all its components are the same, we obtain 

(ρco/ρg)2/(ρco/ρg)1 = (Pco/Pg)2/(Pco/Pg)1, 

where Pco—partial pressure of carbon dioxide, a Pg—the pressure of exhaust gases 
(we mean the static pressure at the point of the chimney flue, where the flow rate G 
and the concentration of CO2 are measured). For Pg, as for the pressure of the mixture, 
Dalton’s law is valid, and, consequently, the ratio of partial and total pressures 
represent volumetric (molar) concentrations of carbon dioxide. 

Thus, in the designations we have adopted and (3) takes the form 

δM =
[
1 − G2 

G1 
· (CO2)2 

2 

(CO2)1 
2 · 

T2 

T1

]
· 100 

or with having (1) in mind  

δM = (1 − α) · 100, (4) 

where 

α = G2 

G1 
· (CO2)2 

2 

(CO2)1 
2 · 

Q2 

Q1 
. (5) 

3 Results and Discussion 

Some materials have been proposed thus far. They provide almost any temperature 
value in the considered range.
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According to some objective selection criteria, such as melting point, heat of phase 
transition, accessibility and non-toxicity, technical paraffin is of particular interest 
for the accumulation of thermal energy. 

The choice of petroleum paraffin as a heat-retaining material (HRM) for a phase-
shifting heat accumulator is effectual for the following advantages:

• it is available;
• it does not have an aggressive effect on the materials of the structure:
• it is non-toxic;
• it facilitates simple implementation of heat exchange due to a suitable level of 

phase transition temperature for low-temperature modes of heat supply systems. 

The design of heating accumulators (HA) with the required technical specifica-
tions is impossible without appropriate algorithms and calculation techniques. In 
its turn, the development of such algorithms and techniques presupposes the exis-
tence of an adequate model of the thermal state of HRM. At the same time, as was 
shown in a number of studies [7, 10], the accumulator discharge mode (heating of the 
heat-exchanging medium) plays a decisive role, due to the specifics of heat and mass 
transfer during this period of the process. We are talking about the formation of a layer 
of solidifying HRM on the heat exchange surface (on the surface of heat exchange 
tubes), which has a significant thermal resistance, which leads to the “blockage” of 
the heat flow being drawn off by the heat medium. Therefore, the parameters of HA 
defined for the discharge conditions are directly related to its consumer properties. 

The comparative calculation performed above allows us to conclude that the emis-
sions reduction is provided if α being calculated from the results of heat sources tests 
is less than 1. 

To illustrate the above circumstance, we will analyze the possibility of obtaining 
δM > 0 when using modern water heating devices manufactured by the German 
company BUDERUS and designed for heating individual residential buildings. 
Resorting to this type of heat sources is due not only to their high consumer qualities 
and a significant share in the heating equipment market, but also to the availability 
of sufficiently detailed information necessary to determine the required parameters. 
Examples of BUDERUS boilers [16] that reduce carbon dioxide emissions when 
using heat accumulators are shown in Table 2.

As can be seen from Table 2, the values of δM are small (with rare exceptions). 
Nevertheless, given the prevalence of heat sources, the operation of which is accom-
panied by the release of greenhouse gases, the reduction of CO2 emissions in absolute 
terms when using heat storage can amount to millions of tons of carbon dioxide, which 
will certainly contribute to the improvement of the environment and will postpone 
for a significant period (if not completely eliminate) the threat of global warming. 
We emphasize once again that in this case it is necessary to use sources with the 
parameter α at (5) less than 1.
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Table 2 Examples of BUDERUS boilers that reduce carbon dioxide emissions when using heat 
accumulators 

Boiler serial 
number 

Dimension type Q (kW) CO2 Gg (kg/s) δM (%) at 
(3)1 2 1 2 1 2 

GB132T 19 7.8 18.8 8.7 9.2 0.0044 0.0084 11.4 

GB112 11 5.2 10.9 8.5 9.2 0.0024 0.0043 7.5 

GB122 11 4.3 10.0 8.7 9.2 0.0026 0.0049 9.4 

GB434 169 78.2 156.3 5.9 6.9 0.0655 0.0862 9.9 

G215 40 35.0 40.0 10.0 10.0 0.0160 0.0180 1.6 

SB315 70 27.8 63.5 10.0 10.0 0.0089 0.0198 2.6 

SB815 1500 805.0 1631 10.5 10.5 0.3244 0.6408 2.5

4 Conclusion 

In accordance with the above said, it is necessary to conduct further research in 
the areas under consideration and develop reliable mathematical models of thermal 
modes of phase transition heat accumulators, which, in their turn, will serve as the 
basis of calculation techniques. The urgency of this problem is dictated by the need 
for alternative heat supply systems in highly efficient heat accumulators, the most 
promising of which, at present, are phase transition accumulators. 

Whereas, it was found that with an increase in the heat load, and therefore the 
boiler capacity, the product of the square of the volume concentration of CO2 in 
the exhaust gases per their mass flow increases non-linearly, and this dependence is 
convex. Turning off the heat source for the time of using the accumulated heat gives a 
positive environmental effect, i.e. provides a reduction in greenhouse gas emissions. 
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Device for Extracting Water 
from Atmospheric Air 

Adylbek Akmatov and Olga Volichenko 

Abstract A person faces the problem of finding water sources when he due to 
certain circumstances finds himself in waterless, arid regions. Prolonged dehydration 
is detrimental to humans. It is well known that the loss of even one percent of the total 
amount of water in the body leads to painful disorders. In arid and desert regions, 
fresh water is found mainly in the atmosphere. Condensation (dew) appears at night. 
The problem is that people who find themselves in adverse conditions often do not 
have the skill to get water from it. The solution to this problem is the development 
of autonomous compact plants that provide the possibility of obtaining water under 
any conditions and in any natural situation. The article analyzes various methods for 
collecting water from the air and discusses the advantages and disadvantages of the 
proposed devices. The result of the work is the implementation of the author’s device 
for obtaining water from atmospheric air, which differs from previously presented 
analogs with compactness and mobility. 

Keywords Autonomous compact unit · Fresh water · Solar thermal concentrator ·
Refrigerant · Heat exchange · Electric heater · Accumulator ·Wind turbines 

1 Introduction 

Lack and shortage of water is a real disaster for many regions of the planet, primarily 
for areas of steppes and deserts with a hot, arid climate. At the same time, the Earth’s 
atmosphere has huge resources of fresh water (almost 13,000 billion tons), which
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also can quickly replenish due to the evaporation of moisture from the surface of 
water bodies and land. Every year it is about 600 thousand cubic meters of water [1] 
returns to the earth in the form of precipitation. The concentration of fresh water in the 
atmosphere is so high that most of it—almost more than half—is never used. There-
fore, the methods and possibilities of obtaining water from air space are becoming 
one of the urgent problems of the current time. 

There is always some moisture in the atmosphere, even in hot desert climates. 
In arid areas with sharp air cooling at night, water vapor forms condensate—the 
transition of excess vapor into a wet state and the formation of tiny droplets of 
water—dew or fog. 

Since ancient times, people have been developing tools and devices for collecting 
moisture from the air and converting it into drinking water, for example, fog collection 
has long been practiced in a hot and humid climate [1–4]. Currently, a lot of research 
is being carried out in this direction and a number of methods for obtaining water 
from the air are proposed. 

The method of cooling has been used since ancient times. It provides for the 
development of a cold surface, from which the protruding moisture is collected— 
condensate formed from contact with the surface of rapidly cooling water vapor in 
the air [5, 6]. 

At the end of the 20th century, an installation was proposed, consisting of a cold 
accumulator, an air duct, a water collector, a solar collector connected to an air 
heater, and heat pipes [7]. The cold accumulator made in of solid material is placed 
on the water collector, together they form a volume with a large internal condensation 
surface and good airflow permeability. The air duct in the form of an extractor pipe 
with an air heater is located above the cold accumulator. In the lower part of the cold 
accumulator, there are air channels and heat pipes. The obvious disadvantages of this 
device include the low efficiency of the accumulator and heat pipes. 

The method of simultaneous air heating and cooling for extracting water from the 
atmosphere is implemented with the help of refrigeration compressors. The device 
consists of heating and cooling elements, a vertical air duct, and a water collector 
[8]. The cooling element in the form of a cylinder is located in the center of the air 
duct channel, and the cone-shaped heating element is located on the outer skin of the 
device. Between them distributing cup made of heat-insulating material is installed, 
facing the open side down. It is surrounded by two expanding cavities—the first is 
located between the cooling element and the glass, and the second is between the 
glass and the heating element. 

With all the advantages of the device, its negative side is the limitation of its 
operation in bad weather and at night, since the heating element depends on solar 
energy. Significant disadvantages are also: 

(1) large heat losses when the air temperature drops to the required level; 
(2) cost increase when using efficient but expensive heat exchangers; 
(3) the freons in refrigeration compressors are harmful to the environment. 

The sorption method consists in using of a sorbent that is capable to absorb water 
vapor from the air intensively (adsorption stage). The water vapor saturated sorbent is
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heated (desorption stages) using various heat sources, after that the desorbed water 
vapor is removed from the sorbent by condensing moisture in the water collector 
[9–11]. By utilizing an efficient sorbent (that is capable to absorb a large amount of 
water from the air even under conditions of low humidity and releasing moisture at 
very low temperatures) and solar energy for thermal processes, several completely 
autonomous devices for extracting water from the air layers of the atmosphere have 
been developed [12–14]. Photothermal materials can increase the device’s efficiency 
in the absence or weakening of sunlight [15, 16]. 

The disadvantage of such water generators from atmospheric air is, first of all, the 
complex design of the device and its stationarity. The negative aspects of the device 
include the heating process, which can be carried out in several ways: 

(1) by passing an alternating or direct current through a heating element placed in 
a sorbent layer; 

(2) an electric current is passed through a layer of conductive sorbent; 
(3) a catalyst is placed in the sorbent layer in which the hydrocarbon oxidation 

reaction takes place. 

Other types of devices require deepening into the ground, thereby becoming 
dependent on the type and quality of the soil [17]. The use of wind turbines instead of 
expensive solar panels also makes the operation of the device dependent on weather 
conditions and the availability of air flows sufficient for its operation. 

The analyses of all considered devices from open sources show that they are 
mainly intended for stationary use. We tried to develop a mobile device that, in our 
opinion, can be operated under any weather conditions. 

2 Materials and Methods 

The main materials for engineering the device for extracting water from the atmo-
sphere are the thermal processes of water condensation, through the use of solar or 
(in the absence) wind energy. In the absence of both, a pre-charged battery from the 
wind turbine can be used, with the battery connected to the resistance electric heater 
through a switch, turning off the wind turbine. In the absence of all energy carriers, 
it is possible to use the heat of the earth, since a refrigerant is used that evaporates 
at relatively low temperatures, for example, freon—11 (R11), whose boiling point 
is 23.7 °C. 

The condensate released during cooling is collected in the air collector. 
The method of experimental modeling was used for engineering the device. The 

proposed experimental plant for obtaining water from atmospheric air consists of 
the following main structural blocks: a heating element—a concentrator, a pipeline, 
a cooling element designed as an evaporative-condensation system, and a water 
collector.
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3 Results and Discussion 

The proposed economical device for extracting drinking water from water vapor 
contained in the ambient air, using renewable energy sources, can be used in extreme 
conditions, as well as in arid regions of steppes, semi-deserts, and deserts. 

The main tasks that were set during the development of this device were: firstly, 
the expansion of its operational capabilities, the solution to the mobility problem; 
secondly, ensuring the autonomy of the device. 

As we noted above, the disadvantages of many proposed devices were depen-
dence on any one type of energy—electric, solar, wind, etc. The device proposed for 
consideration for obtaining water from air, in addition to the solar power plant, is 
equipped with a wind power plant. At the same time, the design of the device also 
provides for the presence of battery that is charged from a wind power plant and 
can be used in the absence of wind (calm) and sunlight. Another alternative energy 
source that the device can operate on is the earth heat—the low-grade heat of the 
upper layers of the soil, heated by the sun, is transferred to the refrigerant. Uninter-
rupted operation of the device is attributable to its complete autonomy and ensured 
in any weather conditions being located in the most remote, hard-to-reach areas of 
the earth, far from sources of electricity. 

The structural arrangement of fresh water generator. The generator consists of a 
water collector, heating and cooling elements of a refrigeration machine, and a solar-
and wind-power plant. 

The heating element of the refrigeration machine uses three types of heat sources: 

(1) A solar thermal concentrator operating in the presence of solar radiation; 
(2) A resistive electric heater connected to an electric generator of a wind power 

plant. It operates in the absence of solar radiation and the presence of wind 
energy; 

(3) An electric battery connected to a wind power plant starts to work in the absence 
of solar radiation and wind energy. 

The cooling element is made in the form of a circulating evaporative-condensing 
cooling system, consisting of a heat exchanger located in the solar-powered thermal 
concentrate, with which the evaporator and condenser are connected in series by 
pipelines. The pipelines that connect the evaporator and condenser are made in the 
form of cylindrical collectors located concentrically around the collector, and the 
resistive electric heater is located on the outer side of the bottom of the evaporator. 
The expansion of the operational capabilities of the proposed device for extracting 
water from the air predetermines the versatility of its application for the specified 
purpose. 

Next, we consider in detail the construction of the device for extracting water from 
atmospheric air. First of all, the most inexpensive devices in extreme conditions are 
one that uses renewable energy sources. 

The proposed device for obtaining water from atmospheric air has universal appli-
cability in various extreme situations of the need for drinking water and has no analogs
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in the technical research that are available to the authors, which, in their opinion, 
ensures that it meets the criteria of the invention. The invention is illustrated by 
drawings (Figs. 1 and 2). 

A general view of the device for extracting water from atmospheric air and 
a vertical section of the installation is shown (Fig. 1a and b). Placement of the 
evaporator of the evaporation–condensation system in the ground (Fig. 2). 

A device for extracting water from atmospheric air operates as follows. 
The ambient atmospheric air enters through the inlet air duct 16 into chamber 15, 

where condenser 8 condenses. In the presence of solar radiation, the heat carrier (oil 
or water) located in heat exchanger 2 is heated by the solar thermal concentrator 1 
and is fed through pipeline 3 to jacket 5 of the evaporator 6, as a result, it heats up. 
The refrigerant in the evaporator 6 (for example, freon-11) evaporates, and its vapors 
through the steam pipeline (collector) 7 enter the condenser 8, where they condense 
and cool the walls 21. At the same time, the water vapor contained in the atmospheric 
air begins to condense on the cooling surfaces of the chamber condensation 15. The

Fig. 1 Device for obtaining water from atmospheric air: a General view, b Vertical section. 
1-concentrator, 2-heat exchanger, 3-pipeline, 4-pipeline, 5-jacket, 6-evaporator, 7-pipeline, 8-
condenser, 9-pipeline, 10-water collector, 11-cover, 12-hole, 13-branch pipe, 14-valve, 15-chamber, 
16-inlet air ducts, 17-outlet air ducts, 18-walls, 19-cover, 20-bottom, 21-wall, 22-interlocks, 23-
rubber gaskets, 24-resistive electric heater, 25-electric generator, 26-electric battery, 27-switch, 
28-wind turbine
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Fig. 2 Evaporative-condensing system. 6-evaporator, 13-branch pipe, 14-valve, 20-bottom, 22-
locking connections, 23-rubber gaskets, 24-resistive electric heater

condensed water flows along the walls 21 and the tropospheric bottom 20 through 
pipe 13 with valve 14 open into vessel 10 (water collector) located inside the cavity 
limited by collector 9. 

Excess air from vessel 10 is discharged into the atmosphere through opening 
12. The spent ammonia condensate (refrigerant) flows from condenser 8 through the 
pipeline (collector) 9 to evaporator 6, and the coolant that has given off heat is returned 
by the drain pipeline 4 from the jacket 5 of the evaporator 6 to the heat exchanger 
2, and the described process of cooling by the circulating evaporative-condensing 
system is repeated. 

In the absence of solar radiation and the presence of wind energy, a resistive 
electric heater 24 is used as a heating element, connected to an electric generator 25, 
which is part of the wind power plant 28. In the absence of solar radiation and wind 
energy, a resistive electric heater 24 is connected to an electric battery 26, through a 
switch 27 also included in the wind turbine 28, while the wind turbine is turned off. 

The design of the device for extracting water from atmospheric air allows use in 
circumstances of the absence of solar and wind power and when the electric battery 
is discharged. In this case, the natural environment below the atmospheric level is 
used as the heat exchanger 2, i.e., priming. Then, in place of the evaporator 6 with 
the jacket 5, the evaporator without the jacket is installed with the help of locking
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joints 22 and is buried in the ground, the heat from which ensures the process of 
cooling the atmospheric air as described above. 

4 Conclusion 

In sunny weather, solar radiation is used to operate the condenser; in the absence 
of sunny weather, a resistive electric heater powered by a wind turbine can be used. 
In the absence of solar radiation and wind energy, the resistive electric heater is 
heated through an electric accumulator, powered in advance through the wind turbine 
generator. In the absence of both solar radiation and wind energy and the electric 
battery being discharged, the design of the device allows the use of the heat of the 
soil heated during the day to operate the condenser evaporator. 

The design concept of the device assumes its mobility, which is ensured by small 
dimensions (height 0.5 m) and manufacturing materials (steel structural elements, 
insulation and plastic case), as well as a water tank with a capacity of 3–5 L. The 
total weight of the device is expected to be up to 10 kg. 
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B.N. Yeltsin (Bishkek) and Southwestern State University (Kursk) on the initiative of the authors. 
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Optimization of the Technological 
Process of Polymer Concrete Processing 
with a Change in the Magnetic Field 

Andrey Matrosov , Viktor Afonin , Ekaterina Matrosova , 
and Ekaterina Pakhomova 

Abstract As a result of experimental studies, a positive effect of a magnetic field 
on the properties of epoxy composites has been established. The article investigated 
the influence of an electromagnetic field created by using a constant electric current 
of various strengths passed through a rectangular metal plate, which was the base of 
the molds in the manufacture of samples from epoxy compositions. Epoxy composi-
tions were made on the basis of epoxy-diane resin. The composites were cured with 
polyethylene polyamine. Pyrite cinders served as a filler in the filled compositions. In 
the course of the study, the following were experimentally determined: compressive 
strength, tensile strength in bending, dynamic modulus of elasticity, fracture energy 
and microhardness. The results obtained show an improvement in the physical and 
mechanical properties of polymer composites processed using a magnetic field. 

Keywords Materials · Polymer concrete · Production technology · Activation ·
Magnetic field 

1 Introduction 

The continuously increasing requirements for the physical and technical properties 
of building materials necessitate the creation of new samples with a set of improved 
indicators. Composite materials, which have found wide application in construction, 
mechanical engineering, aircraft building and rocket science, the chemical industry, 
etc., have recently attracted the greatest attention all over the world.
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Scientists and specialists in various fields of materials science are working on 
the development of the theory of calculation, design, manufacturing technology, 
optimization of compositions and the study of the properties of composite materials 
[1–14]. 

Despite the ever-increasing rate of polymer-based concretes use in construction, 
some problems of their structure formation and manufacturing technology remain 
poorly understood. In particular, the technological processes for the manufacture of 
polymer concretes have not been studied in the production of which activation by a 
magnetic field is used. 

2 Materials and Methods 

The influence of an electromagnetic field created with the help of a constant electric 
current of various strengths, passed through a metal rectangular plate, which was the 
base of the molds in the manufacture of samples from epoxy compositions, has been 
studied. The influence of the electromagnetic field on the properties and structure of 
epoxy compositions has been studied on compositions filled with pyrite cinders and 
without filler (Table 1). 

In general, the regression model according to the planning matrix is presented as 
follows: Y = b0 + b1 × 1 + b2 × 2 + b12 × 1 × 2 + b11 × 12 + b22 × 22. 

In the course of the study, the following were experimentally determined: 
compressive strength, tensile strength in bending, dynamic modulus of elasticity 
and fracture energy.

Table 1 Planning matrix and working matrix 

№ Planning matrix Working matrix 

x1 x2 Current strength (A) Time (h) 

1 0 0 6 6 

2 1 1 9 9 

3 −1 1 3 9 

4 −1 −1 3 3 

5 1 −1 9 3 

6 1 0 9 6 

7 0 1 6 9 

8 −1 0 3 6 

9 0 −1 6 3 
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3 Results and Discussion 

The implementation of the experiment planning matrix made it possible to obtain 
polynomial models. Dependences of the properties of unfilled epoxy compositions 
on the strength and duration of the electromagnetic field are as follows: 

Rc = 116.54 − 3.71x1 − 0.55x2 − x1x2 − 5.11x1 2 + 1.18x2 2. 
Ri = 58.8 − 4 x1 + 6.48x2 + 0.05x1x2 + 0.36x1 2 − 5.98x2 2. 
Ed = 3251.08 + 14.16x1 + 694.44x2 − 17.75x1x2 + 1292.38x1 2 − 748.4x2 2. 
U = 67.76 − 3.38x1 + 8.67x2 − 1.15x1x2 − 5.75x1 2 + 3.1x2 2. 
According to the above equations, graphs with current or time parameters are 

constructed (Figs. 1, 2, 3, 4, 5, 6, 7 and 8). 
An analysis of the graphs shows that the extreme points on them can be determined 

by unconditional optimization methods for one variable [15, 16]. 
The results of optimizing the dependencies shown in Figs. 1, 2, 3, 4, 5, 6, 7 and 8: 
Strength minimization results Rc (compressive) 
Tok: 3, Time = −0.190678, rel. units; Rcmin = 115.097097. 
Tok: 6, Time = 0.233051, rel. units; Rcmin = 116.475911. 
Tok: 9, Time = 0.656780, rel. units; Rcmin = 107.210996. 
Strength maximization results Rc 

Tok: 3, Time = 1.000000, rel. units; Rcmax = 116.770001. 
Tok: 6, Time = −1.000000, rel. units; Rcmax = 118.270001. 
Tok: 9, Time = −1.000000, rel. units; Rcmax = 110.450001.

Fig. 1 Change in compressive strength as a function of time in rel. units
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Fig. 2 Change in compressive strength depending on the effect of electric current in rel. units Rc 
= 116.54 − 3.71x1 − 0.55x2 − x1x2 − 5.11x1 2 + 1.18x2 2 

Fig. 3 Change in bending strength as a function of time in rel. units Ri = 58.8 − 4 x1 + 6.48x2 + 
0.05x1x2 + 0.36x1 2 − 5.98x2 2
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Fig. 4 Change in bending strength from the impact of electric current in rel. units Ri = 58.8 − 4 
x1 + 6.48x2 + 0.05x1x2 + 0.36x1 2 − 5.98x2 2 

Fig. 5 Change in the dynamic modulus of elasticity for compression depending on time in rel. 
units Ed = 3251.08 + 14.16x1 + 694.44x2 − 17.75x1x2 + 1292.38x1 2 − 748.4x2 2
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Fig. 6 Change in the dynamic modulus of elasticity depending on the impact of electric current in 
rel. units Ed = 3251.08 + 14.16x1 + 694.44x2 − 17.75x1x2 + 1292.38x1 2 − 748.4x2 2 

Fig. 7 The dependence of the fracture energy as a function of time in rel. units U = 67.76 − 3.38x1 
+ 8.67x2 − 1.15x1x2 − 5.75x1 2 + 3.1x2 2
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Fig. 8 Dependence of the fracture energy depending on the impact of electric current in rel. units 
U = 67.76 − 3.38x1 + 8.67x2 − 1.15x1x2 − 5.75x1 2 + 3.1x2 2

Strength minimization results Rc 

Time: 3, Tok = 1.000000, rel. units; Rcmin = 110.449998. 
Time: 6, Tok = 1.000000, rel. units; Rcmin = 107.719997. 
Time: 9, Tok = 1.000000, rel. units; Rcmin = 107.349997. 
Strength maximization results Rc 

Time: 3, Tok = −0.265166, rel. units; Rcmax = 118.629300. 
Time: 6, Tok = −0.363014, rel. units; Rcmax = 117.213390. 
Time: 9, Tok = −0.460861, rel. units; Rcmax = 118.255328. 
Strength minimization results Ri (in bending) 
Tok: 3, Time = −1.000000, rel. units; Rimin = 50.749997. 
Tok: 6, Time = −1.000000, rel. units: Rimin = 46.339997. 
Tok: 9, Time = −1.000000, rel. units: Rimin = 42.649997. 
Strength maximization results Ri 

Tok: 3, Time = 0.537625, rel. units; Rimax = 64.888466. 
Tok: 6, Time = 0.541806, rel. units; Rimax = 60.555452. 
Tok: 9, Time = 0.545987, rel. units; Rimax = 56.942646. 
Elapsed time is 0.541018 s. 
Strength minimization results Ri 

Time: 3, Tok = 1.000000, rel. units; Rimin = 42.649999. 
Time: 6, Tok = 1.000000, rel. units; Rimin = 55.159999. 
Time: 9, Tok = 1.000000, rel. units; Rimin = 55.709999.
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Strength maximization results Ri 

Time: 3, Tok = −1.000000, rel. units; Rimax = 50.750001. 
Time: 6, Tok = −1.000000, rel. units; Rimax = 63.160001. 
Time: 9, Tok = −1.000000, rel. units; Rimax = 63.610001. 
Elapsed time is 0.748482 s. 
Strength minimization results Ed (dynamic modulus of elasticity) 
Tok: 3, Time = −1.000000, rel. units; Rcmin = 3068.709585. 
Tok: 6, Time = −1.000000, rel. units; Rcmin = 1808.239588. 
Tok: 9, Time = −1.000000, rel. units; Rcmin = 3132.529592. 
Strength maximization results Ed 

Tok: 3, Time = 0.475808, rel. units; Rcmax = 4698.732989. 
Tok: 6, Time = 0.463950, rel. units; Rcmax = 3412.172635. 
Tok: 9, Time = 0.452091, rel. units; Rcmax = 4710.582773. 
Strength minimization results Ed 

Time: 3, Tok = −0.012345, rel. units; Rcmin = 1808.043029. 
Time: 6, Tok = −0.005478, rel. units; Rcmin = 3251.041214. 
Time: 9, Tok = 0.001389, rel. units; Rcmin = 3197.117507. 
Strength maximization results Ed 

Time: 3, Tok = 1.000000, rel. units; Rcmax = 3132.530492. 
Time: 6, Tok = 1.000000, rel. units; Rcmax = 4557.620488. 
Time: 9, Tok = -1.000000, rel. units; Rcmax = 4493.090486. 
Fracture energy minimization results U 
Tok: 3, Time = −1.000000, rel. units; Umin = 58.669999. 
Tok 6, Time = −1.000000, rel. units; Umin = 62.190000. 
Tok: 9, Time = −1.000000, rel. units; Umin = 54.210000. 
Fracture energy maximization results U 
Tok: 3, Time = 1.000000, rel. units; Umax = 78.310003. 
Tok: 6, Time = 1.000000, rel. units; Umax = 79.530003. 
Tok: 9, Time = 1.000000, rel. units; Umax = 69.250003. 
Fracture energy minimization results U 
Time: 3, Tok = 1.000000, rel. units; Umin = 54.209997. 
Time: 6, Tok = 1.000000, rel. units; Umin = 58.629997. 
Time: 9, Tok = 1.000000, rel. units; Umin = 69.249997. 
Fracture energy maximization results U 
Time: 3, Tok = −0.193913, rel. units; Umax = 62.406213. 
Time: 6, Tok = −0.293913, rel. units; Umax = 68.256713. 
Time: 9, Tok = −0.393913, rel. units; Umax = 80.422213. 
For filled compositions, the dependences of changes in the properties of epoxy 

composites on the factors under consideration are described by other equations: 
Rc = 116.47 − 1.76x1 − 2.5x2 − 0.17x1 x2 + 1.03x1 2 − 2.76x2 2. 
Ru = 37.68 + 1.16x1 + 1.43x2 + 2.85x1 x2 + 1.56x1 2 − 3.03x2 2. 
Ed = 5370.55 − 85.66x1 + 56.83x2 + 11.25x1 x2 + 123.66x1 2 − 35.83x2 2. 
U = 69.41 − 2.18x1 − 3.53x2 + 0.05x1 x2 + 2.08x1 2 − 3.66x2 2. 
According to the given equations, graphs with current or time parameters were 

constructed (Figs. 9, 10, 11, 12, 13, 14, 15 and 16).
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Fig. 9 Change in compressive strength as a function of time in rel. units Rc = 116.47 − 1.76x1 − 
2.5x2 − 0.17x1x2 + 1.03x1 2 − 2.76x2 2 

Fig. 10 Change in compressive strength depending on the effect of electric current in rel. units Rc 
= 116.47 − 1.76x1 − 2.5x2 − 0.17x1x2 + 1.03x1 2 − 2.76x2 2
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Fig. 11 Change in bending strength depending on time in rel. units Ru = 37.68 + 1.16x1 + 1.43x2 
+ 2.85x1x2 + 1.56x1 2 − 3.03x2 2 

Fig. 12 Change in bending strength depending on the impact of electric current in rel. units Ru = 
37.68 + 1.16x1 + 1.43x2 + 2.85x1x2 + 1.56x1 2 − 3.03x2 2
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Fig. 13 Change in the dynamic modulus of elasticity depending on time in rel. units Ed = 5370.55 
− 85.66x1 + 56.83x2 + 11.25x1x2 + 123.66x1 2 − 35.83x2 2 

Fig. 14 Change in the dynamic modulus of elasticity under the influence of electric current in rel. 
units Ed = 5370.55 − 85.66x1 + 56.83x2 + 11.25x1x2 + 123.66x1 2 − 35.83x2 2
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Fig. 15 Dependence of the fracture energy as a function of time in rel. units U = 69.41 − 2.18x1 
− 3.53x2 + 0.05x1x2 + 2.08x1 2 − 3.66x2 2 

Fig. 16 Dependence of fracture energy depending on the impact of electric current in rel. units U 
= 69.41 − 2.18x1 − 3.53x2 + 0.05x1x2 + 2.08x1 2 − 3.66x2 2
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Analysis of the graphs shows that the extreme points on them can be determined 
by unconditional optimization methods for one variable [15, 16]. 

The results of optimizing the dependencies are shown in Figs. 9, 10, 11, 12, 13, 
14, 15 and 16: 

Strength minimization results Rc (compression) 
Tok (x1): 3, Time (x2) = 1.000000, rel. units; Rcmin = 114.169999. 
Tok (x1): 6, Time (x2) = 1.000000, rel. units; Rcmin = 111.209998. 
Tok (x1): 9, Time (x2) = 1.000000, rel. units; Rcmin = 110.309998. 
Strength maximization results Rc (compression) 
Tok (x1): 3, Time (x2) = −0.422101, rel. units; Rcmax = 119.751748. 
Tok (x1): 6, Time (x2) = −0.452899, rel. units; Rcmax = 117.036123. 
Tok (x1): 9, Time (x2) = −0.483696, rel. units; Rcmax = 116.385734. 
Strength minimization results Rc (compression) 
Time (x2): 3, Tok (x1) = 0.771845, rel. units; Rcmin = 115.596383. 
Time (x2): 6, Tok (x1) = 0.854369, rel. units; Rcmin = 115.718155. 
Time (x2): 9, Tok (x1) = 0.936893, rel. units; Rcmin = 110.305898. 
Strength maximization results Rc (compression) 
Time (x2): 3, Tok (x1) = −1.000000, rel. units; Rcmax = 118.830001. 
Time (x2): 6, Tok (x1) = −1.000000, rel. units; Rcmax = 119.260001. 
Time (x2): 9. Tok (x1) = −1.000000, rel. units; Rcmax = 114.170001. 
Strength minimization results Ri 

Tok (x1): 3, Time (x2) = 1.000000, rel. units; Rcmin = 33.629999. 
Tok (x1): 6. Time (x2) = −1.000000, rel. units; Rcmin = 33.219999. 
Tok (x1): 9, Time (x2) = −1.000000, rel. units; Rcmin = 33.089998. 
Strength maximization results Ri 

Tok (x1): 3, Time (x2) = −0.234323, rel. units; Rcmax = 38.246370. 
Tok (x1): 6, Time (x2) = 0.235974, rel. units; Rcmax = 37.848721. 
Tok (x1): 9, Time (x2) = 0.706271, rel. units; Rcmax = 41.911419. 
Strength minimization results Ri (bending) 
Time (x2): 3, Tok (x1) = 0.541667, rel. units; Rimin = 32.762292. 
Time (x2): 6, Tok (x1) = −0.371795, rel. units; Rimin = 37.464359. 
Time (x2): 9, Tok (x1) = −1.000000, rel. units; Rimin = 33.630000. 
Strength maximization results Ri (bending) 
Time (x2): 3, Tok (x1) = −1.000000, rel. units; Rimax = 36.470001. 
Time (x2): 6, Tok (x1) = 1.000000, rel. units; Rimax = 40.400001. 
Time (x2): 9, Tok (x1) = 1.000000, rel. units; Rimax = 41.650001. 
Strength minimization results Ed (dynamic modulus of elasticity) 
Tok (x1): 3, Time (x2) = −1.000000, rel. units; Rcmin = 5498.459991. 
Tok (x1): 6, Time (x2) = −1.000000, rel. units; Rcmin = 5313.719989. 
Tok (x1): 9, Time (x2) = −1.000000, rel. units; Rcmin = 5304.639987. 
Strength maximization results Ed 

Tok (x1): 3, Time (x2) = 1.000000, rel. units; Rcmax = 5589.620009. 
Tok (x1): 6, Time (x2) = 1.000000, rel. units; Rcmax = 5427.380011. 
Tok (x1): 9, Time (x2) = 1.000000, rel. units; Rcmax = 5440.800013. 
Strength minimization results Ed
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Time (x2): 3, Tok (x1) = 0.391841, rel. units; Rimin = 5258.903367. 
Time (x2): 6, Tok (x1) = 0.346353, rel. units; Rimin = 5355.715705. 
Time (x2): 9, Tok (x1) = 0.300865, rel. units; Rimin = 5380.356307. 
Strength maximization results Ed 

Time (x2): 3, Tok (x1) = −1.000000, rel. units; Rimax = 5498.460065. 
Time (x2): 6, Tok (x1) = −1.000000, rel. units; Rimax = 5579.870063. 
Time (x2): 9, Tok (x1) = −1.000000, rel. units; Rimax = 5589.620060. 
Fracture energy minimization results U 
Tok (x1): 3, Time (x2) = 1.000000, rel. units; Rcmin = 66.429998. 
Tok (x1): 6, Time (x2) = 1.000000, rel. units; Rcmin = 62.219998. 
Tok (x1): 9, Time (x2) = 1.000000, rel. units; Rcmin = 62.169998. 
Fracture energy maximization results U 
Tok (x1): 3, Time (x2) = −0.489071, rel: units; Rcmax = 74.545437. 
Tok (x1): 6, Time (x2) = −0.482240, rel. units; Rcmax = 70.261154. 
Tok (×1): 9, Time (×2) = −0.475410, rel. units; Rcmax = 70.137213. 
Fracture energy minimization results U 
Time (x2): 3, Tok (x1) = 0.536058, rel. units; Rimin = 68.682296. 
Time (x2): 6, Tok (x1) = 0.524038, rel. units; Rimin = 68.838798. 
Time (x2): 9, Tok (x1) = 0.512019, rel. units; Rimin = 61.674700. 
Fracture energy maximization results U 
Time (x2): 3, Tok (x1) = −1.000000, rel. units; Rimax = 73.590001. 
Time (x2): 6, Tok (x1) = −1.000000, rel. units; Rimax = 73.670001. 
Time (x2): 9, Tok (x1) = −1.000000, rel. units; Rimax = 66.430001. 
Changes in the tensile strength during bending, compression, dynamic modulus 

of elasticity, fracture energy, for epoxy compositions without filler, depending on the 
duration of magnetic treatment are shown in Figs. 1, 2, 3 and 4. From the graph (Fig. 3) 
it can be seen that the increase in the tensile strength during bending occurs with an 
increase in the duration actions of the electromagnetic field. The composition treated 
for 9 h at a current of 3 A has the highest strength characteristics. The lowest value of 
tensile strength in bending shows the composition processed in an electromagnetic 
field at a current strength of 9 A. 

The compressive strength (Fig. 1), for compositions hardening at a current strength 
of 3 and 6 A, decreases by 6 h when the samples are in an electromagnetic field, 
after which, by 9 h, it rises to its original value, and for the composition processed 
at a current strength of 3 A by this time it is the highest. Epoxy compositions cured 
in an electromagnetic field at a current strength of 3 A and a curing time of 9 h have 
the greatest strength characteristics, the smallest—at a current strength of 9 A, and 
with increasing processing time, the strength decreases. 

The different nature of the change in the compressive and tensile strengths can 
obviously be explained by the fact that the electromagnetic field affects the change in 
the structure in the volume of the composite adjacent to the substrate through which 
the electric current is passed. Therefore, the ultimate tensile strength in bending is 
a characteristic more sensitive to these changes than the compressive strength. The 
latter characteristic depends on the change in the structure in the bulk of the sample.
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A change in the sample structure only in the layers adjacent to one face can adversely 
affect the compressive strength of the composite. 

The dynamic modulus of elasticity (Fig. 5) increases with the curing time. The 
highest elastic properties show compositions that harden in an electromagnetic field 
at a current of 3 and 9 A. Samples cured at 6 A current have the lowest value of the 
dynamic modulus of elasticity, although it also increases with increasing processing 
time. 

The highest value of fracture energy (Fig. 7) was recorded at 3 and 9hof hardening, 
when treated with an electromagnetic field. Of the other samples, the highest value 
of the above indicator is those that were exposed to an electromagnetic field at a 
current strength of 3 A. The smallest—at a current strength of 6 A. 

Next, consider the graphical dependences of the physical and mechanical charac-
teristics of epoxy composites without filler depending on the current strength (Figs. 5, 
6, 7 and 8). 

It can be seen in Fig. 4 that for composites of all compositions, with increasing 
current strength, the values of ultimate tensile strength in bending decrease. The 
greatest tensile strength in bending has a composition cured in an electromagnetic 
field for the greatest amount of time (9 h). 

The compressive strength of epoxy composites (Fig. 2) with an increase in 
current strength above 4–5 A up to 9 A also decreases. Compositions that are under 
the influence of an electromagnetic field for 3 and 9 h have the highest strength 
characteristics. 

The dynamic modulus of elasticity (Fig. 6) of epoxy composites has the highest 
values at a current strength of 3 A, after which, with an increase in current strength up 
to 6 A, it drops and returns to its original value, with an increase in current strength 
up to 9 A. Again, the greatest elastic properties show epoxy compositions hardening 
for the maximum amount of time (9 h). 

The energy of destruction, the highest in the compositions that have hardened for 
3 and 9 h, at a current strength closer to 3 A, after which it decreases with increasing 
current strength (Fig. 8). 

Figures 9, 10, 11, 12, 13, 14, 15 and 16 show the results of tests of filled composites. 
The change in tensile strength in bending (Fig. 11) with an increase in time up to 9 h 
increases for samples processed in an electromagnetic field at a current strength of 
6 and 9 A. For compositions treated at a current of 3 A, the value of tensile strength 
in bending increases by 6 o’clock and then drops and is the lowest value. Epoxy 
compositions hardening in an electromagnetic field for 9 h at a current strength of 9 
A have the highest indicator. 

The compressive strength limit (Fig. 9) reaches its maximum value for the compo-
sition treated with an electromagnetic field at a current strength of 3 A for a period 
of 3–6 h. Other compositions have similar dependencies, with less strength. 

The dynamic modulus of elasticity (Fig. 13) increases markedly with increasing 
activation time. As in the previous case, the composition that hardens at a current 
strength of 3 A has the greatest elastic properties.
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The fracture energy (Fig. 15), on the contrary, decreases with increasing time, 
although epoxy compositions treated with an electromagnetic field at a current 
strength of 3A still have the best indicators. 

Considering the dependences of the strength characteristics of filled epoxy compo-
sitions depending on the current strength, it can be seen that the flexural strength 
(Fig. 12) for samples cured for 6 and 9 h increases with increasing current strength. 
This is most noticeable in the composition, which was under the influence of an 
electromagnetic field for 9 h at a current strength of 9 A. 

The compressive strength (Fig. 10) gradually decreases with increasing current 
strength. The composition that hardens in an electromagnetic field for 6 h has the 
greatest strength. 

The highest values of the dynamic modulus of elasticity (Fig. 14) show compo-
sitions cured at a minimum current strength (3 A), after which, with an increase in 
it, their elastic properties decrease. For compounds treated for 6 and 9 h, from 6 to 
9 A again there is a slight rise after the fall, but still remains much lower than the 
initial value. The fracture energy (Fig. 16) decreases with increasing current for all 
epoxy compositions with filler. Compositions processed in an electromagnetic field 
for 3 and 6 h have the highest fracture energy. 

4 Conclusion 

Studies have been carried out to establish the influence of an electromagnetic field 
on the properties of polymer epoxy composites. The studies are carried out using 
mathematical methods of planning experiments, according to which the variation 
factors are the current strength and the duration of processing of the samples, and 
the optimized properties are the ultimate strength in bending and compression, the 
modulus of elasticity, and the fracture energy. 

For epoxy composites unfilled and filled with pyrite cinders, regression equations 
are obtained and graphic dependences of changes in properties on technological 
parameters of activation by a magnetic field are plotted. 

Optimal activation modes of epoxy composites have been obtained. For unfilled 
compositions, improved physical and technical properties are achieved when treated 
with a current of 3 A, with a duration of 9 h. For filled compositions, the highest 
performance is achieved when activated with a current of 3 A with a duration of 9 h. 

Epoxy composites have been obtained with compressive strength of MPa and 
bending strength of 42–62 MPa, exceeding by 10% compared to non-activated 
materials.
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