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Preface 

The International Conference on Construction, Architecture and Technosphere Safety 
(ICCATS-2023) was organized by Moscow Polytechnic University, Moscow; Irkutsk 
National Research Technical University, Irkutsk; and Ural Federal University named 
after the first President of Russia B. N. Yeltsin, Yekaterinburg, on 10–16 September 
2023. 

The conference program encompassed a wide range of topics and was divided into 
4 sections: Industrial and Civil Engineering; Special and Unique Structures Construc-
tion; Urban Engineering and Planning; and Engineering Structure Safety, Environmental 
Engineering and Environmental Protection. 

Participants could take part in the conference as in a traditional face-to-face format 
and as format of video conference remotely. 

The international program committee has selected totally 54 papers for publishing 
in Lecture Notes in Civil Engineering (Springer International Publishing AG). 

On behalf of the organizing committee, we express appreciation to our colleagues 
who participated in the review procedure of the papers and especially thank members 
of international program committee, who helped us to organize this conference. 

We express our gratitude to the participants for the active work at the conference 
sections and look forward to meeting at ICCATS-2024 next September in Sochi, Russia. 
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Method for Calculating the Number 
of Transitions Through Zero Degrees 

in the Outer Layers of Enclosing Structures 

N. P. Umnyakova1,2(B) 

1 Research Institute of Building Physics of the Russian Academy of Architecture and Building 
Sciences, 21, Lokomotivniy Pr., Moscow 127238, Russia 

n.umniakova@mail.ru 
2 Moscow State University of Civil Engineering (National Research University), 26, 

Yaroslavskoye Shosse, Moscow 129337, Russia 

Abstract. The article presents a new method for determining the required frost 
resistance of finishing and front facing materials of external walls. In the extension 
of a theory of thermal stability O. E. Vlasova, M. A. Shklover, B. F. Vasiliev a 
new method for calculating the temperature on the surface of external wall struc-
tures and in their thickness is developed. It considers hourly fluctuations in the 
temperature of the outside air, hourly changes in the incident direct and scattered 
solar incident on vertical surfaces of various orientations, as well as the thermal 
insulation of wall and the heat capacity of the materials of the separate layers. The 
developed technique made it possible to calculate the temperature on the outer sur-
face of external wall and at the boundary of layers in multilayer walls of various 
design solutions. The performed calculations made it possible to determine the 
number of cycles of transitions through the temperature of zero degrees both on 
the surface and in the thickness of the structure. This method makes it is possible 
to develop requirements for frost resistance of external finishing and front layers 
of wall of various designs, oriented to the south, southeast, east, northeast, north, 
northwest, west and southwest under the influence of hourly changes temperature 
and hourly changes in diffuse and direct solar radiation incident on vertical sur-
faces, heat protection qualities of wall materials, their thermal inertia, attenuation 
of temperature fluctuations of outdoor temperature fluctuations in the thickness of 
the walls. 

Keywords: Temperature · Solar radiation · Thermal inertia · Temperature 
amplitude · Temperature fluctuations attenuation · Brick wall · Hollow brick 

1 Introduction 

Russia is one of the largest countries in the world, with a total area of 17,075 million 
km2, with a length of about 10,000 km from west to east and 4000 km from north to 
south. Russia is simultaneously located on the European and northern parts of the Asian

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 
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continents and is washed by the Arctic, Atlantic and Pacific Oceans [1]. The huge size 
of the Russian Federation causes a wide variety of climatic conditions on its territory. 
At the same time, it should be taken into account that winter temperatures drop below 
0 °C practically throughout Russia. 

On a large territory of the Russian Federation, in winter and in the autumn-spring 
period, thaws and transitions of the outside air temperature through 0 °C are often 
observed. The number of temperature transitions through zero degrees is up to 70–80 
days a year, and in some areas 90–100 days a year [2, 3]. Such temperature transitions 
through zero degrees negatively affect the frost resistance of the finishing layers of 
building walls and the durability of external building envelopes. It should be taken into 
account that climate change towards warming is currently taking place throughout the 
territory of the Russian Federation [4–9]. This leads to an increase in the number of 
thaws in regions with a cold climate and the number of temperature transitions through 
zero degrees also increases. 

It is known that when the temperature drops below zero degrees, water turns into 
ice and increases in volume by about 10%. Such an increase in the size of frozen water 
particles leads to the destruction of interpore partitions in building materials (plaster, 
brick, especially with a porous shard, etc.) and negatively affects the durability of building 
structures [10, 11]. First, this applies to the materials of external walls, the plaster layer, 
the cladding of ventilated facades, the basement of the building, etc. [12]. Therefore, 
when choosing materials for such types of fences, one should take into account the 
frost resistance of materials that largely determine the durability of building envelopes 
(Fig. 1). 

Fig. 1 Map of climatic zones of the Russian Federation with temperatures: 1—less than −45.5 °C; 
2—(−45.5)—(−40.1) °C; 3—(−40.0)—(−34.5) °C; 4—(−34.4)—(−28.9) °C; 5—(−28.8)— 
(−23.4) °C; 6—(−23.3)—(−17.8) °C; 7 (−17.7)—(−12.3) °C; 8—(−12.2)—(−6.7) °C 

As shown by the analysis of regulatory documentation [13–17] it contains the require-
ments for frost resistance of the front layer of external walls, depending on the location
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on the structural elements of the building, which is F50–F100 for parapets and plinth, 
F75–F100 for walls. The requirements for frost resistance of revetment products, taking 
into account the class of responsibility and the height of the building, according to [16] 
are the following: F35 for reduced responsibility class, F50–F75 for a normal respon-
sibility class, F75–F100 for an increased responsibility class F75–F100, as well as the 
requirements for frost resistance of facing products used in facades of external walls 
F35–F75. However, on the base of what studies and calculations the requirements for 
frost resistance of materials for finishing and front layers of building envelope are pre-
sented it is not clear. Practically nothing is mentioned how the level of thermal protection 
effects on the requirements for frost resistance of external finishing layers. In addition, 
as already noted, climatic conditions across the territory of the Russian Federation vary 
greatly. Therefore, when assigning the required durability of materials for external wall 
structures, it is necessary to proceed from the climatic conditions in which they will be 
operated, taking into account the constructive solution of the building envelope. 

2 Problem Formulation 

Due to the lack of a scientifically based approach to the assignment of requirements for 
frost resistance of materials for the finishing layers of external fences, the problem arose 
of developing a methodology for determining the number of temperature transitions 
through zero degrees on the surface and in the skin of external walls. 

It is known that the temperature on the outer surface of the wall depends on its heat-
protection properties of the wall and on external climatic parameters. In our work, as 
climatic factors, we chose the temperature of the outside air and solar radiation—direct 
and diffuse, incident on a vertical surface of various orientations. It should be noted 
that during the day the temperature of the outside air changes constantly, as well as the 
amount of solar radiation falling on the walls. Therefore, to solve this problem, non-
stationary conditions for heat transfer through external wall were studied. To consider the 
climatic impact, it was expedient to select the data of a typical climatic year. This form 
of presentation of climate information is widely used in Scandinavian and European 
countries, in America. The traditional purpose of a model year is to estimate the energy 
consumption of a building in an annual cycle. However, the author proposes to use 
a standard year with an hourly change in parameters to determine the required frost 
resistance of finishing and facing materials on the outer surface of wall enclosures. For 
this, the effect of hourly changes in both the outdoor temperature and the amount of 
incident solar radiation (direct and diffuse) on vertical surfaces oriented to different 
cardinal points (based on data from a typical year) on the temperature distribution over 
the wall thickness and on the amount of temperature transitions through temperatures 
of zero degrees for various constructions of external walls was studied. 

Climatic data on temperatures and the amount of solar radiation (direct and diffuse) 
incident on horizontal and vertical surfaces of various orientations were taken from the 
typical year developed by the Research Institute of Building Physics of the Russian 
Academy of Construction Sciences for the city of Moscow with an hourly change in 
parameters. In this typical year for each day of the year both the values of outdoor 
temperature and solar radiation (direct and diffuse) with an interval of one hour, incident
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on horizontal and vertical surfaces of various orientations, are given. This set of climate 
data made it possible to calculate for each day of the year:

● the average temperature of the outside air per day, as well as the magnitude of the 
amplitude of temperature fluctuations above the average daily temperature value Amax 
and below the average daily value Amin;

● the maximum and average daily value of the total solar radiation incident on each of 
the vertical surfaces oriented to the south, southeast, east, northeast, north, northwest, 
west and southwest. 

Also, when assessing the impact of the above climatic factors, the heat-protection 
properties of the enclosing structure were taken into account—the heat transfer resistance 
of the wall and the thermal resistance of its individual layers, as well as the heat absorption 
coefficients of materials, the thermal inertia of the structure and temperature fluctuations 
attenuation. 

3 Development of Calculation Method 

In the development of the theory of heat resistance by O. E. Vlasov, the works of 
K. F. Fokin, A. M. Shklover, B. F. Vasiliev [18–20], a new method for calculating 
the temperature on the surface and in the thickness of the wall structure under the 
influence of changing outdoor temperatures and the amount of solar radiation incident 
on vertical surfaces of various orientations was developed. The temperature on the surface 
of the outer wall depends on the outdoor temperature and solar radiation. As a result of 
exposure to solar radiation the temperature increase on the outer surface of the wall. The 
temperature of the outside air depends on the heat transfer from the wall surface to the 
outside due to convective and radiant heat transfer. For this A. M. Shklover proposed 
the use of the conventional temperature of the outside air [20]. Based on the data of 
a typical climatic year, the conventional outdoor temperature trad exti, taking into account 
hourly changes in temperature texti and solar radiation Qrad.i, falling on a vertical surface, 
determined by the formula 

trad exti = texti + pQsum.i 

αext 
(1) 

where pQsum.i 
αext 

—hourly value of the equivalent temperature of solar iradiation, °C; αext— 

coefficient of heat exchange of external surface of the wall, Wt/m2 °C. 
Based on the data of a typical climatic year with an hourly change in parameters, 

the amount of solar radiation incoming on the outer surface of the wall Qi, changes 
periodically, and its fluctuations can be considered close to harmonic fluctuations [19]. 
The hourly value of the amplitude of solar radiation fluctuations Aradi is calculated as 
the difference between the hourly value of solar radiation, falling on the surface of the 
wall Qi, and its average daily value Qav: 

Aradi = Qi − Qav (2)
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Substituting the amplitude of solar radiation fluctuations into the expression for 
calculating the amplitude of the equivalent value of solar irradiation, we obtain the 
formula 

Aeqi = pAradi 

αext 
= p(Qi − Qav) 

αext 
(3) 

Taking into account the hourly fluctuations in the outdoor temperature with a period 
of 24 h and its amplitude Atext = (ttexti − tav), the hourly amplitude of the conventional 
outdoor temperature fluctuations will be calculated by the formula Asum = (Aeqi−Atext). 

To determine the average daily outdoor temperature, the average daily total solar 
radiation, which includes direct and diffuse solar radiation, should be taken into account. 
Their influence can be estimated by the average daily conventional temperature of the 
outside air trad ext.av, taking into account solar radiation, which is the sum [21] consisting 
of the average daily temperature of the outside air text.av and the equivalent temperature 
of solar irradiation teq = p(Qmax 

rad − Qav 
rad) [18, 19], which is calculated by the formula 

trad ext.av = text.av + p(Q
max 
rad − Qav 

rad) 
αext 

(4) 

where p—the coefficient of heat absorption from solar radiation by the surface of the wall 
material; Qmax 

rad —the maximum amount of solar radiation incident on the wall surface 
during the day, Wt/m2; Qav 

rad—the average amount of solar radiation falling on the wall 
surface per day, Wt/m2. 

The amplitude of temperature fluctuations on the surface Atext will be determined by 
the value of attenuation of the amplitude of fluctuations in the outdoor air temperature 
Atext depending on the value of attenuation of temperature fluctuations ϑext on the surface 
of the wall structure: 

Aτ ext = Atext 

ϑext 
, (5) 

Attenuation of temperature fluctuations on the outer surface of the wall with thermal 
inertia of the layer of the finishing layer D > 1 will be calculated by the formula ϑext = 
1 + YextRext = 1 + sextRext, where sext—heat absorption of the outer layer material of 
the external construction, Wt/(m2 °C); Rext = 1 

αext 
, m2 °C/Wt. 

Then the temperature value on the outer surface of the wall, taking into account the 
solar radiation incident on the wall and the temperature attenuation, is calculated by the 
formula 

τext = trad ext.av + Atext 

ϑext 
(6) 

It is known that the temperature on the outer surface of the outer wall can be calculated 
by the formula 

τext = text + tint − text 
R0 

Rext (7) 

where tint—the temperature of the internal air in the room, °C; text—outdoor air 
temperature, °C; R0—resistance to heat transfer of the outer wall, m2 °C/Wt.
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Substituting expressions (4), (5) and (6) into (7) and making a number of transfor-
mations, we obtain a formula for calculating the temperature on the outer surface of the 
wall, taking into account the effect of solar radiation: 

τext =
(
text + pQsum 

αext

)
+ 

⎡ 

⎣ 
tint −

(
text + pQsum 

αext

)
R0 

⎤ 

⎦Rext +
(
tint − tav 

ext

) + p(Qsum−Qi) 
αext 

ϑext 

(8) 

where Qsum—total solar radiation. including diffuse and direct solar radiation incident 
on vertical walls oriented to the cardinal points (north, northeast, east, southeast, south, 
southwest, west, northwest), Wt/m2. 

Taking into account that the amplitude of temperature fluctuations in the thickness 
of the wall Aτ ext1 will be also determined by the value of attenuation of the amplitude of 
fluctuations in the outdoor air temperature Atext depending on the value of attenuation 
of temperature fluctuations ϑext1 in the thickness of the wall structure: 

Aτ ext1 = Atext 

ϑext1 
(9) 

where ϑext1—the attenuation of temperature fluctuations in the outer facing layer (layers) 
of the wall structure 

It is known that the temperature onto the thickness of the outer lay of the external 
wall can be calculated by the formula 

τext1 = text + tint − text 
R0 

(Rext + Rext1) (10) 

where Rext1—thermal resistance of the facing layer or outer layers of the wall, m2 °C/Wt. 
Carrying out similar transformations, taking into account (4), (11), (6) and (10) we  

obtain a formula for calculating the temperature in the thickness of the structure, taking 
into account the hourly change in the temperature of the outside air, the hourly changes 
in solar radiation incident on the wall, oriented to the cardinal points, and the attenuation 
of temperature fluctuations in the thickness of the structure 

τext1 =
(
text + pQsum 

αext

)
+ 

⎡ 

⎣ 
tint −

(
texti + pQsum 

αext

)
R0 

⎤ 

⎦(Rext + Rf ) 

+
(
texti − tav ext

) + p(Qsumi−Qav) 
αext 

ϑext1 
(11) 

where Rf —thermal resistance of the facing layer or outer layers of the wall, m2 °C/Wt. 
Thus, based on the presentation of climatic information in the form of a typical year 

with hourly change in parameters, a new methodological approach has been developed to 
determine the range of temperature fluctuations and their amplitudes in the outer facing 
layer of multilayer building envelopes, taking into account the impact of solar radiation. 
This takes into account the orientation of the walls to the cardinal points (north, northeast, 
east, southeast, south, southwest, west, northwest) and the amount of total solar radiation 
falling on the wall of each orientation.
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4 Main Results 

This method can be used for thermotechnical calculations to determine the required frost 
resistance and durability of materials for finishing and facing layers of external walls, 
depending on the climatic conditions of construction and the constructive solution of the 
wall. 

On the basis of this technique, according to the obtained dependences, calculations 
of temperatures in the thickness of walls of various designs were carried out:

● a three-layer brick wall with mineral wool insulation 50, 100, 150 mm thick and 
facing hollow face brick 0.12 m thick (Fig. 2a, b); 

Fig. 2 Scheme of a three-layer wall structure made of ordinary clay brick 380 mm thick with 
mineral wool insulation and a facing outer layer 120 mm thick (a) made of hollow face brick 
(b) and ordinary clay brick (c)

● a three-layer brick wall with mineral wool insulation 50, 100, 150 mm thick and 
facing solid brick 0.12 m thick (Fig. 2a, c). 

When calculating the temperature on the surface and in the thickness of the wall 
according to the developed method, each outer wall was divided along its thickness 
by sections parallel to the outer surface of the wall. For each section of the wall, the 
thermal inertia Di and the attenuation of temperature fluctuations on the outdoor wall 
surface ϑext in the building envelope were calculated. This made it possible to carry out 
calculations using formulas (8) and (11) and obtain patterns of temperature distribution 
over the wall thickness under the influence of changing both outdoor temperature and 
total solar radiation on the surface of walls oriented to 8 cardinal points (Fig. 3).

Based on these calculations, the number of cycles of transitions of the temperature 
in the thickness of the wall through the temperature of 0 °C was determined. The calcu-
lations for walls with different orientation of the external surface were fulfilled. Figure 3 
shows diagrams with the results of calculating the number of zero-crossing cycles on the 
surface of a hollow brick lining of a three-layer brick wall with mineral wool insulation, 
and Fig. 4 shows the number of zero-crossing cycles in the thickness of a facing hollow 
brick at a distance of 15 mm from the outer surface. The value of 15 mm, taken in the
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Fig. 3 The number of transitions through 0 °C on the outer surface of a 3-layer brick wall with 
mineral wool insulation 50, 100, 150 mm thick and facing with hollow brick 0.12 m thick

calculations, corresponds to the thickness of the shard from the outer surface of the brick 
to the first row of voids. 

Fig. 4 The number of transitions through 0 °C in the thickness of hollow brick at a distance of 
15 mm from the outer surface of a 3-layer brick wall with mineral wool insulation 50, 100, 150 mm 
thick and facing with hollow brick 0.12 m thick 

Thus, based on the analysis of the results of calculations for three-layer structures 
of brick walls with mineral wool insulation and an outer facing layer of hollow bricks, 
it was established:

● the largest number of cycles of temperature transitions through 0 degrees is observed 
on the walls of the southern, southwestern and southeastern orientation; the minimum 
number on the walls of the northern orientation;

● the thickening of layer of the thermal insulation leads to increasing of the number of 
cycles of temperature transitions through 0 °C on the wall surfaces;
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● the amount of cycles of temperature transitions through 0 °C in the thickness of the 
front hollow brick depends on the thickness of thermal insulation of the wall and 
its orientation to cardinal points. The maximum number of cycles of temperature 
transitions through 0 °C occurs in a three-layer brick wall, oriented to the south 
and southwest with thermal insulation thickness of 150 mm and is 30 cycles; the 
minimum is 14 cycles on the wall with 50 mm of thermal insulation, oriented to north 
and north-east.

● the outer shard of the front hollow brick 15 mm thick is subjected to the greatest 
number of freezing cycles: on the walls of the southern and south-western orienta-
tion—54–57 cycles, on the walls of the northern and north-eastern orientation—37–41 
cycles. 

5 Conclusions 

Based on the study and analysis of the calculation results of the number of temperature 
transitions through zero degrees on the surface and in the thickness of the wall structure 
in climatic conditions of Moscow (Russian Federation) the following conclusions can 
be formulated: 

1. The calculations carried out according to the developed method once again confirmed 
that increase in the level of thermal protection of three-layer brick walls with outer 
layer of facing hollow brick leads to expansion in the number of cycles of temperature 
transitions through 0 degrees on the surface and in the thickness of the facing brick. 

2. The shard of the outer hollow brick 15 mm thick of three-layer brick walls is subjected 
to the greatest number of transition cycles, which causes its rapid destruction. 

3. When designing the exterior brick walls of buildings, it should be taken into account 
that, by increasing the thermal protection of the wall, the outer brick shard is subject 
to more temperature transitions through zero than the outer shard of a poorly insulated 
wall. 

4. In assessing the economic efficiency of higher thermal insulation of walls with brick 
cladding, it is necessary to repair the external walls more frequent or use materials that 
are more expensive with higher frost resistance and durability or with more durable 
clinker tiles. Also, when assessing the life cycle cost of a building with walls with 
an higher thermal protection, it is necessary to take into account an increase in the 
number of repairs to the facing hollow brick, or to use more expensive facing bricks 
or clinker tiles with increased frost resistance in the walls. 
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Abstract. Information is given on the application of the method of digital pro-
cessing of images to assess the cracking of paint coatings. As a paint composition, 
white water-dispersion paint VA-17 was used. To create a texture, spray paint 
was applied discretely to the surface of the film. Data processing, calculation of 
shear fields, volumetric deformations and other additional operations, as well as 
graphical presentation of the results, were carried out in the MatLab program. The 
development of a transverse crack, which is the cause of film destruction, was 
considered. The process of crack formation proceeds from the middle of the film 
in its narrow part. It has been established that shear bands are observed already at 
the first stage of loading. It has been established that the appearance of microc-
racks was detected at a load of 0.01 kgf with transverse strain values of 0.01 mm. 
As the crack propagates, the isofield of the deformed state of the film changes, 
the deformations and the fraction of deformation at the crack mouth increase. 
The application of the digital image processing method will make it possible to 
develop recommendations for improving the crack resistance of paint and varnish 
coatings. 

Keywords: Paintwork · Deformation · Cracking · Digital image processing 
method 

1 Introduction 

One of the most common defects in protective and decorative coatings of building facades 
is cracking [1–3]. Cracks in the coating can be of technological origin or nucleate and 
grow during operation. In this regard, the study of crack formation processes and the 
development of recommendations for improving crack resistance is an important scien-
tific and technical task [4, 5]. Indirect methods evaluate crack resistance by coefficients 
that take into account a combination of physical and mechanical properties, or the prop-
erties themselves: modulus of elasticity, ultimate tensile strength, ultimate elongation, 
shrinkage deformation and other properties. This approach was proposed by Orentlicher 
and Novikova [6]. In [7], crack propagation was studied by computer graphics. Gobron 
S., Tiba N. modeled the structure of cracks on a 3D object. The authors present an initial
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stress spectrum model, followed by a description of the interaction between cracks and 
stresses. In [8], the authors used the holography method to assess the stress state and the 
possibility of crack formation in the paint coating. 

It is known that one of the factors of destruction of protective and decorative coatings 
of the outer walls of buildings is thermal stresses arising in the coatings due to the 
difference in the coefficients of linear thermal expansion of the CTE of the coatings 
and the substrate. Cracks can either appear directly on the coating surface or grow from 
the lower zones of the coating layer. To study the stress state of coatings and evaluate 
cracking, the paper [9] considers the case of a coating applied to concrete and bonded 
to it by cohesive forces. The coating layer is in a plane stress state. The calculation was 
performed using the SCAD Office software module. The authors found that one of the 
ways to increase the crack resistance of coatings is the creation of such a pore structure 
on the surface of the cement substrate, which would contribute to their more complete 
filling with a paint composition. 

Currently, many methods for crack detection based on sensors or detectors have 
been developed. Fiber optic sensors [10–13], flexible strain sensors [14], piezoelectric 
ceramic sensors [15, 16], and acoustic emission sensors [17, 18] are used to detect the 
development of cracks. 

The Finite Element Model (FEM) is often used to simulate crack formation [19]. 
Shneiderova [20] proposed a method for assessing the crack resistance of protective 

and decorative coatings. The technique consists in modeling the process of crack forma-
tion in a reinforced concrete element, during which cracks are created in the concrete 
under the coating. The state of the coating above the crack of the measured width is 
assessed by its continuity at a 20–30-fold increase through an optical device. The crack 
resistance index is taken as the width of the crack opening preceding the one when the 
formation of the first defect in the coating above the crack was noticed. 

In [4], it is proposed to use a technique based on the ratio between the crack length, the 
Vickers indenter imprint, and the fracture toughness to assess the formation of cracks in 
polymer coatings. In this method, the value of the stress intensity factor K1c is determined 
from the length of radial cracks formed in brittle materials from the corners of the Vickers 
indentation. The authors found that when assessing crack resistance using the proposed 
method, there is a small spread in the obtained values of the stress intensity factor. 

Recently, a new scientific direction has been widely developed—fracture mechanics. 
The application of the concepts of fracture mechanics makes it possible to obtain quali-
tative and quantitative characteristics of crack resistance. The English scientist Griffiths 
formulated an energy approach to the quantitative assessment of crack resistance pre-
cisely from the standpoint of modern fracture mechanics. The main idea was that the 
potential energy of the body, accumulated by it in the process of elastic deformation, at 
the beginning of destruction is completely spent on the formation of new surfaces [21]. 

The method of acoustic emission has become widely used in the field of coating 
fracture mechanics [22]. The authors obtained a comprehensive assessment of the influ-
ence of the quality of the substrate on the crack resistance of coatings using the Vickers 
indentation method and the AE acoustic emission method. 

In work [23], a program was proposed that allows, by analyzing the digital surface 
of images, to numerically estimate the area of peeling from the base layer of samples
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and calculate it adhesion at points. To create a program that allows you to calculate the 
peel area on a painted surface plates, the authors used the Visual Studio development 
environment on the resulting image. 

The digital image correlation method is used in many areas of mechanical engineer-
ing and materials science [24]. This method was used to assess the impact strength of 
materials [25], to characterize refractories [26], as well as to detect the initiation and 
propagation of a crack [27]. 

In [28–33], the digital image processing (PIV) method is used to determine the 
displacements and the presence of cracks in the sample. PIV is the international name 
for the digital tracer imaging method. Particle Image Velocimetry (PIV) belongs to the 
class of non-contact measurement methods. By processing digital images, the fields 
of particle displacements, shear and volume deformations, etc. can be obtained. Good 
convergence of the processing results and an increase in the accuracy of the results 
obtained is achieved by processing the same area several times, using the result of the 
previous iteration as an estimate for the processing parameters at the next iteration. 

The scope of the PIV method is quite extensive. It includes both fundamental and 
applied scientific research. Among them, we can single out the tasks of optimizing 
the flow around aircraft and ships in the aircraft industry, shipbuilding, structures of 
industrial units in the energy and oil and gas industries, studying processes in internal 
combustion engines, physical modeling of the operation of artificial vessels and valves 
in medicine, etc. 

It is of scientific and practical interest to use the method of digital image processing 
in the study of crack propagation in a paint coating, since the patterns obtained will make 
it possible to develop recommendations for improving the quality of coatings. 

2 Materials and Research Methods 

The experiment is carried out in order to study the process of deformation of films under 
plane deformation conditions. The PIV method procedure is shown in Fig. 1.

As a paint composition, white water-dispersion paint VA-17 was used. The film was 
obtained by applying paint to a non-adhered substrate. After the film had cured, speci-
mens of size h = 51.02 mm and width l = 7.67 mm were cut from it. The measurement of 
the displacement field in a given plane is based on the measurement of the displacement 
of individual particles, for which the surface must have some texture. To create a texture, 
spray paint was applied discretely to the surface of the film. 

The standard algorithm for digital processing of PIV images for determining particle 
displacements included the following procedures:

● splitting each pair of images into elementary equal computational areas;
● calculation of the cross-correlation function for each region;
● calculation of the maximum of the correlation function;
● pixel-by-pixel interpolation of the maximum of the correlation function. 

Particle images are recorded on a digital video camera. The shooting mode was 
selected manually. Lighting was chosen so that the subject was evenly lit, there were no 
glare and shadows. Video recording was carried out at certain intervals at a speed of 60
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Fig. 1 Procedure of the PIV method

frames/s. Subsequent image processing made it possible to calculate particle displace-
ments over time and construct a two-component displacement field. To reduce geometric 
distortions, the video camera was focused on the plane of the coating surface. The focal 
length of the camera lens and the aperture value were selected to provide maximum 
positioning ability and minimize optical distortion. 

A cross-correlation algorithm was used in the work, when the initial and final posi-
tions of the particles are recorded on different images. Each image was divided into 
elementary regions (computational regions) of size X by X pixels, so that at least a few 
particles fell into each computational region. 

The tensile rate of the specimen during testing was 10 mm/min. The tests were carried 
out on an IR 5057-50 tensile tester. Film samples were fixed in the clamps of a tensile 
testing machine so that its longitudinal axis was located in the direction of tension, and 
the applied forces acted uniformly over the entire cross section of the sample. 

The tests were carried out at air temperature t = (20 ± 2) °C and relative air humidity 
ϕ = 65%. Data processing, calculation of shear fields, volumetric deformations and other 
additional operations, as well as graphical presentation of the results, were carried out 
in the MatLab program. 

3 Research Results 

On Fig. 2 shows the load-strain diagram. The maximum tensile load was 0.46 kgf, relative 
deformations—0.234 mm/mm. Figures 3, 4, 5 and 6 show the characteristic features of 
crack development from the beginning of nucleation.
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Fig. 2 Load-strain diagram 

Fig. 3 Isofields of transverse strains of the film: a—beginning of crack initiation; b, c—crack 
propagation

On Fig. 3 shows the transverse deformations along the x-axis over the entire surface 
of the paint film. To the right of each image of the deformed surface of the coating, a 
scale of deformation values in mm is given in accordance with the color scheme. Figure 4
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Fig. 4 Film strain isofields (strains along the x axis in fractions of a unit): a—beginning of crack 
initiation; b, c—crack propagation 

Fig. 5 Isofields of longitudinal deformations of the film: a—beginning of crack initiation; b, 
c—crack propagation

shows transverse deformations over the entire surface of the paint film in fractions of 
units. To the right of each image of the deformed surface of the coating is a scale of 
values of transverse deformations in fractions in accordance with the color scheme.
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Fig. 6 Isofields of longitudinal deformations of the film (strains along the y axis in fractions of a 
unit): a—beginning of crack initiation; b, c—crack propagation

The development of a transverse crack, which is the cause of film destruction, was 
considered. 

On Figs. 3, 4, 5 and 6 recorded the beginning of crack formation and crack develop-
ment. It has been established that shear bands are observed already at the first stage of 
loading (Fig. 3a). The process of crack formation proceeds from the middle of the film 
in its narrow part. Deformations at the time of the appearance of a crack were 0.01 mm 
(Fig. 3a). The appearance of microcracks was found at a load of 0.01 kgf. 

As the crack propagates, the isofield of the deformed state of the film changes. The 
transverse deformations at the mouth of the crack increase and become equal to 0.025 
mm (Fig. 3c). 

The proportion of transverse deformation also increases. If at the stage of crack 
initiation, the fraction of transverse strain was 0.02 (Fig. 4a), then as the crack develops, 
the fraction of transverse strain increases and becomes equal to 0.1 (Fig. 4c). 

Figures 5 and 6 show the values of the longitudinal deformations of the film. 
It was found that the longitudinal deformations by the time the crack appeared 

amounted to 0.12 mm (Fig. 5a). As the crack propagates, the longitudinal deformations 
at the mouth of the crack increase and become equal to 0.16 mm (Fig. 5c). The proportion 
of longitudinal strain at the stage of crack initiation was 0.1 (Fig. 6a). 

4 Conclusion 

Thus, the conducted studies have confirmed the effectiveness of the digital image pro-
cessing method for studying the cracking of paint films. The development of distribution 
fields of longitudinal and transverse displacements under the influence of a tensile load
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on a paint film has been established. The value of displacements at the moment of for-
mation and development of a crack in the VA-17 coating is established. The results of 
research and subsequent processing using the method of digital image processing will 
allow developing recommendations for improving the crack resistance of paint coatings, 
depending on the method of application, surface preparation before painting. 
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Abstract. This paper present the investigation of mechanical properties of 3D-
printed composites. The effects of reinforcing on its tensile, flexural and splitting 
strength are presented together. It has been established that reinforcing changes 
mechanical behaviour of 3d-printed reinforced composites compared to non-
reinforced references. The strength of 3d-printed reinforced composites increases 
by 2–2.5 times by using steel wire for their reinforcing. The 3d-printed reinforced 
composites had flexural strength 8–13 MPa, tensile strength 5.8–3.3 MPa. That 
is defined by the number of reinforcing steel wire in a layer. The greatest rein-
forcing effect is achieved in bending test. In this case it is possible to increase the 
strength of reinforced samples by 2.5–3 times compared to non-reinforced ones. 
Significant differences in the mechanical behaviour of 3D printed reinforced com-
posites as compared to non-reinforced analogues were explained by the fact that 
reinforcing fibres were put to work. The tensile and flexural strength of 3DPRC 
samples increased in proportion to the increase in the number of fibres in the layer. 
The greatest increase in flexural strength up to 13 MPa was achieved for 3DPRC 
samples reinforced with 5 fibres when a force was applied across the boundary 
surface in the sample. 

Keywords: Additive manufacturing · 3D-printed composite · Reinforcing · 
Strength · Mechanical behaviour 

1 Introduction 

In world science and practice 3D build printing has been qualified as a technology for the 
developing markets of the future. This technology can potentially provide a significant 
potential of the consumption volume at the building market [1, 2]. However, at this 
stage of development, the prospects of practical implementation of the technology in 
construction are not yet obvious as engineering solutions are only being formed [3]. 

Despite a great number of studies and research, today 3D printing is used in building 
only for construction of shells of vertical structures, mainly walls that are reinforced and 
finished in a traditional manual way. Apart from walls, other structures of these objects 
(floor structures, beams, stairs, etc.) are usually also produced using the traditional 
concrete casting technology. As a result of implementation of this scientific and practical
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approach, labour and time efforts as well as the cost of 3D printed objects remain on the 
same level with traditional building technologies. 

The way out of this situation is associated with the implementation of two strategies. 
The first one involves the improvement of the process of reinforcement of printed struc-
tures with traditional reinforcing elements (grids, bars) along or across the layer [4–6]. 
There are also options for 3D printing of steel reinforcement using gas arc welding [7] 
and printing plastic moulding with ribbed structures as replacement for steel reinforce-
ment [8]. However, the implementation of this strategy requires a great deal of manual 
labour, which contradicts the idea of 3D printing as a robot-assisted building technology. 
The second strategy is related to the increase of tensile strength and decrease of crack 
resistance of printing composites themselves due to an introduction of continuous rein-
forcing fibres in the course of extrusion and layering of concrete [9–20]. Steel [9, 10, 13, 
14, 20], nylon [12], carbon [11, 16–18, 20], aramid, and polyethylene fibres have also 
been used [19]. The introduction of a steel wire and carbon fibre provides the best results, 
allowing to increase the bending tension up to 150–250%. The obtained results are rather 
promising. It can be forecasted that the implementation of this technology is the most 
promising for the development and introduction of 3D printing in building practice. It 
fully complies with the technological possibilities of extrusion 3D build printing and 
does not require a significant complexity. 

The authors’ idea of creating 3D printed reinforced composites (3DPRC) is that in 
the course of printing the rigid cement-concrete matrix will be reinforced with fibres 
with high tensile strength. It is planned to ensure the formation of the specified set of 
physical and mechanical properties due to a rational balance of strength and deforma-
tion characteristics of the matrix and fibres, the regulation of material composition and 
geometry of the matrix layer; type, diameter, quantity, and location of reinforcing fibres, 
and creation of a strong adhesive matrix—fibre connection [21]. 

The goal of this work was to experimentally establish the patterns of changes in 
the strength of 3D printed reinforced composites (3DPRC) depending on the number 
of reinforcing steel wire in a layer based on the study of their mechanical behaviour 
feature. 

2 Materials and Methods 

The studies were performed on sand-based 3D-printable mix [patent RU 2729085 C1 
[22], (Table 1)], the compositions of which were optimised by the authors in previous 
studies regarding extrudability, buildability, and strength of the layer material. 

Table 1 Concrete mix design 

Components, mass % W/C 

cement Plasticizer Metakaolin Polypropylene fiber Sand 

100 1.2 2 0.5 125 0.29 

The initial components were used of the mix:
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• portland cement CEM I 42.5 R (EN 197-1: 2011), 
• the plasticiser of Sika trademark based on polycarboxylate ethers, 
• viscosity modifying additive—metakaolin (Al2O3 · SiO2 content ~ 98%, a particle 

size distribution ranging from 1 to 5 µm), 
• polypropylene fiber (l = 12 mm, d = 0.022 − 0.034 mm). 

Steel wire with the diameter 230 µm and tensile strength 2769–2950 MPa of a single 
fiber was used for the reinforcing of 3d-printed composites. 

To study and assess the mechanical properties of 3d-printed reinforced composites 
(3DPRC), an element ~ 50 cm long, 4 cm wide, and 16 cm high was printed on a 
laboratory printer. The cross section of the layer was 4 × 1.5 cm, and the number of 
printed layers was 11. The reinforcing fibers were placed between layers by hand. The 
following printing modes were used in the course of the studies: 

• constant print speed 20 mm/s. 
• constant distance between the nozzle and the layer 20 mm. 
• printing time gap Δt ≤ 0.5 min. 

After printing, the 3D-printed samples were stored for 28 days in a standardised 
environment (T = 20 ± 2 °C, RH = 100%). After curing, the model element was sawn 
into samples with the different sizes. The cutting layout of a 3D-printed model element 
is presented in Fig. 1. 

Fig. 1 Schematic of 3DPRC-sample preparation for strength tests 

Mechanical properties of casted composite were assessed as a reference. In order to 
do this, mould reference samples were made from each batch sand-based mixtures in the 
course of the studies simultaneously with the printing of model fragments. The mould 
samples were stored for 28 days in a standardised environment (T = 20 ± 2 °C, RH = 
100%). 

3DPRC-samples were tested as follows: 

• tensile test upon load application along to the printed direction (X-axes)—3 prism 
samples in a series; 

• flexural test with point force across the boundary surface in the sample across to the 
printed direction (Z-axes)—3 prism samples in a series;
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• flexural test with point force along the boundary surface in the sample across to the 
printed direction (Y-axes)—3 cube samples in a series; 

• splitting test to assess the interlayer bond strength with point force along the boundary 
surface in the sample along to the printed direction (X-axes)—3 prism samples in a 
series. 

Test patterns for 3DPRC-samples are presented in Fig. 2. 

Fig. 2 Schemes of strength test for 3DPRC-samples: a tensile test (X-axes), b four-point bending 
test (Y-axes), c splitting test (X-axes), d four-point bending test (Z-axes) 

The mould CC-samples were tested according to GOST 10180 “Concretes. Methods 
for strength determination using reference specimens”. Summary of tests is presented 
in Table 2.

3 Experimental Results and Discussion 

The test results allowed establishing significant differences in the mechanical behaviour 
of 3D printed reinforced composites as compared to non-reinforced analogues (Figs. 3, 
4, 5 and 6).

Upon central tension (see Figs. 3a and 4), the appearance of a macrocrack in the sam-
ples was recorded with similar values of the breaking load of 2.5–2.8 MPa (Table 3). Non-
reinforced samples were destroyed, while in the reinforced samples tensions increased, 
as steel wires were intensively put into operation. Due to putting into work reinforcing 
steel wires the load increase is fixed on the tensile test diagrams.
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Table 2 Test matrix 

Strength parameter 
(MPa) 

Schemes of strength test Samples type Number of 
reinforcing steel 
wire in a layer 

Tensile strength Rt 
x Tensile test (X-axes), 

scheme (a) 
Prism 4.5 × 4 × 16 cm, 
layer’s number—3 

0 1 3 5 

Flexural strength 

Rfl 
y 

Four-point bending test 
(Y-axes), scheme (b) 

Prism 4 × 4, 5 × 16 cm, 
layer’s number—3 

0 1 3 5 

Flexural strength 

Rfl 
z 

Four-point bending test 
(Z-axes), scheme (d) 

Prism 4.5 × 4 × 16 cm, 
layer’s number—3 

0 1 3 5 

Splitting strength 

Rsp 
x 

Splitting test (X-axes), 
scheme (c) 

Cube 4 × 3 × 4 cm,  
layer’s number—2 

0 1 3 5

As a result, the tensile strength of 3DPRC samples increased up to 3.3 MPa in 
comparison with tensile strength 2.8 MPa of non-reinforced samples samples. When the 
number of fibres in the layer grew from 1 to 5, the tensile strength increased by 25%. 

When testing the samples in flexural strength, the nature of the four-point bending 
test diagram was similar for the Z-axes and Y-axes load directions (see Fig. 3a, b). The 
main difference in the nature of operation under the load of the reinforced samples was an 
expressed compression region and smoother destruction as compared to non-reinforced 
samples. At the same time, an increase in stiffness was typical for 3DPRC samples. 
Therefore, the destruction of the samples occurred along the compression region upon 
the reinforcement with 5 fibres. 

When testing the tension of the samples in the course of bending, the appearance 
of the first crack and, accordingly, the destruction of concrete in layered printed sam-
ples was recorded with similar values of the breaking load of 4.8–5.5 MPa. After that, 
reinforcing fibres put to work and, as a result, the flexural strength of 3DPRC samples 
increased in proportion to the increase in the number of fibres in the layer. The greatest 
increase in strength up to 13 MPa was achieved for 3DPRC samples reinforced with 
5 fibres when the force was applied across the boundary surface in the sample (Z-axes 
direction). When the force was applied along the boundary surface in the sample (Y-axes 
direction), the strength of the samples reinforced with 3 or 5 fibres was practically the 
same, approximately 8.4–8.6 MPa. This was due to the fact that when loading along the 
Z-axes direction, 5 reinforcing fibres were put to work at the same time, while when 
bending along the Y-axes direction, the fibres were put to work one by one. The samples 
were destroyed when the outermost fibre achieved the strength limit. Thus, it was estab-
lished that the layered reinforced composite had greater strength when bending across 
the layer along the Z-axes direction. In this case, it was possible to ensure the increased 
strength of reinforced samples by 2.5–3 times as compared to non-reinforced ones. The 
nature of the reinforced samples destruction (see Figs. 5b and 6b) allows to state that the 
reinforcing fibers are able to take the load because they are not pulled out of the samples. 
Destruction of the reinforced samples is fixed at the moment of fiber break.
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Fig. 3 a tensile test diagram (X-axes); b four-point bending test diagram (Z-axes), c four-point 
bending test diagram (Y-axes)

It should be noted that the tensile strength and bending strength values of the non-
reinforced 3D printed samples were higher than the reference casting samples (see 
Table 3). This can be explained by the inhibition of cracks at the interfaces and the 
corresponding increase in the fracture work.
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Fig. 4 Destruction of samples with 1 wire as a result of tensile test (X-axes) 

Fig. 5 Destruction of samples as a result of four-point bending test (Z-axes) a without wire; b with 
3 wires  

Fig. 6 Destruction of samples as a result of four-point bending test (Y-axes) a without wire; b with 
5 wires

According to the results of shear testing when applying the load along the surface 
of the layers, we established the following. The splitting strength of non-reinforced and 
reinforced 3D printed samples was naturally lower than the splitting strength of reference 
casting samples. Also, reinforcement had practically no effect on this parameter due to 
the small cross-sectional area of the applied ropes 0.2 mm2.
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Table 3 Test result 

Strength 
parameter 
(MPa) 

CC-samples 3DPRC-samples, number of reinforcing steel wire in a 
layera 

0 1 3 5 

Tensile 
strength Rt 

x 

2.45 2.86 2.1/2.69 2.38/2.82 2.5/3.3 

Flexural 
strength Rfl 

z 

4.45 5.46 4.68/6.22 5.19/8.28 4.88/13.10 

Flexural 
strength Rfl 

y 

4.45 4.90 4.61/4.86 4.89/8.67 5.62/8.43 

Splitting 

strength Rsp 
x 

4.04 2.64 2.6 2.55 2.6 

a The strength of the samples before the crack appearance is above the line, the final strength of 
the samples is below the line

In general, a significant change in the values of strength of 3D printed reinforced 
composites as compared to non-reinforced analogues could be achieved with 3-fibre 
reinforcement. The strength did not grow considerably with a further increase of the 
reinforcing fibres number in a layer up to 5. Based on this, it can be concluded that the 
further increase of the reinforcing fibres number is not reasonable. 

A new class of building composites will be created based on cement matrices rein-
forced with high-strength fibers. The possibility of their production can be provided by 
using the extrusion technology of 3D-build printing The complex of specified mechanical 
properties layered reinforced composites will be achieved due to the rational combination 
and adhesive bonding in their structure of inorganic aluminosilicate (cement) matrices 
whithhigh density, compressive strength, low deformability and high tensile strength 
reinforcing fibers. 

Steel fiber has an inhomogeneous structure (ferritic and cementite areas). Due to 
that, the adhesive bond between the cement matrix and the steel fiber will be determined 
by mechanical adhesion because «rivets» are formed between the fiber and the cement 
matrix. On the other hand, adhesive bond can be may be related to the interaction ftv 
intermolecular forces of components. 

4 Conclusion 

1. Tensile strength for 3D printed reinforced composites (3DPRC) increased by 1.5 
times as compared to non-reinforced analogues. As the number of fibres in a layer 
grew from 1 to 5, tensile strength increased by 25%. 

2. The greatest reinforcement effect was achieved when 3D printed reinforced compos-
ites were put to work in bending conditions, as in this case the strength of reinforced 
samples could be increased by 2.5–3 times as compared to non-reinforced samples.
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3. Significant differences in the mechanical behaviour of 3D printed reinforced com-
posites as compared to non-reinforced analogues were explained by the fact that 
reinforcing fibres were put to work. As a result, the tensile and flexural strength of 
3DPRC samples increased in proportion to the increase in the number of fibres in the 
layer. The greatest increase in flexural strength up to 13 MPa was achieved for 3DPRC 
samples reinforced with 5 fibres when a force was applied across the boundary surface 
in the sample. 
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Abstract. The buildings life cycle management is the actual problem of con-
struction industry digitalization process. BIM-software is widely used on the new 
construction design stage. At the same time, the Russian market has no full-fledged 
software tools for life-cycle and re-enactment modelling. Existing software tools 
can be applied to this problem with significant constraint. To solve the whole 
problem, it should be created new specialized program modules. In this article, 
seven CAD systems were analyzed by their functions, such as BIM integration, 
availability of their own application program interface (API) and dealing with 
temporary loads for steel structures and were defined the optimal BIM-systems 
for users. 

Keywords: Life cycle of buildings · Digital twin · Point cloud · Building 
information modeling · BIM 

1 Introduction 

The increasing digitization of the economy means that a new digital resource—a digital 
twin of an organization—required for a complete description of the life cycle of the 
building [1]. 

In many countries, the transition to digital twins of buildings is underway. So, for 
example, the development of Level 3 BIM Strategy is carried out in Great Britain. This 
system is known as “Digital Built Britain” (DBB) [2]. 

Two main questions of this theme are: how to define a right digital twin, and how to 
build a right digital twin. The answer of this question may be the evolutionary concurrent 
modeling method for DT (ECoM4DT) [3]. 

Digital twins of buildings are developed on the basis of design data and monitoring 
information. In article [4] more than 25,000 sensor reading instances were collected, 
analyzed, and utilized to create and test a limited digital twin of an office building 
facade element. 

Digital doubles are created for specific purposes. In the study [5], both technical and 
financial viability of Net Zero Energy Buildings (NZEB) for ‘existing’ buildings will be
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highlighted. Modeling of the building applies renewable technologies to the building by 
aiming to identify ultimate benefit of the building especially in terms of effectiveness 
and efficiency in energy consumption [6]. 

The problem of creating digital doubles based on the Architecture, Engineering, 
Construction, and Facility Management (AEC-FM) [7]. 

BIM technologies are used to create digital twins. At the same time, there are 
significant problems in the complexity of the use of one or another BIM application. 

Building Information Modeling (BIM) is the foundation for the construction industry 
digitalization. BIM is used to create the state information system for urban-planning 
activity in the Russian Federation [8]. 

The building digital twin is created on the basis of researches into the current features 
constructions and the high-level determination of sizes and position in the space [9]. In 
the current economic conditions, BIM-designing is used in various software tools [10]. 
They also allow to develop new program modules that solve reliability loss problems 
for specific structures [11]. 

Augmented and virtual reality technology allows to combine the BIM-model directly 
with the real-world object for determination of collisions [12, 13]. 

Different BIM software types implement different features [14] and ways of spatial 
and temporal parameters variations [15]. 

At present, most of the construction fund has no progress information [16]. BIM 
application and advanced information and communication technologies can solve the 
problem of re-enactment [17] and restoration [18] projects. In the construction industry, 
the demand for digital innovation is growing rapidly [19]. The BIM-technologies devel-
opment and the creation linear capital construction object stimulate the development of 
methods of working with the accumulated data set [20]. For existing buildings and struc-
tures, the information model is a digital twin of buildings [21]. The development and 
improving digital twin can solve forecasting problem of construction properties degra-
dation and technical condition deterioration [22]. However, it is impossible to do that 
using existing software tools due to their functional constraints [23]. Thus, for imple-
mentation of the tasks, it is necessary to analyze the software for information modelling 
of construction objects by functional completeness [24–33]. 

2 Preliminary Analysis of Existing Systems 

In this article, seven CAD systems were analyzed by their functions, such as BIM 
integration, availability of their own application program interface (API) and dealing 
with temporary loads for steel structures. 

The software programs under study are listed in Table 1. Let  S = {Si}, (i = 1..7) be 
a set of systems.

The analyzed systems functions are given in Table 2. Let  R = {
Rj

}
, (  j = 1..89) be 

a set of system functions.
On the basis of S and R sets we define Xij matrix as: 

Xij =
{
1, if the function Ri is implemented in the system Sj 
0 − if the function Ri is not implemented in the system Sj 

;
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Table 1 The list of studied CAD systems 

Designation Name Information source 

S1 LIRA SOFT [18, 19] https://lira-soft.com/ 

S2 SCAD [20] https://scadsoft.com/ 

S3 Robot Autodesk [21, 22] https://www.autodesk.com/ 

S4 SAP2000 [23] https://steel-concrete.ru/ 

S5 ETABS [24] https://etabsmate.com/etabsmate_en 

S6 DLUBAL [25] https://www.dlubal.com/ru 

S7 SciaEngeener [26] https://www.scia.net/

Table 2 The list of analyzed CAD systems functions (a fragment) 

Designation Name Designation Name 

R1 Commercial license R12 Format support DXF 

R2 Open Source license … … 

R3 Russian SNIP compliance R81 Automatisation of recurring 
solves 

R4 Presence of russified interface R82 Creating and updating models 

R5 BIM integration formats R83 Creating loads on constructions 

R6 Format support MSH R84 Control constructions following 
SNIP requirements 

R7 Format support STL R85 Graphical representation 
calculations 

R8 Format support OBJ R86 Import and export of models 

R9 Format support MESH R87 Temporary loads support 

R10 Format support OFF R88 Steel constructions 

R11 Format support POLY R89 Specification of loads parameters 
as function of time

The fragment of Xij matrix is given in Table 3.
In the beginning, we calculated P11 

ik matrix (a number of operations that are 
implemented by both Si and Sk systems): 

P11 
ik = {Si ∩ Sk}. 

Then we built P10 
ik matrix (a number of operations that are implemented by Si system, 

not by Sk system): 

P10 
ik = {Si/Sk}.

https://lira-soft.com/
https://scadsoft.com/
https://www.autodesk.com/
https://steel-concrete.ru/
https://etabsmate.com/etabsmate_en
https://www.dlubal.com/ru
https://www.scia.net/
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Table 3 The matrix X 

Functions Systems 

S1 S2 S3 S4 S5 S6 S7 

R1 1 1 1 1 1 0 1 

R2 0 0 0 0 0 1 0 

R3 1 1 0 0 1 1 0 

R4 1 1 0 1 1 0 0 

R5 0 0 0 0 0 0 0 

R6 1 0 0 0 0 0 0 

R7 1 0 0 0 0 0 0 

R8 1 0 0 0 0 0 0 

R9 1 1 0 0 0 0 0 

R10 1 0 0 0 0 0 0 

… … … … … … … … 

R81 0 1 1 1 1 1 0 

R82 1 1 1 1 1 1 0 

R83 1 1 0 1 1 1 0 

R84 0 0 1 1 0 1 0 

R85 1 0 0 0 0 1 0 

R86 0 1 1 0 0 1 0 

R87 1 1 0 0 0 1 1 

R88 1 1 1 1 1 1 1 

R89 0 0 1 1 0 0 0

After that, we calculated P01 
ik matrix (a number of operations that are implemented 

by Sk system, not by Si system): 

P01 
ik = {Sk /Si}. 

The matrices specified earlier become the base of P superiority matrix calculated by 
formula: 

Pik = P01 
ik 

P11 
ik + P10 

ik 

.
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The result is a matrix presented below: 

Pik = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

0 16  15  12 7 18  4  
25  0 15  12 8 17  2  
30 21 0 8 6 18 7 
26 17 7 0 4 18 5 
29 21 13 12 0 23 8 
25 15 10 11 8 0 3 
32 21 20 19 14 24 0 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

. 

The Gik system similarity is calculated by Jaccard similarity formula: 

Gik = P11 
ik 

P11 
ik + P10 

ik + P01 
ik 

. 

The result is a matrix presented below: 

Gik = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

1.000 0.281 0.196 0.283 0.250 0.271 0.200 
0.281 1.000 0.234 0.341 0.275 0.347 0.324 
0.196 0.234 1.000 0.559 0.406 0, 364 0.182 
0.283 0.341 0.559 1.000 0.484 0.356 0.250 
0.250 0.275 0.406 0.484 1.000 0.262 0.185 
0.271 0.347 0.364 0.356 0.262 1.000 0.270 
0.200 0.324 0.182 0.250 0.185 0.270 1.000 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

. 

The Hik value allows us to evaluate the functional part of Si system, that is also 
implemented by Sk system. Thus we obtain the matrix below: 

Hik = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

1.000 0.390 0.268 0.366 0.293 0.390 0.220 
0.500 1.000 0.344 0.469 0.344 0.531 0.344 
0.423 0.423 1.000 0.731 0.500 0.615 0.231 
0.556 0.556 0.704 1.000 0.556 0.593 0.296 
0.632 0.579 0.684 0.789 1.000 0.579 0.263 
0.471 0.500 0.471 0.471 0.324 1.000 0.294 
0.692 0.846 0.462 0.462 0.385 0.769 1.000 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

. 

All matrices obtain should be transformed into logic forms. In this regard, threshold 
values are defined: 

εP = 20, εH = 0.7, εG = 0.4. 
According to threshold values we generate P0, H0, G0 logic matrices: 

P0 = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

0 1 1 1 1 1 1  
0 0 1 1 1 1 1  
0 0 0 1 1 1 1  
0 1 1 0 1 1 1  
0 0 1 1 0 0 1  
0 1 1 1 1  0  1  
0 0 1 1 1 0 0  

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

, H0 = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

0 0 0 0 0 0 0  
0 0 0 0 0 0 0  
0 0 0 1 0 0 0  
0 0 1 0 0 0 0  
0 0 0 1 0 0 0  
0 0 0 0 0 0 0  
0 1 0 0 0 0 0  

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

, G0 = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

0 0 0 0 0 0 0  
0 0 0 0 0 0 0  
0 0 0 1 1 0 0  
0 0 1 0 2 0 0  
0 0 1 1 0 0 0  
0 0 0 0 0 0 0  
0 0 0 0 0 0 0  

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

.
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Based on P0, H0, G0 logic matrices we create three related graphs. 
From the superiority graph (Fig. 1) it is clear that S1 (LIRA SOFT) exceeds all 

systems. For example, the function number implemented in the S1 system, but absent in 
the S7 system is 32. 

Fig. 1 Superiority graph in preliminary analysis 

S1 (SCAD) also exceeds S3, S5, S7 systems. 
Figure 2 shows the similarity graph, that demonstrates CAD systems similarity with 

threshold values εG = 0.4. The similarity between S3 and S4 systems is 55.9%, between 
and S5 is 40.6% and between S4 and S5 is 48.4%. 

Fig. 2 Similarity graph in preliminary analysis 

Using the H matrix we build the absorption graph (Fig. 3). The graph shows, that S7 
system is absorbed by S2 systems and S6 over 70%. Functional of S3, S4 and S5 systems 
is absorbed serially that demonstrates their high level of consistency. 

23 

4 

5 6 

7 

Fig. 3 Absorption graph in preliminary analysis 

As a result of this study, it was established that S1 i S2 systems are the most func-
tionally complete. Their significant advantage is complying with Russia’s normative 
requirements, federal laws and Russian interface available.
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However, these systems do not support the most important functions for the problem 
of calculating the residual operation life. S3 and S4 systems have necessary functions, 
but do not meet Russian SNIPs and are not available to Russian customers. 

Therefore, to make an optimal choice of a CAD system we should analyze its 
compliance with a reference system, including all necessary customer functions. 

3 Comparison of Existing Solutions with an Ideal System 

To assess whether the functions of analyzed systems meet customer requirements, we 
create the S8 reference system. The fragment of functions implemented by a new system 
is presented in Table 4.

Similarly P, G and H matrices are calculated, their contents are given below: 

Pij = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

0  16 15 12  7  18  4 18  
25 0 15 12 8 17 2 20 
30 21 0 8 6 18 7 20 
26 17 7 0 4 18 5 20 
29 21 13 12 0 23 8 23 
25 15 10 11 8 0 3 14 
32 21 20 19 14 24 0 30 
23 16 10 11 6 12 7 0 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

Hij = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

1.000 0.390 0.268 0.366 0.293 0.390 0.220 0.439 
0.500 1.000 0.344 0.469 0.344 0.531 0.344 0.500 
0.423 0.423 1.000 0.731 0.500 0.615 0.231 0.615 
0.556 0.556 0.704 1.000 0.556 0.593 0.296 0.593 
0.632 0.579 0.684 0.789 1.000 0.579 0.263 0.684 
0.471 0.500 0.471 0.471 0.324 1.000 0.294 0.647 
0.692 0.846 0.462 0.615 0.385 0.769 1.000 0.462 
0.500 0.444 0.444 0.444 0.444 0.361 0.167 1.000 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

Gij = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

1.000 0.281 0.196 0.283 0.250 0.271 0.200 0.305 
0.281 1.000 0.234 0.341 0.275 0.347 0.324 0.308 
0.196 0.234 1.000 0.559 0.406 0.364 0.182 0.348 
0.283 0.341 0.559 1.000 0.484 0.356 0.250 0.340 
0.250 0.275 0.406 0.484 1.000 0.262 0.185 0.310 
0.271 0.347 0.364 0.356 0.262 1.000 0.270 0.458 
0.200 0.324 0.182 0.250 0.185 0.270 1.000 0.140 
0.305 0.308 0.348 0.340 0.310 0.458 0.140 1.000 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

We determine the number of functions realized in the S1–S7 systems but absent in 
the S8 system (Table 5). We also find the number of functions implemented in S8 system, 
but absent in other systems (Table 6).

Having calculated the P0, H0, G0 matrices for the threshold values chosen (εP = 22, 
εH = 0.68, εG = 0.4), we construct three graphs.
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Table 4 Compliance of systems’ functions with the reference system 

Function name CAD system identification 

S1 S2 S3 S4 S5 S6 S7 

1 2 3 4 5 6 7 8 

Commercial license 1 1 1 1 1 0 1 

Open Source license 0 0 0 0 0 1 0 

Russian SNIP compliance 1 1 0 0 1 1 0 

Presence of russified interface 1 1 0 1 1 0 0 

Format support MSH 1 0 0 0 0 0 0 

Commercial license 1 1 1 1 1 0 1 

… … … … … … … … 

Format support BYU 1 0 0 0 0 0 0 

Format support IFC 2.3 1 1 1 1 1 1 1 

Format support IFC4 1 1 1 1 1 1 0 

… … … … … … … … 

Format support Renga Structure 1 0 0 0 0 0 0 

Format support PLAXIS 3D 1 0 0 0 0 0 0 

… … … … … … … … 

Format support ConED 0 0 0 0 0 1 0 

Support Microsoft Access 0 0 1 1 0 0 0 

Support Python 0 0 1 0 1 1 0 

Support C# 1 0 1 1 1 1 0 

… … … … … … … … 

Support Matlab 0 0 1 0 1 0 0 

Automatisation of recurring solves 0 1 1 1 1 1 0 

Creating and updating models 1 1 1 1 1 1 0 

Creating loads on constructions 1 1 0 1 1 1 0 

Control constructions following SNIP requirements 0 0 1 1 0 1 0 

Graphical representation calculations 1 0 0 0 0 1 0 

Import and export of models 0 1 1 0 0 1 0 

Temporary loads support 1 1 0 0 0 1 1 

Steel constructions 1 1 1 1 1 1 1 

Specification of loads parameters as function of time 0 0 1 1 0 1 0 

Determination of the structure relative reliability 0 0 0 0 0 0 0

(continued)
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Table 4 (continued)

Function name CAD system identification

S1 S2 S3 S4 S5 S6 S7

Efforts redistribution with the failure of elements 0 0 0 0 0 0 0 

Support PILOT BIM 0 0 0 0 0 0 0 

Support BIM NanoCAD 0 0 0 0 0 0 0

Table 5 The Number of functions realized in the S1–S7 systems 

CAD system identification System name Number of functions 

S1 LIRA SOFT 24 

S2 SCAD 18 

S3 Robot Autodesk 10 

S4 SAP2000 13 

S5 ETABS 7 

S6 DLUBAL 13 

S7 SciaEngeener 7 

Table 6 The Number of functions realized in the S8 system 

CAD system identification System name Number of functions 

S1 LIRA SOFT 10 

S2 SCAD 13 

S3 Robot Autodesk 11 

S4 SAP2000 13 

S5 ETABS 15 

S6 DLUBAL 6 

S7 SciaEngeener 21

The superiority graph shows that the S1 (LIRA SOFT) system is superior to all other 
systems by over 22%. The reference system has over 22% unique functions than S5 and 
S7 systems. S7 is the weakest system (Fig. 4).

The similarity graph shows that S6 (DLUBAL) system is the closest analogue of the 
reference system (Fig. 5).

By analyzing absorption graph it is clear that S1, S2 and S6 systems absorb over 68% 
of all system functions (Fig. 6).
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Fig. 4 Superiority graph including ideal system

Fig. 5 Similarity graph including ideal system

Fig. 6 Absorption graph including ideal system 

4 Conclusions 

As a result of CAD systems analysis some conclusions were made. It may be noted that 
S1, S2, S6 systems have the most functional completeness. However, they do not meet 
requirements that are necessary to calculate the residual life of a building. Therefore, it 
is suggested that S1 system should be improved with its own API.
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Abstract. The article considers the problem of flooding of territories both in 
Russia and abroad. The authors give the diagram of the main sources and causes 
of flooding, as well as a classification of the consequences of flooding areas. 
They present the laboratory test results of physical soil properties changes and of 
mechanical soil properties changes, such as: oedometric modulus of deformation; 
the angle of internal friction and intercept cohesion. Analysis of the results show 
the negative effect of soil water saturation on the soils mechanical characteristics. 
The laboratory tests allowed the authors of the article to get the results of numerical 
modeling of forecasting the development of the geotechnical situation during the 
construction of a multi-storied residential building with an underground floor. This 
was done in the conditions of a possible increase of groundwater levels, which 
has calculated additionally. The article gives the forecast of the development area 
flooding considering two types of foundation (slab and strip). 

Keywords: Foundation · Flooding · Silty-clay soils · Laboratory tests · 
Numerical modeling · Stress–strain state 

1 Introduction 

In recent years, the problem of interaction between the ground base, foundations and 
building structures with the geological environment has become relevant within urban 
areas and large industrial enterprises. At the same time, more and more territories are 
exposed to influence of dangerous geological processes. The flooding of territories is one 
of the most unfavorable of them [1–14]. The development of these processes violates the 
operating conditions of buildings and structures and, as a result, it affects the occurrence 
of social, economic and environmental problems [1]. 

The huge scale and pace of industrial, hydrotechnical, meliorative and urban 
construction often cause a high rise of the groundwater level. 

To date, only in Russia, about 960 cities and large areas of agricultural land have been 
flooded to varying degrees. Such cities as Moscow, St. Petersburg, Novosibirsk, Omsk,
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Rostov-on-Don, Saratov, Samara, Tyumen and many others are exposed to flooding. 
Thus, almost all natural zones of Russia are covered by this process. 

The causes of flooding can appear both separately and in combination [4, 15]. Figure 1 
shows a diagram of the main sources and causes of flooding. 

Fig. 1 Diagram of the main sources and causes of flooding 

The mechanical impact of groundwater on ground base soils is mainly in the water 
saturation of soils and in a simultaneous change of their stress state. It leads to a change in 
the soil properties, which causes additional deformations of the foundation constructions 
and, consequently, the building structures themselves [15]. The damage from flooding, 
according to the latest data, is about 5–6 billion dollars per year [2, 16–28]. Flooding 
often causes activation of karst processes, landslides, swelling of clay soils, collapsing 
of loess soils and changes in the microseismic characteristics of territories. In addition, 
the intensity of the seismic effect on water-saturated soils increases by 1 point [17]. 
Figure 2 shows the classification of consequences of flooding of territories.

The consequences of flooding are always interconnected. First, the phenomenon of 
flooding itself occurs, which causes capillary moistening and water saturation of the 
ground base soils and building materials. Long-term moisture influences on physical 
and mechanical characteristics of soils and the stress–strain state of the ground base. It 
provides a violation of the operational suitability of structures and buildings, which can 
lead to their additional settlements and deformations. Besides of it, possible flooding 
of underground floors accelerates corrosion of concrete structures, which reduce the 
service life of buildings and not provide the sanitary standards for their operation [1]. 

The purpose of this issue was to identify the dependence of changes in the character-
istics of silty clay soils due to flooding of the built-up area on the basis of experimental
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Fig. 2 Classification of consequences of territories flooding

and theoretical studies. It will help us to forecast this effect on the mechanical safety of 
buildings and structures. 

At the same time, it was necessary to establish the dependence of the change of 
silty-clay soils characteristics during flooding on the basis of laboratory studies. And the 
obtained data should be used to analyze the change in the stress–strain state of the ground 
base soil during flooding of the territory of a residential building under construction in 
Tyumen. 

2 Laboratory Studies of the Flooding Process Influence 
on the Physical and Mechanical Characteristics of the Soil 

During watering, a change in the physical state of soils is primarily expressed in an 
increase of their moisture content, and, as a result, of their liquidity index and unit 
weight. At the same time, we can assume that the mechanical properties of soils, such as: 
oedometric modulus of deformation; the angle of internal friction, intercept cohesion— 
change too. 

This paper presents the results of a study of changes in the physical and mechanical 
properties of the soil when it is moistened for samples of silty clay soils, the most 
common in the south of the Tyumen region. To identify the qualitative and quantitative 
effect of water saturation, shear and compressive tests of loams were carried out (in the 
amount of up to 50 tests of soil samples with natural water content and 50 samples of 
saturated soil) (Table 1). The tests were carried out in accordance with GOST 12248 
“Soils. Laboratory methods for determining the strength and strain characteristics”.

Statistical processing of the results of a series of oedometer and shear soil tests and 
their analysis make it possible to draw conclusions about the overall negative effect of 
soil water saturation on the mechanical characteristics of silty-clay soils:

● the value of the oedometric modulus of deformation during water saturation decreases 
to 55.4%;
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Table 1 Results of laboratory studies 

Characteristic 
name 

Symbol Units Soil with natural water 
content 

Water saturated soil 

Physical soil characteristics 

Water content W % 22.47 25.80 

Plastic limit Wp % 16.38 

Liquid limit WL % 32.94 

Plasticity index Ip % 16.56 

Liquidity index IL Unit fraction 0.37 0.57 

Unit weight γ kN/m3 18.23 20.78 

Mechanical soil characteristics 

Modulus of 
deformation 

E MPa 11.9 5.3 

Intercept cohesion c kPa 12.9 11.3 

Angle of internal 
friction 

φ degree 22 10.5

● the angle of internal friction decreases to 12.4%,
● intercept cohesion decreases to 52%. 

3 Numerical Modeling of the “Foundation—Ground Base” System 
Interaction During Flooding 

The results of laboratory studies were used to forecast the development of the geotech-
nical situation during the construction of a multi-storey residential building with an 
underground floor in Tyumen. According to the technical task, two types of foundation 
were considered: slab and strip with width of 2.4 m. 

At the time of investigations, the construction site was surrounded by numerous 
water-bearing communications, leaks from which contribute to the saturation of the 
aeration zone with technogenic waters and, as a result, to increase of groundwater levels. 

Maps of the distribution of the level surface of groundwater at the construction site 
in different periods of time are shown in Fig. 3.

The forecast of flooding of this area was carried out to take into account the pos-
sible increase of the groundwater level with unfavorable climatic, hydrogeological and 
technogenic factors (Fig. 4).

Groundwater level rise for an unrestricted water level:

Δ h = ω · t 
π · n ·

(
arctg 

ξ1 

τ 
+ arctg ξ2 

τ 
− ξ1 

2 · τ 
· ln ξ 2 1 

ξ 2 1 +τ 2 
− ξ2 

2 · τ 
· ln ξ 2 2 

ξ 2 1 +τ 2

)
(1) 

ω—additional infiltration; t—the period from the start of additional infiltration on the 
free surface (t = 30 days); n—lack of saturation; τ —value equal to τ = (k · t)/(n · L);
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Fig. 3 Map of absolute marks of the groundwater level: a in April 24, 2019; b in May 25, 2019

Fig. 4 Calculation scheme for determining additional infiltration

k—layer filtration coefficient (k = 0.06 m/day); L—the source width; ξ1,2—value equal 
to ξ=±  1x. 

ω = (1 − α) · ωg − Δu + β · W 

F 
(2) 

α—the coefficient of surface runoff; ωg—the intensity of precipitation, m/day; δu— 
the change in the amount of evaporation from the groundwater surface, m/day; β = 
0.063—coefficient of water loss from water-bearing communications; W—daily water 
consumption, m3/day; F—buildings area, m2. 

Table 2 shows the average monthly daily intensity of precipitation according to 
observations in Tyumen.

The groundwater level increase Δh was—2.05 m.
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Table 2 The average monthly daily intensity of precipitation according to observations in Tyumen 

Month I II II IV V VI VII VIII IX X XI XII For a year 

Precipitation, mm 36 16 21 30 37 43 108 91 56 64 30 41 569

The calculation scheme for determining additional infiltration is shown in Fig. 4. 
In the situation under consideration, a layer of silty-clay soil (loam) is subject to 

possible flooding. Initially, the groundwater level was at a depth of 5 m, after the flooding 
of the territory—at a depth of 3 m. The depth of the foundation was 4 m. 

There were two options for the construction of foundations: strip foundation and 
solid slab foundation. Building has a reinforced concrete frame with ceilings in the form 
of a single stiffening disk. 

Calculations to determine the deformations of the ground base were carried out both 
without taking into account the influence of groundwater, and taking into account the 
flooding of the territory (Fig. 5). The calculation modeling took into account the staged 
construction of the building. 

Fig. 5 Calculation schemes of the building in Plaxis program: a for slab foundation; b for strip 
foundation
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Points for considering deformations are shown in Fig. 6. 

Fig. 6 Points for considering deformations 

The numerical modeling shows us that slab foundation, which has a higher rigidity 
in relation to a strip foundation, has a relative differential settlement value of up to 60% 
lower (Table 3). And this values are acceptable in accordance with the requirements of 
regulatory documents.

But, in general, as a result of flooding, taking into account changes in the charac-
teristics of soils, deformations of the ground base increase significantly, exceeding the 
required standard values. According to the results of the numerical modeling, it was 
found that, in accordance with the negative scenario, water saturation of soils can lead 
to an increase in the deformation of the base, on average, up to 77% (Fig. 7).
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Table 3 Numerical modeling results 

Comparable indicators Point Strip foundation Slab foundation 

Settlements before water-saturation from 
flooding, sm 

A 10.39 10.46 

B 11.23 10.91 

C 12.30 11.59 

D 12.89 11.93 

Settlements after water-saturation from 
flooding, sm 

A 20.36 17.85 

B 21.30 18.32 

C 22.49 19.05 

D 23.50 19.43 

Relative differential settlements before 
water-saturation from flooding 

A and  B 0.0028 0.0015 

B and  C 0.0021 0.0014 

C and  D 0.0012 0.0007 

Relative differential settlements after 
water-saturation from flooding 

A and  B 0.0031 0.0016 

B and  C 0.0024 0.0015 

C and  D 0.0020 0.0008 

Bold indicates more than the limit value

Fig. 7 Deformation schemes before (top) and after (bottom) flooding: a for a slab foundation; 
b for strip foundation
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4 Conclusion 

Thus, the flooding of territories has a negative impact on ground base characteristics 
and can lead to the most complex accident-catastrophic, anti-sanitary-discomfort and 
economic consequences. 

According to the results of the analysis of oedometer and shear soil tests, the depen-
dence of the change in the mechanical characteristics of silty-clay soils during water 
saturation was established: the value of the oedometric modulus of deformation during 
water saturation decreases to 55.4%; the angle of internal friction decreases to 12.4%, 
intercept cohesion decreases to 52%. 

The numerical modeling of the geotechnical situation during the construction of a 
multi-storied residential building with an underground part in the conditions of a possible 
increase of groundwater levels shows us a change in the stress–strain state of a ground 
base. To assess the impact of changes in physical and mechanical characteristics of soils 
on the bearing capacity of ground base, a calculation of a residential building on slab 
and strip foundations was carried out. It has been established that when the soil is water 
saturated, the deformations will increase to an average of 77%, exceeding the maximum 
allowable deformations of this type of buildings, in accordance with the requirements 
of regulatory documents. 

Forecasting the influence of the area flooding process on the buildings ground base 
characteristics can make it possible to prevent negative consequences associated with 
the possibility of excess settlement, more than ultimately-allowable, and their relative 
difference. 
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Abstract. Quality of construction—one of the key factors defining solvency and 
the prospects of development of this field of practical activities (production of 
goods). Indicators of quality characterize degree of compliance of suitability 
of a construction object of a certain functional purpose to the required param-
eters of operational conditions, efficiency and reliability of functioning. Devel-
opment of the rational decisions directed to achievement of indicators of quality 
of construction production and their implementation is constantly relevant prob-
lem of architectural and construction and production activity, demands develop-
ment and improvement of the corresponding methods of researches. The purpose 
of researches to this article is identifications of conditions and development of 
methodical justification for management of processes of formation of indicators 
of quality of construction objects at various stages (periods) of life cycle. The 
main result of a research is development of provisions of a scientific hypothesis 
of assessment of possible decisions with use of an integrated indicator of func-
tional quality of a construction object. This indicator is accepted on the basis of 
the main result of the system analysis of decisions on formation and realization 
of functional quality of a construction object at various stages (obligatory and 
possible) life cycle. The offered concept can be considered how the direction of 
expansion of opportunities concerning management of the productions providing 
achievement of indicators of quality of construction subjects to various functional 
and technological appointment. 

Keywords: Construction objects · Functional quality · System analysis · Life 
cycle · Analytical indicators · Integrated indicator · Technical and economic 
indicators 

1 Introduction 

Construction objects (buildings and constructions) represent the material structures, 
systems and educations created by means of construction technologies for the purpose 
of satisfaction of certain consumer functions. Specific features of the organization of 
space in a format of construction objects define the corresponding features and functional 
quality of buildings and constructions.
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The corresponding set of requirements is imposed to the modern construction objects 
intended for satisfaction of various and numerous vital and public needs of the popula-
tion: social, economic, functional, engineering, technical, fire-prevention, sanitary and 
hygienic, ecological, architectural and art and others. 

For this reason of a condition and a possibility of ensuring functional quality are, at 
the same time, a subject and subject to scientific research and also constantly relevant 
problem of development of construction branch, the equipment and technologies. 

For example, in scientific works [1, 2] the functional quality of a construction subject 
to inhabited appointment contacts conditions of ensuring comfort (microclimate) of 
internal space. 

In works [3, 4] providing functional the quality of construction production (buildings 
and constructions) is connected with development and improvement of the organizational 
and technological sequence of performance of the corresponding construction processes. 

The functional quality of construction objects is considered in works [5, 6] as the  
considerable structural element defining "quality of life" of modern society. Formation 
of functional quality is considered as social and cultural inquiry to the organization 
and functioning of the environment of activity as a part of the existing and perspective 
formats of town-planning educations. 

The carried-out literary review indicates a wide range of the aspects which are taken 
cognizance and confirms “sketchiness” of the approaches connected with the analysis 
only of certain (selective) factors of influence. 

This circumstance staticizes such statement of the purposes and research problems 
which are focused on the complete and multiple-factor analysis of features of forma-
tion of functional quality of construction production, and some quantitative measuring 
instrument, in a format of an integrated indicator of functional quality becomes result 
of such analysis. 

2 Research Methods 

The considered structure of scientific works and researches points that formation of func-
tional quality of modern construction objects of different function is result of education 
and functioning of difficult, complex and dynamic education—the system of construc-
tion production. The system of construction production accompanying development and 
implementation of productions of a concrete construction object, equally as well as con-
struction branch in general, it is possible to characterize as a way of the organization of 
interaction of the elements forming structural and functional integrity [7, 8]. 

The most rational and logical method (tool) of studying of features of processes, 
the phenomena and conditions of system educations is the system analysis. The system 
analysis is meant as formation of an algorithm for the purpose of receiving the most 
complete and complete idea of features and regularities of formation of properties and 
conditions of an object of researches. The basis of development of an algorithm is 
made by methodology of scientific knowledge of an object of researches as system or a 
complete complex of the interacting parts and elements [9, 10]. 

System approach gives opportunities of the annex of the theory of knowledge and the 
general dialectics to a research of certain subject processes and the phenomena on the
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basis of the following basic principles of integrity, hierarchy, the structural organization, 
goal-setting and plurality. 

One of practical applications of a methodical basis of the system analysis to a research 
of properties and conditions of construction production is the concept of management 
of life cycle of a construction object (Fig. 1) [11, 12]. 

Fig. 1 Concept of a control system of life cycle of a construction object (“Building life cycle 
management” system, “BLM”) 

Display of features of life cycle of a construction object of any functional purpose 
can be carried out in the form of the hierarchical and strictly focused structure (system) 
of properties and states and also communications between them (Fig. 2).

The hierarchical subordination and progressive relationship of individual life cycle 
periods (both mandatory and possible, see Fig. 2) allows us to put forward a scientific 
hypothesis regarding the dependence of the characteristics of the properties and con-
ditions of the current period on the conditions, composition, efficiency and quality of 
solutions in the previous (earlier) life cycle periods under consideration [13, 14]. 

For example, the performance indicators of the operation of a low-rise residential 
building (for example, before the first scheduled repair) are directly dependent on the 
quality of solutions implemented at the previous stages: design (development of quality 
indicators of the corresponding structural system) and construction (implementation of 
construction processes aimed at implementing previously developed quality indicators 
of the corresponding construction system) [15, 16]. 

Thus, an objective assessment of the functional quality of a construction object is 
possible only at the end of all, but above all, mandatory periods of its life cycle.
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Fig. 2 The system of properties and conditions of a construction object at the stages (periods) of 
the life cycle

The functional quality of construction objects (for example, low-rise residential 
buildings) is usually assessed by a certain number of indicators: absolute (single) and 
relative. The types of indicators under consideration are called technical and economic 
indicators (TEP) of construction [17–19]. 

For example, the absolute TEP of a low-rise residential building includes:

● full (general) area, Sfull;
● useful (inhabited) area, Suseful;
● building volume of the building, V building;
● built-up area, S built-up; 

Absolute (single) indicators fix the result of the development of design solutions and 
characterize the quantitative parameters of the construction object. 

The functional efficiency of a building is characterized by relative indicators (relative 
efficiency coefficients) of functional quality, for example, in the form:

● coefficient of relative efficiency of space-planning solution: 

K1 = Suseful 
Vbuilding 

. (1) 

An increase in the K1 parameter means an increase in the functional quality of the 
building (an indicator of the effectiveness of the corresponding space-planning solution).

● coefficient of relative efficiency of the planning solution: 

K2 = Suseful 
Sfull 

. (2) 

An increase in the K2 parameter means an increase in the functional quality of the 
building (an indicator of the effectiveness of the corresponding planning solution).

● coefficient of relative efficiency of use of the territory available for development: 

K3 = Vbuilding 

Sbuilt - up 
. (3)
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An increase in the K3 parameter means an increase in the functional quality of the 
building (an indicator of the effectiveness of the corresponding volumetric solution or 
structural scheme). 

The modern practice of developing and implementing solutions in relation to the for-
mation of the functional quality of construction products is characterized by the division 
of TEP to assess the effectiveness of architectural and construction and constructive 
(the “design” period of the life cycle), construction (the “construction” period of the 
life cycle) and operational (the “operation” period" life cycle) systems of the capital 
construction object. 

With this approach, the achievement of the required indicators of the functional qual-
ity of construction objects is practically confined to the spatio-temporal characteristics 
of each separately from the considered periods and is practically not subject to opti-
mization and system management. Moreover, possible deviations from the established 
TEP values can lead not only to a partial loss of functional quality at the considered 
stage (period) of the life cycle, but also provoke problematic production situations and 
construction risks for subsequent periods [20]. 

A systematic research approach related to the analysis of the formation of the func-
tional quality of construction objects at all stages of the life cycle is able to solve the 
problem of separating the assessment of the functional quality of a separate stage and 
organize the conditions for quality management in the dynamic context of changes in 
the properties and states of the construction production system. 

When developing design (architectural, structural, functional, organizational and 
technological) solutions for a construction object, the method of variant design is widely 
used. The essence of this method is to offer several possible solutions. Options for design 
decisions (which are accepted for competitive comparison) are characterized by a certain 
number of single (absolute) and relative indicators, and the assessment of the proposed 
options is possible using a rating system of analysis [21]. 

For example, Table 1 shows the data of absolute and relative indicators characterizing 
the functional quality of a low-rise residential building (for 6 apartments) for four options 
for design solutions:

The rating assessment of design solutions, for example, according to the absolute 
indicator of the type “Full (total) area” includes the following algorithm (see Table 1): 

1. The highest quality indicator for the indicator under consideration corresponds to 
the variant of design decisions No. 3 (the smallest of the possible values, which is: 
84.16 m2). Accordingly, the considered version of the design solution is assigned the 
highest (minimum in absolute value) rating: 1. 

2. The next, after the option of design decisions No. 3, is option No. 1 (the value is: 
88.77 m2). Accordingly, the considered version of the design solution is assigned a 
rating: 2. 

3. The next, after design options No. 1 and 3, is option No. 2 (the value is: 93.44 m2). 
Accordingly, the considered version of the design solution is assigned a rating: 3. 

4. The worst quality indicator for the considered indicator corresponds to the variant 
of design solutions No. 4 (the smallest of the possible values, which is: 102.3 m2). 
Accordingly, the considered version of the design solution is assigned the worst 
(maximum in absolute value) rating: 4.
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Table 1 Absolute and relative indicators characterizing the functional quality of a low-rise 
residential building (living area 33.29 m2) for four design options 

No Name of indicator Unit Design options 

No. 1 No. 2 No. 3 No. 4 

Single (absolute) indicators 

1 Full (total) area m2 88.77 93.44 84.16 102.3 

2 Useful (residential) area m2 33.29 33.29 33.29 33.29 

3 Structural volume of the 
building 

m3 420.23 400.80 440.14 450.66 

4 Built-up area m2 160.87 177.12 95.38 102.34 

Relative indicators 

5 Coefficient of relative 
efficiency of 
space-planning solution 

m2/m3 0.079 0.083 0.075 0.073 

6 Coefficient of relative 
efficiency of planning 
solution 

m2/m2 0.375 0.356 0.396 0.325 

7 Coefficient of relative 
efficiency of building 

m3/m2 2.612 2.262 4.614 4.403

Thus, the rating system for the indicators given in Table 1 is reduced to the form 
shown in Table 2.

An analysis of the ratings of design options given in Table 2 shows:

● the best design solution in terms of the sum of single indicators corresponds to option 
No. 3 (the lowest quantitative rating, equal to 6);

● the best design solution in terms of the sum of relative indicators corresponds to 
option No. 3 (the smallest quantitative rating equal to 5);

● the best design solution in terms of the sum of relative and relative indicators 
corresponds to option No. 3 (the smallest quantitative rating, equal to 11). 

The coincidence (as in the considered design situation) of the rating of options by 
the sum of absolute and relative is not at all necessary. 

3 Results and Discussions 

In order to apply a systematic approach to the analysis of the properties and states of the 
research object, as well as to develop a methodological justification for the effectiveness 
of decisions and production processes necessary to achieve established or prospective 
indicators of the functional quality of construction objects (construction products), the 
concept of an integral indicator of the functional quality of a construction object 
(constructive part) is proposed. or separate design). The integral indicator of functional
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Table 2 Rating of absolute and relative indicators characterizing the functional quality of a low-
rise residential building (living area 33.29 m2) for four design options 

No Name of indicator Unit Design options 

No. 1 No. 2 No. 3 No. 4 

Single (absolute) indicators 

1 Full (total) area m2 2 (88.77) 3 (93.44) 1 (84.16) 4 (102.3) 

2 Useful (residential) area m2 1 (33.29) 1 (33.29) 1 (33.29) 1 (33.29) 

3 Structural volume of the 
building 

m3 2 (420.23) 1 (400.80) 3 (440.14) 4 (450.66) 

4 Built-up area m2 3 (160.87) 4 (177.12) 1 (95.38) 2 (102.34) 

Sum of ratings 8 9 6 11 

Relative indicators 

5 Coefficient of relative 
efficiency of space-planning 
solution 

m2/ m3 2 (0.079) 1 (0.083) 3 (0.075) 4 (0.073) 

6 Coefficient of relative 
efficiency of planning 
solution 

m2/ m2 2 (0.375) 3 (0.356) 1 (0.396) 4 (0.325) 

7 Coefficient of relative 
efficiency of building 

m3/ m2 3 (2.612) 4 (2.262) 1 (4.614) 2 (4.403) 

Sum of ratings 7 8 5 10 

Total for all ratings 15 17 11 21

quality is a quantitative characteristic of the properties and states of a building object 
and is determined in the context of relationships between successive periods of the life 
cycle (see Fig. 2). 

The concept under consideration makes it possible to analyze the features of a specific 
period of the life cycle (mandatory and possible) through the corresponding quality 
indicator:

● for the mandatory period “construction surveys”, in the form: 

P1 = f 
⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (4) 

here P1—indicator of the quality of the development of the composition and the effec-
tiveness of construction surveys; mi—a single indicator of the quality and effectiveness of 
solutions; qi—significance (share) of a single indicator; n—number of single indicators 
considered; Mj—relative indicator of the quality and effectiveness of solutions; Qj— 
significance (specific weight) of the relative indicator; k—number of relative indicators 
considered.
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● for the mandatory period “design”, in the form: 

P2 = f 
⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (5) 

here P2—indicator of the quality of the development of the composition and the 
effectiveness of design solutions;

● for the mandatory period “construction”, in the form: 

P3 = f 
⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (6) 

here P3—indicator of the quality of the development of the composition and the 
effectiveness of production decisions (construction).

● for the mandatory period “exploitation”, in the form: 

P4 = f 
⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (7) 

here P4—indicator of the quality of the development of the composition and the 
effectiveness of operational decisions.

● for the mandatory period “scheduled repairs”, in the form: 

P5 = f 
⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (8) 

here P5—indicator of the quality of the development of the composition and efficiency 
of production decisions for the implementation of planned work.

● for the mandatory period “demolition”, in the form: 

P6 = f 
⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (9) 

here P6—indicator of the quality of the development of the composition and the 
effectiveness of production decisions for the demolition of the facility.

● in relation to the possible period of “conservation”, in the form: 

P0 
1 = f 

⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (10)
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here P0 
1—indicator of the quality of the development of the composition and the 

effectiveness of production solutions for the conservation of the facility.

● in relation to the possible period of “reconstruction” (“renovation”), in the form: 

P0 
2 = f 

⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (11) 

here P0 
2—indicator of the quality of the development of the composition and efficiency 

of production decisions for the reconstruction (renovation) of the facility.

● in relation to the possible period of “overhaul” (“re-profiling”), in the form: 

P0 
3 = 

⎛ 

⎝ 
n∑

i=1 

miqi; 
k∑

j=1 

Mj · Qj 

⎞ 

⎠. (12) 

here P0 
3—indicator of the quality of the development of the composition and efficiency 

of production solutions for the overhaul (re-profiling) of the facility. 
Analytical parameters of the form: mi, qi, n, Mj, Qj, k, included in dependences 

(2) ÷ (9), are characterized by a semantic analytical load similar to the parameters of 
dependence (4). 

The integral indicator of the functional quality of a construction object (part of a 
building or a separate structural element) is determined by the dependence of the form: 

PK = (a1 · P1) + (a2 · P2) + (a3 · P3) + (a4 · P4) + (a5 · P5) + (a6 · P6) 

+
(
a1 0 · P1 

0

)
+

(
a2 0 · P2 

0

)
+

(
a3 0 · P3 

0

)
. (13) 

here a1 ÷ a6⇄ —levels of significance (specific weight) of quality indicators of manda-
tory periods; a1 0 ÷ a3 0—levels of significance (specific weight) of quality indicators of 
possible periods. 

The proposed concept of a systemic assessment of the functional quality (an inte-
gral indicator of the functional quality of a construction object) is characterized by the 
following main features:

● believes and allows the use of methodically sound methods for studying the properties 
and states of complex system elements and formations and, at the same time, is open 
to integration with analytical techniques and approaches of related scientific and 
practical fields;

● has an “open structure” that allows optimizing (reducing or expanding) the compo-
sition of the stages of states (life cycle periods) taken into consideration, including 
those that can only be considered at a theoretical level. 

Quantitative values of analytical parameters of the form: a_1 ÷ a_(6 ⇄) and a_0^1 
÷ a_0^3 are determined by the following possible methods and techniques:

● statistical processing of data on completed construction projects of the corresponding 
functional and technical (industry) purpose;
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● mathematical (analytical, digital, informational) modeling of processes, phenom-
ena and states, including various scenarios (forecasts) of development for the 
corresponding system formations;

● directive (normative) approval of design values justified by technical, technological, 
economic, social or other factors;

● using algorithms and peer review tools. 

Table 3 (as an example of adapting the considered methodology to solving practical 
problems) presents the results of the analysis of the functional quality of a construction 
object using single and relative indicators for six options for design solutions. 

Table 3 Data on the quality of design solutions taken for analysis 

No Design stage Construction stage Operational phase All main stages 

Single 
indicators 

Relative 
indicators 

Single 
indicators 

Relative 
indicators 

Single 
indicators 

Relative 
indicators 

Single 
indicators 

Relative 
indicators 

1 5 5 3 2 3 4 11 11 

2 1 1 4 4 1 1 6 6 

3 5 6 5 6 4 6 14 18 

4 2 3 6 5 2 2 10 10 

5 3 2 1 1 5 3 9 6 

6 4 4 2 2 6 4 12 10 

Figure 3 shows the result of the analysis of the effectiveness of design solutions in 
the format of an integral indicator of the functional quality of construction products. 

Fig. 3 Integral indicator of the functional quality of a construction object 

To conduct the analysis, some of the mandatory life cycle stages were considered, 
but having a direct impact on the functional quality of construction products. To simplify 
the analysis procedure, all indicators (single and relative) are assigned an equal weight 
(value equal to: 1.0). It can be noted that according to the results of the research, the best
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rating (the minimum value for single and relative indicators) turned out to be in option 
No. 2, respectively, the worst rating indicators for option No. 3 of the considered design 
solutions. 

Depending on the formulation of a specific research problem, an arbitrary (limited 
only by the complexity of calculations and modeling) quantitative and qualitative com-
position of parameters of the form: mi, qi, n, Mj, Qj, k  can be accepted for analysis. 
As single and relative indicators, it is possible to use both existing TEPs (for example, 
construction volume, construction duration, prefabrication factor, coefficient of combi-
nation of construction processes), and other indicators (for example, manufacturability 
factor or level of organizational and technological reliability), which are the closest and 
accurately reflect the nature of processes, events and phenomena specifically for the 
analyzed object and the characteristics of the composition and duration of the stages of 
the life cycle. 

4 Conclusions 

Based on the results of the research, the following main conclusions were obtained: 

1. The system approach remains the basic methods for studying properties and states, 
as well as the conditions for the formation of indicators of the functional quality of 
construction objects. 

2. The developed concept "integral indicator of the functional quality of a construction 
object" opens up additional opportunities for the analysis of a construction object as 
a complex system formation and is presented as a tool for managing the functional 
quality of construction products for various stages of the life cycle. 

3. The concept of forming a quantitative assessment of the functional quality of a con-
struction object is an open analytical structure that is available for solving practical 
problems using (algorithmization) modern information platforms. 
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Abstract. Almost all methods for calculating constituent rods are based, as a rule, 
on a uniform, rather frequent arrangement of shear bonds along the length of the 
bar. Calculations based on the solution of differential equations, even for simple 
cases of a symmetrical section without taking into account the vertical stiffness of 
the bonds, turn out to be rather complicated. Approximate calculations obtain good 
convergence also only in the case of a sufficiently large number of connections. The 
proposed work presents a fairly simple approach to the calculation of composite 
bending rods on discrete shear bonds. The technique makes it possible to take into 
account the nonlinear dependence of deformations on the forces in the bonds; take 
into account the positions of shear forces in the bonds along the height of the beam 
cross section, which leads to a significant increase in the accuracy of calculations. 
Additional features of the technique include: taking into account the transverse 
stiffness of the bonds; the possibility of calculating with different stiffness of the 
elements that make up the rod; the possibility of taking into account an arbitrary 
arrangement of discrete bonds along the length of the beam, depending on the 
type of loading. As a result, according to the proposed method, on the basis of 
numerical analysis, an assessment was made of the significance concerning these 
factors in the calculations of bending constituent rods. 

Keywords: Constituent rod · Discrete ties · Nagel plates · Stress–strain state · 
Rigidity of ties · Nonlinear calculation · Deformation diagram 

1 Introduction 

The first works on the calculation of constituent rods, taking into account the compliance 
of bonds, appeared as early as the 30s…50s of the twentieth century, the founders of 
which were Soviet scientists Rzhanitsyn [1, 2], Pleshkov [3], Kochenov [4]. All further 
studies of this issue, including contemporary studies [5–18], are based mainly on their 
work. 

Almost all methods for calculating constituent rods are based, as a rule, on a uniform, 
rather frequent arrangement of bonds along the length of the rod (or along its sections). 
Calculations based on the solution of differential equations, even for simple cases of 
a symmetrical section without taking into account the vertical stiffness of the bonds, 
turn out to be rather complicated. Approximate calculations get good convergence also
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only in the case of a sufficiently large number of connections, and in the solutions of 
Kochenov [4] did not take into account a number of practically significant factors: the 
nature of the distribution of the external load, possible differences in the size and stiffness 
of the constituent elements of the rod, and some others. 

Piskunov [19] proposed a technical theory for calculating constituent rods, in which 
discrete shear bonds are considered as a single set. The distribution of the load over the 
elements that make up the rod is dependent on the rigidity of the bonds. The coordinates 
of the resultant shear forces are determined in the course of an iterative process. This 
approach makes it possible to take into account the nonlinear nature of the connection 
means, as well as the position of the shear forces in the height of the cross section relative 
to the plane of the beams connection. 

Mechanical means of connecting wooden structures, including shear joints of the 
nagel type, are characterized by rather specific deformation patterns. 

With regard to rods of a constituent section with joints on mechanical shear bonds, 
two main deformation patterns can be distinguished: 

• for the first of them, it is typical that during the period of the initial and any subsequent 
loading cycle, the mechanism for the perception of shear forces along the planes of 
connection of its individual constituent elements at all loading levels is characterized 
by constant contact between the shear bonds and the connected elements; the diagram 
of deformation of the joints corresponding to this is shown in the diagram in Fig. 1a; 

Fig. 1 Diagrams of deformation of connections 

• the second type of deformation is characterized by the fact that during the initial and 
all subsequent cycles of loading the rod, carried out after full or partial unloading, 
there is no contact between the connection elements at the initial loading levels and 
therefore the shear bonds come into operation with some delay; The fundamental 
nature of such deformation is shown in the scheme of Fig. 1b. 

The most common “mixed” type of deformation in real load-bearing structures— 
its “idealized” version, which reflects the final state of the connection and connected 
elements with a sufficiently large number of cycles, is shown schematically in Fig. 1c. 

Both models of deformation of mechanical joints of wooden structures were previ-
ously used as fundamental for various options for engineering calculation of constituent 
wooden rods [20], which were further used in the current design standards. For the first



Calculation Methodology for Constituent Wooden Rods… 69

of these theoretical approaches, the base model is the deformative shear bonds operat-
ing in contact with the constituent elements of the rod at all stages of its loading; in 
the second—a model of yielding bonds, which allows for the possibility of separate 
deformation of the constituent elements at the initial levels of loading of the rod. 

Since in real connections of load-bearing wooden structures, including on the cur-
rently quite common—TGc nagel plates (developed at Vyatka State University [21, 22]), 
these models of deformation of the connecting elements do not exclude, but complement 
each other, there is a need to develop sufficiently simple calculation methods, which take 
into account the presence of these two components of the deformation of shear bonds at 
the stage of engineering design. At the same time, the nonlinear dependence of deforma-
tions on forces in discrete bonds is taken into account, the positions of shear forces in the 
bonds along the height of the beam cross section are taken into account, and additional 
possibilities are created—taking into account the transverse stiffness of the bonds; the 
possibility of calculating with different stiffness of the elements that make up the rod; 
the possibility of arbitrary arrangement of connections along the length of the beam. 

2 Methods 

Summarizing what has been said, it follows that at present there are two main approaches 
to the calculation of constituent rods and a procedure for using numerical methods. 

The first approach is based on solving differential equations, when a constituent rod 
is represented by a single deformable system, in which the elements that make up the rod 
and the means of their connection work together at all stages of loading [1, 2]. Discrete 
ties are replaced by continuum shear ties with linear stiffness Kc and transverse ties 
endowed with the ability to distribute the external load between the elastic constituent 
elements with bending stiffness EiJi. 

The second approach is an approximate solution, which is based on the representation 
of the connection means as compliant bonds [4]. Since at the first stage of loading, shear 
bonds have zero stiffness, it is therefore possible to separate the external load into 
components that are perceived by the constituent elements during separate, relative to 
their own axes, and joint deformation. 

In the case of a small number of discrete bonds installed with a variable step along 
the length of the seam, if their arrangement does not correspond to the nature of the 
distribution of shear forces, the calculation of a constituent rod can only be performed 
by numerical methods. In this case, the force on each shear bond, as well as the force in 
each transverse bond, is considered to be unknown. The general view and design scheme 
of a constituent rod loaded with a transverse load is shown in Fig. 2.

To determine the forces in the bonds, various numerical methods can be used, in 
particular, the most common is the finite element method [23]. The accuracy of the finite 
element method largely depends on a number of parameters, in particular, on the ratio 
of the sizes of the finite elements. It is quite difficult to take into account the position 
of the resultant of shear forces in the method. In order to achieve the set tasks, the most 
acceptable in this case is the method of forces [24]. 

Let us consider the use of this method for the calculation of constituent rods on 
deformable bonds using the example of a bending element loaded with a transverse 
load.
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Fig. 2 General view, fragment of the design scheme and cross section of the constituent element

To solve the problem the following assumptions are considered acceptable: 

1. the rods that make up the rod obey Hooke’s law; 
2. the work of the bonds is considered to be nonlinearly elastic, i.e. unloading effects 

are not taken into account, and is expressed by piecewise linear diagrams T − ∆, 
given in tabular form, i.e. intermediate values of ∆ are determined by interpolation; 

3. the hypothesis of plane sections is considered valid. 

The basic system of a beam with the number of ties—n and the number of sections 
between the ties—m, m = n − 1 is shown in Fig. 3. Unknown forces in shear bonds are 
marked as Txn, forces in transverse bonds—Tyn. 

Fig. 3 The main system for calculating a constituent element on discrete bonds 

The system of linear canonical equations is obtained from the condition of 
compatibility of deformations in horizontal and vertical directions. 

[∆]{T } + {
∆p

} = 0 (1)
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where [∆] is the matrix of unit displacements, taking into account the deformability of 
the bonds;

{
∆p

}
—column vector of freight movements. 

Matrix [∆] is calculated by summing 2 matrices: single displacements and 
deformability of bonds. 

[∆] = [∆un] + [∆c] (2) 

The bond deformability matrix [∆c] is diagonal and is formed as follows: in the 
upper left part, the cross-link stiffness Ky to the power of −1 is located diagonally, in the 
lower right part, similarly to the shear bond stiffness Kx to the power of −1, the remaining 
cells of the matrix are equal to zero. 

The rigidity of the shear bonds in the general case is determined by the ratio of the 
force attributable to the bond to the displacement caused by this force, or as the tangent of 
the slope of the bond deformation diagram T −∆ at the design point. Such an approach 
to the formation of a matrix creates the possibility of calculating a constituent rod having 
bonds of different stiffness. The matrix of unit displacements [∆un] is determined by 
adding unit displacements in the constituent elements δuni along the edges of the seam 
under consideration 

[∆un] =
∑

[δun] (3) 

The unit and load terms of Eqs. (1–3) are determined by the methods of structural 
mechanics, so we write their calculation in matrix form 

[δun] = [Mun]
T [D] [Mun] + [Nun]

T [
Df

]
[Nun] (4)

{
∆p

} = [Mun]
T [
Dp

] {
Mpf

}
(5) 

where [Mun] is the matrix of moments from unit loads; [Nun]—matrix of unit longitudinal 
loads; [D],

[
Df

]
,
[
Dp

]
—compliance matrices;

{
Mpf

}
—vector of cargo moments. 

Let us show the differences in the formation of the main matrices for the seam of 
a constituent element with n bonds. The matrix [Mun] generally has a dimension of 2n 
rows by 2m columns and is written as follows 

[Mun] = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢ 
⎣ 

M '
11 M

'
12 M

'
12 M

'
13 M

'
13 · ·  M '

nm 
M '

21 M
'
22 M

'
22 M

'
23 M

'
23 · ·  M '

nm 
· · · · ·  ·  ·  ·  

M '
n1 M

'
n2 M

'
n2 M

'
n3 M

'
n3 · ·  M '

nm 
M11 M12 M12 M13 M13 · ·  M1m 

M21 M22 M22 M23 M23 · ·  M2m 

· · · · ·  ·  ·  ·  
Mn1 Mn2 Mn2 Mn3 Mn3 · ·  Mnm 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥ 
⎦ 

(6) 

where M23'—the moment in the 3rd connection from a unit effort applied to the 2nd 
connection in the transverse direction; M23—moment in the 3rd connection from a unit 
force applied to the 2nd connection in the longitudinal direction.
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For a symmetrical transverse load with respect to the center of the beam, the matrix 
turns out to be square, with a dimension of 2 m, because you can remove two zero 
lines—the first and last, characterizing single transverse displacements on the support 
and longitudinal ones in the center of the beam. The values of single moments are 
determined as follows: 

M '
xn = Kn M '

xn = 0 at x = Kn M '
xn = 

hi 
2 

− αt at x > Kn (7) 

were Kn is a coordinate of n-th bond; hi—the height of the constituent element for which 
the single moment is determined; αt—distance from the neutral line of the seam to the 
place of application of the resultant shear force in the connection. 

The value of αt is determined from the calculation of the nagel joint [25] as the  
distance from half the length of the nagel to the resultant of the crushing stresses σcr.n 
by the depth of the nest. 

The matrix [D] for unit elements having a diagram with straight sections has a 
diagonal form with a dimension of 2 m with working (non-zero) elements 

kn − kn−1 

6EiJi

[
2 1  
1 2

]
(8) 

In the case when the diagram has parabolic sections, for the vector of load moments, 
the matrix

[
Dp

]
has work elements of the form 

kn − kn−1 

6EiJi

[
2 2 1  
1 1 2

]
(9) 

The matrices related to the longitudinal loads N are formed in a similar way, for[
Df

]
the working elements will be the expressions 

kn − kn−1 

EiFi

[
2 1  
1 2

]
(10) 

Determination of unit displacements of compliance matrices by the described method 
allows one to take into account the real modules of elasticity and the cross-sectional 
dimensions of the constituent elements in the calculations. The vector of load moments{
Mpf

}
is also formed also on the sections between the bonds but only for the upper 

element constituting the rod

{
Mpf

}m = {
Mpobo1Mp1bo2 . . .  Mpn

}
(11) 

where Mpn—are the values of the moments from the transverse load in the section x = Kn, 
determined for a statically determinate system; bn−1,n—is the value of the lifting boom 
in the middle of the section of the load moment diagram, for a diagram with straight 
sections bn−1,n = 0. 

If the diagram of moments is outlined by a square parabola, then the value of bn−1,n 
is determined as follows:
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• for sinusoidal transverse load on the beam 

bn−1,n = 
ql2 

π 2 
sin 

π
(
kn+1 
2 + kn 2

)

L
− 

Mn + Mn+1 

2 
(12) 

• for a uniformly distributed load on the beam 

bn−1,n = 
q(kn+1 + kn) 

4

[
L −

(
kn+1 + kn 

2

)]
− 

Mn + Mn+1 

2 
(13) 

After solving the system of Eq. (1), we obtain the values Txn and Tyn, which determine 
the magnitude of the shear forces in the n-th connection and the magnitude of the 
vertical forces in the transverse bonds. Further, the main system, devoid of connections, 
is calculated without difficulty. The bending moments in the constituent elements are 
determined from the expression 

{M } = [Mun] {T } + {
Mp

}
(14) 

where
{
Mp

}
is the vector of bending moments in the characteristic sections of the upper 

element in the main system. 
The displacements at the points x = Kn of the constituent elements in the vertical 

and horizontal directions are determined by the Mohr formula, in matrix notation 

{f } = [Mun]
m[
Dp

] {M } (15) 

In the form of expressions (14) and (15), internal force factors and displacements of 
the constituent elements are determined for the j-th type of loading. Under the combined 
action of a number of force factors, the column vectors for T , M , f are replaced by 
matrices of size 2n × j. The stress at the point with coordinate y relative to its own 
neutral axis of the i-th constituent element for the j-th type of loading is determined 
from the expression 

σij = 
Mij 

Ii 
y +

∑
Tx 

Fi 
(16) 

here Mij is the moment in the i-th element, determined taking into account the moment 
from

∑
Tx forces in n bonds preceding the considered section. 

The deformation of the majority of joints of wooden structures, in particular, on the 
TGc nagel plates, according to the load has a clearly pronounced non-linear character 
[26], which should be taken into account when calculating constituent rods. The most 
accurate account of the nonlinear work of bonds in a constituent rod is the introduction 
into the calculation of the diagrams of deformation of the bonds under load directly and 
the determination of the stiffness of each bond according to the calculated forces Tx(y). 

The iterative scheme of the solution is constructed on the basis of the method of 
variable elasticity parameters. At the first stage of calculations, the stiffness of the links 
Kc is set according to the first section of the diagram assuming the linear operation of 
all the links, then the stiffness for each link is calculated using the determined Tx(y)n and
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a new matrix (3) is formed. The exit from the iterative cycle is carried out on the basis 
of a check on the most significant calculation parameter—f . 

|fi − fi−1| 
|fi| < εα (17) 

where fi, fi−1 is the maximum value of the deflection of the constituent element for i-1 
and i-th approximation;εα is a small value taken equal to 0.001. 

After the fulfillment of inequality (17), the calculation can be completed if it was 
built in the form of checking the accepted design parameters of the constituent element. 

3 Results and Discussion 

1. To assess the significance of the influence of the main factors on the results of the 
calculation, a theoretical analysis was carried out, which allows determining the 
stress–strain state of a constituent beam with the introduction of the transverse stiff-
ness of the bonds and the value of αt , taking into account the position of the shifting 
force, into the calculation. The influence of different arrangement of shear bonds will 
be considered in further studies. 

The results of the calculations are summarized in Table 1, which shows the main 
parameters of the stress–strain state of the beam (deflection in the middle of the span, 
maximum edge stresses and total shear force) when loaded with a concentrated force in 
the middle of the span and a uniform arrangement of bonds. 

Table 1 The results of the calculation of a constituent beam, taking into account the transverse 
stiffness and correction αt 

Number 
of bonds 

Diagram 
T—∆

Y = 0 αt = 0 Y = 0 αt = 0.85 cm Y /= 0 αt = 0 
f cm  

MPa
∑T 
kN 

f cm  
MPa

∑T 
kN 

f cm  
MPa

∑T 
kN 

4 Linear 3.44 13.2 47.87 3.69 13.9 53.96 3.44 13.4 47.87 

Non-linear 3.93 13.7 44.23 4.32 14.7 48.96 3.94 13.9 44.22 

9 Linear 2.96 12.2 54.21 3.37 13.2 60.01 2.97 12.7 54.21 

Non-linear 2.93 12.0 55.10 3.37 13.1 60.54 2.94 12.4 55.16 

14 Linear 2.81 11.8 56.53 3.27 12.9 62.10 2.81 12.4 56.53 

Non-linear 2.73 11.5 58.19 3.27 12.7 63.67 2.73 11.9 58.59 

In the table: Y = 0—the absolute of the cross-links stiffness; Y /= 0—stiffness of 
cross-links in the range of the strain diagram. 

The calculations were made for a single-span constituent wooden beam with a span 
of 6 m and a cross section of 2 × 100 × 125 mm. Estimated bending moment—10.845 
kN cm. TGc nagel plates with 7 nagels 5 mm in diameter and 60 mm long were used
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as shear bonds. The stiffness characteristics of the bonds are taken from the table [26] 
for short-term loading, the elastic modulus of the rods Ei = 1000 MPa. All calculations 
were performed in two versions: with a linear and non-linear shear bond deformation 
diagram. The linear diagram is constructed from the conditions Tc = 7 kN, ∆c = 0.06 
sm. 

These tables confirm the conclusion of A. R. Rzhanitsyn about a slight effect on the 
results of the calculation of the transverse stiffness of the bonds in the range under con-
sideration. Taking into account the actual position of the shifting force in the constituent 
element increases the deflection by 7…18%, stresses by 5…10% and the total shear 
force by 9…13% compared with the application along the the edges of the seam of the 
joint. Similar results were obtained for other types of loading of a constituent beam. 

2. When designing load-bearing wooden structures from constituent rods, it is possible 
to use component beams of different heights and different types of wood, i.e. different 
bending stiffness EiJi. As an illustration, in Table 2 we present the calculation of a 
similar beam with a span of 6 m, loaded with a concentrated load in the middle of 
the span with M = 10.84 kN sm. Calculations were made for 4 types of beam cross 
section with a change in the height of the component beams and their modulus of 
elasticity by 1.5 times, which corresponds to the transition from the 2nd to the 3rd 
grade of wood. 

Table 2 Results of calculating a constituent beam with different cross sections 

No Beam section Calculation Method f  сm Ϭv MPa Ϭn MPa ΣТ  kN 

1 
125             Е=3900 

125             Е=3900 

Rulebook 8.54 11.57 11.57 
Recommendations 8.59 11.60 11.60 57.67 
Suggested Solution 

7.89 12.36 12.36 52.86 

2 
125             Е = 2550 

125             Е = 3900 

Rulebook 10.57 10.53 12.82 
Recommendations 10.10 10.57 12.86 58.96 

Suggested Solution 9.51 10.65 13.84 53.30 

3 
100 Е = 3900 

150 Е = 3900 

Rulebook 8.54 11.57 11.57 
Recommendations 8.50 10.98 11.92 56.79 

Suggested Solution 7.77 11.35 12.69 50.33 

4 
100 Е = 2550 

150 Е = 3900 

Rulebook 10.62 10.31 13.00 

Recommendations 10.80 9.55 12.89 57.44 

Suggested Solution 9.21 9.51 13.94 48.17 

For comparison, the table shows the results of calculating a constituent beam with a 
width of 100 mm using 3 methods with the same number of uniformly installed shear 
bonds (n = 9) with equal bearing capacity Tc = 7 kN with a linear deformation diagram 
T − ∆. 

The deflection in the table is conditional, determined by the first limit state for the 
design load at Ei = 300 Rc.
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Calculations show that the result is mainly influenced by the change in the elastic 
modulus Ei and the rods that make up the rod, while changing the heights of the rods at 
a constant total height does not significantly affect the final result. 

4 Conclusion 

The proposed approach to the calculation of constituent rods allows with sufficient 
accuracy to perform calculations of constituent wooden elements on discrete bonds 
with an arbitrary arrangement of bonds along the length of the rod and creates new 
opportunities for improvement in design. 

1. The calculation program created on the basis of the proposed methodology makes it 
possible to take into account the nonlinear dependence of deformations on the forces 
in the shear bonds and the position of the shear forces in the bonds along the height 
of the cross section. 

2. The proposed approach to the formation of the matrix creates the possibility of cal-
culating a constituent rod having bonds of different stiffness along the length, taking 
into account their transverse stiffness. 

3. Determination of unit displacements of compliance matrices by the described method 
allows considering the real elastic modules and cross-sectional dimensions of the 
constituent elements in the calculations. 

4. The technique makes it possible to abandon several simplifying prerequisites and 
refines the operation of constituent rods with discrete bonds, installed with an arbitrary 
length step. 
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Abstract. Timeliness, quality and volume of engineering and technical prepara-
tion measures are one of the significant, key factors determining the consistency 
of design (organizational and technological) solutions with regard to sustainabil-
ity and efficiency of main stages of industrial facility construction. Development 
of adequate organizational and technological solutions taking into account actual 
conditions of construction area or expected conditions of construction production 
and, simultaneously, including the forecast of displays of possible negative factors 
is an actual task of increasing quality of preparation for erection of an industrial 
facility. The purpose of the research in this article is to reveal conditions and to 
develop a methodical justification for improving methods and techniques of form-
ing and management of building production procedures in the preparation of the 
construction area. The main result of the research is development of scientific and 
practical hypothesis provisions about expediency of applying probabilistic models 
when developing organizational and technological solutions—concerning quality 
and efficiency assurance of engineering and technical preparation of construction 
production. The proposed approach appears as an actual direction of expansion of 
possibilities at organization and management of construction processes which are 
produced under conditions of dynamically changing states of production environ-
ment of building production, and also practical application of the tool of predictive 
account of risks of consequences of negative factors manifestation. 

Keywords: Industrial facilities · System analysis · Probabilistic model · 
Construction processes · Random factors 

1 Introduction 

Development of organizational and technological solutions in relation to engineering and 
technical preparation of industrial facility construction is an independent, complex and 
responsible type of design activity. Moreover, some aspects of preparatory period works 
cannot be solved and implemented by means and methods of solving similar problems, 
means of designing and implementing works of the main and final construction periods.
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The influence of quality of engineering-technical preparation on the conditions of 
stability and effectiveness of carrying out the following main, special and final stages 
of construction production is viewed in scientific papers [1–3] as a significant factor of 
providing (increasing) functional quality of construction production. 

Directions for increasing the effectiveness of organizational and technological solu-
tions aimed at the preparation and practical implementation of the established technical 
and economic indicators of construction processes are considered in the works [4–6]. 

Analysis of the conditions of stability, organizational and technological reliability 
and minimization of risks of construction production is considered in scientific papers 
[7–9], as a significant tool of investment and construction activities. For example, the 
indicator of the duration of construction production, and, accordingly, the timely com-
pletion of construction, is recognized as one of the most significant target indicators of 
organizational and technological solutions [10–12]. 

Construction process modeling is considered as a modern format for developing 
technological, managerial and organizational solutions for construction production [5, 
13, 14]. Particular attention in scientific and practical studies is paid to the applica-
tion of information (digital) models of organizational and technological solutions for 
construction production [15–17]. 

Organizational and technological model of engineering training reflects the results of 
the analysis of initial data (specific features of properties and states) of the corresponding 
elements of the construction system [18–20]:

● digital (information) model of an industrial facility;
● the organizational and technological sequence of the main, special and final stages 

of construction;
● the natural and artificial environment in the area of the proposed location of the 

construction site (temporary construction camp);
● needs in material, technical and other types of ensuring of construction production. 

At the same time, the existing practice of developing organizational and technological 
solutions is focused on the use of “hard” information models in a deterministic format 
that makes it impossible to predict and consider manifestations of negative random 
factors of construction production [21, 22]. 

It is for this reason, the relevance of the development of opportunities to improve the 
quality of organizational and technological solutions in relation to engineering and tech-
nical preparation of construction production of industrial facilities seems to be associated 
with the development of methodological foundations for the application of predictive, 
probabilistic models of construction production. 

2 Research Methods 

The quality of the development of design, organizational and technological solutions, it 
is customary to evaluate some number of indicators.
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The structure (system) of quality assessment includes a number of indicators, which 
can be displayed by analytical dependence of the form: 

Klev = f 
n	∑

i=1 

riqi; 
m	∑

j=1 

RiQi; (1) 

where Klev—the level of quality of development of organizational and technological 
solutions; ri—a single indicator of the quality and effectiveness of solutions; qi—sig-
nificance (specific weight) of a single indicator; n—the number of absolute indicators 
under consideration; Rj—relative indicator of quality and effectiveness of solutions; 
Qj—significance (specific weight) of the relative indicator; m—the number of relative 
indicators under consideration. 

The use of technical and economic indicators is the main modern tool for assessing 
the quality of development of design solutions in relation to engineering and technical 
preparation of the construction of an industrial facility [4, 6]. 

Table 1 shows quantitative characteristics (technical and economic indicators) of 
the quality of organizational and technological solutions, characterizing the results of 
design solutions for one of the possible options of engineering and technical preparation 
of construction of an industrial facility.

The qualitative and quantitative composition of the indicators given in Table 1 is not 
exhaustive. Depending on the specific design situation, this list may be supplemented 
by other indicators (absolute and relative), which affect the formation of the assessment 
of the quality level of design solutions. 

Analyzing the data in Table 1 using the analytical relationship (1) we can note the 
following:

● to assess the level of quality of development of organizational and technological 
solutions for consideration adopted 7 indicators. Three indicators (No. 1, 3, 5) are 
absolute, and four indicators (No. 2, 4, 6, 7) are relative;

● each of the adopted indicators (both absolute and relative) are characterized by the 
same significance in relation to the assessment of the level of quality. 

The features discussed above are common and generally accepted practice for 
assessing the quality of design, organizational and technological solutions. 

Accepting in general this approach, we can note the following:

● each of the indicators accepted for consideration (see Table 1) can be accepted as 
an object or a subject of researches at the analysis of a condition or conditions of 
optimization of a level of quality of development of organizational-technological 
decisions;

● optimization of even one, separately taken indicator, can lead to an overall increase 
in the quality level of development of organizational and technological solutions [see 
dependence (1)]. 

The parameters of the type qi and Qj [see dependence (1)] are able to establish the 
priority order of consideration of the indicators adopted for the analysis, in order to 
identify the most effective approaches to solving the design problems.
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Table 1 Technical and economic indicators of the variant of organizational and technological 
solutions of engineering and technical preparation of construction (example) 

No. Indicator name Indicator characteristic Unit of measure Indicator 

1 2 3 4 5 

1 Duration of construction 
(∏p) 

By organizational and 
technological model 

Days 23 

2 Reducing the standard 
duration of construction 
(Dw) 

By organizational and 
technological model: 
Kd . = Pd .f ./ Pd .norm 
Kd . = 23/25 = 0.92 

– 0.92 

3 Total labor input (Tli) By organizational and 
technological model 

Man-days 178 

4 Labor input per 1 m3 of the 
building, man-days/1 m3, 

(Tp/1m3) 

Tp/1 m3 = Tp/V3 
Tp/1 m3 = 
178/75816 = 0.115 

Man-days/1 m3 0.0023 

5 Maximum number of 
workers 

By organizational and 
technological model 

Man 16 

6 The coefficient of irregularity 
of movement of workers 

Nav. = Tp/∏p = 
178/23 = 7.74 
Nirreg. = 
Nmax/ Nav. = 
16/7.74 = 2.067 

– 2.067 

7 Coefficient of combination 
of construction processes 

By organizational and 
technological model: 
Kcom. =
∏d .norm./∏d .f .Kd . = 
35/23 = 1.52 

– 1.52

The proposed methodological approach is considered on the example of the analysis 
of the indicator of the “duration of construction” (“Pr”, see Table 1). 

The indicator of duration is a quantitative characteristic of the measure of time (time 
estimate or time estimate) required to perform a simple (complex) construction process 
(work). Accordingly, the sum of the durations of production of all the works included in 
the organizational and technological model forms the total duration of the engineering 
preparation of construction. 

The duration of execution (time estimate) of each simple (complex) construction 
process (work) is a mandatory and significant structural element of the organizational 
and technological model of engineering preparation of construction of an industrial 
facility. All types of modern organizational and technological models of construction 
production (schedules, network schedules, cyclograms) are focused exactly on the anal-
ysis of duration of construction processes (works), separate stages (including the cycle 
of engineering preparation of construction) and the total duration of construction.
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The organizational and technological model is a conventional image and a charac-
teristic of the anticipated properties and states of a construction object which reflect the 
sequence and terms of implementation of simple and complex construction processes 
(works) and specify their composition and technological sequence of implementation. 
Peculiarities of formation and supposed implementation of organizational and techno-
logical solutions of construction production are displayed through the development and 
presentation of an appropriate topology of organizational and technological model. 

By the topology of organizational and technological model of construction produc-
tion we mean a formalized (using a system of symbolic signs) representation of physi-
cal processes (simple and complex construction works) and representation of states of 
objects of organization, management and control. In general, the topology of organiza-
tional and technological model includes the following structural (graphic and symbolic) 
elements: representations of events corresponding to certain system states, relations 
determining the conditions of organizational and technological sequence (hierarchical 
dependencies) of simple and complex construction processes (works), information and 
calculation data. 

Organizational and technological solutions with regard to the formation and func-
tioning of the construction production system are focused on creating the optimal (for 
example, according to the indicator of the total duration or the critical path of construc-
tion) technological sequence of simple and complex construction processes. The algo-
rithm, established by the provisions of the normative and technical documents, leads to 
the formation of the organizational and technological model of construction production 
of a constant or deterministic kind (format). 

For organizational and technological models of deterministic type the main, char-
acteristic features are: fixed (constant, rigid, unchangeable) schedule topology and con-
stant quantitative values of duration (time estimates) of simple and complex construction 
processes included in the organizational and technological model [18]. 

Deterministic format of organizational and technological solutions (model) allows 
to provide conditions of construction stability and reliability (e.g., timely completion) 
only in the absence of manifestation of negative factors. The fixed topology of the 
deterministic format of the organizational-technological model, combined with the fixed 
values of the time evaluation of construction processes (works) leaves no room for 
preventive account of the possibilities of negative factors’ consequences manifestation 
(for example, the increase of actual duration of works). This circumstance is especially 
obvious with regard to the construction processes (works) constituting the critical path 
of construction (the values of general and partial time reserves of such works being equal 
to zero). 

The format of the probabilistic (stochastic) model of organizational and technological 
solutions differs from the deterministic format by the presence in its composition of 
structural elements that are random (probabilistic) in nature. 

The main formats of probabilistic (stochastic) model of organizational and techno-
logical solutions for engineering and technical preparation of construction include:

● stochastic organizational-technological models, which include structural elements 
that characterize the random or (probabilistic) nature of the quantitative values of the 
duration of execution (time evaluation) of simple and complex construction processes
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(works) included in the organizational-technological model of construction produc-
tion—with a deterministic format of the topology of the organizational-technological 
model;

● stochastic organizational and technological models, which include structural ele-
ments, characterizing a random or (probabilistic) nature of the topology of the orga-
nizational and technological model with a deterministic format of the quantitative 
values of the duration (time evaluation) of simple and complex construction processes 
(works), included into the organizational and technological model of the construction 
production

● stochastic organizational and technological models, which include structural ele-
ments that characterize the random or (probabilistic) nature of the quantitative values 
of the duration of the execution (time evaluation) of simple and complex construction 
processes (works) included in the organizational and technological model of construc-
tion production—in the probabilistic format of the topology of the organizational and 
technological model. 

Application of the probabilistic format of organizational and technological models 
is focused on the analysis of possible (probable) manifestations of negative factors and 
assessment of their impact on the level of reliability of the construction production 
system that accompanies the engineering and technical preparation of construction of 
an industrial facility. 

3 Results and Discussions 

Formation of the topology of the organizational and technological model of engineering 
and technical preparation of the construction of an industrial facility implies a system 
analysis, determination of quantitative characteristics and organization of the conditions 
of the following main types (groups) of simple and complex construction processes 
(works):

● Complex of activities carried out outside the construction site (temporary construction 
camp), information index CM_TC: 

– protection of the area from flooding or inflow of surface water (information index 
TC1); 

– protection of the territory against waterlogging or groundwater infiltration 
(information index TC2); 

– connection to external (city) engineering networks (water supply, wastewater dis-
posal, heat supply, gas supply, air supply, steam supply. electricity supply) of 
resource supply (information index TC3); 

– organization of access to elements of transport (road, rail, water, air, pipeline) 
infrastructure (information index TC4).

● A set of activities carried out on (inside) the construction site (temporary construction 
camp), information index CM_Ins:
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– Geodetic support for the construction of the preparatory period (information index 
GS): 

– determination of the required level of the geodetic network reference points 
(information index GS1); 

– restoration of existing geodetic network reference points (information index 
GS2); 

– development of new geodetic network reference points (information index 
GS3); 

– taking the project (temporary construction site) into the ground (information 
index GS4). 

– Cleaning the construction site (information index CA): 

– clearing the area from natural (trees, bushes, boulders) formations (information 
index CA1); 

– clearing the area of large debris and man-made waste (information index CA2); 
– demolition or relocation of capital construction facilities located in the 

construction area (information index CA3); 
– dismantling of transport infrastructure (roads, tracks, overpasses) located on 

the construction site (information index CA4); 
– demolition or relocation of elements of technological equipment located on the 

construction site (information index CA5); 
– disassembly or re-laying of elements of underground utility networks (water 

supply, sewage, heating, gas, electricity supply) located in the construction area 
(information index CA6). 

– Protection against possible manifestations of adverse natural and climatic factors 
(information index PP): 

dewatering of the ground (gro water level (information index PP1); 
drainage of wetlands (information index PP2); 
protection of the territory against possible landslides (information index PP3); 
increasing the bearing capacity of weak (subsident) soils (information index PP4); 
elimination of karst manifestations (information index PP5). 

– Vertical planning of the construction site area (information index VP): 

removal of the vegetative (fertile) layer of soil to its full capacity (information 
index VP1); 
rough surface leveling for surface drainage (information index VP2). 

– Installation (erection) of temporary facilities (buildings and structures) of various 
functional and technological purposes (information index TF):
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installation (erection) of temporary residential (household) facilities (information 
index TF1); 
installation (erection) of temporary administrative facilities (information index 
TF2); 
construction (erection) of temporary facilities for household purposes (information 
index TF3); 
device (erection) of temporary facilities for production purposes (information 
index TF4). 

– Construction of temporary transport and pedestrian routes, engineering networks, 
technological platforms and structures (information index TP): 

arrangement of temporary elements of transport infrastructure (roads, unloading 
areas, parking lots and means of mechanization) (information index TP1); 
arrangement of temporary elements of production infrastructure (stands for enlarg-
ing or conveyor assembly, warehouses, concrete and mortar units, tower crane 
tracks, fencing of work areas) (information index TP2); 
installation of temporary elements of engineering networks of water supply, 
wastewater disposal, heat supply, air supply, steam supply, gas supply, power 
supply (information index TP3); 
construction of pedestrian paths and passageways to work areas (information index 
TP4). 

– Ensuring the safe operation and performance of production processes (information 
index SO): 

installation of elements of physical protection (fencing) of the perimeter area 
(information index SO1); 
arrangement of checkpoints (admission) to the construction site (information index 
SO2); 
information aids (posters, stands, boards) (information index SO3); 
lightning protection components (information index SO4). 

– Ensuring environmental protection (information index OC): 

Arrangement of points for cleaning and washing vehicles (information index OC1); 
arrangement of places for collection, processing, temporary storage of garbage 
and construction waste (information index OC2); 
installation of technological devices for collection, processing and temporary 
maintenance of liquid technological media, sewage (information index OC3). 

– Ensuring environmental protection (information index EP): 

arrangement of fire extinguishing facilities (information index EP1); 
smoking areas (information index EP2);
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the construction of elements and systems of fire alarm systems (information index 
EP3); 
fire hydrants (information index EP4). 

The above-mentioned composition of measures for engineering and technical prepa-
ration of industrial facility construction is aimed at forming necessary or sufficient con-
ditions for the planned deployment and timely start of production and technological 
procedures of the subsequent (main) stage of construction production. 

Probabilistic format of organizational-technological model topology is intended for 
prediction of consequences of negative factor manifestation in construction production 
and its influence on the considered indicator of organizational-technological solutions 
quality (indicator “duration”, see Table 1). 

Suppose the manifestation of such (negative) factor by the example of one of the 
construction processes, included in the complex of measures CM_TC. 

Figure 1 shows a fragment of the decomposition of the topology of the deterministic 
model format, which presents the state of the construction process due to a possible nega-
tive factor in the implementation of the construction process, denoted by the information 
index TC1. 

Fig. 1 State of the construction industry due to the manifestation of the negative factor. The 
complex of measures of CM_TC 

From the data shown in Fig. 1, it follows that the manifestation of the negative factor 
in the production of the complex construction process BH2 increases the originally 
established (baseline) duration from 6 to 11 days. Thus, the negative consequences of 
the manifestation of a random factor add “+5 days” to the duration of the process BH1 
and, together with it, lead to a delay in the implementation of a set of measures CM_TC
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(by five days, from the base value of 22 days to the actual value of 27 days), as well as 
the total composition of “Engineering and technical preparation of construction of an 
industrial facility” (by five days, from the base value of 134 days to the actual value of 
139 days). 

“Hard”, deterministic format of organizational-technological model topology does 
not allow to carry out planning of measures to parry negative consequences of accidental 
factor manifestation—without involving additional resources. 

The solution of the problem seems possible with the use of probabilistic format 
of organizational-technological model topology (Fig. 2).The solution of the problem 
seems possible with the use of probabilistic format of organizational-technological model 
topology (Fig. 2). 

Fig. 2 Probabilistic format of the model topology. Variant with changing links for two construction 
processes (works): TC3 and TC4 

From the data in Fig. 2 it follows that the manifestation of the negative factor, which 
occurs in the production of the complex construction process TC2, is to be countered 
by changing the links (probabilistic format of model topology) for the two construction 
processes (works): TC3 and TC4. 

This approach allows to parry the negative effects of a random factor (“+5 days” to 
the duration of the process TC1) on the total duration of the complex of CM_TC activities 
and the overall composition of “Engineering preparation of construction of an industrial 
facility”. The actual duration returned to the base or pre-set values (respectively, 122 
and 134 days). 

It is important to note that the measures proposed for implementation to change 
(optimize) the topology of the organizational and technological model do not require
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additional resources: the duration of the optimized processes TC3 and TC4 is equal to 
their pre-established values. 

4 Conclusions 

According to the results of the research the following main conclusions are obtained: 

1. Analysis (definition, calculation) of organizational and technological solutions indi-
cators using the above considered probabilistic model formats is a significantly 
more complex design procedure compared to the deterministic format of a similar 
organizational and technological model. 

2. The considered methodical approach with the use of probabilistic format of 
organizational-technological model can be applied for development of forecast and 
analysis of consequences of negative factors manifestation for various construction 
processes included in the model. 

3. Methodical approach with the use of probabilistic format of organizational-
technological model topology contributes to improving the quality of the development 
of design (organizational-technological) solutions aimed at taking into account the 
consequences of manifestations of negative factors of construction production during 
engineering and technical preparation of the construction of an industrial facility. 
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Abstract. To meet the special requirements (for the strength and conductivity of 
concrete structures) that arise during the transmission of electricity to remote areas 
of the Russian Federation, a variant of using self-healing concrete is proposed. In 
this material, it is proposed to use microcapsules obtained by the physical method, 
consisting of sodium silicate and bentonite clay coated with ethyl cellulose with 
graphene. The mechanism of action of the capsule is as follows: after external 
mechanical destruction, access to graphene appears and it acts as a conductive 
medium, resulting in the cementing properties of the capsule core. In the course 
of the work, the optimal ratio of graphene and the capsule core was established, 
which was determined during several experiments and microstructure studies. The 
dependences of the compressive strength and conductivity of the composite on the 
graphene content in the capsule, the number of microcapsules in concrete, and the 
time of strength gain were also revealed. In the experiments, the average size of 
microcapsules was 1.25 mm, and the grain shape is predominantly spherical with 
a rough surface and dense structure. The optimal microcapsule content was 2% 
of the cement binder weight, which corresponds to 0.1% graphene oxide. With 
an increase in the graphene content, the conductivity of the concrete composite 
monotonically increases, and the compressive strength increases to a certain limit 
and then decreases. After partial destruction of the samples (discontinuity) at the 
micro level, the composite material recovered, while the recovery coefficient was 
81%, and the recovery coefficient of compressive strength was 57%. 

Keywords: Graphene · Microcapsules · Self-healing cementing materials · 
Compressive strength · Conductivity 

1 Introduction 

Currently, the number of energy consumers throughout the Russian Federation is rapidly 
increasing, which in turn stimulates the active growth of electricity transmission and 
conversion lines, including in remote areas of the country (see Fig. 1) with harsh climatic 
conditions.
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Fig. 1 Schematic diagram of transmission and conversion lines of electricity in the Russian 
Federation 

At the same time, the foundations of power transmission towers are affected by both 
weather conditions (large amounts of rain, extreme temperatures) and difficult geological 
conditions (saline or weak soils), which leads to the destruction of the concrete structure, 
frost heaving, uneven precipitation, cracks, and other damage. At the same time, the 
foundations are "hidden works", which makes it difficult to identify the resulting defects 
and cracks, and reduces the durability and terms of safe operation of structures. Also, the 
fundaments must have a certain electrical conductivity to ensure the safety of people and 
equipment and to improve the reliability of the power system. Ordinary heavy concrete 
has a resistivity of 104109 Om × m and for its use in the construction of power line 
foundations, it must be reduced. All of these factors determine the requirements for 
concrete foundations. 

Created by a team of authors, intelligent self-healing concrete is developed based on 
bionic theory. The repair material in the manufacture of the mixture is located inside the 
monolith and when the structure is damaged, trigger mechanisms (temperature, change in 
pH of the medium or cracks) start the restoration of the damaged area, which prolongs the 
life of the structure and increases its durability. Microcapsule technology of self-healing 
materials based on Portland cement has the advantages of the possibility of mass use, low 
cost (compared to repair work), ease of process control, and excellent dispersibility over 
the body of concrete [1–3]. Currently, similar materials consist of urea–formaldehyde 
resins/epoxy microcapsules [4–7], phenolic resin/dicyclopentadiene microcapsules [2, 
8, 9], which have lower adhesion and slight expansion of the core material in combination 
with insufficient strength of the capsule wall, which significantly limits the possibility 
of their use in cement compositions [10]. Methods for manufacturing such capsules are
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based on physical [11–13], chemical [14], physicochemical [14–19] and other methods 
(see Table 1). Yang [20], Zhang [21], Wang [22], and others conducted experimental 
research and mathematical modeling in the field of petrochemistry, road engineering, 
bridge construction, polymer materials, coatings and other fields. However, for the foun-
dations of power lines operating in difficult geological and meteorological conditions of 
remote areas of the Far North, such studies have not been carried out, despite the high 
demand. 

Table 1 Preparation method of microcapsule [11–19] 

Method of 
preparation 

Method of production Core 
material 

Wall 
material 

Material 
properties 

Physics Spray drying method CSA PVA Ed(↑) 
Chemistry Microfluidics/photopolymerization CS, SS AE σbc(↓), Cr(↑) 

Chemically activated emulsion 
polymerization 

SF PS Cr(↑), E(↓), 
pH(↑) 

Radiation aggregation BS MA σbc(↓), σ(↓) 
Synthesis of 
physics and 
chemistry 

Extrusion method CH, MFP, 
Ag+ 

EC, MA pH (↑), Cr(↓) 

Sol gel BS SiO2, M σbc(↓), σ(↓), 
f cf (↓), K(↑) 

Melting and dispersing method SS G σbc(↓), 
f cf (↑), K(↑) 

Complex emulsion method PER, SS, 
DCPD, 
MMA, CS 

UF, PU, 
PUF, PS, 
PF, MF 

σbc(↓), 
f cf (↓), E(↑), 
K(↑) 

Note The abbreviations in the table have the following meanings: E: modulus of elasticity, 
Ed: dynamic modulus of elasticity, Cr: corrosion rate, K: crack healing rate, BS: bacterial 
spores, MA: alginate, G: gelatin, PER: epoxy resin, AE: acrylate, CH: calcium hydroxide, CS: 
silica gel, CSA: calcium thioaluminate, DCPD: dicyclopentadiene, EC: ethylene cellulose, M: 
melamine, MF: melamine, MF: monofluorophosphate, F: phenol formaldehyde, PS: polystyrene, 
PU: polyurethane, PVA: polyvinyl alcohol, SF: sodium fluorophosphate, SS: sodium silicate, UF: 
urea–formaldehyde 

At the same time, special design requirements for the foundations of power transmis-
sion towers complicate requests for concrete material. Most often in practice, additional 
components of the mixture, such as graphite, carbon fiber, steel slag, steel fiber and car-
bon black, are used to improve the conductive properties of concrete. The use of graphene 
(with high conductivity and a large specific surface area) can significantly improve the 
electrical conductivity of cement compositions, but reduces the strength characteristics 
of the material and increases its cost, which limits its use. At the same time, it should 
be noted that other conductive components adversely affect the technological properties 
of concrete mixtures. Therefore, the use of microcapsules as a solution to this technical
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and technological issue is very important in the design and construction of power lines 
in Russia and northwest China. 

In the presented study, the authors made the core of a microcapsule based on sodium 
silicate and bentonite by physical methods, and the shell was based on ethylcellulose 
and xylene with the addition of graphene. In the course of the work, the dependence 
of the strength characteristics of cement composites on the content of microcapsules 
in concrete, graphene in microcapsules and hardening time was studied. At the micro 
level, the process of restoring defects (cracks) of concrete was investigated by optical 
microscopy and X-ray diffraction analysis. 

2 Production of Samples of Cement Composite, Microcapsules, 
and Their Mechanism of Action 

For the manufacture of cement composite samples, the composition cement: sand = 1: 3 
with a water-cement ratio of 06 was adopted. The content in the composition varied and 
it was 1, 2, 3, 4 and 5%, sodium fluorosilicate was introduced in an amount of 15% by 
weight of microcapsules and a solution of graphene oxide in an amount of 0.025; 0.05; 
0.1; 0.25 and 0.5% by the weight of the concrete. From the control and experimental 
compositions of cement compositions, cube samples with a size of 70 × 70 × 70 mm 
were made and after 7, 14 and 28 days of hardening, they were tested to determine the 
compressive strength and the rate of restoration of the structure was determined as the 
ratio of strength after restoration to the strength of control samples. 

Initially, the core of the microcapsule is made, for which sodium silicate, microcrys-
talline cellulose, bentonite and methylcellulose are taken in a ratio of 25, 30, 10 and 
2%, respectively, and mixed until homogeneous in the dry state (see Fig. 2). Then 29% 
distilled water and 4% Tween 80 are added and stirred at a temperature of 40 °C. Particles 
are obtained from the resulting mass by extrusion followed by granulation. The shell 
material of ethyl cellulose, ethyl alcohol and xylene (10, 18 and 72%, respectively) is 
applied to the surface of the capsules after thorough mixing. The capsules themselves are 
dried in an air stream with simultaneous dispersion. For further experiments, particles 
with a size of 1–1.25 mm are selected by screening. When soaking a random number of 
capsules with distilled water, only a few capsules dissolved, and most of them remained 
intact, which indicates the integrity of the composite structure of the capsules.

Microcapsules are mixed with other components of the cement composition in con-
ventional forced mixers, closed and formed samples, which, after hardening, are ready 
for further experiments. When the sample is exposed to external influences, a microc-
rack occurs in its structure, which ruptures the shell of the microcapsules, moisture from 
the surrounding concrete stone penetrates to the core and triggers chemical reactions 
with sodium silicate (see formula 1). As a result, a gel-like silicon hydroxide Si(OH)4 
is formed, which in turn fills the free space, binds to the walls of the crack and the 
neoplasms have a certain strength. 

Na2SiO3 + Ca(OH)2 = CaSiO
− 
3 + 2NaOH (1) 

As water is absorbed, bentonite expands in the cement composite and fills cracks, 
which prevents further penetration of corrosive substances from the environment. A
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Fig. 2 Microcapsule production process

chemical reaction occurs (see formula 2) and the cracks are glued together by the products 
of the neoplasm, the rigidity, and impermeability of the cement matrix are restored (see 
Fig. 3). 

2Na2 · nNa2SiF6 + 2(n + 1)H2O�6NaF + (n + 1)Si(OH)4 (2)

3 Methods of Experiments and Results of Work 

In the first stage, the strength of samples with sand (control) was determined only and 
recorded as K0. Then the samples are loaded without destruction to a force of 60% of the 
destructive force (K1), after which they harden and restore the structure under conditions 
of heat and humidity treatment. Determination of the strength of the structure and strength 
(maintainability) was carried out after determination after additional hardening (K2) for  
the estimated amount of time and was determined by the formulas (3) and (4): 

Kx = 
K2 − K1 

K0 − K1 
× 100% (3) 

Kh = 
K2 

K0 
× 100% (4)
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Fig. 3 Schematic diagram of microcapsule self-healing mechanism

Four-electrode voltammetry was used, which eliminates the contact resistance 
between the electrode sheet and the cement base, and reduces the polarization effect. 
Stainless steel electrodes were evenly placed on the sample at a distance of 20 mm 
from each other (see Fig. 4), and a DC source, an ammeter (I) and a voltmeter (U) were 
connected. 

Fig. 4 Working mechanism of resistance method
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The cross-sectional area through the BC segment was S, and the distance between 
the electrodes was L. The resistivity p was calculated by the formula 5: 

ρ = 
US 

IL 
(5) 

X-ray phase analysis of cement composites with microcapsules showed the presence 
of the following minerals: albite, arcade, quartz (19%), calcium hydroxide, calcium 
thioaluminate, aluminates, and clinker minerals (73%). In them, the content of quartz, 
albite and albite increased by 2.22 and 23%, respectively, compared with the control 
composition. This proves that the core material is released after the “opening” of the 
microcapsules and forms an additional amount of calcium hydro silicates (the main 
hydration products of Portland cement). 

In addition to X-ray phase analysis, micrographs of microcapsules and cementing 
reaction products were also taken (see Fig. 5). The shape of the microcapsules is predom-
inantly spherical, and the intact shell completely covers the smooth surface of the core 
(see Fig. 5a). At higher magnification, it appears that the surface of the microcapsule 
shell is uneven, which contributes to increased adhesion to the cement matrix (Fig. 5b). 
When a microcrack forms in the composite due to the adhesive forces, the capsule will 
also open and release access to the core material, the hydration products of which will 
then fill the space of the microcrack. After the sample is preloaded, a pressurized micro-
capsule releases the base material (see Fig. 5c), which reacts with water and carries out 
the recovery work. The color of the composition with graphene and microcapsules is 
darker and at the same time graphene conglomeration is not detected (see Fig. 5d). At 
the same time, the structure of the material becomes denser (see Fig. 5e). Graphene 
intensifies hydration reactions, combines hydration products and increases strength.

Excellent dispersibility, combined with hydrophilicity, accelerates the release and 
hydration of the main components of the microcapsule core, increases the content of 
calcium ions, and mineral formations fill microcracks. With a small dielectric constant 
(55%) and high specific strength, the resistivity of the cement composite is reduced and 
the need for a low resistivity for the power transmission network is realized. 

The compressive strength of samples of cement compositions hardened for 28 days, 
with an increase in the content of microcapsules, gradually decreases to 1% with 5% of 
microcapsules (see Fig. 6), which cannot meet the needs. Alleged reasons for the decline: 
low strength of the microsphere (at the level of the pore of concrete) violates the original 
strength of the composite; The addition of microcapsules reduces the content of other 
components (including Portland cement) and weakens the concrete. However, a small 
content of microcapsules (up to 2%) leads to a slight increase in strength compared to 
the control composition. This happens for the following reasons: sodium fluorosilicate 
added to the samples slows down the kinetics of hardening; microcrystalline cellulose 
and ethyl cellulose slow down coagulation and increase strength at low contents; When 
preparing a cement composite, a small part of the capsules are destroyed and the core 
material begins to interact, filling the shrinkage cracks.

Microcapsules reduce the rate of strength gain of the composite, which is manifested 
in strength after 7 days of hardening: with microcapsules, the strength is 70% of the 
control composition. However, in the future, the strength of the activity increases and 
after 28 days exceeds the control samples. Therefore, for further experiments, samples
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Fig. 5 SEM photos and XRD analysis of self-healing mortar matrix: a Morphology of microcap-
sules; b Morphology of the wall; c Crushing of microcapsules to eliminate gaps; d Morphology 
of grapheme; e Composition of cementing material: graphene-microcapsule

were taken that hardened for 28 days, after which the sample was subjected to an aqueous 
hardening test for 10, 20and30days, after which the compressive strength was determined 
and the rate and recovery rate was calculated. 

The rate of recovery of compressive strength Kx gradually increases with an increase 
in the content of microcapsules (see Fig. 7). It has been established that sodium silicate 
in the cement matrix interacts with water and sodium fluorosilicate to form cementitious 
substances, the amount of which increases with an increase in the content of microcap-
sules, which explains the increase in strength (self-healing effect). However, it should 
be borne in mind that with an increase in the content of microcapsules, the number of 
stress concentration points and the likelihood of defects—cracks—also increase. But at 
the same time, the number of microcapsules involved in self-healing also increases.

It has been established that the rate of strength recovery in samples that have addi-
tionally hardened for 30 days under heat and humidity conditions is the highest, and for 
hardened 10 days, it is the lowest. The reason for this increase in the self-healing effect 
can be explained by the limited reaction rate of sodium silicate in the microcapsule core
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Fig. 6 Compressive strength of specimens cured for 28 days

Fig. 7 Compressive strength recovery rate

material, and the fewer particles of fully hydrated cement, the greater the recovery rate. 
The slowdown in the growth of Kx is explained by the limitations of the microcapsules 
that have not reacted, and an increase in the duration of recovery does not give the desired 
effect. In parallel with this, the expansion of bentonite, which has already entered into 
reactions, leads to the filling of cracks with neoplasms and a decrease in the flow of 
water from the outside. 

The compressive strength and recovery rate of concrete are more influenced by 
microcapsules, and graphene serves as an additive that improves the conductive proper-
ties of the cement composition. Therefore, the effect of graphene was studied under other
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constant conditions: the content of microcapsules was 2%, and the cement composite 
hardened for 28 days. 

With an increase in the graphene content in the composite, the strength of concrete 
steadily increases to a composition of 0.1% graphene and reaches a value of 121.6% 
of the control (see Fig. 8). A further increase in the proportion of graphene leads to a 
decrease in strength and with a content of 0.5%, concrete has a compressive strength 
of only 92%. The results obtained are explained by the fact that graphene, with a low 
content, accelerates the processes of cement hydration, fills voids at the micro level, and 
also changes the structure of hydration products. 

Fig. 8 Compressive strength of a 28-day specimen 

Another mechanism of action of graphene can be explained by its high specific 
surface area, which contributes to the binding of water, distributing it evenly throughout 
the cement matrix. With a further increase in the content, graphene oxide particles 
aggregate and form microcells with zero strength, which creates points with increased 
internal resistance. 

Surface resistance was also determined on samples that hardened for 28 days. It was 
found that the minimum graphene content does not significantly affect the resistance, 
and the composition with 0.1% graphene has a resistance of only 48% of the control (see 
Fig. 9). A further increase in the proportion of graphene does not significantly affect the 
resistance and it even increases slightly, which is also explained by the aggregation of 
dispersed particles and a simultaneous decrease in the plasticity of the cement mixture, 
which leads to a decrease in the quality of molding and the formation of air voids with 
high resistance.
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Fig. 9 Surface resistance distribution of specimens 

4 Conclusions from the Results of Experiments 

1. The developed microcapsules containing sodium silicate and bentonite and obtained 
by the physical method can improve the self-healing efficiency of the cement com-
position (the recovery rate of compressive strength is higher than that of ordinary 
samples). Methods of microscopy and X-ray diffraction analysis have established 
that the microcapsules have a spherical shape with a high-quality shell of a rough 
surface. After the shell cracks, the capsule core material is released and its reaction 
products are deposited in the cracks, filling them and thereby repairing them. 

2. The introduction of microcapsules up to 1% increases the compressive strength, 
however, with a further increase in the proportion of microcapsules, the strength 
gradually decreases and at a content of 3.0% it is lower than the control composition. 
The recommended content of microcapsules is 2%, which gives optimal compressive 
strength and self-healing effect. 

3. The introduction of graphene oxide into the composition first increases the strength 
of the concrete, and then decreases. The optimal content of graphene oxide in the 
concrete composition is from 0.05 to 0.15%, which allows the most complete use of 
this advantage. 

4. The addition of graphene oxide improves the conductivity of cement concrete, the 
optimal content is 0.1%: below this, graphene improves conductivity less, and exceed-
ing it does not improve this characteristic, and taking into account the cost of the 
material, it is not economically feasible. 
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Abstract. The article describes the results of experimental studies of the influence 
of preliminary decompaction on the magnitude of the swelling pressure of soils 
of natural and disturbed structure. The determination of the swelling pressure 
at various degrees of preliminary decompaction was carried out in laboratory 
conditions for clays of natural and disturbed structure. The conducted researches 
made it possible to reveal the features of the patterns of influence on the process of 
swelling of the mineralogical composition of the soil from its initial density and 
moisture content. In montmorillonite clays, decompaction reduces the swelling 
pressure as more, as more montmorillonite is included in their composition. In 
the soil of a disturbed structure, the initial density and moisture do not affect the 
dependence of the relative magnitude of the swelling pressure on the degree of 
preliminary decompaction of the soil. In a soil of natural structure, an increase 
in the initial density contributes to a more significant decrease in the swelling 
pressure from preliminary decompaction compared to the pressure developed by 
the soil in the complete absence of swelling deformations. Structural cohesion 
in soils of natural composition prevents the decrease in swelling pressure during 
decompaction. It was revealed that the relationship between the relative magnitude 
of the swelling pressure and the degree of preliminary decompaction of the soil 
can be described by an exponential function. The values of the coefficients of this 
function are determined. 

Keywords: Swelling soil · Swelling pressure · Laboratory tests 

1 Introduction 

The foundations of structures based on swelling soils, and any structures buried in this 
soil, receive additional pressure from swelling when there is a soaking of the soil mass 
adjacent to the structure [1, 2]. This is a significant problem in construction both in 
Russia [1–3] and in many countries of the world [4–7]. 

Preliminary soil decompaction reduces the magnitude of the swelling pressure the 
more, the higher the specified decompaction [1, 8, 9]. 

Features of the development of soil swelling and the influence of various factors on 
this process are the subject of study by many scientists [4–14]. 

This article is devoted to experimental studies of the effect of preliminary soil 
decompaction on the magnitude of the swelling pressure.
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2 Materials and Methods 

The swelling pressure was determined in the laboratory at various degrees of preliminary 
decompaction of the soil for Khvalyn chocolate clay (Volgograd) and overburden clay 
(Sergiev Posad, Moscow region) of natural and disturbed structure in accordance with 
the requirements of regulatory documents [15]. 

The physical properties of soils are presented in Table 1. 

Table 1 Physical characteristics of the studied soils 

Name of 
soil 

Soil moisture 
W, %  

Liquid 
limit 
wl , %  

Plastic 
limit 
wp, %  

Plasticity 
index 

Density, g/cm3 Porosity 
factor e 

Degree of 
humidity 
Sr 

ρ ρs ρd 

Khvalyn 
chocolate 
clay of 
natural 
structure 

5–20 58.2 24.8 33.4 1.35–1.65 2.76 1.28–1.38 1.0–1.15 0.12–0.51 

Khvalyn 
chocolate 
clay of 
disturbed 
structure 

20–35 59.5 26.7 32.8 1.8–1.9 2.76 1.33–1.45 0.89–1.05 0.78–1.0 

Overburden 
clay of 
disturbed 
structure 

10–15 34.2 15.2 19 1.52–1.79 2.7 1.38–1.55 0.74–0.96 0.30–0.40 

The mineralogical composition of the Khvalyn chocolate clay includes illite—71%, 
kaolinite—28%, and a small amount of montmorillonite and Halloysite. 

The mineralogical composition of overburden clay includes montmorillonite—23%, 
illite—6% and kaolinite—14%. 

The studies were carried out in a consolidometer. The swelling pressure was deter-
mined by consolidation test. Preliminary soil decompaction was created by lifting 
locking device by a predetermined value. 

Several samples of the same density and soil moisture were prepared simultaneously. 
A part of the samples was soaked from the prepared batch, without preload to determine 
the amount of free swelling. The other part of the samples was tested with a fully twisted 
ring of the locking device, and the rest of the samples were tested with raising the ring 
of the locking device to a height equal to 2, 4, 6, 8% of their original height, which, as 
a result of swelling during soaking, created a preliminary decompaction of the soil by 
the appropriate size. All these preliminary soil decompaction samples were tested by 
the same procedure as natural ones. 

The swelling of the samples was determined according to the readings of the dial 
gauge with an accuracy of 0.01 mm. The time of preliminary soaking of the samples 
under the locking device was set according to the stabilization time of the free swelling 
of identical samples. The results of determining the swelling pressure at various degrees
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of preliminary decompaction for the Khvalyn chocolate clay and overburden clays of a 
disturbed structure are shown in Figs. 1 and 2. 

Fig. 1 Relationship between the relative swelling εsw of the Khvalyn chocolate clay of the dis-
turbed structure and the pressure p at various preliminary decompaction η (W = 10%; ρd = 
1.32 g/cm3; Sr = 0.274) (I) η = 0.001; (2) η = 0.025; (3) η = 0.041; (4) η = 0.051; (5) η = 0.061; 
(6) curve Psw = f(η)

The application of a load to soil with a disturbed structure leads to a sharp increase in 
compressive deformations when the load slightly exceeds the swelling pressure. A well-
defined break in the graph curve appears, corresponding to the swelling pressure when 
testing the soil under the locking device (Figs. 1 and 2). The soil of natural structure has 
other patterns when a load is applied above the swelling pressure, so its deformations 
change slowly under the influence of an increasing load. The graph εsw = f(p) has 
the form of a smooth curve without a break when testing such soil under a locking 
device (Fig. 3). The magnitude of the swelling pressure in this case corresponded to 
such a pressure at which the subsequent stage of loading caused the soil compression 
deformation to be twice as large as the deformation at the previous stage. Differences 
in the nature of the compression curve of natural soil and soil of a disturbed structure 
indicate a significant effect on the process of decompaction during moisture and on the 
occurrence of swelling pressure of structural bonds, which are completely absent in the 
latter.
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Fig. 2 Relationship between the relative swelling εsw of the disturbed structure overburden clay 
and the pressure p at various preliminary decompaction η (W = 10%; ρd = 1.55 g/cm3; Sr = 
0.364) (I) η = 0.001; (2) η = 0.015; (3) η = 0.02; (4) η = 0.023; (5) curve Psw = f(η)

3 Results 

The degree of preliminary decompaction of the soil (η = Δh/h) is equal to the ratio of 
the absolute value of decompaction (raising the ring of the locking device) Δh to the 
height of the soil sample h. Studies of the dependence of the swelling pressure on the 
degree of preliminary decompaction η showed that it is influenced by the initial state, 
the structure of the soil and its mineralogical composition. 

In the soil of a disturbed structure, which is in a state of preliminary decompaction 
during swelling by a given value η, the magnitude of the swelling pressure is determined 
by the initial state of the soil. An increase in the initial moisture content of soil of the 
same density reduces the swelling pressure at the same pre-swelling. An increase in the 
initial density of the soil at constant humidity leads to an increase in the corresponding 
pressure values. 

The swelling pressure depends linearly on the initial density and initial soil moisture. 
This linear dependence is preserved under the preliminary decompaction of η. Figure 4a 
shows a plot of swelling pressure versus initial density (W = 10%) for different pre-
decompaction. It can be seen that the slope of the straight lines decreases with increasing 
η.

Figure 4b shows the dependence of the swelling pressure of a preliminarily decom-
paction soil on the initial moisture content. The given graphs correspond to the initial 
soil density ρd = 1.38 g/cm3.
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Fig. 3 Relationship between relative swelling εsw of Khvalyn chocolate clay of natural structure 
and pressure p at various preliminary decompaction η (W = 32%; ρd = 1.455 g/cm3; Sr = 0.993) 
(I)—η = 0.003; (2)—η = 0.034; (3)—η = 0.061; (4)—curve Psw = f(η)

Fig. 4 Relationship between swelling pressure and soil density (W = 10%) (a) and swelling 
pressure and soil moisture (ρd = 1.38 g/cm3) (b) at preliminary decompaction η (I) η = 0; (2) η 
= 0.02; (3) η = 0.04; (4) η = 0.06

The initial density of the soil has a great influence on the relationship between the 
swelling pressure and the degree of preliminary decompaction in the soil of natural 
structure.
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The mineralogical composition of the soil also significantly affects the process of 
reducing the swelling pressure during decompaction (Fig. 5). 

Fig. 5 The relationship between the decrease in the swelling pressure of soil of a disturbed struc-
ture and the relative decompaction Khvalyn chocolate clay (•—ρd = 1.28 g/cm3; ◯—ρd = 
1.33 g/cm3; x—ρd = 1.28 g/cm3) cover clay (⃞- ρd = 1.38 g/cm3; 	∆—ρd = 1.55 g/cm3) 

Decompaction reduces the swelling pressure of overburden clays more than for 
the Khvalyn chocolate clay. The first contains 23% montmorillonite, while the second 
contains a small amount. As can be seen from Fig. 4, the relative decompaction by 20% 
of the value of free swelling εsw in overburden clay reduces the swelling pressure by 
60%, and in Khvalyn chocolate clay it decreases by 46%. 

The graphs presented in Fig. 5 show that in the soil of a disturbed structure, the initial 
state has little effect on the nature of the relationship between the decrease in swelling 
pressure and relative decompaction. Here are the results of experiments with Khvalyn 
chocolate clay of a disturbed structure, which has an initial density of dry soil ρd = 1.28, 
1.33, and 1.38 g/cm3 (curve 1). The experimental points are located quite closely near 
one curve, regardless of the corresponding values of the initial density-humidity. The 
same character of the arrangement of experimental points is also observed for overburden 
clay-paste with a density of dry soil of ρd = 1.38 and 1.55 g/cm3 (curve 2). 

The initial density of the soil significantly affects the decrease in swelling pressure 
during decompaction in the soil of natural structure. This decrease is more noticeable in 
a soil with a high density than in a soil of a lower density (Fig. 6).

It can be seen from the graphs that the preliminary swelling of the soil by 5% of its 
free swelling value reduces the pressure value compared to the swelling pressure in the 
absence of decompaction by 60% for clay ρd = 1.60 g/cm3, by 20% for clay ρd = 1.45 
g/cm3 and by 8% for clay ρd = 1.33 g/cm3. 

The decrease in the swelling pressure of preliminary decompaction is associated 
with the action of adsorption, capillary and osmotic forces, which lead to thickening of
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Fig. 6 Relationship between swelling pressure reduction of Khvalyn chocolate clay of natural 
structure and relative decompaction (1) ρd = 1.33 g/cm3; (2)  ρd = 1.45 g/cm3; (3)  ρd =1.60 g/cm3

the hydrate shells, wedging and weakening of the action of molecular cohesive forces 
between clay particles. 

The state of the wetted soil without the possibility of increasing its volume (εsw 
= 0) corresponds to the smallest thickness of water films and the highest disjoining 
pressure that occurs at the points of particle contacts, which is balanced by the external 
pressure taken as the swelling pressure. Preliminary decompaction of the soil increases 
the thickness of the hydrated shell due to weakly bound water and thereby reduces the 
disjoining pressure. Less external pressure is required to balance it in this case, i.e. 
swelling pressure is reduced. 

As the soil density increases, the number of contacts between particles increases. 
Decompaction reduces their number, and the more, the higher the initial density of the 
soil. Therefore, the relative decrease in swelling pressure is related to the initial density 
of the soil and is more pronounced in dense soils. 

Structural cohesion prevents decompaction for natural soil at the same time. The 
relative decrease in swelling pressure is less in soil of natural structure than in soil of 
disturbed structure at the same density. This can be seen from a comparison of curve I 
in Fig. 5, constructed for natural soil, the density of which ρd = 1.33 g/cm3 is in the 
range of densities of the investigated soil of disturbed structure, with curve I in Fig. 4, 
expressing the decrease in swelling pressure during decompaction of soil of a disturbed 
structure of different density-humidity. If a relative decompaction of 5% reduces the 
swelling pressure by 8% in the first case, then in the second case the same decompaction 
leads to a decrease in the swelling pressure by 15%. 

The mineralogical composition of the soil affects the decrease in swelling pressure 
during decompaction, and this is due to the different nature of the interaction of clay 
minerals with water. Thus, montmorillonite has the property of intracrystalline swelling, 
in contrast to kaolinite. The penetration of water molecules weakens the molecular
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cohesive forces between clay particles in the interpackage space of this mineral and 
helps to reduce the density of the soil and, accordingly, the swelling pressure. This 
explains the fact that the effect of preliminary decompaction on the swelling pressure of 
cover clay is more significant than that of Khvalyn chocolate clay. Obviously, the effect of 
preliminary decompaction will be the stronger on the magnitude of the swelling pressure 
in montmorillonite clays, the more montmorillonite is included in their composition. 

4 Discussion 

The experiments made it possible to establish the relationship between the relative value 
of the swelling pressure on the degree of preliminary decompaction of the disturbed and 
natural soil structure, which can be represented as an exponential function. The swelling 
pressure can be determined by the formula in the case of the possibility of preliminary 
decompaction of the soil. 

psw,η = (A · e−Bχ − C)psw, (1) 

where psw,η—swelling pressure at decompaction η, psw—swelling pressure at constant 
sample volume (η = 0); 

χ = η/εsw—the ratio of decompaction η to the amount of free swelling εsw; A, B, 
C—parameters determined empirically. 

The parameters of Eq. (1) A, B, C were selected by statistical analysis using the least 
squares method. The values of the coefficients of Eq. (1) are presented in Table 2 for the 
studied soils. 

Table 2 The values of the coefficients of Eq. (1) according to the results of statistical processing 

Soil type Coefficients of the Eq. (1) 

A B C 

Khvalyn chocolate clay of disturbed structure 1.08 2.63 0.08 

Overburden clay of disturbed structure 1.013 4.44 0.013 

Khvalyn chocolate clay of natural structure 

ρd = 1.33 g/cm3 1.39 1.25 0.39 

ρd = 1.45 g/cm3 1.014 4.24 0.014 

ρd = 1.60 g/cm3 1.001 10.80 0.001 

5 Conclusions 

1. The study of the regularities of swelling pressure reduction due to preliminary decom-
paction of the soil due to its swelling showed that the relative decrease in swelling 
pressure during preliminary decompaction depends on the structure of the soil and 
its mineralogical composition.
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2. The initial density and humidity do not affect the nature of the dependence of the 
relative magnitude of the swelling pressure on the degree of preliminary decompaction 
of the soil in the soil of a disturbed structure. An increase in the initial density 
contributes to a more significant decrease in the swelling pressure from preliminary 
decompaction in the soil of a natural structure compared to the pressure developed 
by the soil in the complete absence of swelling deformations. 

3. Structural cohesion for soils of natural composition prevents the decrease in swelling 
pressure during decompaction. The relative decrease in swelling pressure in soil of 
natural structure is less than in soil of disturbed structure at the same density. 

4. The effect of preliminary decompaction on the magnitude of the swelling pressure is 
the stronger in montmorillonite clays, the more montmorillonite is included in their 
composition. 

5. The dependence of the relative magnitude of the swelling pressure on the degree of 
preliminary decompaction of the soil can be described by an exponential function. 
The coefficients included in the equation of the approximating curve are constant for 
soil of a disturbed structure of the same mineralogical composition, and for soil of a 
natural structure they change with a change in the initial density. 
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Abstract. The object of the study is a spatial hinge-rod structure. The research 
method—the analysis of the wide variability of the forms of hinge-rod joints, 
the economical installation process using the principle of “self-expansion” allow 
us to speak about the relevance of research in this direction. The article gives 
an overview of spatial structures and shows the pros and cons of such struc-
tures. Examples of popular nodal connections of rod structures are given. Results: 
development of general principles for the formation of a spatial rod structure, 
development of a hinge joint, a finite element coating model. As a result of the 
analysis of existing prefabricated buildings, the authors of the article present their 
surfaces main shapes. A variant of the swivel joint developed by the authors in 
the COMPASS-3D software package is presented, and a model of the frame is 
obtained. The introduction of new types of spatial architectural and structural sys-
tems into the practice of construction is the historical objectivity of the interaction 
of architecture and scientific and technological progress. 

Keywords: Computer simulation · Spatial structures · A prefabricated spatial 
framework 

1 Introduction 

The use of spatial skeleton is widespread both in civil and industrial construction [1–5]. 
The main advantages of spatial skeleton is the ability to overlap large space without 
internal supports, which allows the use of space without restrictions [6–8]. 

The disadvantages include a large number of nodal connections and core elements 
and the complexity of installation. 

Currently, spatial frameworks are widely used; an example is the Biotechnopark of 
the Novosibirsk region (Fig. 1). The glass facade flows into the dome above the atrium. 
The facade is a mesh structure using the “SpaceStructure” technology: a cylindrical 
nodal system, a single-layer structure in a triangular geometric surface.

In construction practice, spatial metal structures of tubular cross-section are widely 
used, due to the elegance of forms. An example is a tower built in 2011 in Cincinnati, 
USA, on top of which there is a steel structure consisting of 15 arches and hundreds of 
other steel elements, which looks like a tiara (Fig. 2). The main arches are made of pipes
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Fig. 1 Biotechnopark, Novosibirsk region

with a diameter of 16 inches, the remaining arches are made of pipes with a diameter of 
4 to 8625 inches. 

Fig. 2 The Great American Tower, Cincinnati, USA 

Steel tubular rods with proper protection are more resistant to corrosion and fire. 
However, the manufacture of tubular rod assemblies is quite time-consuming and expen-
sive, since it requires a large amount of cutting, drilling and welding, which increases 
the cost of the project [9–13]. 

The development of new prefabricated buildings and structures based on a metal 
frame is an urgent topic of modern research. Frames of this type can be used both for 
energy-efficient buildings in the conditions of the north, and in emergency situations for 
temporary accommodation of people.
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2 Methods and Materials 

The authors examined examples of patented frames of prefabricated buildings, analyzed 
their pros and cons, and also proposed their own version of a metal frame that meets all 
modern requirement. 

The invention, patented in 1995, presented in Fig. 3, is a metal frame, including a 
two-pitched crossbar, inclined posts, vertical tightening and inclined braces, forming a 
symmetrical structure relative to the vertical axis when connected [14]. 

Fig. 3 Metal frame of the building 

The advantages of this frame include: a combination of cross bars, braces, struts 
and tightens provide multiple triangular rigidity; accelerated assembly and design 
development. 

And the disadvantages: the complexity of the connection nodes of its elements; the 
impossibility of quick installation and dismantling of structures due to the presence of 
a tightening built into the foundation. 

Another invention patented in 2009, shown in Fig. 4, is a folding hinged metal frame 
for mobile structures and shelters, containing transverse struts connected pivotally to 
form transverse bearing arches, and longitudinal struts pivotally connected to transverse 
struts to form longitudinal bearing belts [15].

The advantages include: the radius of the arc on which the vertices of the trapezoids 
are located is able to provide a large height of the trapezoid; the spacers connecting the 
transverse arches serve to determine the length of the frame and increase the strength of 
the structure. 

The disadvantages include: the complexity of the installation and dismantling of the 
metal frame; low strength characteristics. 

The invention, patented in 2015, presented in Fig. 5 the frame of a collapsible struc-
ture, including pivotally connected elements of an arch-frame structure in the form of 
belts with brackets forming cells of four-link mechanisms, support hinges [16].

The advantages include the assembly of the frame by alternately attaching one ele-
ment of the upper belt and the ascending brace to the mounted part of the frame; the 
ability to perform installation work mainly on the ground, there is no need for work at
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Fig. 4 Folding hinged metal frame for mobile structures and shelters

Fig. 5 The frame of a prefabricated structure

height, which increases the safety of construction; if necessary, during the pre-assembly 
process, elements of roofing fencing can be attached to the frame. 

The disadvantages include: limited use with an increase in span, because at the same 
time it is necessary to increase the length of the elements and, as a consequence, weighting 
the structure. In addition, it is difficult to rest on the ground part of the intermediate nodes 
of the frame, which complicates the installation. 

A pre-fabricated dome, patented in 2017, shown in Fig. 6, is made in the form of a 
combination of pentahedrons and hexahedrons [17].

The advantages include: good fire resistance, high service life, good corrosion 
resistance and good earthquake resistance. 

Disadvantages: limited use when increasing the span, because at the same time, the 
structure is weighted.
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Fig. 6 The frame of a prefabricated dome

With the development of spatial structures, the design of nodal connections also 
began to develop. Currently, a large number of compounds that have been developed by 
domestic and foreign developers are known. Work on the creation of a nodal connection 
of spatial rod structures with an ideal price-reliability ratio continues at the present time. 

One of the most popular systems with an Odebolt connection is the “Mero” system 
(Fig. 7), it is considered one of the most accessible for creating spatial lattice structures. 
Round tubular elements are connected at the nodes with cast “balls” using one hidden 
bolt for each tube. This concept was developed on the basis of studies of natural structures 
conducted in the 1930s by the creator of the system, Dr. Max Mengeringhausen [18]. 

Fig. 7 Node connection “Mero”
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The British corporation has developed a hollow spherical node of the Nodus system 
(Fig. 8). The node consists of two half cross-shaped shapes connected using a single 
high-strength friction bolt, nut and washer. 

Fig. 8 Node connection 

The disadvantage of the system is the complexity of manufacturing complex shaped 
parts. 

The designers of large-span rod structures are currently engaged in the development 
of new material-intensive, compact, easy-to-assemble nodal joints. 

3 Results 

As a result of the analysis of existing prefabricated buildings, the authors of the article 
in Table 1 present their main surface shapes, they are divided into cylindrical (mesh 
arches), spherical (mesh domes), conical shells and transfer shells, and the latter two 
types of shells are used relatively rarely, examples are given.

Currently, the authors are developing a prefabricated frame of a temporary building 
based on a mesh dome, which can be quickly disassembled and assembled, used in 
seismic areas. The design scheme in the plan is shown in Fig. 9.

The uniqueness of this design lies in the nodal connection of the rods this type of 
node makes compact packaging and delivery to the construction site possible. 

The nodal element for this type of construction is a patented hinge assembly of a 
spatial rod structure [19, 20], shown in Fig. 10.

The nodal consists of rod elements of different lengths, Fig. 11, in the diagram in 
Fig. 9 they are marked with different colors for ease of assembly of the frame.
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Table 1 The main forms of the surface of prefabricated buildings 

Surface Shapes Title 

Cylindrical (mesh arches) 

Spherical (mesh domes) 

Conical shells 

Transfer shells

Fig. 9 The design scheme in the plan
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Fig. 10 The hinge assembly of a spatial rod structure

Fig. 11 Rod elements of different lengths 

4 Conclusion 

The obvious advantages of this system in low material consumption, mobility, unifica-
tion and standardization allow it to be used in the organization of various temporary, 
quick-mounted coatings of buildings used in the liquidation of natural and man-made 
emergencies. The possibility of using various types of energy-efficient coatings makes 
such a design relevant in the modern world. 

As a result of the work, a computer model of the frame was obtained (Fig. 12).
The use of the proposed spatial coating has a number of advantages compared to 

known structures, thanks to the new nodal connection, stability is ensured without addi-
tional structural elements (braces, puffs, etc.), which on average account for about 25% 
of the material consumption of the entire volume, this can significantly reduce the metal 
consumption. 

The purpose of the invention is to increase reliability, reduce transportation costs 
and reduce installation time.
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Fig. 12 A computer model

The introduction into the practice of construction of new types of spatial architectural 
and structural systems capable of solving the problems of socio-functional, technological 
and aesthetic formation of the architectural environment based on industrial methods is 
the historical objectivity of the interaction of architecture and scientific and technological 
progress. 
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Abstract. Increasing the strength of cement concrete could significantly improve 
the technical and economic performance of structures. However, an increase in 
strength also entails an increase in the brittleness of the material, as a result of which 
there is a faster (almost instantaneous) destruction of concrete, and in the case of its 
destruction in a compressed zone, reinforced concrete elements when they reach 
the limit state. Thus, the actual problem of modern materials science is to increase 
the plastic-deformation properties of concrete and resistance to cracking. Polymer 
concretes obtained on the basis of liquid rubber are usually called Rubcons. Rubber 
concrete is a more plastic material, the ratio of its compressive strength to tensile 
strength is 8, while this indicator for ordinary concrete is equal to 18–19, while the 
modulus of elasticity, of course, is somewhat inferior to the modulus of elasticity 
of ordinary cement concrete, and is within the level of 25–26 GPa. At the same 
time, due to the high tensile strength of Rubcon, in the case of the manufacture 
of reinforced structures, better protection of reinforcing bars from an aggressive 
environment is provided than in traditional reinforced concrete structures. 

Keywords: Polymer concrete · Rubber concrete · Rubcon · Strength · Efficiency 

1 Introduction 

Elements of structures often operate under the influence of various aggressive envi-
ronments, while the use of traditional materials (reinforced concrete and steel) with-
out additional protection measures is ineffective. A promising way to solve this 
problem is to make such structures from composite materials, for example, polymer 
concrete—materials in which polymers of various nature are used as a binder. 

In civil engineering practice, polymer concretes based on polyurethanes, epoxy, 
polyester and other resins are widely used. However, the industrial production of some 
of these resins in Russia has been significantly decreased in recent years, as a result 
of which their cost has risen sharply. In this situation, the solution of issues related to 
the protection of structures from the aggressive effects of the environment is possible
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with the use of alternative types of industrially produced polymers, for example, diene 
oligomers belonging to the class of liquid rubbers. Polymer concretes obtained on the 
basis of liquid rubber are called Rubcons [1–6]. It should be noted that rubbers are readily 
available and widespread, which makes them promising in comparison with the resins 
used in the production of polymer concrete and cheaper raw materials. 

As a result of the research by Potapov and his collaborators [1–8] the quantitative 
content of the components of the vulcanizing system for the rubber concrete matrix was 
determined, and the optimal content of the vulcanizer, accelerator and activator were 
found. At the level of the rubber binder, the qualitative influence of the type of filler on 
the properties of rubber concrete was revealed, and the boundaries of the amount of filler 
in the rubber binder and its effect on the physical and mechanical characteristics of the 
rubber binder were established. Chemical resistance studies have been carried out on 
Rubcon, which have shown that Rubcon has almost universal chemical resistance. The 
main technological parameters, modes of manufacturing products and structures from 
rubber are determined. Solving the problem of expanding the range of low molecular 
weight rubbers used in the production of high-strength and chemically resistant products 
and structures, effective composites based on a polybutadiene oligomer of a mixed 
microstructure of the PBN brand were developed and studied. For composites based on 
PBN rubber, a rubber matrix has been developed and studied. The influence of the amount 
of rubber introduced into the composition has been studied. It has been established that 
the effective limits of its content are within (8–11)% by weight. 

Rubber concretes are characterized by favorable deformation and strength character-
istics due to the high filling of the mixture [1, 2], high electrical insulating and damping 
performance, high adhesion to metal surfaces and other properties, which were studied 
in [1–9]. The main property of rubber concrete, which distinguishes it favorably from 
analogues, is its high chemical resistance [5, 6] (Table 1). 

Table 1 Chemical resistance of rubber concrete [6] 

Kind of aggressive environment Coefficient of chemical resistance calculated 
due to experimental measurements after 

1 year 10 years 

20% H2SO4 0.95 0.95 

3% HNO3 0.8 0.7 

10% C6H8O7 0.9 0.8 

20% NaOH 0.95 0.95 

10% KOH 0.8 0.65 

NaCl 0.9 0.8 

Gasoline 0.95 0.95 

Water 1.0 0.99
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Oligodienes (diene hydrocarbons of various microstructures), which belong to the 
class of liquid rubbers and are capable of forming spatially crosslinked polymers under 
the influence of specially selected curing systems, are used as a binder in rubbers [3, 
4]. Increasing the strength of concrete could significantly improve the technical and 
economic performance of structures. However, an increase in strength also entails an 
increase in the brittleness of the material, as a result of which there is a faster (almost 
instantaneous) destruction of concrete and reinforced concrete elements (in the case 
of destruction in a compressed zone) when they reach the limit state. Thus, the actual 
problem of modern materials science is to increase the plastic-deformation properties of 
concrete and resistance to cracking. The possibility of using reinforced rubber concrete 
bending elements of various cross-sections was proved in [7, 8], and it was found [8] that 
reinforced rubber concrete elements undergo 3 stages of the stress–strain state similar 
to traditional reinforced concrete elements. The fractional parameter for Rubcon, which 
characterizes the level of its viscoelasticity, was determined in [9] analytically using the 
fractional derivative standard linear solid model and was identified experimentally by 
the impulse excitation technique [10]. 

At the moment, the most accessible liquid rubber in the territory of the Russian 
Federation is SKDN-N rubber. Rubber SKDN-N has a higher reactivity, that is why it 
has a lower vulcanization temperature (110–120 °C), which allows one to reduce the 
amount of hardening group components used and, as a result, to reduce the cost of the 
composition and labor costs. 

2 Materials and Methods 

Purpose of this study is to conduct a comparative analysis of the strength characteristics 
of conventional cement concrete and rubber concrete. 

In order to obtain the best strength characteristics, it was decided to use cement 
instead of fly ash as a first-class material, since the size of the cement fraction ranges 
from 5 to 40 µm, while the size of the fraction of the ash used is in the range from 5 to 
100 µm, namely, the size of the fraction of fine filler is one of the important factors in 
the formation of crystallization centers during the polymerization of the binder. Table 2 
shows the composition of cement concrete, Table 3 presents the composition of rubber 
concrete with cement, and Table 4 demonstrates the characteristics of the fine and coarse 
aggregates used. 

Table 2 Component composition of ordinary cement concrete 

Name of components Content of components, kg/m3 

Water 180 

Cement 360 

Sand 681 

Crushed stone 1190
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Table 3 Component composition of Rubcon SKDN-N with cement 

Name of components Content of components, mass % 

Low molecular weight rubber SKDN-N 8.2 

Sulphur technical 4.0 

Tiuram-D 0.4 

zinc oxide 1.2 

calcium oxide 0.4 

Cement 7.8 

Quartz sand 24.2 

Crushed stone 53.8 

Table 4 Physical properties of sand and gravel 

Aggregate Fraction size, 
mm 

Density, 
g/cm3 

Bulk density, 
g/cm3 

Specific surface, 
cm2/g 

Voidage, % 

Granite 
crushed stone 

5.0–10.0 2.67 1.50 5.4 41.4 

Quartz sand 1.25–2.50 2.65 1.61 33.0 39.1 

0.63–1.25 

0.315–0.630 

To determine the deformation-strength characteristics, tests for central compression 
and axial tensile were carried out. Due to the frequent formation and destruction of beams 
along an inclined crack of the second type [11], i.e. when the crack does not cross the 
longitudinal reinforcement, a test was carried out for splitting a cube sample mounted 
on an edge, the experimental scheme of which corresponds to [12]. The general views 
of rubber concrete samples and ordinary concrete samples are shown in Figs. 1 and 2, 
respectively. Geometric parameters of experimental samples for each type of testing are 
given in Table 5.

According to [12], the tensile strength σ st during splitting is determined by the 
following formula: 

σst = 0.5187P/S2 (1) 

where P is shear load, and S is the length of the cube edge. 
Before testing, the samples were carefully prepared. It was checked that the surface 

of the samples was even, smooth, without cavities, cracks and other defects, and the ends 
of the samples were perpendicular to their longitudinal axis. The load was applied at a 
constant speed. The tests were carried out on certified Instron equipment at the VSTU 
Collective Research Center. Compressive and tensile deformations were measured by 
strain gauges, sensor readings were taken using an MGSplus amplifier.
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Fig. 1 Rubber concrete: a tensile strength sample during testing; b sample cube during testing 

Fig. 2 Ordinary cement concrete: a tensile strength sample during testing; b sample prism during 
testing

3 Results 

Based on the diagram shown in Fig. 3, equations were obtained for the rubber concrete 
that describe the relationship between normal stresses σ r and relative strains εr during 
compression. 

σr = 29212εr−2.5 × 106ε2 r (2)

where subindex r refers to rubber concrete, i.e. Rubcon.
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Table 5 Parameters of samples 

Type of 
sample 

No. Width, mm Thickness, 
mm 

Height, 
mm 

Width, mm Thickness, 
mm 

Height, 
mm 

Rubber concrete Cement concrete 

Prism 1 40 41 160 40 40 160 

2 40 40.5 160 40 40 159 

3 40 40.5 159.8 40 40.5 160 

4 40 40 159.8 40 40.5 160 

5 40 39.5 160 40.5 40.5 160 

Tensile 
strength 
sample 

1 28 41 295 29 40 300 

2 29 41 295 29 40 300 

3 28 40.5 301 28 41 295 

4 29 41 301 29 40.5 300 

5 29 40.5 296 25 41 295 

Cube 1 100 100 99 

2 100 100 99 

3 101 100 100 

4 100 100 100 

5 101 100 100

Fig. 3 Deformation diagram of rubber concrete in comparison with B25 concrete: dashed curve— 
rubber concrete, red curve—ordinary Portland cement concrete

Relationship between tensile stresses σ rt and corresponding relative strains εrt 

σrt = 38842εrt + 3.35 × 107ε2 rt (3)
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Tables 6 and 7 show the deformation-strength characteristics obtained as a result 
of physical testing of samples of ordinary cement concrete B25 and rubber concrete, 
respectively. In so doing, the following notations have been used: Rb, εb and Rbt , εbt 
are the ultimate strength and strain under compression and tension for ordinary cement 
concrete, respectively, Rr , εr and Rrt , εrt are the ultimate strength and strain under com-
pression and tension for Rubcon, respectively, Eb and Er are elastic moduli for ordinary 
cement concrete and Rubcon, respectively, and Rsrt is the splitting tensile strength of 
Rubcon. 

Table 6 Test results for ordinary cement concrete 

Rb, MPa Rbt , MPa Rb/Rbt εb εbt Eb, MPa  

31.0 1.65 18.8 0.0015 0.00014 36,000 

30.0 1.6 18.8 0.0014 0.00013 35,000 

31.2 1.6 19.5 0.0015 0.00014 36,200 

29.0 1.6 18.1 0.0014 0.00012 35,300 

29.0 1.6 18.1 0.0015 0.00013 35,300 

Table 7 Test results for rubber concrete 

Rr , MPa Rrt , MPa Rr/Rrt εr εrt Er , MPa Rsrt , MPa  

84.0 10.9 7.7 0.0057 0.00054 25,200 8.9 

83.0 10.9 7.6 0.0056 0.00054 24,800 8.9 

86.0 11.8 7.3 0.0058 0.00056 26,600 9.3 

86.0 11.8 7.3 0.0058 0.00054 25,500 9.3 

83.0 10.4 8.0 0.0053 0.00053 24,700 8.8 

From Table 7 it follows that the average compressive strength and the tensile strength 
of Rubcon are 84.4 MPa and 11.2 MPa, respectively. A comparative histogram of the 
characteristics of cement concrete and rubber concrete is shown in Fig. 4.

Also, from Table 7 it is seen that the tests of a cube of concrete for splitting have 
a lower strength value than with central tension and make up around 81% of the axial 
tension, a similar ratio also corresponds to the results of testing cement concrete with 
a cubic strength of 74.6 MPa [13]. The tensile strength of rubber concrete is 7 times 
greater than the strength of cement concrete. Figure 3 shows that rubber concrete is a 
more plastic material than ordinary cement concrete, the ratio of compressive strength 
to tensile strength is 8, while the modulus of elasticity, of course, is somewhat inferior to 
the modulus of elasticity of conventional cement concrete (Fig. 4), and is at the level of 
25–26 GPa. However, in this case, the increase in strength does not lead to an increase in 
the brittleness of the material, and, consequently, the opening of cracks and destruction 
will not occur so rapidly, in particular, in comparison with high-strength concretes. It is
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Fig. 4 Comparative histogram of the characteristics of cement concrete and rubber concrete

important to note that high tensile strength has a positive effect on structures working in 
bending, in addition to increasing the load before cracking, it also increases the rigidity 
of structures due to the longer period of joint work of rubber concrete and rebar [14]. 

4 Discussion 

It should be noted that rubber concrete has a high fullness of the mixture. This indicates 
the possibility of adding second-rate materials to the Rubcon composition (instead of 
crushed stone, you can use waste from concrete breakage, or ground glass instead of sand. 
Thus, its high strength gives one the opportunity to use recycled materials in the mixture. 
This means that up to 89.8% of the Rubcon mixture could consist of various production 
wastes. In view of the fact that one of the trends in the modern technological development 
of the construction industry is the focus on energy efficiency, the important criteria of 
which are to ensure the durability of structures, their environmental safety, as well as the 
possibility of using recycled industrial waste and by-products of other industries [15], 
rubber concretes can be among those materials that will have waste in their composition 
and at the same time be used in the production of durable structures and products. For 
example, in [16], crushed stone was replaced with secondary crushed stone after the 
demolition of a hydroelectric power plant, and in [17], crumb rubber was added to the 
concrete. It is common practice to combine fly ash with cement in the production of so-
called “Green concrete” [18, 19]. Moreover, due to the high tensile strength of Rubcon, 
in the case of the manufacture of reinforced products, better protection of reinforcing 
bars from an aggressive environment is provided as compared with traditional reinforced 
concrete products. 

5 Conclusion 

The following conclusion could be made based on the results obtained:
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● The mechanical properties of rubber concrete are much higher than those of the 
traditional cement concrete. Thus, compressive strength of Rubcon with the use of 
cement is 84.4 MPa, while the tensile strength is 8 times less than the compressive 
strength, while this indicator for conventional concrete is 18–19.

● The tensile strength of Rubcon is 7 times greater than the strength of cement concrete 
B25.

● Due to the high strength of rubber, its use in load-bearing structures leads to a reduction 
in material consumption and weight of structures. This helps to reduce the cost of 
manufacturing and operating of structures.

● Rubber concrete has the potential to utilize industrial waste in its composition. 
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Abstract. The priority direction of construction materials science is the produc-
tion of materials with increased performance characteristics. The most common 
building material is concrete, of various functional purposes. The development of 
the construction complex leads to the design of increasingly complex structures, 
the construction of which requires highly efficient concrete with increased opera-
tional reliability. In this article, the application of a modifying complex additive to 
concrete of carbon nanotubes “Taunit-M” and plasticizer SP-3 is considered. Two 
methods of introducing nanoscale additives into the composition of fine concrete 
are considered. The results of two series of tests of beam samples at the age of 
28 days using different methods of nanotube injection, namely, the use of an ultra-
sonic dispersant and the use of a linear induction apparatus (LIA), are presented. 
The positive effect of the introduction of nanotubes on the strength characteristics 
of concrete has been established. It is determined that the use of LIA provides a 
greater increase in strength due to the double effect of activation of the cement 
binder and the distribution of the nano-additive by active mixing due to vortex 
action. 

Keywords: Carbon nanotubes · Ultrasonic dispersion · Vortex layer apparatus · 
Plasticizer · Nanoconcrete 

1 Introduction 

Nanotechnology is widely used in all fields of research, including the construction indus-
try. There are many papers studying the introduction of various kinds of nanoscale com-
ponents into a concrete mixture. The introduction of a small amount of additives such as 
nanosilicon, carbon nanotubes (CNTs), titanium nanoxide, etc. can significantly increase 
the 28-day strength of concrete with the introduction of their optimal amount [1]. 

In modern construction, concrete is one of the most widely used building materials, 
with the greatest use in the history of mankind. With the continuous development of the 
construction industry, the use of concrete structures and their operating conditions are 
becoming more and more complicated [2]. In this regard, to ensure the safety and reli-
ability of building structures, it is necessary to adapt building materials to more severe 
engineering conditions. It can be noted that in recent years, a promising technology is
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high-strength concrete (high performance concrete), such concretes provide compres-
sive strength from 80 to 120 MPa. One of the possible directions for improving the 
performance characteristics of concrete is the use of complex additives and the selection 
of the optimal composition of the mixture. 

The improvement of functional materials is an actual direction of materials science 
today. This approach is focused on determining the mechanisms, phenomena and pro-
cesses of the formation of the structure of the material at the nanoscale. Nanoscale 
additives are new modifying additives for concrete, providing a significant increase in 
strength characteristics [3]. In this regard, the study of the technology of application of 
nano-additives is a promising direction in the field of building materials science. Carbon 
nanostructures are one of the promising nanomodifiers. Carbon has abnormally high 
strength characteristics and a powerful dispersion effect, these properties can signifi-
cantly affect the performance characteristics of the material even when using a small 
concentration of such additives. Nevertheless, there are difficulties in their application, 
since nanomaterials are prone to the formation of aggregates, based on this, the methods 
and technologies for the synthesis and introduction of nanomodifiers should take into 
account the possibility of the most uniform distribution of the nano-additive in the matrix 
of the material. It is compliance with these conditions that will allow to obtain the max-
imum effect of the interaction of the additive with the matrix of the composite material 
at the phase boundaries, this will effectively distribute the load from the matrix to the 
nanotubes, which will ultimately increase the physical and mechanical characteristics 
of the material [4]. 

2 The Theoretical Part 

Research in the field of materials science is aimed at the development of building mate-
rials, as well as technologies for their preparation, providing the required operational 
properties. Based on the possibility of increasing durability, as well as on economic fea-
sibility, the actual direction of research in building materials science is to reduce costs 
by simplifying production technology, or the use of composite additives that increase 
the performance characteristics of concrete. To obtain the required characteristics, the 
most effective is to determine the optimal formulation of the concrete mixture [5]. One 
of the promising technologies for improving the strength characteristics of concrete is 
the use of nanomodifying additives. 

In the last twenty years, there has been an increase in the number of studies in the 
field of nanomodification of concrete. Nanoscale particles can be used as modifiers of 
various materials [6]. Two types of building materials can be distinguished: a class of 
materials consisting of nanoscale structural elements and a class of materials including 
nanostructured elements as part of their structure [7]. Multicomponent mixtures with a 
nanomodifier introduced into the composition are the most common and belong to the 
second class. 

When introduced into the mixture, nanoscale particles play the role of nuclei of 
structure formation, nanoarming element, centers of zoning of neoplasms in the matrix. 

Concretes are a complex structure that can be considered not only at the macro and 
micro levels, but also at the nanoscale, since concrete includes cement grains with a size



134 D. A. Lyashenko et al.

of 10–100 nm and hydrate phases of cement with a particle size of 1–100 nm. Many 
well-known processes can also be explained at the nanoscale [8, 9]. 

Currently, there are many studies aimed at studying the effect of nanoscale additives 
on the performance properties of concrete [10, 11]. Additives such as carbon nanotubes 
(CNTs) of various modifications, fullerenes, nanoscale SiO2 (or Fe2O3), microsilicon are 
used. Their use dramatically improves a number of mechanical properties of materials 
[12, 13]. The addition of CNT makes it possible to improve the adhesion of the cement 
binder, as well as to increase the durability and toughness of the resulting composite with 
increased mechanical strength. The effectiveness of nanotubes also lies in preventing 
cracking. This is due to the fact that the modification of such concretes occurs at the 
nanoscale. The mechanism of concrete destruction consists in the formation of cracks 
at the nanoscale, the accumulation of which leads to the appearance of larger areas of 
cracking, up to the complete destruction of the structure [14]. 

Numerous studies in the field of nanomodification of concrete carried out by research 
organizations show that the introduction of modifying nanoadditives in the manufacture 
of concrete provides:

● increased compressive and bending strength.
● improvement of the physical properties of concrete: frost resistance, water resistance 

and thermal conductivity.
● improving the structure of concrete [15]. 

Assessing the mechanism of the effect of nanomodifying additives on concrete mogi, 
the authors identify aries signs that significantly affect the structure of the composite 
material. The high sorption activity of nano-additives can influence the formation of 
additional micelle formations, which act as active centers of compounds [16]. 

The main three hypotheses of the influence of nanomaterials on the composite 
structure are formulated. 

1. Nanomaterials, having high surface energy, affect the structure formation of the matrix 
material, which contributes to the formation of a dense, durable substance. 

2. Primary nano-additives act as crystallization centers. 
3. Nanostructures are formed at the boundaries of the crystal interface, which excludes 

the possibility of their enlargement, which reduces the formation of bulk defects [17]. 

Carbon nanomodifiers have an effective effect on the formation of the cement stone 
matrix. Carbon modifiers with a geometry (length, diameter, etc.) close to the thickness 
of the layers of calcium hydrosilicates reduces the number of cracks. This is due to 
a decrease in the possibility of the propagation of main cracks in the material, since 
these processes are hindered by carbon fibers, which prevents the further spread of 
damage. This reduces the effect of material fracture and promotes adhesion between 
planes. In addition, carbon nanotubes allow you to distribute the energy of cracking to 
increase the propagation paths, since they interfere with their initial trajectory and speed 
of advancement. 

As many studies show, reducing the particle size of the material significantly 
increases its characteristics. For example, Portland cement has a specific grain sur-
face of approximately 3000 cm2/g. In this case, about a quarter of the cement volume 
enters into a chemical reaction. To achieve complete hydration of cement, grinding of
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materials to the smallest possible sizes is used. For this purpose, so-called activation 
methods are used. When activated, cement binders have an increase in reactivity, which 
is due not only to a decrease in particle size, but also to an increase in the concentration 
of defects, as well as the formation of active surface centers, which leads to a change in 
the crystal structure. In addition, during mechanical activation, the sorption properties of 
solid surfaces change, due to the active centers formed in it, which have a radical nature. 
The disadvantage of this technology is the high energy consumption of the process. 
For mechanical activation of solids, it is necessary to transfer a large amount of energy 
capable of deforming the crystal lattice of the material. In this regard, such devices have 
high energy intensity. It is known that the most effective way to transfer energy for 
mechanical activation is impact, due to the fact that this method allows you to direct 
energy to certain areas of the processed material. For mechanical activation of binders, 
various types of mills are used. In such installations, the working element is grinding 
bodies, which can be balls, cylinders or segments made of solid, dense material. The 
grinding mechanism can be based on driving grinding bodies due to an electric motor 
and gravity, as well as due to a magnetic field. 

Another direction of microstructure modification is the introduction of nanomodify-
ing additives into the cement mixture. The most well-known modifier is microsilicon, a 
by-product of the production of ferrosilicon and metallic silicon, the size of the colloidal 
parts 10−5–10−3 m. Nanocrete is a building material that includes nanoscale additives 
in its composition. It is known that the introduction of a small amount of nanomodify-
ing additives (particles with sizes from 1 to 100 nm) into the composition of concrete 
makes it possible to acquire completely new properties. This is due to the modifica-
tion of the structure of the resulting composite material at the nanoscale. It is known 
that nanoscale particles are present in chrysolite asbestos in the form of nanotubes. It 
is possible that the presence of nanotubes provides an increase in the strength of the 
cement matrix when using asbestos. In addition, nanotubes are contained in serpenti-
nite. Repair and restoration compositions are made on this mineral. Special attention can 
be paid to fulleroids (single- or multilayer nanotubes). Various materials of both natural 
and artificial origin are used as nanomodifying components. The following additives 
can be distinguished: nanofibers of various modifications, carbon black, astralenes, car-
bon nanotubes, fullerenes, microsilicon, minerals, nanoscale rocks, etc. The choice of 
nanomodifying additives depends on the required parameters, as well as the technical 
and functional properties of the material structure. Carbon nanomodifying additives, 
sols and fullerenes are the most widespread. In this work, it was decided to use carbon 
nanotubes. The key parameters were CNT length (3–5 microns), outer diameter (10– 
60 nm) and inner diameter (10–20 nm). Based on the literature data considered, such 
values are the most effective. 

An important role is played by the method of introducing nano-additives, since often 
their amount in the composition is very small (from 0.0001% by weight of the binder). 
To achieve the best effect, a uniform distribution of nanoparticles over the entire volume 
of the finished mixture is required [18]. 

In this paper, two methods of introducing nanomodifying additives are compared: 
ultrasonic dispersion and the use of a vortex layer apparatus.
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Ultrasonic dispersion: The technology consists in the use of ultrasonic dispersants. 
These devices can be used for grinding various kinds of solid particles in liquids or for 
the preparation of emulsions by intensive stirring of all components in water. Ultrasonic 
dispersants generate ultrasound in excess of 20 kHz, which makes it possible to obtain 
a highly dispersed, homogeneous mixture with both soluble and insoluble additives. 

Plasticizing additives can be used to prevent agglomeration of the additives used 
when they are introduced into the mixing water and, as a result, for a more uniform 
distribution of particles. Many studies indicate a positive effect for the introduction of 
nanoscale additives into the composition of concrete [19, 20]. 

The second method considered in this paper is the technology of using a linear 
induction apparatus (LIA). Such installations, due to the generated magnetic field, set 
in motion grinding bodies made of ferrimagnetic materials. Due to this, active stirring 
and activation of the cement binder by domol takes place in the chamber. Thus, the use 
of LIA has a double effect, namely, mixing of the introduced additives in the cement 
binder and its mechanical activation [21]. 

Cement activation studies were carried out using vortex layer apparatuses. The result-
ing samples showed an increase in strength, frost resistance and water resistance. This 
technology has the following sequence: The binder used is processed in the installation 
for a set time, after which cement is mixed with coarse and fine aggregate with further 
introduction of mixing water [22, 23]. 

3 The Experimental Part 

The following materials were used for the research: «Eurocement» cement, sand, plas-
ticizer SP-3 of “Polyplast Novomoskovsk” LLC, carbon nanotubes of the Taunit-M 
series. 

Plasticizer SP-3 is a mixture of sodium poly–naphthalene methylene sulfonate, tech-
nical lignosulfonates, an industrial mixture of sodium thiosulfate and rhodanide and, 
if necessary, an anti-foaming agent based on higher fatty acids and oligomeric lapro-
mol. According to state standard 24211, this additive refers to superplasticizers of a 
plasticizing-water-reducing type. Polyplast SP-3 is intended for:

● to increase workability without reducing strength with a constant water-cement ratio;
● to increase the physical and mechanical properties (strength) of concrete by reducing 

water with constant workability;
● to reduce cement consumption without reducing the workability and physical and 

mechanical properties of concrete [24]. 

Carbon nanotubes (CNTs) of the Taunit-M series are quasi-one-dimensional, 
nanoscale, filamentous formations of polycrystalline graphite of predominantly cylin-
drical shape with an internal channel. These tubes have a length of 2 or more microns and 
a diameter of 10–30 nm. Carbon has a strength of up to several Gpa. In this regard, the 
concentration of nanotubes is hundredths, thousandths and ten thousandths of a percent 
by weight of the binder. 

For the study, it was decided to produce 4 compositions using two CNT injection 
technologies. As the studied compositions, the following were used: a control compo-
sition, without the inclusion of a nano-additive and 3 compositions with the addition
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of CNT 0.004; 0.005; 0.006% by weight of the binder, respectively. The introduction 
of a nano-additive in such an amount is due to the tests carried out earlier [25, 26]. 
To determine the optimal amount of the injected plasticizer, tests were performed to 
determine the mobility of the mixture. Thus, the use of a plasticizer made it possible to 
reduce the water-cement ratio from 0.5 to 0.42 without loss of mobility. Table 1 shows 
the compositions of the manufactured samples. 

Table 1 Compositions of the studied mixtures of fine-grained concrete 

Structure S-1 S-2 S-3 S-4 

Cement, g 500 500 500 500 

CNT, %/g – 0.004/0.02 0.005/0.025 0.006/0.03 

Sand, g 1500 1500 1500 1500 

Water, g 210 210 210 210 

SP-3, g 3.5 3.5 3.5 3.5 

According to the compositions indicated in Table 1. Two series of samples were pro-
duced using ultrasonic dispersion and linear induction apparatus. For each composition, 
three samples were made-beams, according to state standard 18105. The compressive 
strength was determined as the main characteristic. The compressive strength limit was 
determined for each sample using the Pulsar-1.2 device at the age of 28 days. 

This device made it possible to record the propagation time of the ultrasonic pulse 
in the samples under study during the through sounding from the emitter to the receiver. 
The distance between the emitter and the receiver divided by the measured time is the 
value of the ultrasound velocity. In order to increase the level of reliability of research, 
measurements are divided into cycles consisting of six sounds, the final result of which 
is formed by statistical processing of the data obtained. The speed of propagation of 
the ultrasonic wave in the sample is influenced by the mechanical characteristics of the 
material, such as density and elasticity, as well as the presence of defects. 

The management of CNT with the help of a dispersant was as follows: 
Nanotubes and a plasticizer SP-3 were injected into a predetermined amount of seal-

ing water. After that, the working chamber of the dispersant, which generates ultrasound, 
was placed in a container with water. Then the ultrasonic treatment was carried out for 
5 min until the uniform distribution of all components. The resulting aqueous suspension 
was added to pre-mixed dry components for further mixing and molding; 

Introduction of nano-additives using LIA: 
Nanotubes were introduced into the set amount of cement, after which the mixture 

was placed in the installation chamber, in which grinding bodies in the form of anisotropic 
ferromagnetic bodies with a diameter of 1.5 mm and a length of 5–15 mm were also 
placed. After loading the chamber, the mixture was processed for two minutes. The 
resulting activated cement mixture was mixed with the remaining components for further 
forming of the samples. 

Below are tables with the obtained strength characteristics of the studied samples.
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For greater clarity, a diagram was constructed based on tabular data, Fig. 1. 

Fig. 1 Diagram of comparison of strength characteristics of the studied samples 

According to Tables 2 and 3, it can be seen that the maximum strength is achieved 
when 0.005% of the nano-additive by weight of the binder is introduced into the com-
position. The increase in strength was 14.5% and 15.2%, respectively, with the first and 
second methods of CNT administration. 

Table 2 Strength characteristics of samples prepared using ultrasonic dispersion technology 

Structure Rcom, MPa Rcom, MPa Rcom, MPa Average 

S-1.1 41.3 40.2 40.8 40.8 

S-1.2 45.5 44.1 48 45.9 

S-1.3 46.7 49.2 47.2 47.7 

S-1.4 45.1 48.1 47.1 46.8 

Table 3 Strength characteristics of samples prepared using vortex layer technology 

Structure Rcom, MPa Rcom, MPa Rcom, MPa Average 

S-2.1 41.3 40.2 40.8 40.8 

S-2.2 48.5 47.3 47.9 47.9 

S-2.3 48.8 46.9 48.6 48.1 

S-2.4 46.4 47.8 47.5 47.2
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Thus, the increase in strength characteristics occurred equally for each cooking 
technology. However, the samples prepared using LIA had slightly higher strength. This 
can be explained by the double effect of vortex action, namely stirring and activation of 
the cement binder. 

In order to understand the structure formation of nanomodified concrete, samples 
were prepared for research on the electronic double-beam microscope “Versa 3D”. Sam-
ples were taken from the obtained samples by grinding fine-grained concrete to a powdery 
state. The resulting powder was sieved through a sieve with a cell of 0.315 mm. The 
selected samples were loaded into the microscope chamber for further analysis. Below 
are micrographs with different magnification multiplicities. 

Based on the analysis of micrographs of Figs. 2 and 3, the nanomodified structure 
of concrete is characterized by the presence of areas with the inclusion of carbon nan-
otubes. The obtained micrographs show that the inclusion of the nano-additive acts as a 
reinforcing material, as well as additional crystallization centers. In this regard, as many 
authors confirm, there is a decrease in the porosity of the material during the formation 
of gel-like hydration products that fill the interstitial space. Carbon nanomodifiers have 
a structure-forming effect on the matrix of the material with the formation of an addi-
tional amount of hydrosilicates. Carbon nanotubes recorded in microphotographs have 
a stable diameter value along the entire length of the fibers, which provides stable con-
ditions for the growth of cement stone. There are neoplasm particles on the nanotubes, 
which indicates a modification of the structure of fine-grained concrete. The structure 
of the modified material has a dense arrangement of particles, due to which there is an 
increase in strength characteristics. Minerals together with nanotubes produce discrete 
reinforcement of the cement matrix, which makes it possible to combine the neoplasm 
into a single structure. 

Fig. 2 Micrograph of nanomodified concrete at 8000× magnification
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Fig. 3 Micrograph of nanomodified concrete at 60,000× magnification 

4 Conclusions 

The results of studies of the effect of a complex additive and methods of introducing 
CNT on the strength of the concrete mixture are presented. As a result of the studies 
carried out, a positive effect of the introduction of carbon nanotubes on the strength of 
fine-grained concrete was found. 

Thus, the use of the CNT additive in conjunction with the plasticizer SP-3 using two 
methods of administration contributed to an increase in the compressive strength. Both 
technologies showed an increase in strength of over 14%. However, the use of LIA made 
it possible to obtain greater strength due to the additional grinding cement. 

Studies using an electron microscope show the presence of modified sections of 
fine-grained concrete with carbon nanotubes. The increase in strength is due to the 
modification of the concrete structure. The introduced nanotubes act as crystallization 
centers, which leads to matrix hardening and increased crack resistance. However, the 
nanomodifying additive is not distributed over the entire volume of the mixture, in this 
regard, additional measures for the distribution of the components of the mixture should 
be taken into account. The use of mixers of various types can have a positive effect on 
the dispersion of CNTs. 
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Abstract. Dynamic strength is one of the factors determining the strain of build-
ings and structures under extreme impacts caused by, among other things, the 
restructuring when one of the load-bearing elements fails, as well as the dissipation 
properties of the materials the structure is made of. The purpose of this research is 
to analyze the dynamic strength parameters and dissipation properties of concrete 
and fiber-reinforced concrete under loads typical for emergency impacts and fail-
ures of one of the load-bearing elements. The results of the dissipation properties 
comparison for workpieces made of concrete types with different compression 
strength grades, as well as concrete reinforced with indirect-reinforcement fiber 
grid in terms of the specific strain energy absorption allowed the authors to rec-
ommend fiber-reinforced concrete for effective local reinforcement of structures 
taking into account their strength against specific emergency impacts. The sug-
gested analytical expression for the specific strain energy absorption can be used 
to assess the additional dynamic loading of reinforced concrete building frames 
under specific emergency impacts. 

Keywords: Fiber-reinforced concrete · Specific energy absorption · Static 
loading · Dynamic loading · Resistance 

1 Introduction 

The current growth of technology-related threats provokes interest in various aspects of 
building structure durability assurance under specific impacts [1–4]. Dynamic strength 
is one of the factors determining the strain of buildings and structures under extreme 
impacts caused by, among other things, the restructuring when one of the load-bearing 
elements fails, as well as the dissipation properties of the materials the structure is made 
of. Multiple experiments [5–10] show that the dynamic strength of concrete exceeds 
its strength under loading that lasts for minutes. The dissipation properties of materials 
are largely defined by the proportion of the plastic and elastic strain phases that can be 
accounted for integral structural elements with the damage tolerance (plasticity) factor 
[11–13]. 

Considering concrete blends, the authors of [14–16] analyzed the specific strain 
energy absorption value during one-axis compression of workpieces. Adding 1% of
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steel fiber allowed increasing the specific absorbed energy by almost two times [14, 16]. 
Similar results were obtained while limiting concrete strain by using carbon fiber and 
fiberglass cloths [15]. The results mentioned above were obtained through the quasi-static 
testing of workpieces. Apparently, the respective comparison data for static-dynamic 
loading are absent. 

Besides, developing analytical dependencies for the states of concrete, fiber-
reinforced concrete, and indirect-reinforcement concrete under the static-dynamic load-
ing for restructuring situations, as well as assessing their adequacy is an important 
research and practical problem. Experiments on the dynamic strength of concrete, includ-
ing indirect-reinforcement concrete, under the static-dynamic loading in question were 
described in [17–20]. However, any respective data for fiber-reinforced concrete were 
previously absent, and the results have not been compared in terms of the specific strain 
energy absorption. 

The purpose of this research is to analyze the dynamic strength parameters and 
dissipation properties of concrete and fiber-reinforced concrete under loads typical for 
emergency impacts and failures of one of the load-bearing elements, as well as the 
justification of a strain model for the fiber-reinforced concrete of building and structure 
elements under the static-dynamic loading considered. 

2 Materials and Methods 

2.1 Research Methodology 

The research stipulated researching the strain parameters of fiber-reinforced concrete 
under three loading modes: quasi-static, dynamic, and dynamic with the initial stress 
state from the preliminary quasi-static loading. After that, we compared the dissipation 
properties depending on the loading mode with other concrete blends reviewed in [17– 
20]. 

We used specific strain energy absorption as the assessment criterion for the dissipa-
tion properties of the material [14–16]. This parameter helps assess how well structures 
made of different materials can absorb the energy of dynamic impacts and determine 
the absorbed energy value depending on the initial stress–strain condition. Unlike the 
expression for the specific strain energy absorption provided in [16], we eliminate the 
elastic strain energy and obtain the following: 

SEA =
(∫ l 

0 Pdl
)

m
=

(∫ ε 
0 σ(ε)Abld ε

)

m
− (σ 2(ε)Ab · l) 

(2 · Eb · m) 
(1) 

To calculate the specific strain energy, we approximated the experimental dia-
grams for the state of concrete, fiber-reinforced concrete, and concrete reinforced with 
indirect-reinforcement fiber in the Table Curve 2D software package using the following 
expressions: 

σ(ε)  = (a + c · ε + e · ε2 + g · ε3) 
(1 + b · ε + d · ε2 + f · ε3 + h · ε4) ; Eb = c − a · b (2) 

where parameters a, b, c, d, e, f , g, h are selected empirically. Note that for singular 
quasi-static and dynamic loading diagrams parameters f , g, h are zeroed.
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2.2 Test Specimens 

To identify the specifics of fiber-reinforced concrete strain under singular dynamic impact 
taking into account the initial stresses caused by previously-applied static load, we 
produced and tested a series of 6 cubic workpieces sized 10 × 10 × 10 cm (Fig. 1a) and 
9 prism workpieces sized 7 × 7 × 28 cm. The materials used in these fiber-reinforced 
concrete workpieces are listed in Table 1. The selected material proportions without the 
steel fiber had to comply with concrete compression grade B30. 

Fig. 1 Close view of the test specimens: cubes (a); prism in the testing machine (b); close view 
of the prism after testing (c) 

Table 1 Materials for fiber concrete specimens 

Material Weight per 1 m3, kg  

Portland cement 500-D0 GOST 10178-85 360 

Washed sand, fraction 2–2.5 mm 950 

Crushed granite fraction 5–10 mm 950 

Water 190 

Steel fiber 47.1 

2.3 Loading Modes and Test Equipment 

The singular dynamic impact testing for the fiber-reinforced concrete prisms taking 
into account the initial stresses caused by the previous application of a static load was 
performed using the universal dynamic testing machine LabTest 6.500H.5.01.1 (Fig. 1b) 
that can generate a maximum testing load of 500 kN. The values of longitudinal and 
lateral strains of fiber-reinforced concrete prisms were recorded using BX-120-30AA
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strain gauges with a gauge length of 30 mm. Strain gauge readings were recorded using 
NI PXIe-1082 with a sampling rate up to 10 kHz. Apart from the load sensor built into 
the LabTest machine, we used an auxiliary load sensor DYLF-102 with a maximum 
permitted load of 500 kN. The general view of the prism workpiece after the testing is 
shown in Fig. 1c. The results of fiber-reinforced concrete workpieces were compared to 
the data for concrete workpieces, including those with indirect reinforcement [17–20]. 

3 Results and Discussion 

3.1 Test Results of Fiber Concrete Under Different Loading Modes 

The average results of fiber-reinforced concrete prisms tested according to the method-
ology set out in Sect. 2.3 are provided as the graph in Fig. 2. 

Fig. 2 The diagrams of fiber-reinforced concrete specimen states in dimensionless coordinates 
according to the results of tests 

The analysis of fiber-reinforced concrete state diagrams under different loading 
modes in Fig. 2 demonstrates the following: the strength limit of fiber-reinforced con-
crete prisms under singular dynamic loading from the initial static load stress σ = 0MPa  
to 28% exceeds the strength limit obtained in the quasi-static loading tests. The strains 
corresponding to the dynamic strength limit exceed the respective values for the quasi-
static loading by 20%. In the singular dynamic impact tests for fiber-reinforced concrete 
prisms from initial stress level σ = 0.6 · Rbn of the expected strength limit for a one-
axis quasi-static compression, the strength limit and the respective strain exceeded the 
respective values for singular quasi-static loading tests by 19 and 13%. The strength 
limit and the respective strain under singular dynamic impact taking into account the 
initial stresses σ = 0.6 · Rbn from the previously-applied static load were 32.1 and 35% 
lower than for the respective values obtained in dynamic tests without initial stresses. 

The values of approximating function coefficients (2) for the stress–strain diagrams 
are shown in Table 2.
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Table 2 Approximating expression parameters of the stress–strain diagrams for fiber-reinforced 
concrete 

Equation (2) parameter Fiber-reinforced concrete B45, fiber reinforcement mass 
percentage 1.8% 

Static Dynamic Static–dynamic 

a −0.1393 −0.5450 −0.4581 

b −207.5 −183.3 719.8 

c 36,360 43,880 50,500 

d 60,540 5416 −415,200 

e −8,304,000 −11,440,000 4235 

f – – 3.190e08 

g – – 1.276e10 

h – – −2.613 

3.2 The Stress–Strain Diagrams for the Dynamic Loading of Concrete, 
Fiber-Reinforced Concrete, and Indirect-Reinforcement Concrete 

Figure 3 compares the diagrams for fiber-reinforced concrete and regular concrete, 
including indirect-reinforcement concrete for this research and articles [17–20]. 

Fig. 3 The stress–strain diagrams under uniaxial dynamic compression: a without initial stresses; 
b with initial stresses 

3.3 Comparative Analysis Using the Specific Energy Absorption 

Figures 4, 5 and 6 show dependencies between the specific energy absorption (SEA) 
and the strain condition ε/εb0.
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Fig. 4 Specific energy absorption under quasi-static loading 

Fig. 5 Specific energy absorption under dynamic loading
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Fig. 6 Specific energy absorption under dynamic loading of the statically preloaded specimens 

The analysis of dependency graphs for SEA/εb0 − ε/εb0 shown in Figs. 4, 5 and 6 
allows drawing the following conclusions. 

The specific strain energy absorption increases with the axial compression strength 
limit of the concrete both under quasi-static, dynamic, and static-dynamic loading. The 
greatest increase in the SEA/εb0 value was observed when strain exceeded ε/εb0 = 0.4, 
which can be attributed to the intensification of cracking and is in line with the ultrasound 
examination of workpieces [18]. 

The specific strain energy absorption corresponding to the compression strength 
limit under the quasi-static loading varied between 4.4 J/g for B35 concrete workpieces 
and 6.67 J/g for the B50 concrete workpieces. For dynamic loading, this figure varied 
between 3.4 J/g for the B15 concrete with indirect grid reinforcement and 8.5 J/g for 
the B45 fiber-reinforced concrete. The figure for the dynamic loading of prisms taking 
into account initial stresses from static load (static–dynamic loading) varied between 
6.13 J/g for the B15 concrete with indirect grid reinforcement and 9.43 J/g for the B45 
fiber-reinforced concrete. 

For the B15 concrete, including the indirect grid reinforcement pieces, the SEA/εb0 − 
ε/εb0 curve was smoother than for workpieces made of higher compression-strength 
grade regular and fiber-reinforced concrete. This can be explained by the fact that the 
plastic strain for low-strength concrete is evident at low stress levels, while concrete types 
with higher compression-strength ratings feature nearly-elastic strain under low stresses. 
Considering the low concrete matrix strength of workpieces with indirect reinforcement, 
they showed lower absolute specific energy absorption compared to other workpieces.
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Nevertheless, this local reinforcement method can be more effective with matrices made 
of higher-strength-grade concrete. 

The highest absolute value of SEA/εb0 among the workpieces in question under 
quasi-static loading was obtained for the B50 concrete. For the dynamic and static-
dynamic loading of workpieces, the greatest absolute values of specific energy con-
sumption were observed in the B45 fiber-reinforced concrete prisms. This allows us to 
recommend fiber-reinforced concrete as a material that can improve the carrying capac-
ity of reinforced concrete structures under emergency impacts through, among other 
things, their application in structural nodes and sections that can experience the greatest 
loads during extreme impacts. 

The obtained dependencies of SEA/εb0 − ε/εb0 can be used to assess the additional 
dynamic loading of reinforced concrete elements of buildings and structures. 

4 Conclusions 

Based on the research results, we made the following key conclusions: 

(a) The results of the dissipation properties comparison for workpieces made of con-
crete types with different compression strength grades, as well as concrete reinforced 
with indirect-reinforcement fiber grid in terms of the specific strain energy absorption 
allowed the authors to recommend fiber-reinforced concrete for effective local rein-
forcement of structures taking into account their strength against specific emergency 
impacts. 

(b) The suggested analytical expression for the specific strain energy absorption can be 
used to assess the additional dynamic loading of reinforced concrete building frames 
under specific emergency impacts. 
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Abstract. In accordance with modern requirements for building materials, con-
crete must be of high quality with minimal resource waste. Using the initial compo-
nents internal potential allows to create high-quality binder systems that contribute 
to the achievement of the required performance properties of concrete. The opti-
mal mode for the preparation of an activated mixture based on special cement 
and sand of a certain granulometry was determined in this work by conducting 
a series of mechanical activation in a planetary mill. The influence of the degree 
of substitution of the cement-sand mixture with an activated component on the 
kinetics of the early strength gain of concrete was studied in order to analyze 
the applicability of the developed composition in 3D construction printing. The 
qualities of the modifier based on the activated cement-sand mixture were eval-
uated for the persistence of properties by the method of isothermal calorimetry. 
A multicomponent concrete with improved physical and mechanical properties 
was obtained, modified with a finely ground cement-sand composition of optimal 
content. 

Keywords: Cement · Concrete · Mechanical activation · Additive technologies · 
Modifier · Calorimetric analysis 

1 Introduction 

The development of additive technologies in construction shifts the criteria for the mod-
ern cement concretes applicability to the issues of regulating the kinetics of their hard-
ening. Such requirements are based on the features of the building’s construction using 
3D printing methods. According to them, each layer applied using an extruder must 
have dimensional stability, the necessary initial strength and optimal setting time to 
ensure adhesion between layers and, as a result, the durability of the structure. The 
requirements for ensuring such characteristics contribute to the development of new 
technological approaches to the building materials engineering. 

Nowadays much attention is paid to nanotechnologies in solving modern issues of 
building materials science. Composition of concretes is designed taking into account of 
various nano modifiers, for example, carbon nanotubes, nanodispersed silicon dioxide, 
nanosilica, halloysite, wollastonite, etc. to ensure the necessary physical and mechanical
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characteristics of mixtures [1–3]. However, their widespread use in the creation of con-
crete is limited by the high cost of such additives, taking into account the logistics costs 
for remote areas of construction. Therefore, the actual direction is the development of 
the potential of the base components of the mixture, which form the basis of fine-grained 
concrete. 

Appeal to the aspects and features of the structure formation of the composite, based 
on the use of the internal potential of the system itself, emphasizes the importance of 
improving the quality of the initial materials and their reactivity in order to achieve 
the desired performance characteristics. Therefore, various activation methods are used, 
consisting in the dispersion of the cement-sand mixture, taking into account the char-
acteristics of the hydration of cement particles and the role of fine aggregate in the 
formation of structural framework. 

The need for additional grinding of dry components is caused by the heterogeneity 
of cement grains, which prevents the full use of its binding properties. Large particles, 
like inert aggregate, may not react chemically with water. It leads to the formation of 
agglomerates of unreacted particles and the impossibility of uniform distribution of 
grains of one component in another. In addition, fewer internal structural defects will be 
located in smaller particles. 

There are various ways to activate the components of the mixture, among which 
three main ones can be distinguished: chemical, physical and mechanical methods [4– 
6]. Chemical activation is carried out by introducing surfactants into the composition, 
causing spontaneous dispersion of cement grains in the solution. Physical activation 
implies the influence of physical effects, for example, thermal effects when the hydra-
tion temperature of the cement–water system rises or electromagnetic effects when 
exposed to ferromagnetic particles in the vortex field apparatus. However, the methods 
described above have significant drawbacks, consisting in the low speed of the process 
or dependence on external factors. Mechanical activation is often recognized as the most 
effective method. This method may include wet and dry dispersion of the components. 

The mechanical effect during wet grinding [6] is caused by the penetration of water 
deep into the cement grain, removing the upper layers, thereby increasing the reactive 
area of the particles. In addition, the uniform distribution of water around the cement 
grains increases the effectiveness of their interaction with the liquid medium. Ball and 
vibratory mills with grinding media are mainly used for the purposes of wet grinding. 
The amount of water is of great importance with this activation method, for the largest 
grinding efficiency it is necessary to use a high amount of water. In this regard, there 
are limitations in the application of this method in relation to fine-grained mixtures 
in additive technologies, where the amount of water required to achieve the optimal 
molding and plasticity is strictly limited. Therefore, the most optimal is the dry grinding 
of the components by mechanical activation. 

Mechanical activation is an intense mechanical action on the components of the 
mixture, which helps to reduce the threshold for initiation of reactions. The essence of 
the mechanical activation method is the dispersion of particles and the accompanying 
deformation of the crystal structure of the material, which increases the area of contact 
surfaces and reactivity, thereby providing conditions for the implementation of chemical 
reactions. The main attention in the issue of mechanical activation of the components is
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mainly given to the dispersion of the cement. A direct correlation between the growth 
of cement activity and the improvement in the strength characteristics of concrete is 
based on the acceleration of the crystallization of new hydrate formations and their 
fixation during the hydration of new areas. At the same time, the quality of sand plays 
an important role in the formation of the strength framework of fine-grained concrete. 
Its particle size distribution, grain strength and surface layer morphology determine the 
quality of particle packing into a single array. The formation of active crystallization 
centers on a freshly formed surface is observed under mechanical action and dispersion 
of sand. The indicators of physical and chemical activity vary due to a change in internal 
energy, structural defects and the creation of a surface layer with excess energy [7]. 

The creation of a finely ground activated component by mutual mechanical activation 
of cement and sand should combine all the advantages of separate dispersion of the 
components. The use of such powder mixtures with the effect of nanoparticles should 
provide an increase in the early strength of concrete, a necessary condition for the 
applicability of the material for 3D building printing. 

2 Materials and Methods 

Previous studies [8, 9] and analysis of international experience in designing the compo-
sition of fine-grained concrete mixtures suitable for 3D printing [10–12] made it possible 
to select a composition that meets the necessary requirements for additive technologies. 
The consumption of components per 1 m3 is shown in Table 1. 

Table 1 The consumption of components per 1 m3 

Component Consumption 

Cement, kg 545.3 

Sand, kg 1168 

Silica fume, kg 156 

Metakaolin, kg 78 

Hyperplasticizer Stachement 1267, l 11.7 

Fiberglass, kg 1.09 

Portland cement grade M500 and quartz building sand were used to create a cement-
sand composition. In order to form the densest structure of the concrete, certain sand 
fractions were selected based on the results of granulometric analysis: 70%—1.25 mm 
and 30%—0.315. Characteristics of cement and sand are given in Tables 2 and 3.

Additives such as silica fume and metakaolin were used to improve the properties of 
the mixture in the control composition. Silica fume is a nanoscale material synthesized 
as a by-product of the ferrosicilium production. The increased dispersity of metakaolin 
improves the uniformity of the composite structure, contributing to the acceleration of 
cement hydration, and, as a result, an increase in the strength of concrete [13].
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Table 2 Properties of cement 

Characteristic Meaning 

Specific surface area, cm2/kg 3470 

Standard consistency, % 30.8 

Initial setting, min 150 

Final setting, min 205 

Table 3 Properties of sand 

Characteristic Meaning 

Fineness modulus 3.2 

Bulk density, g/cm3 1.59 

True density, g/cm3 2.4

In the conditions of modern materials science, chemical modifiers of various effects 
are also used to control the properties of concrete. A special place among them is occupied 
by superplasticizers based on polycarboxylates. The experience of their use proves that 
such additives contribute to an increase in the strength and mobility of concrete, as well 
as a decrease in the water demand of the concrete mixture [14]. 

As part of additive technologies, preference is given to alternative methods of rein-
forcement, for example, dispersed reinforcement with polypropylene fiber. The selection 
of the geometric characteristics of the fiber used should be based on the possibility of 
optimal distribution over the concrete matrix. 

The original cement-sand mixture (cement/sand = 1/2.14) was subjected to a series 
of mechanical activation in a Retcsh Emax planetary ball mill at 1000 rpm for 5 min. 
For the study, weighing of cement-sand mixture of 50 and 100 g of grinding corundum 
balls with diameters of 5 and 10 mm were placed in grinding jars in a ratio of 50/50. 
Dispersion in ball mills occurs as a result of free impact, in which the destruction of the 
material occurs along the weakest structural bonds at the junctions of crystals or layers. 
The product of grinding are grains of isometric shape without internal defects with an 
increased indicator of structural strength. It is noted [15] that these types of mills are 
particularly effective in dispersing sands of various fractions. 

The grinding efficiency was evaluated by the results of determining the specific sur-
face of the resulting composition, so the non-activated cement-sand mixture was charac-
terized by a specific surface of 1488 cm2/g. After activation at 1000 rpm—3691 cm2/g. 
Thus, dispersion of the cement-sand mixture for 5 min at 1000 rpm can increase the spe-
cific surface of the particles by almost 2.5 times. The process of mechanical activation 
is shown in Fig. 1.
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Fig. 1 Mechanical activation process: planetary ball mill (a), corundum balls (b), ground mixture 
(c) 

2.1 Initial Strength Tests 

The experimental compositions were formed on the basis of various degrees of replace-
ment of the cement-sand mixture with an activated cement-sand component: 1st compo-
sition—control; 2nd composition—50% activated and 50% non-activated mixture; 3rd 
composition—75% activated and 25% non-activated mixture; 4th composition—100% 
activated composition. 

Concrete mixes were created from prepared components in the indicated propor-
tions with a water/cement ratio of 0.73–1.1, because due to the increase in the specific 
surface of the particles of the activated composition, there was an increase in the water 
consumption of dry components and, as a result, in the water-cement ratio (Fig. 2). The 
resulting concrete mixture was placed in steel molds intended for the manufacture of 
laboratory samples—cubes 20 × 20 × 20 mm. 

Fig. 2 Changing the water-cement ratio 

The initial compressive strength of the samples was determined in the first hour and 
a half after the production of the concrete mixture, starting from 30 min and with a
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step of 15 min. In the case of the development of compositions for 3D construction, 
the early strength of concrete is of great importance, since it characterizes the ability of 
the developed concrete to provide the required shape during layer-by-layer printing and 
adhesion to other layers. The universal testing machine ElectroPuls E100 was used for 
strength tests. 

2.2 Isothermal Calorimetry 

It is important to evaluate the shelf life of activated cement-sand composition properties 
with the possibility of using material as a modifier. A calorimetric analysis of the system 
was carried out to assess the retention of the activity of the cement-sand mixture at 
various points in time. This method makes it possible to study the kinetics of the cement 
hydration reaction by analyzing the thermodynamics of the course of mortar hardening. 
Calorimetry is a method for real-time prediction of the strength characteristics of cement 
systems with a proven correlation between heat generation and strength development 
[16, 17]. 

Taking into account the exothermic nature of cement hydration, heat release makes 
it possible to assess the stage of completion of the process, thereby establishing a rela-
tionship between the degree of hydration and age. Thus, accounting for the amount of 
released heat can be used to indirectly compare the strength characteristics of compo-
sitions with the same mineralogical composition [17]. In this study, we analyzed the 
dynamics of heat release of compositions on a cement-sand mixture of various storage 
times to assess the retention of modifier properties. 

An 8-channel TAM Air isothermal calorimeter, designed for measurements of ther-
mal effects with high stability and accuracy, was used for the experimental part. The 
device is specially optimized for the tasks of studying and developing new compositions 
in the cement and reinforced concrete industry. A sample of 9 g of the activated mixture 
was transferred into ampoules with a volume of 20 ml and filled with water, providing 
a W/C ratio of 0.5. The container was sealed with a lid and directed to the appropriate 
channel. An ampoule with a reference inert filler was placed in the pair compartment. A 
constant temperature of 20 °C was maintained inside each channel. The heat release of 
the samples was studied for a fresh activated mixture, as well as after storage for 7, 14 
and 28, 35 and 42 days. 

3 Results and Discussion 

The effectiveness of the use of modifying components is usually evaluated by the value 
of the technical effect, which consists in changing the strength of the experimental 
compositions compared to the control at different points in time. Based on the data 
presented in Fig. 3, it can be concluded that the introduction of a finely ground cement-
sand mixture into the composition contributes to an increase in the initial strength of 
concrete at any dosage. The trends in the change in strength characteristics can be traced 
after 60 min of maturation most clearly. The largest increase in strength is typical for 
composition No. 3 when replacing 75% of the cement-sand mixture with an activated 
component, which may be due to the formation of the densest packing of particles
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in the concrete matrix and the most productive mutual work of all components. The 
advantage of the dosed input of the activated component in comparison with the complete 
replacement of the cement-sand mixture by it can be explained by the presence of a 
certain amount of coarse sand fractions present in the initial mixture and performing the 
function of a stiffening frame. 

Fig. 3 Compressive strength of concrete samples 

Thus, the effectiveness of the modifier introduced at a dosage of 75% was 37.74%, 
demonstrating an increase in strength at the age of 90 min up to 0.292 MPa, while the 
control composition reached only 0.212 MPa. 

Analysis of the graphs obtained in the study of the preservation of the additives 
properties makes it possible to evaluate the intensity of heat release of the samples at 
given points in time (Figs. 4 and 5). The change in the amount of heat released in the 
process of cement hydration is clearly reflected. Immediately after contact between the 
particles of cement and water, heat is released, since an active reaction of tricalcium 
silicate with water begins. In the course of their interaction, membranes are formed 
around the grains of cement, the destruction of which requires a lot of energy; therefore, 
the graph shows a decrease in heat release in the first three hours of the reaction. The next 
stage is determined by self-acceleration and a high intensity of the hydration reaction, 
which is caused by the coalescence of hydrated particles into a single system. This stage 
characterizes the heat release schedule from 3 to 10 h. Further, the rate of heat begins to 
fall and a small amount of heat is released during the curing process.

For compositions based on the activated component of different storage times, there 
are no noticeable changes in their reactivity that go beyond the errors that would be 
demonstrated by varying the peak value of the heat flux. Thus, the preservation of the 
properties of the activated cement-sand mixture during 42 days of storage in a sealed 
container was proved. This confirms the possibility of using the resulting finely ground 
composition as an independent modifier for concrete mixtures, subject to storage and 
operation conditions.
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Fig. 4 Heat flow 

Fig. 5 Total thermal energy

4 Conclusion 

A high-quality finely ground cement-sand mixture was obtained, produced by joint 
mechanical activation of cement and quartz sand of a certain granulometric composition. 
The effect of this composition on the mechanical properties of cement stone and the
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process of structure formation was studied. Based on the results of strength tests at the 
initial stages of hardening, the optimal dosage of the introduction of the obtained modifier 
was determined in the amount of 75% by weight of the initial cement-sand mixture. 
Concrete of this composition has a specific structure, determined both by particles with an 
increased dispersion index, which contribute to the intensification of structure formation 
processes, and by coarsened fractions of the original sand, which form a strong frame. 

Evaluation of the obtained activated composition properties, carried out by methods 
of determining the compressive strength and calorimetric analysis of the system, led to 
the conclusion that the properties of the modifier are fully preserved under long-term 
storage conditions in a sealed container. The results obtained confirm the possibility of 
using an activated cement-sand mixture as a modifier for concrete mixtures, which are 
used, among other things, as a printing material in 3D construction. 
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Abstract. This paper presents an in-depth investigation into the inelastic behav-
ior of large panel reinforced concrete buildings, with a focus on developing an 
accurate modeling approach for nonlinear seismic analysis. The study begins by 
discussing the modeling assumptions used in the analysis, considering various 
factors such as material properties and stress distribution along the connection 
region. To implement the proposed modeling approach, the finite element method 
is adopted, utilizing the LIRA SAPR software. Nonlinear behavior of the connec-
tion region is modeled by a combination of two finite elements: (i) shell elements 
representing stress distribution in the connection region and (ii) 2-mode link ele-
ment for modeling shear keys. The paper provides a detailed explanation of the 
finite element implementation process, highlighting the necessary calculations for 
stiffness determination for each structural element. The validity and performance 
of the proposed approach are assessed through both static and dynamic verifica-
tions. Overall, this research contributes to the field of structural engineering by 
offering an improved approach to capture the inelastic behavior of large panel 
reinforced concrete buildings during seismic events. 

Keywords: Large panels · Seismic response · Inelastic behavior · Finite 
elements 

1 Introduction 

Large panel precast concrete structures are extensively employed in seismic-prone areas 
worldwide. The adoption of this construction method poses numerous distinctive chal-
lenges regarding aseismic design, primarily due to the inherent presence of connection 
regions in precast construction [1–5]. These connection regions represent a key contrib-
utor to the non-linear and inelastic behavior observed in the seismic response of such 
structures. Conversely, the concentration of non-linear and inelastic behavior within 
these connection regions facilitates the non-linear modeling of these structures. The 
stiffness and strength characteristics of the joints are determined by many factors: the 
mortar grade, the gap sizes between the panels, the presence, location and parameters 
of the embedded plates and reinforcement [6, 7].
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This paper aims to develop a non-linear modeling approach of horizontal and vertical 
connections for inelastic seismic analysis of precast concrete walls. 

The typical large panel building system denoted as “Seria 1.464s”, widely spread in 
the Soviet Union republics is taken as an object of this research. 

Prefabricated RC large-panel buildings (LPB) are widely spread thought the terri-
tory of Russia because of the industrialization policy implementation in USSR [8–10]. 
LPBs have experienced the effects of several impactful earthquakes, notably the 1976 
Gazli event in Uzbekistan (Soviet Union), the 1977 Vrancea earthquake in Romania, and 
the 1988 Spitak earthquake in Armenia. Remarkably, the performance of these build-
ings during these seismic events was deemed satisfactory, as no substantial damage or 
structural failure was observed. Nevertheless, a notable gap exists in terms of technical 
resources that comprehensively document the seismic design principles associated with 
this particular construction technology [7]. 

The paper begins with the description of precast configurations typical of the USSR 
construction practice. A proposed approach utilizing a combination of finite elements for 
representing a nonlinear behavior of the connection regions is described. A parametric 
study is conducted for verifying the proposed model response. The findings provide valu-
able insights for engineers and researchers involved in the seismic design and analysis 
of such structures, facilitating more reliable and efficient assessment of their structural 
integrity and performance. 

2 Large Panel Precast Buildings Modeling Approach 

2.1 Description of the Large Panel Precast Building System 

Many countries used various precast building systems during the second half of the 
twentieth century to provide low-income housing for the growing urban population. 
They were very popular after the Second World War, especially in Eastern European 
countries and former Soviet Union republics. In the former Soviet Union, different 
precast buildings systems are denoted as “Seria”. 

The designation “large-panel system” refers to multistory structures composed of 
large wall and floor concrete panels connected in the vertical and horizontal directions 
so that the wall panels enclose appropriate spaces for the rooms within a building. These 
panels form a box-like structure. Both vertical and horizontal panels resist gravity load. 
Wall panels are usually one story high. Horizontal floor and roof panels span either as 
one-way or two-way slabs. When properly joined together, these horizontal elements 
act as diaphragms that transfer the lateral loads to the walls. 

Thickness of wall panels ranges from 120 mm for interior walls to 300 mm for 
exterior walls. Floor panel thickness is 160 mm. Wall panel length is equal to the room 
length, typically on the order of 2.7–3.6 m. In some cases, there are no exterior wall 
panels and the facade walls are made of lightweight concrete [11, 12]. 

In this study, the details of the typical buildings system “Seria 1.464s” widely spread 
in the Soviet Union republics are investigated (see Fig. 1).

Large-panel buildings were increasingly common in mass standard housing in seis-
mic regions of the USSR, their height reaches up to 9 stories in regions with the intensity
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Fig. 1 Details of large panel precast building (building system “Seria 1.464s”)

magnitude 9 (MSK-64 scale) and 14–16 stories—in regions with the intensity magni-
tude 9. In view of the fact, in order to evaluate properly their reliability and economic 
efficiency it is necessary to know exactly the types and the extent of possible damages, 
the nature of non-linear deformations, the limits of the bearing capacity and the failure 
mechanisms. 

2.2 Modeling Assumptions 

In the modelling of large panel precast concrete structures, it is typical to assume that 
solid panels remain linear elastic. This assumption is reasonable in light of the expected 
role of these elements in the structure’s seismic response. Typical wall panels can be 
assumed to behave in an elastic-brittle fashion with regard to in-plane normal forces, 
and whatever non-linear-inelastic behavior that may exist can be effectively lumped into 
the behavior of the connection regions [13]. 

The following assumptions are made for the joint element [14]: 

• all points of the horizontal section remain in one plane after the force is applied (plane 
sections remain plane); 

• for the tensile zone of the section the tensile strength of concrete is not taken into 
account; 

• normal compressive stresses σc distribution along the section is linear or bilinear. 

Linear normal stress distribution is taken when the maximum value of compressive 
stresses σmax does not exceed the value of compressive strength of concrete Rc. Otherwise 
a bilinear diagram consisting of two zones is taken, in the first of which the compressive
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stresses change linearly from σmin > 0 (positive values are taken for the compressive 
stresses) to σmax = Rc, and in the second zone the values are constant and equal to Rc. 
During the calculation it is assumed that within the length of the linear zone the material 
of the is elastic, and in the zone where σmax = Rc, it is in the plastic state. 

The bilinear diagram of compressive stress allows to describe all designed situations 
and includes linear and rectangular diagrams of normal compressive stresses as special 
cases (see Fig. 2). 

Fig. 2 Normal σ and shear τ stress distribution in the horizontal joint element in the combined 
shear-compression action: a, b compression along the entire length of the section, respectively for 
linear and bilinear distributions; c, d compression in portion of the length of the section (adopted 
from [14]) 

The shear key joints are the most practical alternative because they are capable to 
transfer the shear forces in a mechanical way even if there is no bond between the cast 
in situ concrete and the prefabricated concrete, therefore the contribution of shear keys
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must be considered for both horizontal and vertical connection zones in addition to the 
joint element behavior described above. 

2.3 Finite Element Implementation in LIRA SAPR Software 

The finite element method software LIRA SAPR is used for numerical analysis. The 
software is intended for analysis and design of building and engineering structures of 
various purposes and contains many analytical modules [15]. 

Nonlinear behavior of the connection region implementing the stress distribution 
presented in Fig. 2 is modeled by a combination of two finite elements (FE) (see Fig. 3):

• Shell Elements (FE 259) representing stress distribution in the connection region, 
• 2-mode link element (FE 255) for modeling shear keys. 

The precast walls are modeled with elastic shell element FE 44. 

2.3.1 2-Mode Link Element (FE 255) Stiffness 

According to clause B4 of SP 335.1325800.2017 [16], the design shear strength Vkb of 
one shear key of the is taken equal to the smallest of the force values Vsh,b; Vc,b; Vcrc,b, 
corresponding to the destruction of the shear key, respectively, from shear, crushing and 
shear cracks opening: 

Vsh,b = 1.5RbtAsh (1) 

Vc = Rb,locAc (2) 

Vcrc,b = 0.7RbtAj (3) 

where Rbt—design tensile strength of grouting concrete; Rb,loc—crushing strength, taken 
equal 1.5Rb—for single keys, 0.8Rb—for multikey connections; Ash—shear area; Ac— 
crushing area; Aj—cross-sectional area of the connection tributary to each shear key: 

Aj = sbt · bmon (4) 

where sbt—distance between shear keys; bmon—wall thickness of the grouting area. 
Stiffness along Z-axis is represented by bilinear elastoplastic force–displacement 

relationship, elastic stiffness is determined by: 

kz = EAs/h (5) 

where E—elastic modulus of the rebar; As—rebar cross-sectional area; h—rebar length 
(equal to the joint height). 

Stiffness along X-axis is represented by bilinear elastoplastic force–displacement 
relationship, elastic stiffness is determined by: 

λ1 x = 
lloc

(
1 

Eb,ω 
+ 1 

Eb,mon

)

Aloc 
(6)
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Fig. 3 Finite element implementation of the connection region

where Aloc—loaded area; lloc—shear key height (recommended lloc = 250 mm); Eb— 
elastic modulus of concrete precast element; Eb,mon—elastic modulus of grouting 
concrete.



168 Z. Abaev et al.

The area after shear cracks occurring (exceeding the shear force Vcrc,b): 

λ2 x = 
6 

dsns

(
1 

EB,ω 
+ 1 

Eb,mon

)
(7) 

where ds—connection rebars diameter; ns—number of the connection rebars. 

2.3.2 Shell Element (FE 259) Stiffness [17–20] 

During short-term compression for a mortar with a compressive strength of 1 MPa or 
more, with a joint thickness of 10–20 mm, flexibility coefficient of the mortar bed joint 
λt, mm3/N: 

for σm ≤ 1.15R2/3 
m λm = 1.5 × 10−3R−2/3 

m tm (8) 

for 2R2/3 
m ≥ σm ≥ 1.15R2/3 

m λm = 5 × 10−3R−2/3 
m tm (9) 

Flexibility coefficient of the joint: 

λc,pl =
(

λm + λm' +  
hsl 
Eb

)
Bpl 

Bpl − hv 
(10) 

where λ
'
m and λm—upper and lower mortar bed joint flexibility coefficients; hsl—floor 

panel height; Bpl—contact areas width; hv—joint width between floor panels. 
Strain: 

ε = 
λiσi 

hν 
(11) 

Stresses: 

σ 1 m = 1.15R2/3 
m (12) 

σ 2 m = 2R2/3 
m (13) 

σ y m = 1.01σ 2 m (14) 

2.3.3 Model Modification 

The proposed model implementation should be sufficient to perform nonlinear static and 
nonlinear dynamic analyses, but during the preliminary analysis procedures a significant 
limitation was revealed. LIRA SAPR software couldn’t perform nonlinear static analysis 
with FE 255 elements included in the model. The authors have contacted the developers 
and informed them about this drawback, so hopefully it will be fixed in the future releases 
of the software. 

In order to overcome this impediment, the proposed model was modified for two 
different implementations (see Fig. 4):
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• Model A (nonlinear time history analysis, NLTHA) 
• Model B (nonlinear static analysis, Pushover). 

In Model B FE 255 is replaced by a combination of two elements 

• 2-node elastic link elements (FE 55) representing the axial stiffness of the original 
FE 255 

• Nonlinear frame element (FE 210) representing the horizontal stiffness of the original 
FE 255. 

Fig. 4 Model modification 

Stiffness of the FE 55 is calculated by: 

kz = 
k255 z · l255 
2 cos α · l55 (15) 

It should be noted that FE 55 is an elastic element, therefore the forces in this element 
obtained from nonlinear analysis will not be correct. The main purpose of this element 
is to provide structural stability during the analysis. Its effect on the overall inelastic 
response is discussed further in the next section of the paper. 

The nonlinear frame element FE 210 implemented by piece-wise stress–strain dia-
gram. The dimensions of the element set equal to loaded area of the shear key. Conversion 
from the original stiffness is made by the following equations: 

σ 210 = Vcrc,b/Aloc (16) 

ε210 = ∆l/lloc (17)
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2.4 Models Verification 

Wall panels with 3.0 m height and 3.6 m length were analyzed in this study. Connection 
region height is 0.2 m. Connection details are taken from typical building system “Seria 
1.464s”. 

Wall panel meshing is 0.2 × 0.2 m. Connection region meshing is 0.2 × 0.1 m. 
Two model implementations (Model A and Model B) were analyzed with nonlinear 

properties calculated by equations and assumptions proposed previously in this research. 
Materials (Russian standards): 

• Panel concrete—B15 (Rb = 8.5 MPa, Rbt = 0.75 MPa); 
• Grouting concrete—B15 (Rb = 8.5 MPa, Rbt = 0.75 MPa); 
• Reinforcement—A400 (Rs = 350 MPa). 

Two sets of verification have been conducted: 

• static verification 
• dynamic verification. 

2.4.1 Static Verification 

The set of 4 wall models with different values of axial load (1000, 1500 and 2000 kN) 
and eccentricity (0.2, 0.8, 1.4 m) was analyzed for static verification (see Fig. 5). 

Fig. 5 Wall models for static verification 

The results of the analysis presented in Table 1 show fair agreement between values 
for displacements, maximum axial and shear stresses of the joint. Higher values of shear 
force of the joint in Model B are caused by elastic stiffness of the FE 55. Analyst must 
be cautious while interpretation the results for this element and compare the values with 
design strength calculated for FE 255.

2.4.2 Dynamic Verification 

Two models were subjected to the ground motion of the 1988 Spitak, Armenia earthquake 
(see Fig. 6). An earthquake registering 6.9 on the Richter scale hit the northern part of
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Table 1 Static analysis results 

Parameter Model Wall No 

W1 W2 W3 W4 

Displacement along 
X-axis, mm 

Model A 114 65.6 14.8 −78.3 

Model B 113 67.4 13.9 −73.5

∆, % 0.87 2.67 6.08 6.13 

Maximum (absolute) axial 
stress of the joint, kN/m2 

Model A −4.55 −3.75 −2.28 −3.03 

Model B −5.01 −4.05 −2.36 −3.13

∆, % 9.18 4.93 3.39 3.13 

Maximum (absolute) shear 
force of the joint, kN 

Model A −11.45 −7.42 −6.14 −15 

Model B −11.67 −7.13 −7.56 −17.83

∆, % 1.03 −3.91 18.78 15.87

the Armenian Republic of the Soviet Union on 7 December 1988, resulting in thousands 
of deaths and injuries. The performance of LPB buildings was satisfactory, without 
evidence of significant damage or collapse [21]. 

• Only one wall W1 from static verification (see Fig. 5) was analyzed for each model 
implementation. 

• Modified Newton-Raphson method is used for direct integration of the equations of 
motion. 

• Classical Rayleigh damping proportional to a linear combination of mass and stiffness 
is applied for damping ratio 2.5%. 

• Total integration time is 20 s. 
• Integration step is 0.01 s.

The results of nonlinear time history analysis for the W1 are presented in Table 2. 
The models show similar performance for displacements and axial stress of the joint. 
Model A has smaller values of velocity and acceleration (relative error between models 
8% and 9% respectively) because of the higher dissipative capacity of the original FE 
255 element.

The conducted static and dynamic verifications show that proposed modeling app-
roach can be utilized for both nonlinear static and nonlinear dynamic analyses. A special 
concern must be taken for interpretation stresses and forces of the shear key elements in 
Model B implementations.
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Fig. 6 Ground acceleration record (Spitak, Armenia, 12/7/1988, Gukasian, 0) [22]

Table 2 Dynamic analysis results 

Parameter Model Wall No. 

W1 

Displacement along X-axis, mm Model A 107 

Model B 108

∆, % 0.9 

Velocity along X-axis, mm/s Model A 74 

Model B 80.5

∆, % 8.05 

Acceleration along X-axis, mm/s2 Model A 2.5 

Model B 2.75

∆, % 9.09 

Maximum (absolute) axial stress of the joint, kN/m2 Model A −4.55 

Model B −4.56

∆, % 0.22

3 Conclusion 

In this study, a comprehensive investigation was conducted to develop an accurate model-
ing approach for nonlinear seismic analysis of large panel reinforced concrete buildings. 
The paper addressed important aspects such as modeling assumptions, finite element 
implementation, and static and dynamic verifications to evaluate the performance of the 
proposed approach.
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By utilizing the finite element method and implementing it within the LIRA SAPR 
software, the study provided a detailed framework for the numerical analysis. The cal-
culations for stiffness determination for each element were derived, ensuring accurate 
representation of the building’s response to seismic forces. This approach facilitates 
a more realistic simulation of the structural behavior, enhancing the reliability of the 
analysis results. 

In conclusion, this paper presents a comprehensive and reliable modeling approach 
for nonlinear seismic analysis of large panel reinforced concrete buildings. The devel-
oped methodology, supported by the finite element implementation and verification 
studies, offers a valuable tool for engineers involved in the design and analysis of these 
structures. The research contributes to the advancement of seismic engineering prac-
tices, providing a solid foundation for future studies and enhancing the resilience of 
large panel reinforced concrete buildings in seismic-prone regions. 

The results obtained from the static and dynamic verifications demonstrated the 
effectiveness of the proposed modeling approach for seismic analysis of large panel 
reinforced concrete buildings. 

In conclusion, this paper presents a comprehensive and reliable modeling approach 
for nonlinear seismic analysis of large panel reinforced concrete buildings. The devel-
oped methodology, supported by the finite element implementation and verification 
studies, offers a valuable tool for engineers involved in the design and analysis of these 
structures. The research contributes to the advancement of seismic engineering prac-
tices, providing a solid foundation for future studies and enhancing the resilience of 
large panel reinforced concrete buildings in seismic-prone regions. 
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Abstract. The article is devoted to the processing of waste from the woodworking 
industry into environmentally friendly materials for construction and discussion of 
the results of the study of their basic physical and mechanical properties. Recycling 
waste from the woodworking industry into environmentally friendly materials for 
construction is one of the important steps in the development of an environmentally 
responsible economy. This paper describes the process of processing wood waste 
into slab materials. The main physical and mechanical properties of the developed 
materials, such as static bending strength, water absorption and swelling of sam-
ples, are considered in detail. The article also discusses the advantages of using 
eco-friendly materials for construction, such as environmental friendliness and 
safety for human health, as well as their economic efficiency. 

Keywords: Bark · Waste · Recycling · Slab materials · Environmental 
friendliness · Building materials · Properties 

1 Introduction 

The problem of filling the construction industry with environmentally safe structural and 
thermal insulation materials is quite acute. One of the ways to solve this problem may 
be the use of waste from the processing of commercial timber. 

Recycling of waste from the woodworking industry is also an urgent issue today, 
which plays an important role in the sustainable development of the economy in general 
and the issue of environmental friendliness of production on renewable natural resources 
in particular. Every year, woodworking enterprises produce a significant amount of waste 
that poses a certain danger to the environment. An effective way to solve this problem 
is the recycling of waste from the woodworking industry into environmentally friendly 
materials for construction. Such materials can be used to create various structures, includ-
ing residential buildings, industrial and administrative buildings, public spaces and other 
structures. 

Currently, there are many technologies and materials that allow the recycling of wood 
waste into new building materials. Among them are wood-polymer composite (WPC),
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wood-cement composite (DCC), cement-chipboard, paper-wood composites and others. 
Plywood products (plywood, plywood boards, bakelized plywood), wood-fiber plastics, 
fibrolite, chipboard and fiberboard, OSB, MDF are manufactured on the basis of business 
wood. Such materials have a number of advantages over traditional building materials 
such as concrete, steel and brick. They have high strength, resistance to humidity, low 
thermal conductivity, fire protection and other characteristics, which makes them an 
attractive option for those who care about environmental safety and construction costs. 

A well-thought-out choice of wood waste processing technology at such enterprises 
of the woodworking industry will not only solve one of the main tasks in the field of 
environmental protection, but also bring new materials with high physical and mechan-
ical characteristics to the construction market at a relatively low cost, since the cost of 
raw materials is already incorporated into the production of the main products. This will 
increase the competitiveness of both woodworking enterprises and expand the choice of 
construction technologies and contribute to the creation of an environmentally friendly 
future. 

The first in processing technology and the largest-tonnage waste of the woodworking 
industry is the bark of coniferous and deciduous wood species. 

Bark from the point of view of processing or recycling is a rather complex component 
of wood. It has a more complex structure than wood. The bark is heterogeneous in its 
composition and consists of two parts: the inner one—which is a bast or phloem, and the 
outer one—which is a crust or cork. The main purpose of the bark is to perform special 
functions for carrying out nutrients produced by the leaves of the tree and protecting 
the tree from adverse external influences. The protective function is performed by the 
outer part of the crust which protects the tree from mechanical damage, the effects of 
insects and microorganisms that cause rotting, as well as from atmospheric temperature 
changes. The main elements of the bast that perform a conductive function are sieve 
cells (in conifers) and sieve tubes (in hardwoods). They form a thin conductive layer in 
the bast with a thickness of 0.1–0.3 mm. Outside, the bark is covered with dead tissue 
with deep cracks and furrows, tears and scales. In some breeds, for example, birch, the 
smooth surface of cork tissue is preserved throughout life [1]. 

The amount of bark on the wood depends on the age of the tree, the conditions of its 
growth, the diameter of the trunk. Its safety and quality during the delivery of harvested 
wood to the enterprise depends on the method of transportation of raw materials. The 
bark of driftwood in its properties will differ sharply from the bark of freshly cut wood 
transported by land transport. 

The density of the bark depends not only on the type of tree and the moisture content, 
but also its location on the trunk [2]. The most important role of the characteristics of the 
structure and the values of the density of the crust is that they mainly depend on various 
physical and mechanical properties of the crust [3]. 

The chemical composition of tree bark also differs significantly from the chemical 
composition of wood. A characteristic feature of the chemical composition of the bark is 
the high content of extractive substances. The mass fraction of holocellulose in the bark 
is about 2 times lower than in wood (on average 30–40%). The main polysaccharide in 
bark, as in wood, is cellulose, but unlike wood, it is not the predominant component. 
Its content in the bark is 10–30%. The content of lignin varies widely from 20 to 50%.
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Bark is more difficult to delignify than wood. The bark is also rich in minerals. The mass 
fraction of ash is 5–10%, which is 10 times higher than the ash content of wood [4–17]. 

It should be noted that significant differences in the chemical composition of wood 
and bark determine the need for separate processing of these parts of the biomass of the 
tree. Bark can be used as fuel, in agriculture for the production of bark compost, in the 
tanning and extraction industry for the extraction of tannins, which are used in the leather 
industry for tanning leather. Due to the presence of valuable extractive substances in the 
bark, it can be used in medicine [15, 16]. 

One of the ways of industrial processing of bark can be called manufacturing tech-
nologies of piezothermoplastics and lignocarbon plastics. These technologies provide 
the processing of woodworking waste without restriction in the composition of bark 
and rot under the influence of high temperature and pressure [5]. Most often, this is 
piezothermic treatment of wood waste in a closed space which ensures the production 
of plastics without binders due to complex physico–chemical processes that determine 
the quality of plastics. The advantages of such plates are as follows: production does not 
depend on the availability of binders, their scarcity and cost; there is an almost unlimited 
raw material base and, as a result, low cost of manufactured products; production is 
environmentally safe [18]. 

Another method of industrial processing of bark was proposed by the Kirov Scientific 
Research Institute of the Forest Industry. KirNIILP has developed a technology for the 
production of fuel briquettes from bark and small waste of mechanical processing of 
wood. Briquettes can be used for combustion in a mixture with other fuels or in pure 
form. The raw materials for briquetting are the waste of debarking and wood that are 
not used for technological purposes. The density of fuel briquettes is 0.9–1 g/cm3, the  
calorific value at a humidity of 20% is from 3500 to 4000 J/kg. 

In SverdNIIPDrev [6], the use of spruce bark for sheets without binders (wood 
plastics) was investigated, a technology for producing sheet materials without binders 
(with cooling during pressing) was developed. Pressing mode of plates for the bark 
of the alloy spruce: humidity 12%; temperature from 438 to 443 °C; specific pressure 
50–105 N/m2; cooling time 1 min per 1 mm of plate thickness. 

In the GDR [7, 8], medium-density fibrous plates were made from spruce bark (wet 
leg waste) with the addition of 6% binder and paraffin. Since the bark had a humidity 
of 100% before pressing, to accelerate drying during pressing in a hot press, a drainage 
material containing lignocellulose (sawdust, xylitol, bonfire or waste from debarking of 
other wood species) was introduced into the filler. 

In Poland single-layer sheets from the waste of debarking were pressed without 
hydrophobic additives on a urea binder. When pressing, three types of raw materials 
were used: pine bark from the hams with a humidity of 140%; a mixture of pine and 
birch bark from the dump with a humidity of 220%; a mixture of bark from «Cambio» 
machines and bark from the heap in a ratio of 1:3. 

Most of the above-described bark-based materials have low physical and mechanical 
properties, and therefore much attention is paid to the development of sheets structures 
using bark for the middle layer.
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In Finland single-layer sheets were pressed from a mixture of bark and sawdust taken 
in different ratios, with the addition of 18% aminoplast binder. The density of the plates 
was 0.65 g/cm3. 

The company “Bizon” in the work [4] proposes a method for the production of 
bark sheets using air fractionation when gluing wood particles and forming a carpet. 
The plates obtained by fractionation have a high surface quality and are 20% stronger 
than the plates obtained by the usual method; they are less susceptible to warping and 
delamination. 

One of the modern directions of wood waste processing which is widely represented 
in the works of a number of authors, is the mechanical activation of wood particles 
in cavitation installations operating on the principle of a rotary pulsating apparatus [9, 
10, 19]. The grinding of particles to an appropriate state is carried out in an aqueous 
medium in combination with high angular velocities and hydrodynamic impact. In the 
produced material the lignocarbon matrix and anatomical elements are destroyed with 
the simultaneous release of chemicals. 

Thus, it should be noted:

● recycling of waste from wood processing industries of hardwood, including waste 
from debarking of wood raw materials, is a promising direction for the development 
of new composite materials with high physical and mechanical properties;

● deciduous wood debarking waste has a fairly wide scope of application in the 
pharmacological and cosmetic industries;

● the chemical composition of the bark of hardwood has differences from the chemical 
composition of hardwood. The structure of the cells of the bark also differs depending 
on the type of wood. 

2 Experimental Part 

The main objective of the research presented in this paper is to conduct a comparative 
analysis of the properties of sheets made on the basis of the bark of deciduous and 
coniferous wood species in order to determine possible directions and methods of their 
application as thermal insulation, finishing or structural materials in the construction 
industry [20]. 

The bark of birch and aspen wood was used for the experiments. The bark was 
harvested in the autumn-spring period in Krasnoyarsk region, crushed and aged for 
seven days at positive temperatures to acquire equilibrium humidity. 

Further preparation of the tree bark and the manufacture of sheets was carried out 
according to the methods described in the works of the authors [11, 12]. A brief descrip-
tion of the plate manufacturing process is as follows. In laboratory conditions the bark 
was prepared for mechanical activation in a knife-type crusher after which the crushed 
bark was sieved on a sieve with a hole diameter of 5 mm. For mechanical activation 
of the bark a machine of the RGGD–1 brand was used. The device disperses the pro-
cessed material in an aqueous medium. The main elements of the machine installation 
are the rotor and stator. The bark treated in a hydrodynamic dispersant with a given 
concentration was dehydrated in two stages. At the first stage, the suspension, in the 
amount necessary for the production of samples according to the established procedure,
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was placed in a box, the bottom of which was a grid with a certain cell size. Due to 
the influence of gravity, the water was removed through the grid, thereby reducing the 
humidity of the mass by 40–60% of the original. The partially dehydrated mass for one 
sample of the plate is placed in a mold, where the second stage of dehydration takes 
place and a carpet with the required dimensions is obtained. Next, hot or cold pressing 
is performed. 

To conduct a comparative analysis of the properties of sheet material made on the 
basis of hardwood bark, birch bark, aspen bark and softwood bark were used as raw 
materials. Three groups of samples were produced by hot pressing. The first group is 
based on birch bark, in which the outer part of the bark (birch bark) almost completely 
prevailed. The second group of samples was made from a mixture of birch bark and aspen, 
while the birch bark content of birch bark and bast was not controlled. The ratio of birch 
and aspen bark was maintained approximately equally. The third group of samples was 
made from a mixture of softwood bark for the purpose of comparative analysis. 

3 Discussion of the Results 

Figures 1, 2, 3 and 4 present comparative histograms of static bending strength, water 
absorption and swelling of samples of different densities. 

Fig. 1 Comparative histogram of the strength index during static bending of samples based on 
mechanically activated bark. Bark: 1—coniferous; 2—birch; 3—deciduous (birch, aspen)

As can be seen from Fig. 1, all samples of manufactured plates have similar strength 
indicators, regardless of the rock composition of the crust. The difference in strength 
indicators is within the measurement error. The strength under static bending varies more 
pronounced depending on the density of the samples, which is clearly seen in Fig. 2.
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Fig. 2 A graph of the strength dependence during static bending of samples based on mechanically 
activated bark. Bark: ●—birch; ▲—coniferous; ˛—deciduous (birch, aspen) 

Fig. 3 Comparative histogram of the water absorption index of samples based on mechanically 
activated bark. Bark: 1—coniferous; 2—birch; 3—deciduous (birch, aspen)

For all samples, an increase in static bending strength is observed with an increase 
in density. The density was measured from 830 to 1100 kg/m3. At the same time, the 
linear dependence graphs are located close enough to each other, which also confirms the 
assumption that the properties of plate materials based on mechanically activated bark 
depend primarily on the degree of crushing of the bark and the time of its processing, as 
well as on the pressing conditions and slightly depend on the rock composition of the 
bark mass.
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Fig. 4 Comparative histogram of the swelling index of samples based on mechanically activated 
bark. Bark: 1—coniferous; 2—birch; 3—deciduous (birch, aspen)

As a result of mathematical processing of experimental data, regression equations 
were obtained expressing the dependence of the strength during static bending of material 
samples on density. 

For samples based on treated birch bark: 

σizg = −2.826 + 0.033 · ρ (1) 

based on treated hardwood bark: 

σizg = 0.914 + 0.029 · ρ (2) 

based on processed softwood bark: 

σizg = −3.517 + 0.034 · ρ (3) 

The regression coefficients were respectively:

● based on birch bark: R2 = 0.9990;
● based on hardwood bark: R2 = 0.9973;
● based on softwood bark: R2 = 0.9997. 

Figure 3 shows a comparative histogram of the water absorption index for plates with 
densities of 850, 950 and 1100 kg/m3. As can be seen from the presented histogram, 
a plate based on mechanically activated birch bark has the lowest water absorption 
indicators. Depending on the density, the water absorption varies from 3.86 to 6.52%. 
The material based on the bark of hardwood has the highest indicators. In the range 
between the values presented is a material based on mechanoactivated softwood bark.
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The difference in the indicators of water absorption of the material based on birch 
bark can be explained by its physical structure and chemical composition. Birch bark 
has two clearly distinguishable parts—the outer (birch bark) and the inner (bast), which 
differ significantly in chemical composition. The outer bark is the most rich in extractive 
substances. Birch bark bast contains less extractive substances and their composition 
differs from the composition of substances extracted from birch bark. Birch bark has a 
denser structure, low wettability of the surface, low absorbency. The club is more porous, 
less dense. For experimental studies, it was the outer part of the bark (birch bark) that 
was mostly selected for samples from birch bark, while all parts of birch bark were used 
in the manufacture of samples of material based on hardwood without prior sorting. 

Nevertheless, it should also be noted a rather insignificant difference in the water 
absorption rates of sheets based on the bark of different types of wood. 

Figure 4 shows a comparative histogram of the swelling index of sheets based on 
birch bark, deciduous and coniferous wood species. As can be seen from the histogram, 
the trend of changes in the swelling indicators corresponds to the picture of changes in the 
water absorption index. The lowest swelling rates are observed in samples of plates made 
of mechanically activated birch bark, the largest from mechanically activated hardwood 
bark. The minimum index has plates with a density of 1100 kg/m3—3.22%, the highest 
swelling index is a plate based on mechanically activated hardwood bark with a density 
of 850 kg/m3—6.12%. 

Table 1 presents the results of a study of the properties of sheets based on deciduous 
and coniferous wood species. 

Table 1 Results of the study of the basic physical and mechanical properties of plates based on 
mechanoactivated bark of various types of wood 

The name of the indicator Rock composition of mechanoactivated bark 

Birch tree A mixture of deciduous A mixture of conifers 

Density, kg/m3 700 700 730 

Compressive strength, MPa 1.91 1.90 2.18 

Water absorption, % 17.60 18.00 16.00 

Swelling, % 9.00 9.00 7.00 

As can be seen from the data presented in Table 1, cold pressing plates with almost the 
same density have slightly different properties in comparison with hot pressing plates. 
The compressive strength of cold-pressed plates made from a mixture of softwood bark 
has higher values in comparison with plates made from mechanically activated birch 
bark and a mixture of hardwood bark. Indicators of water absorption and swelling also 
differ for the better in plates made of softwood bark. However, it should also be noted, 
as in the case of hot pressing plates, a low difference in the values of the properties 
indicators. Nevertheless, this difference is more significant and amounts to 1.6–2% for 
the water absorption index, 2% for the swelling index.
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4 Summary 

As a result of the research work the following main conclusions can be drawn: 

1. With an increase in the density of hot pressing plates, the strength during static bending 
of the plates increases regardless of the rock composition of the processed bark; 

2. Plates based on mechanoactivated bark of coniferous and deciduous wood species 
have similar values of water absorption and swelling indicators, therefore, it should 
be said that the water resistance of the materials obtained does not depend much on 
the rock composition of the bark used for mechanoactivation; 

3. Plates obtained by cold pressing have a large dependence of properties on the rock 
composition of the crust, however, these dependencies cannot be called significant or 
critical for materials based on them; 

4. Strength properties, water absorption, swelling of plates based on mechanically acti-
vated bark depends more on the density of the plates than on the rock composition of 
the treated bark; 

Thus, it should be noted that for the manufacture of plates based on mechanoactivated 
bark, it is possible to use the bark of both deciduous and coniferous wood species without 
a significant deterioration in the physical and mechanical properties of materials. The 
developed materials obtained by cold and hot pressing methods have high prospects 
of application in various areas of the construction industry, so they have a wide range 
of density and high physical and mechanical characteristics combined with complete 
environmental safety. 
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Abstract. Nowadays, in structural engineering, many elements in structural sys-
tems are selected with variable cross-sections for some purposes. The optimization 
problem helps to define the suitable dimensions of elements for the optimal weight 
of the system under given loading and other effects. In the studies of optimization, 
it is applied many methods depending on the characteristics of the problem. The 
article uses the Gradient and graphic methods to optimize plane frames with con-
stant and variable cross-sections. The authors established the relationship between 
internal forces and displacements of the element ends with different boundary con-
ditions using force and displacement methods. With the development of technol-
ogy, it is allowed to use programming software to avoid mathematical difficulties. 
The calculation procedure of the considered optimization problem is written in the 
programming software MATLAB in the article. The obtained results are compared 
with those of other methods to verify the applied method’s accuracy, reliability 
and effectiveness. 

Keywords: Optimization · Gradient method · Variable cross-section · Plane 
frame 

1 Introduction 

Recently, in the design process of structural systems, the problems of optimization 
problem have been increasingly discussed in many studies due to their essential role 
and saving materials. The optimization problem aims to determine the most suitable 
dimensions of elements to save the structural weight under the strength, stiffness and 
stability conditions [1–3]. Determining optimal sizes for structural elements subjected 
to given loads and other effects could result in the minimum weight of the structure. This 
allows to reduce the cost of construction and gives the advantageous characteristics of 
structural elements. Besides that, the problem of optimization helps in determining the 
cross-section dimensions and the rules of variation of cross-section stiffness. Therefore, 
with the same weight, the structural systems can be subjected to maximum loads. 

The cross-section stiffness of structural elements is often constant for convenient 
manufacturing and installation works. However, in some instances, the cross-section of 
elements is selected in the design process with variation because of requirements from
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an architectural point of view or the saving of material. In many studies, the elements of 
plane frames are chosen with variable cross-sections according to linear or step rules in 
segments along the length of members [4, 5]. 

In optimization problems, the objective function usually presents the quantities that 
need to be minimized, such as weight, volume of the structure and cost of materials. 
Constraint conditions in the form of equality are usually equilibrium conditions and 
continuous deformation conditions. Constraint conditions in the form of inequality are 
strength, stiffness and yield conditions. The form of the objective function and con-
straints depends on the type of structures and applied analysis method. To determine 
the internal forces of structural elements, the analytical approach can be applied using 
the programming software MATLAB to avoid mathematical difficulties. The optimiza-
tion problems could be solved by many methods due to the criteria of the issues and 
objectives of the studies [2, 3, 5–12]. However, the Gradient method is suitable for 
applying to problems where gradients of objective and constraint functions can be com-
puted quickly. Besides that, for structural systems with few elements, using Gradient 
and graphic methods allows for solving problems simply. 

2 Static Analysis of Plane Frame Using Analytical Method 

2.1 Determination of Internal Forces and Displacements 

Consider an indeterminate plane frame (with n redundant constraints) and subjected to 
m concentrated loads. Getting: 

Load vector: 

P = [
P1 P2 P3 . . .  Pn

]
(1) 

Force vector in redundant constraints: 

R = [
R1 R2 R3 . . .  Rn

]
(2) 

The internal forces due to loads and reaction support of redundant constraints: 

S0 = B0 × P; SR = B1 × R; B1 =
∑

Bi (3) 

S0—Vector of internal forces due to loads in primary system; SR—Vector of inter-
nal forces due to support reaction of redundant constraints in primary system; B0— 
Matrix considers the influence of internal forces due to concentrated load P; Bi—Matrix 
considers the influence of internal forces due to support reaction Ri. 

Vector of internal forces of the system: 

S = S0 + SR = B0 × P + B1 × R (4) 

Vector of strain of the system: 

U = f × S = f (B0 × P + B1 × R) (5) 

In which: f —flexible matrix of frame structure.
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2.2 Compatibility Conditions for Strain 

Call XP—displacement in the direction of the external force P; XR—displacement in 
the direction of the redundant constraints. 

In order to find the displacement XP, it is created a displacement state on the primary 
system by removing all the forces P and R and adding a virtual load Pk at the point of 
applied P of any value. 

SPk—internal forces in primary system due to virtual load Pk. According to (3), 
getting that: 

SP = B0 × P (6) 

Applying the principle of virtual work: 

P
' × XP = SP × U (7) 

In which, the left side of (7) represents the virtual work of external force in virtual 
state with the virtual displacements in actual state. Whereas, the right side of (7) shows  
the virtual work of internal forces in virtual state with the virtual displacements in actual 
state. 

However: 

SP = B0 × P → P' × XP = P' × B0' ×  U 

P have any magnitude, so: 

XP = B0' ×  U (8) 

Substitute the vector of displacement from (5): 

XP = B'
0(f × B0 × P + f × B1 × R) = B'

0 × f × B0 × P + B'
0 × f × B1 × R (9) 

Similarly, in order to find displacement XR, it is created XR in the primary system 
by removing all the forces P and R and adding a virtual load Rk at the point of applied 
load R of any value. 

Call SR—internal forces in primary system due to virtual load Rk . According to (3), 
getting: 

XR = B'
1(f × B0 × P + f × B1 × R) = B'

1 × f × B0 × P + B'
1 × f × B1 × R (10) 

In the system, the displacement in the direction of constraint R equal to 0 (XR = 0), 
so: 

B'
1 × f × B0 × P + B'

1 × f × B1 × R = 0 (11) 

Equation (11) is called primary equation of forced method, or equation of 
compatibility conditions for strain. For determinate system, since R = 0, getting: 

S = B0 × P; U = f × S = f × B0 × P; XP = F × P (12) 

In which, F—flexibility matrix of the structure: 

F = B'
1 × f × B0 (13)
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2.3 Relationship Between Internal Forces and Strain 

The relationship between the moment and the rotation angle of ij-element with fixed 
ends can be written: 

Mi = 4
(EI 
L

)
ijθi + 2

(EI 
L

)
ijθj; Mj = 2

(EI 
L

)
ijθi + 4

(EI 
L

)
ijθj (14) 

Mi, Mj—Moment of the ends of ij-element; θ i, θ j—The rotation angle at I, j ends 
of the ij-element (Fig. 1). 
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Fig. 1 Deformation scheme of ij-element 

Solve Eq. (14) with unknowns θi, θj 

θi = 
1 

3

(
L 

EI

)

ij 
Mi − 

1 

6

(
L 

EI

)

ij 
Mj; θj = 

1 

6

(
L 

EI

)

ij 
Mi − 

1 

3

(
L 

EI

)

ij 
Mj (15) 

In the matrix form: 

Uij = fij × Sij (16) 

Uij—Vector of strain; Sij—Vector of internal forces; f ij—Flexibility matrix of ij-
element. 

Uij =
[

θi 

θj

]
; Sij =

[
Mi 

Mj

]
; fij = 

1 

6

(
L 

EI

)

IJ

[
2 −1 

−1 2

]
(17) 

3 Optimization for Plane Frame with Variable Cross-Section 

3.1 Flexibility Matrix of Element with Variable Cross-Section 

In practical engineering, many different solutions are offered to utilize the working 
capacity of the structures and reduce the material cost. One of the solutions is making 
the variable cross-section match the internal force that is often applied. 

• Function of area and moment of inertia of cross-section:



Optimization of Plane Frames with Variable Cross-Section 189

i j  

b0 
h0 

b1 
h1 

zL b 

hz 

Fig. 2 Element of variable cross-section 

Consider ik-element with variable rectangular cross-section along the length of element. 
The dimensions at the i-end is bi, hi and at the j-end is bk, hk as shown in Fig. 2. 

The area and moment of inertia of cross-section at the element ends. 

Ai = bi × hi; Ak = bk × hk; Ii = 
bi × h3 i 
12 

; Ik = 
bk × h3 k 

12 
(18) 

Assign: ξ = z L → z = ξL → dz = Ld ξ (0 ≤ ξ ≤ 1) 

b = 
bk − bi 

bi 
; h = 

hk − hi 
hi 

; bz = bi(1 + bξ ); hz = hi(1 + hξ ) (19) 

The area and moment of inertia of cross-section at coordinate z are expressed through 
ξ as follow: 

The highest degree of ξ for function of area is two:  

Az = bzhz = Ai

[
1 + (b + h)ξ + bhξ 2

]
= Ai

[
1 + c1ξ + c2ξ 2

]
(20) 

In which: c1 = (b + h); c2 = bh. 
The highest degree of ξ for function of moment of inertia is four: 

Iz = 
bzh2 z 
12 

= Ii
[
1 + a1ξ + a2ξ 2 + a3ξ 3 + a4ξ 4

]
= Iif (ξ ) (21) 

• Relationship between internal forces and displacements of the element ends: 

Consider ik-element with two fixed ends subjected to rotation θ i in the i-end and rotation 
θ k in the k-end. Determine the internal forces in the element using forced method. The 
primary system and unit moment diagram as shown in Fig. 3.

The functions for unit moment according to forced method: 

M1(z) = z = ξL; M2(z) = 1 (22)  

Calculate the coefficients of canonical equations:

δ11 = 
L∫

0 

[M1(z)]2 

EIz 
dz = 

1∫

0 

ξ LξL 

EIif (ξ ) 
Ld ξ = 

L3 

EIi 

1∫

0 

ξ 2 

f (ξ ) 
d ξ = A 

L3 

EIi 
. 

δ22 = 
L∫

0 

[M2(z)]2 

EIz 
dz = 

1∫

0 

1.1 

EIif (ξ ) 
Ld ξ = 

L 

EIi 

1∫

0 

1 

f (ξ ) 
d ξ = B 

L 

EIi
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Fig. 3 Primary system and unit moment diagram for fixed-beam

δ12 = δ12 = 
L∫

0 

M1(z)M2(z) 
EIz 

dz = 
L2 

EIi 

1∫

0 

ξ 
f (ξ ) 

d ξ = C 
L2 

EIi 
(23)

In which: 

A = 
1∫

0 

ξ 2 

f (ξ ) 
d ξ ; B = 

1∫

0 

1 

f (ξ ) 
d ξ ; C = 

1∫

0 

ξ 
f (ξ ) 

d ξ (24) 

The free terms of canonical equations:

∆1θ = −Lθk; ∆2θ = θi − θk (25) 

Substitute the system of canonical equations, solving the system of equation, getting 
the solution:

{
X1 = EIi 

L(C2−AB) [−Cθi + (B − C)θk ] 

X2 = EIi 
L(C2−AB) [−Aθi + (A − C)θk ] 

(26) 

Bending moment in the element ends:
{
Mi = EIi 

L(C2−AB) [Aθi − (A − C)θk ] 

Mk = EIi 
L(C2−AB) [(A − C)θi − (A + B − 2C)θk ] 

(27) 

In the matrix form:
[
Mi 

Mk

]
= EIi 

L
(
C2 − AB

)
[

A −(A − C) 
(A − C) −(A + B − 2C)

][
θi 

θk

]
(28) 

The expression of rotation angle according to bending moment:
[

θi 

θk

]
=

[
−L(A+B−2C) 

EIi 
L(A−C) 

EIi 
−L(A−C) 

EIi 
LA 
EIi

][
Mi 

Mk

]
(29) 

Flexibility matrix of element with variable cross-section 

fik = 
L 

EIi

[−(A + B − 2C) (A − C) 
−(A − C) A

]
(30)
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3.2 Establishment of Constraint Conditions 

Consider a plane frame, the vector of internal forces is determined in Eq. (4). 

a. Strength constraint 

For the beam element: 

σi = 
Mi 

Wi 
≤ σ ∗i (31) 

In which, Mi—bending moment at the cross-section i; Wi—section modulus of 
cross-section i; σ i *—yield strength of materials. 

In the matrix formulation, Eq. (31) can be written: 

W × S = W (B0 × P + B1 × R) ≤ σ ∗i (32) 

Or: 

W × B0 × P + W × B1 × R ≤ σ ∗i (33) 

In which W—diagonal matrix with number of cross-section k 

W = 

⎡ 

⎢⎢⎢ 
⎣ 

W −1 
1 0 . . . 0 
0 W −1 

2 . . . 0 
... 

... 
... 

... 
0 0 . .

. 
W −1 

k 

⎤ 

⎥⎥⎥ 
⎦ 

(34) 

In the aboved expressions, the parameters Wi with the same index are iterated pair-
wise on the diagonal of the matrix because for the ij-th element Wi = Wj (for constant 
cross-section). 

At the section of element i, the condition of strength is written as follows:
(
Dti 
Wi 

+ ∑n 
k=1 etikRk

)

Wi 
≤ σ ∗i (35) 

The first term in brackets is the result of multiplying the k-th row of the matrix W by 
the matrix [B0P]. The second term is the result of multiplying the k-row of the matrix 
W by the matrix [B1R]. 

b. For beam-column elements, the strength constraint takes form 

Ni 

Ai 
+

(
Dti 
Wi 

+ 
n∑

k=1 
etikRk

)

Wi 
≤ σ ∗i (36) 

In which: Ni—axial force in i-element; Ai—area of cross section of i—element. 

c. Stiffness constraint
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Assume that ∆j—displacement vector at the points where the load applied. Using the 
formula (10), getting the stiffness constraint: 

XP =
{
y1 y2 . . .  ym

} = B'
0 × f × B0 × P + B'

0 × f × B1 × R ≤ ∆ (37) 

To check the displacement at the point where the force Pj is applied, it is multiplied 
the j-th row  of  the matrix [B'

0.f .B0] with force vector P and j-th row of matrix [B'
0.f .B1] 

with vector R. Based on the multiplication, the constraint condition gets the form: 

r∑

i=1 

aji 
Ii 

+ 
n∑

k=1 

Rk 

r∑

i=1 

bjki 
Ii 

≤ ∆j (38) 

In which: ∆j—permissible displacement at the point where the load Pj applied. 

d. Constraint condition of compatibility 

B'
0 × f × B0 × P + B'

0 × f × B1 × R = 0 (39) 

From Eq. (39), the constraint condition of compatibility at the points where the 
reactions of redundant constraints Rs applied (s = 1, 2, 3…n): 

r∑

i=1 

gji 
Ii 

+ 
n∑

k=1 

Rk 

r∑

i=1 

fjki 
Ii 

= 0 (40)  

In which:
∑r 

i=1 
gji 
Ii 
—the result of multiplying k-th of matrix [B'

0.f .B0] with P;
∑r 

i=1 
fjki 
Ii 
—the element of the s—row and k-column of matrix [B'

1.f .B1]. 

3.3 Establishment of Objective Function 

Consider a structure with n element, the i-th element have the length Li and area Ai. The  
specific gravity of the element material is γ i. The mass of the i-th element is Gi. 

The objective function in form of weight of structure: 

G = 
n∑

k=1 

γiAiLi (41) 

3.4 Calculation Procedure 

The optimization problem is performed by following procedure: 

• Calculate the internal forces in frames with variable cross-section 
• Establish the constraint condition 
• Establish the objective function 
• Solve the optimization problem:



Optimization of Plane Frames with Variable Cross-Section 193

– Using graphic method: 

Draw the constraint of strength and stiffness—determine the solution area; 
Determine the slope of the objective function; 
Draw a line of objective function which tangent to the stiffness constraint line. 
Determine the contact point, coordinates and objective function value 

– Using Gradient method: 

Calculate the Gradient vectors of the objective function and the constraint 
conditions; 
Choose the starting point A in the solution area {x0}, determine λ and {d0}. 
Calculate the coordinates of the point to B{x1}, determine {d0} and λ and to 
calculate the coordinates of the next point C. This step requires to continue until 
the optimal point is reached. 
Determine the coordinates of optimal point and objective function value. 

4 Numerical Examples 

Consider a single span frame with the height H, span length L subjected to the load P 
as shown in Fig. 4. The column with cross-sectional area varies in rectangular shapes at 
the support A0 = b0.h0, at the top of the column A1 = b1.h1. The beams have constant 
cross-sectional area A2 = b2.h2. The maximum valuable stress arising in the structure 
σ *. The maximum horizontal displacement does not exceed ∆. Find the values of h1 và 
h2 which corresponding to the minimum weight of frame. 

Fig. 4 Calculation diagram of the frame with variable cross-section 

Given H = 9000 mm; L = 6000 mm; P = 50 kN; E = 400 kN/mm2; according to 
require of manufacture b1 = b2 = 200 mm và h0 = 0.5h1;∆ = 8 mm; σ * = 0.1 kN/mm2; 
γ = 0.000025 kN/mm3.
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The objective function: 

Z = 67.5h1 + 30h2 (42) 

The constraint condition: 

g1 = 
513204727500 

343h3 1 
+ 

303750000 

h3 2 
≤ 8; 

g2 = 
h2 + 54000 

8h2 2 
≤ 0.1; 

g3 = 
3(h1 + 18000) 

8h2 1 
≤ 0.1 (43) 

Applying the programming software MATLAB and using the graphic method, the 
results are obtained: 

• The contact point: h1 = 634.4341315765114; h2 = 521.5694055354313. That is the 
value of variable 

• The value of objective function: G = 58471.386048 kN (Fig. 5). 

Fig. 5 The result of optimization problem using graphic method 

Applying the programming software MATLAB and using the Gradient method, the 
results are obtained: 

The coordinated of optimal point: 

{x2} =
{
x2,1 
x2,2

}
=

{
633.360547164 
524.130811846

}

That is value of variable. 
The value of objective function: G = 58,475.761289 kN. 
Therefore, the results obtained from two methods (Gradient and graphic) show the 

clearly convergence. It is verified the accuracy of calculation procedure for the considered 
optimization problem.
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5 Conclusions 

The report has established and successfully solved the static analysis for the optimization 
problem of plane frames with variable cross-sections. The authors have built the algo-
rithm and the calculation procedure and written the routine in MATLAB programming 
software to determine the displacements and internal forces for the optimization problem 
of the plane frame with variable cross-section. The comparison between obtained result 
and the result of the manual calculation and other studies shows good convergence. It 
verified the accuracy of obtained results of the calculation algorithm. 

In the report, the authors successfully solved the optimization problem of plane 
frames with variable cross-sections using the Gradient and graphic methods. Similarly, 
it is established the calculation procedure and written the routine in the programming 
software MATLAB for the optimization problem of the plane frame with variable cross-
section. The obtained results are compared with those of other studies and converge 
well. 
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Abstract. The article discusses the possibility of reducing the metal consumption 
of formwork for monolithic construction by reducing the thickness of the profile 
wall and increasing the mechanical properties of the steel grade from which it is 
made. Using strength analysis in the SolidWorks program, its operational prop-
erties and safety factor were assessed. Strength analysis of the formwork profile 
confirmed the possibility of moving from steel grade St3 (DIN 17100) with a 
thickness of 3.00 mm to steel grade 09G2S (DIN 9MnSi5) with a thickness of 
2.20 mm. Simulation of profile loading during operation in the SolidWorks pro-
gram showed that changing the steel grade and thickness leads to an increase in the 
safety factor. Formwork with a modified profile will not only not lose its strength 
properties, but may also have an increased service life. To design technologies 
for roll forming thin-walled profiles from blanks, a model was developed in the 
QForm program. Checking the adequacy of the developed model by comparing 
wear areas and contact zones showed its high convergence with the real process. 
Based on simulation in the QForm program, calibration of stands was developed 
for the production of profiles from steel grade 09G2S (DIN 9MnSi5) with a wall 
thickness of 2.20 mm from a workpiece (electric-welded pipe). The effectiveness 
of the proposed calibration is confirmed by comparing the profile obtained from 
the simulation with a reference sample. 

Keywords: QForm · SolidWorks · Simulation · Roll forming · Strength 
analysis · Profile · Formwork 

1 Introduction 

Monolithic construction is the leading technology for the construction of buildings and 
structures for industrial and civil purposes at the present time [1]. The technology of 
monolithic construction is increasingly being used not only in the construction of indus-
trial buildings and residential apartment buildings, but also in private construction. This 
technology makes it possible to build buildings with high-strength walls and ceilings,
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implement any designer’s ideas, and build complex geometric and rounded elements. 
When erecting monolithic buildings, a removable reusable formwork is most often used 
(Fig. 1) [2–5], consisting of wooden, plastic, steel or aluminum elements. The most com-
mon steel [6] and aluminum [7] formwork. Steel formwork is the most cost-effective to 
use. It is made from galvanized [8] and powder-coated steel sheet with a thickness of 
0.7 mm or more (depending on the specification of this steel formwork kit). Steel form-
work has the highest performance. The resistance of steel to mechanical stress allows 
the same set to be used more than 500 times. The main disadvantage of steel formwork 
is its significant weight. The main elements of the formwork are the supporting frame, 
transverse stiffeners and the formwork slab. The frame design uses a closed hollow pro-
file. Ultimately, the reliability of the entire building structure depends on its quality. The 
profile is made from steel strip or roll-formed welded pipe [9]. 

Fig. 1 Panel frame formwork in monolithic construction 

In the manufacture of a profile from a steel strip, the metal is first formed, and at the 
final stage, the seam is already welded. 

The first method is the most attractive both from an economic and a technical point 
of view. For example, to expand the range of manufactured products, it is enough to 
replace the calibration part or introduce a series of profiling stands into the line. 

In the second method, the electric-welded pipe is placed in a rolling mill, where it 
is deformed and acquires the desired geometry. It is widely used both in Russia and 
other countries. However, in the production of profiles with many angles and various 
transitions, it turns out to be inconvenient: a complex shaping scheme may remain 
unrealized due to the design limitations of the forming equipment, and the cost of the 
roll tool also increases. 

Companies that are engaged in the production of a bent profile (Fig. 2) as a workpiece 
use electric-welded longitudinal-seam steel pipes according to GOST 10704-91 Ø120 
mm with a wall thickness of 3.0 mm made of steel grade St3 (DIN 17100) [10].

Currently, the high cost of rolled metal, the significant weight of steel formwork 
and high competition in the construction market require manufacturers to use innovative
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Fig. 2 Formwork profile

technical solutions to reduce costs. One of such solutions may be the transition from 
the use of St3 (DIN 17100) steel with a thickness of 3.00 mm, which is currently used, 
to steel with increased strength properties, namely 09G2S (DIN 9MnSi5), but with 
thickness of 2.20 mm [11]. Reducing the thickness of rolled steel used to obtain a bent 
profile, without reducing the strength characteristics of the frame, will not only reduce the 
metal consumption of the formwork profile, but also have lower costs when transporting 
finished formwork sets to the construction site. 

The purpose of this work is to analyze the possibility of using a blank made of 
steel grade 09G2S (DIN 9MnSi5) with a thickness of 2.20 mm without deteriorating the 
strength and operational properties of the formwork. 

2 Strength Analysis of the Formwork Profile 

The formwork is subject to various loads, including during transportation, storage, instal-
lation/dismantling, temperature effects, etc. Such loads are experienced by any prefab-
ricated and installation elements, and they are not so significant compared to the loads 
during concreting. The greatest loads occur when laying the concrete mixture. Signifi-
cant horizontal loads arise from the lateral pressure of the concrete mixture. It is on them 
that the formwork is calculated. 

To assess the possibility of reducing the wall thickness of a bent profile and chang-
ing the steel grade without reducing the operational properties of the formwork, it is
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necessary to analyze the strength properties of the main structural elements of the frame 
panel (Figs. 1 and 2). 

There are various methods in the world for determining the pressure of freshly 
prepared concrete mixture on formwork structures, which take into account various 
influencing factors [12]. These methods are constantly being improved. This is due to 
the trend towards a constant reduction in concreting time and the associated increase in 
the productivity of concrete pumps, which has led to an increase in the speed of concrete 
placement and the filling height of concrete structures. 

In Russia, the calculation of loads during concreting is carried out according to the 
SP 20.13330.2016 method [13, 14]. In each of the formwork structures there is the most 
loaded element. As a rule, this is always the longest element of the structure, in our case 
it is a vertical formwork profile with a length of 3000 mm (see Fig. 2). 

To conduct a strength analysis, 3D models of the profiles included in the formwork 
were created. Load modeling and strength analysis of structural elements were carried 
out in the SolidWorks program. CAD SolidWorks has a Simulation complex, which 
allows for strength testing [15]. 

During the strength analysis, the safety factor was determined when loading a profile 
with a pipe wall thickness from 3.00 to 2.20 mm and changing the steel grade from St3 
(DIN 17100) to 09G2S (DIN 9MnSi5). 

During the strength analysis, deformations, stresses, maximum displacement under 
load and safety factor were determined. The initial data for the strength analysis of the 
formwork profile are given in Table 1. 

Table 1 Initial data for strength analysis 

Types of profiles Steel grade Pipe wall 
thickness, mm 

Profile length, 
mm 

Yield strength, 
MPa 

1 St3 (DIN 
17100) 

3.00 3000 221 

2 2.20 

3 09G2S (DIN 
9MnSi5) 

3.00 350 

4 2.20 

The strength analysis consisted of a bending calculation, where each sample was in 
a fixed position (Fig. 3). The applied pressure was 50,000 N/m2 of distributed load, this 
pressure is created by concrete with a specific gravity of 1800 kg/m3 [12]. For each of 
the four profiles, the same loading and fastening scheme was chosen.

To calculate the profile in the SolidWorks CAD program, the resulting 3D model 
must be divided into elements. The area under study is divided into finite elements, 
in each of the elements the type of approximating function is arbitrarily selected and 
then the values of these functions are found at the boundaries of the elements. The 
following profile mesh parameters were selected in SolidWorks CAD: mesh element 
size—19.2 mm; tolerance—1.208 mm; number of grid elements—28,635. Since the 
grid parameters were set automatically by the program, a comparative analysis of the
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Fig. 3 Scheme of profile fastening and application of loads

dependence of the grid size on the modeling result was carried out. To achieve this, 
the number of grid elements was increased by 35%. With an increase in the number of 
elements, it was determined that the results change slightly—3.4%, but at the same time 
the calculation time increases. Consequently, it is not practical to increase the number 
of elements and strength calculations can be carried out with the specified parameters. 
The calculation of four types of profiles (see Table 1) made it possible to determine 
the equivalent deformation, stress distribution, profile movement and safety factor. The 
calculation results for a profile made of steel grade St3 (DIN 17100) with a wall thickness 
of 2.20 mm are shown in Fig. 4. The calculation results for the four studied profiles are 
given in Table 2. 

Fig. 4 Strength analysis of a profile made of steel grade St3 (DIN 17100) with a pipe wall thickness 
of 2.20 mm
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Table 2 Results of strength analysis of formwork profiles 

Parameter Types of profiles 

1 2 3 4 

Equivalent deformation (ESTRN), ×10−4 3.33 3.85 3.49 3.97 

Maximum stress (von Mises), MPa 87.1 101.0 86.4 101.0 

Maximum movement (URES), mm 1.813 2.065 1.903 2.163 

Minimum safety factor (FOS) 2.5 2.2 4.0 3.5 

Strength analysis showed the possibility of switching to a profile with a smaller pipe 
wall thickness. At the same time, the use of steel grade 09G2S will make it possible 
to reduce the thickness of the profile wall not only while maintaining the performance 
properties, but also to significantly increase them. The profile will have an increased 
safety factor, which is equal to 3.5, and this will increase the life and frequency of its 
use. In addition, the analysis showed the possibility of using a thinner pipe wall when 
using steel grade 09G2S (DIN 9MnSi5). 

3 Model of Roller Formation of a Form Profile from a Round 
Welded Pipe in the QForm Program 

To simulate the formation of profiles, specialized packages [16–18] are used, such as 
Ansys, Nastran, ABAGUS, Ls-dyna, which are based on the finite element method. 
Recently, a Russian-developed package, QForm, has become widespread and accessible 
to enterprises and educational institutions [19, 20]. The software product has proven 
itself quite well in modeling the processes of stamping, extrusion [21], and rolling [22, 
23]. At the same time, no experience of using this package for roll forming operations 
was found in the literature. The first step in the simulation is to create a solid model of the 
workpiece and forming tool in the CAD program Kompas-3D v19 [24]. When creating 
solid models of forming tools, calibrations of real equipment of an operating enterprise 
were used. Profiling of the blank pipe is carried out on an automated profile production 
line, which includes a feed roller table, a bending and rolling machine, a cutting saw 
and a receiving table with a dumper. The forming line consists of 24 rolling stands: 20 
horizontal and 4 verticals. 

The following parameters were specified for the simulation using QForm version 
9.0.10. 

Workpiece: 

• steel grade—St3; 
• temperature—20 °C; 
• friction coefficient of the workpiece at self-intersection—0.1; 
• workpiece length—400 mm; 
• external/internal diameter of the workpiece—120/114 mm; 
• length of the deformable area—300 mm;
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• length of the fine-element mesh zone—25 mm. 

Tool: 

• steel grade—DIN 1.2510; 
• temperature—20 °C; 
• friction coefficient according to the Coulomb law—0.1; 
• rotation speed—10 rpm; 
• the size of the mesh element on the surface is 1.5 mm. 

Boundary conditions and calculation parameters: 

• pusher: speed—0.1 m/s; 
• calculation taking into account elastoplastic deformations; 
• re-splitting the workpiece every 100 steps; 
• constant time step (deformation)—0.1 ms. 

The mesh in the tool is divided into large and small elements; a fine-element mesh 
with a tetrahedral edge length of 1.5 mm is located on the surface. Figure 5 shows the 
mesh using the example of the cross section and lower roll of stand No. 6. This method 
of constructing a mesh will make it possible to more accurately evaluate the contact 
zones of the workpiece with the tool, comparing not only the resulting geometry of the 
workpiece, but also the wear areas of the rolls. 

Fig. 5 The mesh of the tool 

Using workpiece models, tools and specified parameters, a simulation model con-
sisting of 23 operations was created. The tool drive was specified for horizontal stands 
No. 1, 2, 19 and 20. For the remaining stands, the rotation speed was not specified. The 
tools received rotational torque due to friction and pushing the workpiece through the 
rolls at a speed of 0.1 m/s. 

One of the visual methods for analyzing simulation results is the method of analyzing 
contact zones between the workpiece and the tool. Figure 6 shows the contact zones of
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the workpiece and the tool of rolling stand No. 13 in the QForm program and the wear 
areas of the forming rolls of the real mill. To check the adequacy, stands No. 1, 3, 5, 7, 
10, 13, 15, and 19 were examined in detail. 

Fig. 6 Contact zones between the tool and the workpiece in the model (a) and wear areas of the 
forming rolls of stand No. 13 (b) 

There are 16 wear zones on the forming rolls of stand No. 13. They coincide with the 
following contact zones: 3–13 and 15–16. Contact zones 9 and 10 are clearly separated, 
and 3, 4 and 6, 7 merge into one zone. In contrast to the wear zone 13 of the lower forming 
roll, the contact zone of the workpiece with the roll 13 is clearly divided into two areas. 
The formation of a separated zone may indicate a defect in geometric dimensions. The 
missing contact zones 1, 2 and the geometry of the profile obtained from the simulation 
indicate the radius of curvature. 

The results of comparison of wear zones and tool-workpiece contact confirm the 
adequacy of the model to the real forming process. The discrepancies that are recorded 
in certain areas throughout the entire modeling process are the error (±0.8%) of the 
outer diameter of the welded pipes received for production. The length of the outer 
circumference at Ø120 mm is 376 mm. With an error of + 0.8%, the outer diameter of 
the pipe is Ø121 mm, which in turn increases the length of the arc to 383 mm, which 
significantly affects the geometry of the profile (Fig. 7).

For a formwork profile, an important parameter is the geometry, which directly 
depends on the method of its production, the technological parameters of profiling and 
the accuracy of the geometry of the workpiece (electric-welded pipe). Therefore, depend-
ing on the actual diameter of the welded pipe, it is necessary to adjust the calibration 
of the rolls or tighten the tolerance requirements for the workpiece. This issue requires
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Fig. 7 Basic geometric parameters of the formwork profile: a scan of a real sample; b cross section 
of the model

additional simulation research and will be addressed in future publications. The simu-
lation results were used to create a roll forming model of a workpiece with a smaller 
wall thickness and a changed steel grade. Geometric defects resulting from unsuccessful 
calibration were taken into account when developing a new model. 

4 Modeling of Roller Forming of a Profile from a Round Welded 
Pipe 120 × 2.20 

When changing the wall thickness and steel grade of the workpiece, it is necessary 
to change some previously used modeling parameters and set the following: the min-
imum element size is 0.894 mm, the workpiece steel grade is 09G2S (DIN 9MnSi5), 
the outer/inner diameter of the workpiece is 120/115.6 mm. The remaining simulation 
parameters remain unchanged. In addition, in order to obtain a more correct geome-
try, the geometric parameters of the vertical and horizontal forming rolls were taken 
into account and refined. During modeling, the workpiece was divided into segments of 
length equal to the sections of the profile (Fig. 8). Thanks to this approach, it became 
possible to more accurately control the resulting geometry by adjusting the tool. 

Fig. 8 Workpiece divided into profiling sections
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Simulation of the process with a workpiece located in all stands at the same time, 
that is, a length of 8 m, according to preliminary calculations, would take about 500 h. 
This option eliminates the possibility of timely debugging of the model in the event of 
software errors. Therefore, the model was divided into 24 operations, i.e. one operation 
per forming stand. With this modeling option, machine time is reduced to 94 h per group 
of stands. During the simulation process, workpiece data was uploaded in two versions 
in STL format, followed by processing using the Kompas-3D program and a point area 
with subsequent processing in Excel. To make sure that the adjustment to the geometry 
of the forming rolls was made correctly, the modeling results with the parameters of a 
workpiece with a wall thickness of 2.20 mm made of 09G2S steel (Fig. 9b, d, f) were 
compared with the results obtained when modeling a profile made of St3 steel with a 
wall thickness of 3.00 mm (Fig. 9a, c, e). 

Fig. 9 Sections of workpieces in the forming stand: a stand No. 13 St3; b stand No. 13 09G2S; 
c stand No. 15 St3; d stand No. 15 09G2S; e stand No. 20 St3; f stand No. 20 09G2S 

Comparison of the cross-section of the profile obtained during the simulation using 
the corrected calibration and the reference sample showed (Fig. 10) that the differences 
in the cross-sections of the profiles lie in the formed bend. During the simulation, the 
support pad of the molded workpiece is not extended. We assume that the groove of the 
supporting surface is not formed due to the contact nodes. Using simulation in QForm, 
the weld joint location area was determined. To do this, lines were traced in the workpiece 
section and a field for displaying plastic deformation was selected (Fig. 11).

By studying the profile section, zones with minimal plastic deformation were identi-
fied. Four profile elements are less deformed and, as a result, experience less stress during 
the molding process: the bottom flange, the groove of the vertical post, the support plat-
form and the rear post. Analyzing the geometry of these elements, the recommended 
location for the seam is the middle of the bottom flange (position 1 in Fig. 11) and the 
middle of the rear pillar (position 2 in Fig. 11).
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Fig. 10 Profile cross-section: blue—profile, obtained by simulation; red—reference profile 

Fig. 11 Recommendations for the location of the welded joint: 1—middle of the bottom shelf; 
2—middle of the rear pillar

To follow the recommendations for the location of the seam, it is necessary to cor-
rectly set the initial position of the workpiece in the forming stand No. 1. For this purpose, 
you can use a pipe blank previously divided into sections (elements of the formwork 
profile) (Fig. 8). The position of the seams during the workpiece task is shown in Fig. 12.

The weld located at 39°2' is in the middle of the back post and has a position error 
zone of ±20°, and the weld at 94°57' is in the middle of the bottom flange with an error 
zone of ±6°. 

To achieve the reference geometry, it is necessary to make changes to the mill design, 
namely, to move from alternating horizontal and vertical stands to a four-roll calibration. 
Such a scheme will complicate the design and setup of the mill, but will allow achieving 
the required geometry.
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Fig. 12 Location of the welded joint when tasking the workpiece in stand No. 1

5 Conclusion 

Strength analysis of the formwork profile confirmed the possibility of moving from 
steel grade St3 (DIN 17100) with a thickness of 3.00 mm to steel grade 09G2S (DIN 
9MnSi5) with a thickness of 2.20 mm. Simulation of profile loading during operation 
in the SolidWorks program showed that changing the steel grade and thickness leads to 
an increase in the safety factor. Formwork with a modified profile will not only not lose 
its strength properties, but may also have an increased service life. 

To design technologies for roll forming thin-walled profiles from blanks, a model 
was developed in the QForm program. Checking the adequacy of the developed model 
by comparing wear areas and contact zones showed its high convergence with the real 
process. 

Based on simulation in the QForm program, calibration of stands was developed for 
the production of profiles from steel grade 09G2S (DIN 9MnSi5) with a wall thickness 
of 2.20 mm from a workpiece (electric-welded pipe). The effectiveness of the proposed 
calibration is confirmed by comparing the profile obtained from the simulation with a 
reference sample. 
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Abstract. Reclamation systems hydraulic structures long-term operation lead to 
some elements significant physical wear, averaging 28% or more for irrigation and 
principal canals. Concrete and reinforced concrete linings are subject to deforma-
tions, cracking, base subsidence and other negative processes over time. Hence, 
there is a need to develop and apply improved design and process solutions using 
modern polymer-based composite materials, which will make it possible to most 
effectively and quickly restore the canals protective coatings and other feeding 
hydraulic structures. To determine the specific filtration flow rate through dam-
age, the method of calculating the water permeability of the anti-filtration concrete 
facings taking into account the colmatation of damage. Technical and technolog-
ical solutions developed at the level of applications and patents for inventions are 
characterized by increased efficiency and reliability, which consist in eliminat-
ing filtration losses and filtration deformations, while increasing the durability of 
the repaired area due to increased physical and mechanical characteristics of the 
materials used in the structures. The presented method of calculating the water per-
meability of the anti-filtration concrete lining, taking into account the colmatation 
of damage, made it possible to determine the specific filtration flow rate through 
damage equal to 0.112 m2/day. Based on the performed calculation, it is possi-
ble to make a decision on the expediency of reconstructing certain damages to 
concrete channel linings, including during their colmatation. 

Keywords: Canal · Seepage-control lining · Seepage losses · Composite 
material · Polymer 

1 Introduction 

The irrigation and drainage canals operation requires protective coatings and seepage-
control linings long service life, the hydraulic structures for reclamation purposes oper-
ation normative period is 60 years. Water flow continuous impact leads to the concrete 
and reinforced concrete coatings expansion joints depressurization, reinforcement expo-
sure, concrete cracks, voids form in the under-slab space, slabs individual sections (maps) 
complete destruction and others.
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2 Relevance 

The ways to reduce water seepage losses in irrigation canals are the highly effective 
seepage-control measures and the modern building composite materials usage. Research 
on usage improved seepage-control structures from geocomposites on canals was carried 
out by domestic scientists and specialists: Yu. M. Kosichenko, A. V. Ishchenko, S. V. 
Solsky, O. A. Baev, E. O. Sklyarenko, M. A. Bandurin, F. K. Abdrazakov and others 
[1–8]. 

Processes for the installation of seepage-control canal coatings and also the modern-
ization, construction and irrigation systems lining structures operation problems were 
carried out by following foreign scientists: K. Ding, L. Gao [8], H. Plusquellec [9], X. 
Han, X. Wang [10, 11], H. F. Abd-Elhamid [12] and others [13–19]. 

The generally accepted technology for the construction of protective coatings, de-
veloped for cladding using a polyethylene film and a protective layer of monolithic 
concrete (Fig. 1). 

Fig. 1 Diagram of the technology of construction of protective coatings
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The use of specialized equipment greatly simplifies the installation of cladding, but 
along with this, the costs of the entire technological process significantly increase. Due to 
the high costs of laying protective coatings, the choice of the most effective anti-filtration 
measures and building materials remains a particularly important issue. 

Based on the analysis results of domestic and foreign works, it was revealed that 
the current technologies for the reclamation canals construction and reconstruction are 
complex, economically unprofitable, and also require specialized machinery and equip-
ment large amount. Therefore, developing cost-effective and efficient design and process 
solutions for the reconstruction of existing concrete linings of irrigation canals question 
remains important. Standard concrete, as a rule, is short-lived (service life on channels is 
up to 25–28 years), is prone to cracking, and the creation technologies are highly labor-
intensive. Geosynthetic materials such as geomembranes and bentonite mats usage is 
a highly effective seepage-control protection. But, despite this, such materials have a 
number of disadvantages. For example, geomembranes have low strength, are prone 
to punctures both during installation and during operation (by plant roots, a protective 
layer). In addition, the geomembranes usage requires careful base preparation before its 
layin, which significantly increases the design work cost. The bentonite mats main dis-
advantages are the need for additional loading of the material, as well as low resistance 
to freeze–thaw cycles. 

To date, large number methods for restoring concrete coatings shall be known; 
various composite materials shall be used for this (Fig. 2). 

Fig. 2 Polymer composite materials used for the concrete canal linings repairs 

Not all existing anti-filtration measures and the construction materials used in them 
are effective enough and have their drawbacks. Below we will consider some materials 
and give a comparative description of their physical and mechanical parameters (Table 1).

The use of geosynthetic materials, such as geomembranes and bentonite mats, is 
a highly effective protection against seepage. But, despite this, such materials have a 
number of disadvantages. For example, geomembranes have low strength, are prone to 
punctures both during installation and during operation (plant roots, protective layer). In 
addition, the use of geomembranes requires careful preparation of the foundation before 
laying it, which significantly increases the cost of design work. The main disadvantages
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Table 1 Comparative characteristics of physical and mechanical parameters of anti-filtration 
materials 

Indicator Material 

Concrete canvas Geomembrane Concrete 
cladding 

Bentonite mat 

Weight (before 
hydration), kg/m2 

7–20 0.7–3 1800–2500 4–7 

Density (before 
hydration), kg/m2 

1500 910–975 2200–2500 3600–4300 

Thickness, mm 5–14 1–2 100–200 4–7 

Tensile strength, 
MPa 

To 25 To 25 To 25 To 25 

Filtration 
coefficient, cm/s 

<6 × 10–10 1 × 10–8–1 × 
10–10 

6 × 10–10–2 × 
10–9 

1.0 × 
10–11–1.5 × 
10–11 

Laying on slopes 1:1–1:3 and more 1:3 1:1–1:2.5 At least 1:3 

Chemical 
stability, pH 

4–12.5 0.5–14 4–6.5 4–11 

Service life, years More than 50 More than 50 Less than 30 More than 50

of bentonite mats are the need for additional loading of the material, as well as low 
resistance to freeze–thaw cycles. 

3 Problem Statement 

The purpose of this study is to develop design and process solutions for the irrigation 
canals destroyed concrete linings creation and restoration with the modern composite 
materials usage. 

4 Theoretical Part 

The serious problem irrigation and principal canals throughout the world is seepage 
losses, which make up a significant part of the total water volume. For example, in Iraq, 
most canal linings for reclamation purposes are in concrete lining and are subject to 
seepage through the facing slabs joints [12]. The authors research purpose A. Al-adili, 
O. A. Al-ameer, A. Al-sharbati [13] was to reduce or prevent seepage from open canals 
through the new alternative materials for filling joints usage. 

Geosynthetic clay liners, developed in 2005, are a relatively new material technology 
in the geosynthetic world and have been recognized as highly effective for rapid con-
struction, including land reclamation facilities. The material physical properties were 
verified by the authors [15] by conducting laboratory tests. To evaluate the process per-
formance, the material was applied to a section of the canal with an area about 4000 m2.
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The estimated service life of such a coating exceeds 50 years, the material is easy to 
install and operate, and cost savings compared to the construction of concrete cladding 
is about 24% [16]. 

The cracks formation in concrete coatings occurs by a change in external and internal 
loads formed with the concrete pavements operating technologies non-compliance, the 
wrong ratio in the mortar preparation and wrong laying methods and also the coating 
aging under the external factors influence. To eliminate cracks in concrete linings, the 
method shall be used with the various polymeric additives. This method consists in 
lowering the concrete surfaces capillary moisture saturation with a device for clogging 
the concrete pore space by materials with much less than concrete permeability. 

The sediments carried by the water flow fill the damage, cracks, joints and expansion 
concrete linings joints, thereby reducing water losses due to filtration. Irrigation canals 
clogging is a “simple” and at the same time quite effective impervious measure reducing 
seepage losses for 3–6 times [1]. 

In [10], cracks and holes in various facing coatings were examined, and filtration was 
assessed. The results showed that cracks in the of two precast concrete slabs joints and 
holes in the geomembrane cause an increase in seepage losses. New combined concrete 
and geomembrane lining usage reduces seepage by 86% compared to an earth channel, 
while after three years of operation seepage can be reduced by 68 The authors established 
a statistical relationship between the decrease in seepage and the lining repairing time, 
which made it possible to estimate the water loss for seepage from the lined channels. 
According to the calculations carried out by the authors, without taking into account the 
service life of the lining, seepage losses shall be underestimated by 58%, and the water 
usage efficiency in the canal shall be overestimated. 

Unlike the anti-filtration materials discussed above, the concrete-filled coating has 
a number of advantages: 

• The speed of work 
• Convenience and ease of installation 
• Environmental friendliness of the material 
• Service life 
• Increased strength 
• Puncture resistance 
• Waterproof 
• Protection against germination of plants 
• Possibility of laying in all weather conditions 
• Resistance to aggressive environments. 

In addition, the concrete web can be used on complex objects, steep slopes, without an 
additional attachment device (unlike other rolled materials that require additional attach-
ment to the base). No additional construction materials and skilled labor are required 
for laying the material. A minimum amount of preparatory work is required before 
installation.
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5 Study Results 

To repair damage to concrete canals linings (local large fractures and expansion joints) 
and other feeding hydraulic structures made with concrete and reinforced concrete 
linings, a method has been developed for repairing damage to channel linings using 
concrete-filled materials (Fig. 3) [20]. 

Fig. 3 Scheme of repair of major damages of concrete channel linings: a plan; b section 1— 
concrete cladding; 2—concrete-filled material; 3—bracing (self-tapping screw, dowel-nails); 4— 
steel stakes; 5—ground of the base 

To repair major damages on concrete channel linings, presented in the form of partial 
or complete destruction of slabs, a pre-fabricated concrete-filled coating is used, arranged 
in the form of a patch over the defective area and attached to the surface of the anti-
filtration concrete or reinforced concrete lining (Fig. 4).

The method includes the defective area preparation, which consists in clearing, the 
remains destroyed concrete and dust removing. Next, a binder material shall be applied, 
forming an adhesive layer, the defective area shall be filled with building material (filling 
with fine gravel or sand), and it shall be leveled. For large damage repairing on the canals 
concrete lining, a prefabricated concrete-filled coating shall be used, like a a patch over 
the defective area and it shall be attached to the impervious concrete or reinforced 
concrete lining surface using self-tapping screws, anchors or other fasteners. To seal the 
prefabricated concrete pavement connection with a concrete lining, an polymer sealant 
adhesive layer shall be arranged. Patch sagging shall be prevented by laying a flat geogrid 
on the concrete lining surface. This solution shall be distinguished by easy installation, 
low labor costs and also the need to use large-sized specialized equipment absence. 
In addition, the pre-fabricated concrete-filled material coating has durability and water 
resistance. 

The fiber reinforced concrete application for repairing concrete pavements damage 
is an effective alternative to the currently used traditional cement mortar. Depending on 
the type of introduced fiber, it is possible to obtain fiber reinforced concrete with the 
characteristics required for a particular object. Fiber reinforced concrete is distinguished 
by its strength properties, water resistance, temperature extremes resistance, durability
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Fig. 4 The method large damage to the concrete lining repairing along the bottom (node A) and on 
the slope (node B): δlin—lining thickness; bdam—damage width; bCC—concrete canvas thickness; 
1—concrete canvas; 2—concrete lining; 3—backfill; 4—self-tapping screw; 5—a polymer sealant 
layer; 6—base

and other physical and mechanical characteristics. In addition, fiber-concrete is environ-
ment friendly and low cost (depending on the type of fiber), that’s why it can be used at 
irrigation and drainage facilities. 

For the expansion joints and connections of concrete and reinforced concrete coatings 
repairing, a structural and technical solution has been developed for the concrete linings 
restoration using fiber-reinforced concrete and other composite materials (Fig. 5).

This design and technical solution aimed at restoring the canal concrete lining 
includes: the voids filling on destroyed expansion joint with fiber-reinforced concrete 
and applying a waterproofing material to the frozen surface. During concrete lining 
expansion joint repairing, it is necessary to prepare the repaired area, which consists in 
cleaning it from debris, removing loose concrete in the damage zone, chasing along the 
deformable area and cleaning it from dust. 

Option (a) includes: laying the sealer into the cavity of the deformation seam, ram-
ming and filling with a fiber-concrete mixture. After the fiber concrete solidifies, an 
elastic waterproofing tape applied to a layer of epoxy glue is laid on its surface. Option 
(b) includes: filling the destroyed under-slab space with a geopolymer composition 
that stabilizes the natural base and prevents further soil subsidence. After hardening, 
the expansion joint shall be filled with a fiber-reinforced concrete mixture, over which a 
polyurethane sealant shall be applied. Option (c) includes: filling the expansion joint with 
a fiber-reinforced concrete mixture, on which, after hardening, an elastic cement-based 
waterproofing shall be applied.
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Fig. 5 Design and process solutions for the expansion joints of canals repairing with composites 
(options a, b, c): 1—concrete lining; 2—expansion joint; 3—polyurethane sealant; 4—ground 
of the base; 5—geopolymer composition; 6—fiber-reinforced concrete; 7—elastic cement-based 
waterproofing; 8—elastic waterproofing tape; 9—a layer of epoxy glue; 10—sealer (sand, gravel, 
crushed stone, geocomposite materials)

The use of fiber concrete for sealing cracks, expansion joints and joints of concrete 
linings will extend the service life of concrete linings by reinforcing cement-sand mor-
tar with fiber. In addition, the most important performance characteristics of concrete 
coatings are significantly improved: strength, resistance to bending and stretching, water 
resistance, crack resistance, resistance to external influences. 

Such process solutions shall be distinguished by increased efficiency and reliability, 
which consists in eliminating seepage losses, while increasing the repaired area durability 
due to the increased physical and mechanical characteristics fiber-reinforced concrete 
and other composite materials used in coatings. 

6 Practical Relevance 

Let us consider a methodology for calculating clogging, which allows calculating the 
seepage-control concrete lining water permeability, namely, the specific seepage flow 
through damage, the average seepage coefficient, the water permeability coefficient with 
clogged damage, the seepage rate and the pressure gradient at the permeable boundaries. 

Initial data for calculation: water depth h0, m; damage width bdam, m; damage length 
ldam, m; lining thickness δlin, m; clogged layer seepage coefficient in damage to the lining 
kcl , m/day; soil permeability coefficient ks, m; lining damage average length Ldam, m;  
canal length Lc, m; canal width Bc, m; critical head gradient Icr . 

The piezometric head acting on the concrete lining shall be determined by the 
formula: 

H = h0 + δlin, m. (1)
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Substituting the piezometric flow rate value into the formula for the specific flow 
rate through damage to the lining, obtain: 

qf = 2 · kcl · H · k ′
2, m

2/day, (2) 

where k ′
2 is the ratio of elliptic integrals. 

Let us determine the seepage flow through the clogged damage to the lining from 
the expression: 

q′
f = 

π · kcl(h0 + δlin) 

ln

(
exp

(
π ·δlin 
bdam

)
sin

(
π ·m 

2·bdam
)
) , m2/day. (3) 

Comparison of the calculation results with the most famous formulas of scientists 
V. P. Nedriga and Yu. M. Kosichenko showed in Table 2. 

Table 2 The results comparison calculation the clogged damage seepage flow rate to the lining 

Seepage flow through damage (m2/day) 

Formula (3) V. P. Nedriga Formula Yu. M. Kosichenko 
Formula (1980)—the 
exact 

Yu. M. Kosichenko 
Formula 
(1980)—approximate 

0.112
(
m2/day

)
− [%] 

0.145 (m2/day) 
−29.46 (%) 

0.208
(
m2/day

)
−85.71 (%) 

0.210
(
m2/day

)
−87.5 (%) 

Note The numerator shows specific flows, m2/day; in the denominator—the deviation of the values 
from the exact formula of the article authors, % 

Next, we compare the calculation the water permeability coefficient with clogged 
damage and the pressure gradient at its base. 

Let us calculate the amount of damage to the seepage-control lining: 

n = 
Lc 
ldam 

, pcs. (4) 

The lining area shall be determined by the formula: 

Flin = Bc · Lc, m2. (5) 

Let’s find the average seepage coefficient with clogged damage: 

k ′
lin = 

2kcl · δlin · Ldam · n 
Flin 

, cm/s. (6)
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7 Conclusions 

As a study result, new design and technical solutions for repairing damage to irriga-
tion canal linings have been developed, which usage will ensure the impervious coating 
impermeability, increase reliability and prevent the under-slab voids formation. The solu-
tions advantages lie in the repairing possibility major damage to concrete and reinforced 
concrete channel linings, restoring expansion joints, and also a longer further structures 
operation. The calculation method through clogged damages in concrete canal linings 
makes it possible to determine the seepage flow through the coatings seepage-control 
elements in the cracks presence or other damage there. 
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Abstract. This article investigates the features and advantages of using single-
node finite elements of Finite Element Method in the form of the Classical Mixed 
Method. The research was conducted on one-dimensional problems with various 
types of unilateral constraints (rigid, elastically flexible, with a gap between the 
structure and the support). A special algorithm for switching the condition of the 
support was developed by modifying the response matrix of the single-node finite 
elements. This algorithm allows switching of connections without changing the 
calculation scheme of the structure. Verification was carried out by comparing the 
calculated results with the results of the calculation of the LIRA SAPR software 
package, which calculation schemes are built using single-node finite elements 
that implement the displacement method. The article demonstrates the advan-
tages of solving problems that include single-node finite elements that simulate 
various types of constructive nonlinearity, including ease of algorithmization in 
the decision-making area on switching the state of unilateral constraints, due to 
the inclusion in the response matrix of both the force that arises in the connection 
and displacement along its direction, and the ability to solve the problem of elastic 
connection, which is included in the work after the section gap reaches a certain 
value. 

Keywords: Constructive nonlinearity · Structural mechanics · Finite element 

1 Introduction 

In modern engineering practice, real properties of soil are usually taken into account 
with a substantial number of rough assumptions. The use of modern soil mechanics 
models, such as the hardening soil model [1–4], is complicated not only by the increase 
in the number of variables but also by the absence of regulations governing the use of 
the normative base. Similar problems are encountered in the class of constructive non-
linear problems, such as problems with supports accounting for friction [5], or dynamic 
problems that take into account the operation of vibration dampers [6, 7]. Thus, modern 
structural mechanics faces the task not only of developing new methods for calculating
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structures that take into account the real properties of the considered systems, but also 
of optimizing the algorithms that implement them in order to make these methods more 
applicable in practical design of real buildings and structures. 

The use of single-node finite elements is widely used in the calculation of systems 
that take into account the peculiarities of soil foundation work using the finite element 
method in the displacement form. The LIRA SAPR software package [8] uses two  main  
types of single-node finite elements that are used to simulate linear elastic connections, 
as well as a number of nonlinear single-node finite elements that simulate constructive 
nonlinear behavior of elastic connections, due to their disconnection when the ultimate 
force or displacement is reached. In our works [9, 10], the effectiveness of using the 
Finite Element Method in the form of the Classical Mixed Method to solve constructive 
nonlinear problems and problems involving elastic flexible connections has already been 
demonstrated. Therefore, the development of single-node finite elements is a logical 
development of the proposed approaches, which will allow for their systematization 
and the development of the proposed advantages of calculating structures on an elastic 
flexible, linear and nonlinear working foundation. 

2 Materials and Methods 

When using the Finite Element Method in the form of the Classical Mixed Method 
(FEM in CMM form), both displacements and forces are included in the response matrix. 
This allows us to determine both the displacement and force that arise in a single-node 
finite element at the calculation stage of the resolving equations. This ability eliminates 
intermediate steps in determining this force based on the deformed scheme, providing 
an advantage in calculation accuracy. In addition, such an approach is convenient for 
solving constructive nonlinear problems, in which changes in connection characteristics 
depend on the forces that arise in them. It is worth noting that problems of changing the 
elastic properties of connections with increasing load are common in real engineering 
practice. Such changes can include changes in the properties of the soil foundation due 
to a decrease in porosity under load. 

A mixed-type single-node finite element, taking into account the elastic flexible 
properties for all linear displacements and rotations for a three-dimensional problem in 
the finite element method in the classical mixed method form, is shown in Fig. 1. Such a 
finite element has twelve degrees of freedom, six translations along the directions of the 
global axes and six forces arising in the elastic flexible connections. Since the element 
represents a node, its use does not require the introduction of a local coordinate system, 
i.e., the forces are oriented in the global coordinate system. The relationship between 
displacements and forces for the finite element will be determined by six stiffness char-
acteristics, depending on the equivalent elastic properties that our element should model 
at the location point. Thus, as mentioned earlier, after solving the resolving equations, we 
will obtain the reaction values in supports, i.e., we will have comprehensive information 
necessary for decision-making on the operation of supports in a nonlinear statement.

To simplify the presentation of the material reflecting the fundamental principles of 
using the developed finite elements, we will describe single-node finite elements of a 
planar problem in the text of the article. Such elements will have 6 degrees of freedom— 
3 displacements along the directions of the global axes and 3 forces arising in the links.
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Fig. 1 Single-node mixed finite element

The response matrix of such a finite element can be written in the form of expression 
(1). 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

r1,1 r1,2 r1,3 r̃1,4 r̃1,5 r̃1,6 
r2,1 r2,2 r2,3 r̃2,4 r̃2,5 r̃2,6 
r3,1 r3,2 r3,3 r̃3,4 r̃3,5 r̃3,6 
δ̃4,1 δ̃4,2 δ̃4,3 δ4,4 δ4,5 δ4,6 

δ̃5,1 δ̃5,2 δ̃5,3 δ5,4 δ5,5 δ5,6 

δ̃6,1 δ̃6,2 δ̃6,3 δ6,4 δ6,5 δ6,6 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

= 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

0 0 0  −1 0 0  
0 0 0 0 −1 0  
0 0 0 0 0  −1 
1 0 0 1/Cx 0 0  
0 1  0 0 1/Cy 0 
0 0 1 0 0 1/Cϕ 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

(1) 

where Cx, Cy, Cϕ—is the equivalent stiffness of the element, which corresponds to 
horizontal, vertical and angular stiffness, respectively. 

The stiffness of the element is calculated separately depending on the physical prop-
erties we want to transmit depending on the support. An example of such stiffness is the 
reduced nodal stiffness coefficient for the Winkler model of foundation operation. 

The integration of the developed single-node finite elements into the computational 
scheme built using bar finite elements, regardless of the type of finite elements [11–13], 
is carried out by combining the unknowns that determine the displacements at the nodes 
of the bar finite element with the displacements of the single-node finite element installed 
at this node. 

The presence of support stiffness in the solving equations allows modeling both rigid 
connections—by introducing a stiffness coefficient Cx, Cy, Cϕ greater than the stiffness 
of the main elements of the problem (where 1 

Con 
→ 0), and the absence of support 

connection - by introducing a stiffness coefficient Cx, Cy, Cϕ less than the stiffness of 
the main elements of the problem (where 1 

Coff 
→ ∞). Thus, the use of a single-node 

finite element allows modeling one-way work of elastic-pliable or rigid supports without 
changing the calculation scheme, which simplifies the algorithmization of the iterative 
process of calculating a constructively non-linear problem.
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3 Results and Discussion 

Let’s demonstrate the above on an elementary example of a beam supported by different 
types of supports and loaded with a concentrated load. 

Example 1 Calculation of a beam on two-sided elastic-pliable supports (Fig. 2). 

Fig. 2 Example 1. Calculation scheme of a beam on two-sided resilient supports 

The primary system uses the first type beam finite element [14]. The primary finite 
element method system in the form of a classic mixed method for such a beam is shown 
in Fig. 3. 

Fig. 3 The main FEM system in the form of a mixed method for a beam on two-sided resilient 
supports 

The solving equations in matrix form have the following view (2). 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

0 0 0  −1/l −1 0 0  
0 0 0 2/l 0 −1 0  
0 0 0  −1/l 0 0 −1 
1/l −2/l 1/l 2l/3EI 0 0 0  
1 0 0 0 1/C 0 0  
0 1 0 0 0  1/C 0 
0 0 1 0 0 0  1/C 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

· 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

q1 
q2 
q3 
q4 
q5 
q6 
q7 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

= 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

1000 
0 
0 
0 
0 
0 
0 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

(2) 

Table 1 shows a comparison of the accuracy of the calculation with the calculation 
made using the LIRA SAPR 2013 R5 software package. In the computational scheme 
of the software package, FE 51 (single-node) and FE 2 (two-node) were used.

The deformed shape of the beam obtained is shown in Fig. 4.
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Table 1 The calculation results for example 1 

FEM in CMM form LIRA SAPR 2013 R5 Discrepancy, % 

q1, mm (movement in 1 
support) 

18.4848 18.4832 ~ 0  

q2, mm (movement in 2 
support) 

3.0304 3.0303 ~ 0  

q3, mm (movement in 3 
support) 

−1.5152 −1.5152 0 

M2, kN*m (bending moment 
over the second support) 

−454.55 −454.6 ~0

Fig. 4 Example 1. Deformation scheme of the beam 

Example 2 Calculation of a beam on one-sided elastic-pliable supports. 
Let’s perform the calculation of the beam from Example 1, assuming that the elastic-

pliable supports are one-sided. To find the working scheme, we will use the Rabinovich 
algorithm adapted by us for calculating systems using the Finite Element Method in the 
form of the Classical Mixed Method in [9]. As mentioned above, using a single-node 
finite element, we can model the one-way work of supports, when they are disconnected, 
by changing the stiffness. In this case, the solving equations in the second step, when 
support 3 is disconnected, will have the following form (3): 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

0 0 0 −1/l −1 0 0  
0 0 0 2/l 0 −1 0  
0 0 0  −1/l 0 0 −1 
1/l −2/l 1/l 2l/3EI 0 0 0  
1 0 0 0 1/C 0 0  
0 1 0 0 0  1/C 0 
0 0 1 0 0 0  1/Coff 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

· 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

q1 
q2 
q3 
q4 
q5 
q6 
q7 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

= 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

1000 
0 
0 
0 
0 
0 
0 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

(3) 

where Coff → 0. 

The deformed scheme after the second step of the calculation is shown in the figure, 
and the comparison of the calculation results with the LIRA SAPR 2013 R5 calculation 
is presented in Table 2.

The obtained deformed shape of the beam is shown in Fig. 5.
Thus, the use of a single-node finite element of the mixed method, which includes 

the stiffness of the elastic-pliable support, allows solving a problem with unilateral
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Table 2 The calculation results for Example 2 

FEM in CMM form LIRA SAPR 2013 R5 Discrepancy, % 

q1, mm (movement in 1 
support) 

20 20 0 

q2, mm (movement in 2 
support) 

0 0 0 

q3, mm (movement in 3 
support) 

−20 −20 0 

M2, kN*m (bending moment 
over the second support) 

~ 0 0 0

Fig. 5 Example 2. Deformation scheme of the beam

constraints without changing the calculation scheme using the mechanism of changing 
the stiffness of the connections. The error in the value of some of the parameters is 
explained by the fact that the connections are not absolutely rigid, but such an error can 
be neglected. 

The application of the mixed form of the finite element has also shown its effective-
ness in solving problems with hardening or softening one-sided connections using an 
algorithm based on the idea of the method of compensating loads proposed by Alyonin 
and Ignatyev [15, 16]. The essence of the method of compensating loads is to model 
the change in support stiffness by introducing compensating loads with their subsequent 
iterative refinement to a certain coefficient for exiting the algorithm. When modeling 
such a problem using the finite element method in the form of a classic mixed method, 
these compensating loads will be applied to the single-node finite elements themselves 
and will enter the external load vector, affecting only the values of one of its rows. In 
addition, the values of compensating loads are calculated depending on the force arising 
in the support, which enters the solving equation of the mixed method when using the 
single-node finite element developed by us. Therefore, the application of this method 
based on the mixed FEM, unlike displacement-based FEM, will not require additional 
calculations, which simplifies the calculation algorithm. 

In the case of using a single-node finite element, the method of compensating loads 
can be adapted by introducing not compensating loads, but directly compensating dis-
placements into the calculation scheme. This effect allows achieving the fact that the
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external load vector in the mixed form of the finite element method explicitly includes dis-
placements in the directions of the disconnected supports. This approach allows algorith-
mizing the calculation of supports with gaps by introducing compensating displacements 
in the supports where the deflection has exceeded the size of the gap. 

Example 3 Let us consider the beam from Example 2, which has a one-sided resilient 
support in support 3, but is fixed against upward movement by a rigid support with a 
clearance of 10 mm. The design scheme is shown in Fig. 6. 

Fig. 6 Example 3. Calculation scheme 

The calculation of such a beam on steps 1 and 2 will correspond to the calculation 
of the beam from Example 2, as described above. However, further, on the third step, 
due to the fact that the displacement in the beam has exceeded the clearance value, the 
main system will take the form (4). 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

0 0 0  −1/l −1 0 0  
0 0 0 2/l 0 −1 0  
0 0 0  −1/l 0 0  −1 
1/l −2/l 1/l 2l/3EI 0 0 0  
1 0 0 0 1/C 0 0  
0 1 0 0 0  1/C 0 
0 0 1 0 0 0  1/Con 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

· 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

q1 
q2 
q3 
q4 
q5 
q6 
q7 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

= 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

1000 
0 
0 
0 
0 
0
�

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

(4) 

where Con → ∞;� = −10. 
The deformed scheme after the second calculation step is shown in the figure, and 

the comparison of the calculation results with the calculation of LIRA SAPR 2013 R5 
is summarized in Table 3.

The obtained deformed scheme of the beam is shown in Fig. 7.
The introduction of compensating movements in the directions of the rejected sup-

ports also allows taking into account in the calculation schemes the inclusion of one-
sided resilient connections with clearances. However, solving such problems in the LIRA 
SAPR 2013 software without involving a complex iterative process with a large num-
ber of iterations is impossible. The finite element method in the form of a classical 
mixed method allows reducing such a calculation to a simple step-by-step process with 
decision-making at the beginning of each step.
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Table 3 The calculation results for Example 3 

FEM in CMM form LIRA SAPR 2013 R5 Discrepancy, % 

q1, mm (movement in 1 
support) 

19,1788 19,1803 0 

q2, mm (movement in 2 
support) 

1,6393 1,6393 0 

q3, mm (movement in 3 
support) 

−10 −10 0 

M2, kN*m (bending moment 
over the second support) 

−245,902 −245,912 0

Fig. 7 Example 3. Deformation scheme of the beam

Example 4 Let us consider the beam from Example 3, which has a one-sided resilient 
support in support 3, but is fixed against upward movement by a resilient support with 
a clearance of 10 mm. 

The system of resolving equations for such a beam on the third step of the calculation 
will have the form (5). 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

0 0 0  −1/l −1 0 0  
0 0 0 2/l 0 −1 0  
0 0 0  −1/l 0 0 −1 
1/l −2/l 1/l 2l/3EI 0 0 0  
1 0 0 0 1/C 0 0  
0 1 0 0 0  1/C 0 
0 0 1 0 0 0  1/C 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

· 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

q1 
q2 
q3 
q4 
q5 
q6 
q7 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

= 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

1000 
0 
0 
0 
0 
0

�3 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

(5) 

As a result of the calculation, the displacement in the third support is obtained: 
q3 = −10, 7576 mm. Let us compare this value with the results of the calculation in 
LIRA SAPR from Example 3, by adding to them the value of the transverse force Q in 
the beam multiplied by the stiffness coefficient of the support. Such a calculation will 
not give an accurate displacement value since it does not take into account the joint 
work of the support and the beam, but it will give an idea of the order of magnitude of
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displacements. q′
3 = −10 − 40, 9853 ∗ 0, 02 = −10, 8197(mm). We assume that the 

value obtained by us is more accurate since it takes into account the joint work of the 
beam and the resilient supports. 

The developed single-node finite element of the finite element method in the form of 
a classical mixed method allows efficiently solving problems involving any types of one-
sided supports. Such possibility is provided by including both displacements and forces 
in the resolving equation, which allows making a decision on the inclusion/exclusion 
of unilateral constraints without additional calculations and by turning them on/off by 
making changes to the response matrix of the finite element. The efficiency of the devel-
oped finite element is demonstrated through the comparison of the calculation results 
with the LIRA SAPR 2013 software, as well as by expanding its area of application to a 
problem with a one-sided resilient support with a clearance, which the software cannot 
solve in a linear formulation. 
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Abstract. The article discusses the problems that arise when applying the finite 
element method to design models of complex structures and structures represented 
by design schemes with a large number of finite elements. The development of an 
algorithm for reducing finite element systems of high-order equations describing 
the stress–strain state of one-dimensional and two-dimensional structures based 
on linear interpolation, which allows to significantly reduce the order of these 
systems, while maintaining sufficient accuracy of calculations, is described. The 
article presents a mathematical model for a two-dimensional plate and describes a 
method for solving a system of equations based on linear interpolation at the nodes 
of a fine grid. To test the effectiveness of the algorithm, numerical experiments 
were carried out comparing the results obtained using the proposed method with 
the analytical and results obtained on the basis of the FEM in the form of a 
classical mixed method. The results of numerical experiments have shown that 
the proposed algorithm has a sufficiently high accuracy and efficiency in solving 
problems of solid mechanics. The proposed approach can be applied to reduce 
systems of high-order algebraic equations describing the stress–strain state of 
one-dimensional and two-dimensional structures, and to speed up calculations in 
large and complex problems of solid mechanics, which is an urgent problem in 
engineering practice. 

Keywords: FEM in the form of a classical mixed method · Flexible thin plate · 
High-order SLAE · Reduction method · Algorithm for constructing a reduced 
system of equations 

1 Introduction 

The finite element method (FEM) is one of the most common and effective methods 
of numerical analysis, which is widely used in engineering calculations and scientific 
research. When solving structural mechanics problems, FEM is most often used in the
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form of the displacement method. A study of existing publications on the theory of FEM 
and the practice of its application in software systems revealed that the traditional form 
of FEM in displacements, which is the basis of many software systems, has its advan-
tages, but there are also a number of unresolved problems that can affect the accuracy 
of the calculation results and require additional verification. Unresolved problems of 
the traditional form of FEM in displacements contributed to the development of other 
forms of FEM, such as FEM in stresses, FEM in the form of the method of forces, 
FEM in a mixed form and hybrid variants [1–6]. In particular, the authors develop the 
finite element method, presented in the form of the classical mixed method of structural 
mechanics. Its theoretical justification, the development of the corresponding physical 
and mathematical models of finite elements and algorithms for calculating various types 
of structural elements and structures in linear and nonlinear formulations are given in 
[7, 8]. 

Taking into account the tendencies towards complication and greater accuracy of 
computational finite element models of buildings and structures, calculations for statics, 
dynamics and stability using software systems that implement the finite element method 
lead to an increase in the dimension of problems (the order of coefficient matrices for 
unknowns reaches 2 million equations and more). In addition, most of the problems 
of structural mechanics are ill-conditioned, due to the use of different types of finite 
elements, a large spread of stiffness, and irregular grids. 

It is also worth noting the fact that when searching for an acceptable design solution, 
it is necessary to repeatedly make changes to the calculation model and repeat the 
calculation at each stage of the change in the calculation scheme. 

It should be noted that usually the solution of SLAE takes most of the time for 
calculating the problem on a computer. In addition, the quality and accuracy of the 
solution of the problem as a whole directly depends on this stage. The operation of 
the entire complex largely depends on the choice of the SLAE solution method, the 
algorithm and the quality of its implementation, so it is worth paying special attention 
to these issues. 

In this case, traditional methods for solving SLAEs turn out to be inefficient and, 
therefore, it is necessary to develop high-performance methods that take into account 
the sparseness of matrices, are resistant to bad conditioning and can work effectively on 
a limited amount of memory under conditions of high-dimensional problems. 

Based on these requirements, there is a need to develop and implement in the com-
putational software systems highly efficient methods for solving systems of high-order 
finite element equations. 

To date, two options for solving or circumventing this problem have been outlined 
and are being used. 

The first is to develop methods and algorithms related to the direct solution of large 
SLAEs (various options for ordering and transforming the matrix of coefficients for 
unknowns, the use of iterative procedures, etc.) [9–14] 

The second way is the development of physical models of complex structures with 
a phased transition from a simple model to a more complex one, using the calculation 
result of the previous rough model when building a more complex subsequent one. Here
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it should be noted the method of superelements (substructures) [15–18], interpolation 
methods (grid methods) [19], as well as spline methods [20–23]. 

We propose a technique for solving high-order finite element SLAEs describing the 
stress–strain state of one-dimensional and two-dimensional structures, which is based on 
an algorithm for reducing this SLAE based on linear interpolation of functions describing 
the stress–strain state of the structure under consideration. 

2 Materials and Methods 

The algorithm for constructing a reduced system of finite element equations that describe 
the stress–strain state of a one-dimensional or two-dimensional structure in each of the 
coarse grid cells is based on the approximation of the main unknowns of the mixed 
method at the fine grid nodes through the values of the same unknowns at the coarse 
grid nodes. This algorithm can be greatly simplified if we accept a linear interpolation 
of the main unknowns between the nodes of the coarse grid. 

The choice of linear interpolation is due to the fact that in some cases it is very 
difficult to choose a non-linear approximating function and justify its choice. 

The algorithm for constructing a reduced system of equations consists of five stages. 

1. Two finite element grids are applied to the structure under consideration: a grid with 
large cells with the designation of nodes I, J (main nodes) and a grid with small cells 
with the designation of nodes i, j. (secondary nodes). The area under consideration, 
formed by a coarse finite element grid applied to a two-dimensional structure, is 
shown in Fig. 1. The number of fine grid nodes is a multiple of the coarse grid nodes, 
and it is the same for all regions of the coarse grid. 

Fig. 1 The area under consideration formed by partitioning into a large finite element grid 

2. A relationship is established between the displacements and forces of nodes i, j and 
I, J. In the area under consideration, a linear interpolation of the values of the main



Technique for Solving Finite Element Systems of High-… 235

unknowns of the mixed method at the nodes of the fine grid through the values of the 
same unknowns at the nodes of the coarse grid is performed. A formal representation 
of such an interpolation for a one-dimensional construction is shown in Fig. 2, for  
the two-dimensional construction in Fig. 3. To establish a connection between the 
displacements and forces of nodes i, j and I, J, the coefficients of linear interpolation 
polynomials are found, which allow expressing the values of the main unknowns 
of the mixed method at the nodes of the fine grid through the same values of the 
unknowns at the nodes of the coarse grid for all areas of the coarse grid. 

Fig. 2 Linear interpolation between displacements and forces of nodes i, j and I,J for one-
dimensional construction 

Fig. 3 .Linear interpolation between displacements and forces of nodes i, j and I, J for a two-
dimensional construction 

3. The values of the main unknowns of the mixed method at the nodes of the fine grid, 
expressed through the values of the same nodal unknowns of the coarse grid, are 
substituted into the system of finite element equations of the finite element method 
in the form of the classical mixed method (FEM in the form of CMM) for each of the 
considered design areas. The global system of resolving equations is written as (1).[

r r̃ 
δ̃ δ

]{
q∗ 
q̃∗

}
+

{
RF

�F

}
= {0}, (1) 

where
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[r] a matrix that translates the displacement vector into a vector of forces. The 
physical meaning of its element ri,j is the force arising in the direction of 
the i-th degree of freedom from a single movement of the j–th degree of 
freedom;[

r̃
]

a matrix that translates a vector of forces into a vector of forces. The 
physical meaning of its element r̃i,j is a force arising in the direction 
of the i-th degree of freedom from a single force in the j–th degree of 
freedom;[

δ̃
]

= −[
r̃
]T a matrix that translates a displacement vector into a displacement vector. 

The physical meaning of its element δ̃i,j is a displacement arising in the 
direction of the i-th degree of freedom from a single displacement of the 
j–th degree of freedom; 

[δ] a matrix that translates a vector of forces into a vector of displacements. 
The physical meaning of its element δi,j is the displacement that occurs 
in the direction of the i-th degree of freedom from a single force in the 
j–th degree of freedom; 

{RF } the vector of reactions in the introduced connections from nodal loads, to 
which the local load is given, distributed over the elements of the main 
system; 

{�F } vector of displacements in the direction of force unknowns from the load 
in the main system; 

q∗ kinematic unknowns expressed through the values of the same nodal 
coarse grid unknowns, 

q̃∗ force unknowns expressed in terms of the values of the same coarse grid 
nodal unknowns. 

The resulting system of equations for coarse grid unknowns (reduced system of 
equations) is solved by any of the most efficient methods. 

4. In reverse order, we find the stress–strain state in the finite elements of the area under 
consideration. 

5. The next stage of the calculation is to reduce the size of the grid cell with nodes I, J. 

3 Results and Discussion 

To demonstrate the applicability of the proposed algorithm for constructing a reduced 
system of finite element equations, a calculation was made of a square thin bending plate 
hinged along the contour (Fig. 4) to the action of a constant uniformly distributed load.

Initial data: 

a = b = 1(m); h = 0.01(m); μx = μy = 0.3; 
E = 1.092 · 107(ton/m2); q = 1(ton/m2). 

When calculating the stress–strain state of a thin bendable plate based on FEM in 
the form of a classical mixed method, the system is represented by an ensemble of 
rectangular FE with three unknowns in each node (Fig. 5).
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Fig. 4 A plate pivotally supported along the contour

Fig. 5 Rectangular finite element used in the calculations of a rectangular bendable plate according 
to FEM in the form of CMM 

Fig. 6 Pivotally supported plate, represented by a large and small finite element grid 

Two finite element grids are applied to the plate: a grid with large 4 × 4 cells and a 
grid with small 8 × 8 cells (Fig. 6). 

The function for approximating the main unknown displacements is written as a 
linear polynomial (2). 

w(i, j) = c1 + c2 · i + c3 · j + c4 · i · j (2)
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Then, for an area of size axb bounded by coarse grid nodes (I−1, J−1), (I, J−1), 
(I−1, J), (I, J), with a step between nodes equal to m and n, the displacements in fine 
grid nodes can be represented by in the form of (3). 

w(i, j) = 
w(I − 1, J − 1) 

a · b (a − m · i) · (b − n · j) + 
w(I , J − 1) 

a · b (m · i) · (b − n · j) 

+ 
w(I − 1, J ) 

a · b (a − m · i) · (n · j) + 
w(I , J ) 
a · b (m · i) · (n · j) (3) 

Similarly, a connection is established between the forces in nodes i, j and I, J. 
Table 1 compares the results of calculating the displacement w of the nodes of this 

plate according to the proposed algorithm with the analytical solution and the solution 
obtained on the basis of FEM in the form of CMM without reduction for finite element 
grids 4 × 4 and 8 × 8.

Table 2 compares the results of calculating bending moments Mx at the nodes of 
this plate according to the proposed algorithm with an analytical solution and a solution 
obtained on the basis of the FEM in the form of CMM without regard to reduction with 
finite element grids 4 × 4 and 8 × 8.

Table 3 compares the results of calculating bending moments My at the nodes of 
this plate according to the proposed algorithm with an analytical solution and a solution 
obtained on the basis of the FEM in the form of CMM without regard to reduction with 
finite element grids 4 × 4 and 8 × 8.

4 Conclusions 

The results obtained allow us to draw the following conclusions: 

• The advantage of the proposed algorithm for reducing high-order SLAEs based on 
linear interpolation of the main unknowns at the nodes of a fine grid is the absence of 
operations for inverting the matrix of coefficients for unknown SLAEs for sparse grid 
nodes, which can also be of a rather high order and is a highly expensive operation 
in terms of computer time. 

• Comparison of the results of calculations obtained using the algorithm for reducing 
the finite element system of equations obtained on the basis of the FEM in the form of 
CMM with the analytical solution showed a high degree of accuracy of the calculated 
displacements and forces, not inferior to the results obtained using the FEM in the 
form of CMM without the reduction procedure finite element system of equations. 

• The above algorithm for constructing reduced SLAEs that describe the stress-strain 
state of one-dimensional and two-dimensional structures can be formalized and gen-
eralized to finite element areas of a structure with a design scheme of finite elements 
of any shape. 

• The algorithm can be extended to handle 3D structures, although this would require 
further development and testing. 

• The proposed algorithm has significant practical implications in the field of structural 
mechanics. The reduction of the size of the system of equations can be particularly 
useful in the analysis of complex structures with many degrees of freedom and high-
order equations, which is an urgent problem in modern engineering practice.
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Also, the application of the proposed algorithm can also be extended to the field of 
structural dynamics, where frequency equations need to be solved to find the natural 
frequencies and mode shapes of a structure. By reducing the size of the system of 
equations, the proposed algorithm can enable more efficient and accurate simulations in 
structural dynamics problems. 

In conclusion, the proposed algorithm for reducing finite element systems of equa-
tions based on linear interpolation has significant practical implications for the field 
of structural mechanics, including the analysis of complex structures, solving fre-
quency equations, and optimization. Its potential to reduce computational resources and 
enable more efficient simulations can have immense benefits for various engineering 
applications and is an urgent need in modern engineering practice. 
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11 . Scott J, Tůma M (2023) Sparse LU factorizations. https://doi.org/10.1007/978-3-031-258 
20-6_6 

12 . Chen Q, Jiao X (2021) HIFIR: hybrid in-complete factorization with iterative refinement for 
preconditioning Ill-conditioned and singular systems. https://doi.org/10.48550/arXiv.2106. 
09877 

13 . Marín J, Mas J (2023) Balanced incomplete factorization preconditioner with pivoting. Rev 
Real Acad Cienc Exactas Fis Nat Ser A-Mat 117(5). https://doi.org/10.1007/s13398-022-013 
34-1

https://doi.org/10.18452/20141
https://doi.org/10.1007/978-3-031-11058-0_98
https://doi.org/10.1007/978-3-031-11058-0_98
https://doi.org/10.1002/nla.320
https://doi.org/10.1002/nla.320
https://doi.org/10.1007/978-3-031-25820-6
https://doi.org/10.1007/978-3-031-25820-6
https://doi.org/10.1007/978-3-031-25820-6_6
https://doi.org/10.1007/978-3-031-25820-6_6
https://doi.org/10.48550/arXiv.2106.09877
https://doi.org/10.48550/arXiv.2106.09877
https://doi.org/10.1007/s13398-022-01334-1
https://doi.org/10.1007/s13398-022-01334-1


Technique for Solving Finite Element Systems of High-… 243

14 . John P, Jennifer P (2020) Preconditioners for Krylov subspace methods: an overview. GAMM-
Mitteilungen. https://doi.org/10.1002/gamm.202000015 

15 . Tsybenko A, Konyukhov A, Tsybenko H (2015) Numerical method for determining stiffness 
characteristics of an arbitrary form superelement. Appl Comput Syst 18(1). https://doi.org/ 
10.1515/acss-2015-0019 

16 . Papadrakakis M, Bitoulas N, Hatjikonstantinou K (1991) An efficient superelement-by-
superelement method for large finite element computations. Comput Syst Eng 2:535–540. 
https://doi.org/10.1016/0956-0521(91)90055-A 

17 . Galanin MP, Savenkov E (2003) Substantiation of the finite superelement method. Comput 
Math Math Phys 43:680–695 

18 . Mokryakov V (2018) Numerical simulation of functionally graded plane elastic medium by 
finite superelement method. AIP Conf Proc. https://doi.org/10.1063/1.5019038 

19 . Wang H, Wang F (2023) A sparse reconstruction algorithm based on constrained inhomoge-
neous grid optimization. Circuits Syst Signal Process. https://doi.org/10.1007/s00034-023-
02333-2 

20 . Kumari R (2017) Topical advancements in various spline techniques for boundary value 
problems. Int J Res Appl Sci Eng Technol 5:105–125 

21 . Burova I (2022) Local interpolation splines and solution of integro-differential equations of 
mechanic’s problems. Wseas Trans Appl Theor Mech 17:103–112. https://doi.org/10.37394/ 
232011.2022.17.14 

22 . Burova I, Alcybeev G (2022) Solution of integral equations using local splines of the second 
order. Wseas Trans Appl Theor Mech 17:254–258. https://doi.org/10.37394/232011.2022. 
17.31 

23 . Han J-G, Ren W-X, Huang Y (2006) A spline wavelet finite-element method in structural 
mechanics. Int J Numer Meth Eng 66:166–190. https://doi.org/10.1002/nme.1551

https://doi.org/10.1002/gamm.202000015
https://doi.org/10.1515/acss-2015-0019
https://doi.org/10.1515/acss-2015-0019
https://doi.org/10.1016/0956-0521(91)90055-A
https://doi.org/10.1063/1.5019038
https://doi.org/10.1007/s00034-023-02333-2
https://doi.org/10.1007/s00034-023-02333-2
https://doi.org/10.37394/232011.2022.17.14
https://doi.org/10.37394/232011.2022.17.14
https://doi.org/10.37394/232011.2022.17.31
https://doi.org/10.37394/232011.2022.17.31
https://doi.org/10.1002/nme.1551


Experimental Studies of Reinforced Concrete 
Beams, Taking into Account the Reaction 
of Thrust on Compliant Supports Under 

Short-Term Dynamic Loading 

O. Kumpyak, Z. Galyautdinov, D. Galyautdinov(B), and N. Zboykova 

Tomsk State University of Architecture and Civil Engineering, 2, Solyanaya Sq, Tomsk 634003, 
Russia 

DaudG@yandex.ru 

Abstract. When designing reinforced concrete beam structures with limited hori-
zontal displacement on supports under short-term dynamic loading, it is necessary 
to take into account the occurrence of a thrust reaction. The presence of a thrust 
leads to a significant increase in strength and crack resistance of structures, and 
when yielding supports are used, to the increase in their energy intensity. The pur-
pose of the experimental study is to study the feasibility of using yielding supports 
in dynamically loaded spacer structures. The paper presents the results of exper-
imental studies of reinforced concrete beam structures with a thrust on yielding 
supports under short-term dynamic loading. The influence of yielding supports on 
the strength, deformability and crack resistance of reinforced concrete structures 
with thrust was considered. The results of experimental studies indicate a posi-
tive effect of the use of yielding supports in dynamically loaded structures with a 
thrust. 

Keywords: Reinforced concrete beam · Yielding supports · Thrust · Short-term 
dynamic load · Support reaction · Displacement 

1 Introduction 

Because of the continuous development of chemical, oil, gas and other industries, the 
probability of occurrence and impact on the structures of buildings and constructions 
of random short-term dynamic loads of high intensity is increased. Structures designed 
for special dynamic impacts are often built from prefabricated and precast-monolithic 
reinforced concrete according to the frame and frame-braced design schemes. Due to a 
number of reasons, the horizontal and vertical yielding of prefabricated element joints 
takes place. In this case, in bending structures, due to the limitation of the horizontal 
displacement in the support fastenings, a thrust reaction occurs. 

The results of experimental and theoretical studies [1–7] show that the thrust phe-
nomenon leads to increasing the bearing capacity of the bent reinforced concrete struc-
tures and is well studied under static loading. With a single short-term dynamic loading,
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the effect of thrust on the work of the structure is ambiguous. On the one hand, the action 
of thrust increases the structure bearing capacity, on the other hand, its deformability 
decreases. The decrease in deformability negatively affects the plastic properties of the 
reinforced concrete structure and often leads to the decrease in its dynamic strength. 

Experimental and theoretical studies of reinforced concrete structures under intense 
dynamic impact at their vertical yielding on supports are reflected in the works of domes-
tic [7–16] scientists. It was established that one of the effective ways to increase the 
resistance of structures to these influences is the use of yielding supports. In this case, 
the degree of reduction of the dynamic response is determined by the elastic–plastic 
properties of the yielding support and the ratio of rigidity of the support and the structure. 

2 Subject, Tasks and Methods 

For the purpose of experimental assessment of the stress–strain state of reinforced con-
crete beam structures on yielding supports with thrust under short-term dynamic loading 
a research program has been developed and implemented (Table 1). Fourteen experimen-
tal structures were designed and manufactured. The difference between the structures is 
in the nature of loading (static or short-term dynamic), the presence or absence of thrust 
and the nature of deformation of yielding supports (elastic–plastic, elastic–plastic with 
hardening).

In Table 1, the following designations are adopted: “B”—reinforced concrete beam; 
“S”—static load; “D”—dynamic load; “T”—the presence of thrust; “Y”—the presence 
of yielding supports deforming in the elastic–plastic stage “e” or elastic–plastic with 
hardening “h”; “1…14”—the serial number of the construction. For example, the con-
struction “BDTYH-6” stands for beam “B” subjected to dynamic loading “D”, taking 
into account the limitation of horizontal displacement “T” on yielding supports “Y” 
deformed in the stage of hardening “h” at number 6. 

Samples were of rectangular section, 150 × 220 mm in size and 1900 mm long. 
Concrete was heavy of class B35. Reinforcement of experimental structures was carried 
out with a spatial frame. The reinforcement of the lower zone of beams was carried 
out from the hot-rolled bar reinforcement of class A500s 2Ø10, the upper zone from 
reinforcement of class A240 2Ø6. The transverse reinforcement was made of bound 
clamps of cold-formed reinforced steel Ø5 Vr500 installed with a step of 50 mm in 
the support zone and 130 mm in the middle of the span. To reinforce the end sections 
of the beams the meshes with a cell of 50 × 50 mm were used from the cold-formed 
reinforcement Ø5 mm class Vr500, 7 meshes on each side, and the corners 100 × 10 mm 
were installed (see Fig. 1).

A set of measuring instruments was placed on the samples (see Fig. 2): to deter-
mine the displacement of the beam and the collapse of pliable supports, Waycon induc-
tive position sensors of the RL150 and RL50 series, respectively. To measure accel-
erations—accelerometers (DHE 100,023). To determine the reaction of the system—a 
force-measuring tensoresistor sensor DST 4126 and to determine the magnitude of the 
support reactions—dynamometric supports (RF Patent for utility model No. 161908). 
The instruments were connected to Mic-036R and Mic-400D computers. To determine 
the thrust value, strain gauges with a base of 50 mm were glued onto the strands. Visual-
ization of the pattern of crack development in the process of short-term dynamic loading
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Fig. 1 Scheme of reinforcement of reinforced concrete structures: reinforcement Ø6 mm class 
A240 (1); reinforcement Ø10 mm class A500s (2); reinforcement Ø5 mm class Vr500 (3); equal-
shelf corner 100 × 10 mm (4)

was performed using a high-speed camera with a shooting frequency of 2500 frames per 
second. 

Fig. 2 Measuring instruments layout: force-measuring unit DST-4126 (1); dynamometric support 
(RF patent No. 176603) (2); accelerometer (DHE 100,023) (3); Waycon displacement sensors 
RL150 series (4); Waycon displacement sensors RL50 series (5) 

Studies of experimental structures for static load were carried out on a test bench (see 
Fig. 3). The structures were considered as beams freely lying on supports. The thrust was 
created using a restrictive contour consisting of end traverses connected to each other by 
two strands with a diameter of 60 mm. The traverses rested against the ends of the beams 
with the possibility of rotation through two plates and a solid section pipe between them. 
Milled grooves were provided in the plates. Before testing, an initial compression was 
created at the level of the location of the tensioned reinforcement using a jack installed 
at the end of the traverse. Then the restrictive contour was fixed using nuts screwed on
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the strands. The precompression value was taken according to the results of static tests 
and amounted to 5 . . .  10% of Hmax. Under static loading, the concentrated load on the 
experimental structures was applied in stages through the distribution traverse with a 
load value of 4 kN at each stage. The load was set using a hydraulic jack DG-25. 

Fig. 3 Stands for testing beams with spacers on rigid supports under static loading (a) and  
under short-term dynamic loading on yielding supports (b). Utility model patents of the Russian 
Federation No. 148401 and No. 147262 

A short-term dynamic load on the structure was applied through the distribution 
beam (see Fig. 3). A load weighing 450 kg was dropped along the fixed guides from 
a height determined by calculation equal to 750 mm and 1150 mm. Height 750 was 
assigned for the BD-3 hinged structure without thrust and yielding supports brought to 
complete destruction. In order to assess the effect of thrust on strength and deformability 
at a load drop height of 750 mm the BDT-4 design was also tested. For the operation 
of the structure in the elastic–plastic stage subjected to the limitation of its horizontal 
displacement on the supports, the height of the fall of the load was 1150 mm (BDT-5). 
Further tests were carried out by varying the stiffness of the yielding supports in order 
to compare the results with the experimental data obtained for the BD-3 and BDT-5 
specimens at a fall height of 750 mm and 1150 mm respectively. 

3 Research Results and Discussion 

Statics. According to the program of experimental studies, (see Table 1) two  samples  
were tested under static load: without thrust (BS-1) and with thrust (BSR-2). Diagrams 
of deformations of reinforcement, concrete and strands as well as the displacement of 
the structure depending on the load were obtained (see Figs. 4 and 5). As a result of 
static tests for a hinged beam BS-1 without thrust the destructive load was Fu = 60 kN 
and for the beam BST-2 with thrust Fu = 176 kN the increase in bearing capacity was 
2,93 times, while the maximum deflections decreased by 235% (see Fig. 5). From the 
development of deflections, one can see that the limitation of horizontal displacement 
affects the deflection of the structure from the initial stages of loading. Appearance of 
the first cracks in the beam without thrust was noted under the load Fcrc = 24 kN, 
but with thrust Fcrc = 36 kN (see Fig. 5). It indicates the deformation reduction of the
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structures with thrust. Considering the deformation of strands, one can see that the thrust 
in the structure occurs from the first stages of loading. A significant increase in thrust 
is observed after opening the first cracks. In this case, the growth of expansion forces 
during loading is non-linear. According to the patterns of sample destruction and crack 
development, it can be seen that the presence of thrust leads to the increase in crack 
resistance in the beams while destruction occurs along the concrete of the compressed 
zone, and the stresses in the tensile reinforcement reached the physical yield strength 
(see Figs. 4 and 5). 

Fig. 4 Diagrams of the development of deformations of reinforcement and concrete: a BS-1 beams 
under static loading, arrangement of tensoresisters on reinforcement and concrete, c, d pattern of 
cracking; b beams BST-2 with thrust under static loading, e, f arrangement of tensoresisters on 
reinforcement and concrete, pattern of cracking 

Fig. 5 Displacements of beam BS-1 (a) and BSR-2 (b) under static loading
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There is a delay in time of support reactions and the inclusion of reinforcement and 
concrete in the work by a value of 0.003 s. Structures BD-3 and BDT-5 were brought to 
the plastic stage. The forces of inertia begin to develop at the initial stage of the system 
reaction increase. At the maximum value of the system reaction, the greatest value of 
the inertia force is observed. There is a decrease in deflections, the number and width of 
crack opening in the BDT-4 beam in relation to the BD-3 sample due to the presence of 
thrust at the same level of loading. For the sample BDT-5 with the height of the load drop 
equal to 1150 mm, the dynamic reaction increased by 2 times in relation to the sample 
BD-3 with equal displacements. The presence of thrust leads to earlier peak values of 
the measured parameters. 

According to the test results of the sample BDT-5 in the limit state, a brittle fracture of 
concrete of the compressed zone was established simultaneously with the achievement 
of the physical yield strength in the tensile reinforcement. The response of the structure 
to dynamic impact is stronger. The reaction of the beam to the external impact BDT-5 is 
two times greater than that of the BDT-4 beams. For the BDT-4 structure at the horizontal 
displacement limit, a significant decrease in cracking is observed (see Fig. 7). 

Dynamics. Yielding supports. Load drop height 750 mm. Two beams with a thrust 
BDTYH-6, BDTYH-7 on elastic–plastic yielding supports with hardening were tested 
(see Figs. 8 and 9). According to the tests of the construction BDTYH-6, one can see the 
decrease in the support reaction relative to BDT4 by 40% and the increase in the moment 
of reaching its maximum value from to t = 0, 0175s. . According to the movements of 
the yielding supports (see Fig. 8d) the time for the transition of the support to the plastic 
stage tSY _el = 0, 005s and to the hardening stage tSY _pl = 0, 016s was established. 
In addition, when the support passes into the hardening stage a sharp increase in the 
support reaction arises due to the decrease in the deformability of the crushed inserts 
and the increase in inertial forces. There is a decrease in the maximum movement of 
the structure (see Fig. 6b). For the BDTYH-7 sample, a decrease in the support reaction 
relative to BDR-4 by 50% and an increase in the time point for reaching its maximum 
value from t = 0, 009s to t = 0, 021s. That is, the construction works more plastically, 
and the yielding supports increase the system power consumption. According to the 
movements of the yielding supports, the time for the transition of a support to the plastic 
stage tSY _el = 0, 005s as well as hardening was determined. At the time, t = 0, 02s 
one sees a sharp increase in the support reaction due to the decrease in deformability 
of the crushed inserts and the increase in inertial forces, when the structure stops due 
to the complete collapse of the yielding supports. There is a decrease in the maximum 
displacement of the structure (see Fig. 6b) by 68% relative to the BDT-4 sample and by 
81% relative to the BD-3 sample. Thus, comparing the process of dynamic deformation 
of specimens BDTYH-6 and BDTYH-7 with BDT-4, one observes the effect in terms 
of the parameters of dynamic deformation of the structures: the decrease in support 
reaction, the time of reaching the maximum values of the support reactions increases 
by 2 times. The zone of crack formation is limited, and the width of crack opening is 
insignificant.

On elastoplastic yielding supports, three beams with a thrust were tested—BDTYe-
8, BDTYe-9, BDRTYe10 (see Figs. 8 and 9). The decrease in the support reaction for 
the BDTYe-8 sample relative to BDT-4 by 40% and the increase in time of reaching the
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Fig. 6 Diagrams of changes in time of system reactions (a), support reactions (b), displacements 
(c) and accelerations (d) according to the results of tests of reinforced concrete beams BD-3(1), 
BDT-4(2), BDT-5(3) on rigid supports under dynamic loading 

Fig. 7 Pattern of crack development at the moment of reaching maximum displacements of rein-
forced concrete beams BD-3 (a), BDT-4 (b), BDT-5 (c) on rigid supports under short-term dynamic 
loading

maximum value from t = 0, 009s to t = 0, 017s was established. The transition time of 
the support to the plastic stage was tSY _el = 0, 007s. There is a decrease in the maximum 
displacement of the structure by 38% relative to the BD-3 sample. Concerning the BDR-
4 sample, the displacements of the structure did not change, but the time to reach the 
maximum value was reduced. At the same time, the supports stopped at the border of 
the transition to the hardening stage. The BDTYe-9 construction has the decrease in 
the support reaction relative to BDT-4 by 54% and the increase in time of reaching its 
maximum value from t = 0, 009c to t = 0, 015s. According to the movements of the 
yielding supports, the time for transition of the support to the plastic stage was equal 
to tSY _el = 0, 006s. There is a decrease in the maximum displacement of the structure
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Fig. 8 Diagrams of changes in time of support reactions (a), displacements of samples (b), accel-
erations (c) and deformation of yielding supports (d) according to test results of reinforced concrete 
beams BD-3 (1), BDT-4 (2), BDTY-6 (3), BDTYH-7(4), BDTYe-8(5), BDTe-9(6), BDTYe-10(7) 
under dynamic 

Fig. 9 The pattern of crack development at the moment of reaching maximum displacements of 
reinforced concrete beams BDTY-6 (a), BDTY-7 (b), BDTYe-8 (c), BDTYe-9 (g), BDTYe-10 
(d) under short-term dynamic loading

by 40% relative to the BD-3 sample. As for the sample BDT-4, the displacements of 
the structure did not change, but the time to reach the maximum value was reduced. 
Based on the results of testing the BDRPu-10 construction, the decrease in the support 
reaction relative to the BDR-4 by 60% and the increase in the moment of reaching the 
maximum value from c t = 0, 009s to t = 0, 018s were recorded. The transition time
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of the support to the plastic stage was tSY _el = 0, 0065s. There is a decrease in the 
maximum movement of the structure (see Fig. 8b) by 30% relative to the sample BD-3 
and relative to the sample BDT-4 it was increased by 13%. 

Dynamics. Yielding supports. Load drop height 1150 mm. Below are the data on 
testing the structures with a thrust on yielding supports at a load drop height of 1150 mm. 
Based on the test results of the BDTYH-11 construction (see Figs. 10 and 11), the 
decrease in the support reaction relative to BDT-5 by 2, 5 times and the increase in time 
of reaching the maximum value from t = 0, 008s to t = 0, 0175s. The transition time of 
the support to the plastic stage tSY _el = 0, 007s, and hardening tSY _pl = 0, 0135s (see 
Fig. 10d). When the support enters the hardening stage, a sharp increase in the support 
reaction is observed (see Fig. 10a), due to the decrease in deformability of the crushed 
inserts and the increase in inertial forces, when the structure stops due to the complete 
collapse of the yielding supports. There is a decrease in the maximum. 

Fig. 10 Diagrams of changes in time of support reactions (a), displacements (b), accelerations (c), 
samples and deformation of yielding supports (d) according to the results of tests of reinforced 
concrete beams BDT-5 (1), BDTY-11 (2), BDTYe- 12(3), BDTYe-13(4), BDTYe-14(5) under 
short-term dynamic loading

Tests of the BDTYe-12 construction showed the decrease in the support reaction 
relative to the BDT-5 by 80% and the decrease in the moment of reaching the maximum 
value from t = 0, 004s to t = 0, 023s. The transition time of the support to the plastic
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Fig. 11 The pattern of crack development at the moment of reaching the maximum displacements 
of reinforced concrete beams BDTY-11 (a), BDTYe-12 (b), BDTYe-13 (c), BDTYe-14 (g) under 
short-term dynamic loading

stage was tSY _el = 0, 007. There is a decrease in the maximum displacement of the 
structure by 27% relative to the BDRTY sample. Flexible supports are actively involved 
in the deformation process, deformations decrease, and the thrust increases, that is, the 
limitation of the horizontal displacement of the support sections prevents the growth of 
deflections, the resistance time and the plastic stage of the structure deformation increase. 
The sample BDTYe-13 made it possible to establish the decrease in the support reaction 
of the beam relative to BDT-5 by 75% and the increase in the moment of reaching the 
maximum value from t = 0, 008s to t = 0, 020s. Support transition time to the plastic 
stage tSY _el = 0, 0087s. 

The displacements of the structure correspond to the displacements of the sample 
BDT-5. For the BDTYe-14 construction, the decrease in the support reaction relative to 
the BDT-5 by 72% and the increase in time of reaching the maximum value from t = 
0, 008s to t = 0, 013s. Support transition time to the plastic stage was tSY _el = 0, 0097s. 
The displacements of the structure correspond to the displacements of the sample BDT-5. 

From the video footage of structures BDTYe-12, BDTYe-13, BDTYe-14 (see Fig. 11) 
during operation of yielding supports in the elastic–plastic stage, one sees that with the 
increase in rigidity of the supports, more severe destruction occurs. During the operation 
of yielding supports at the stage of hardening for the sample BDRP-11, one sees that 
with a decrease in the rigidity of the supports, there is less formation and development 
of cracks relative to the structures BDTYe-12, BDTYe-13, BDTYe-14. 

4 Conclusions 

Thus, as a result of static tests, it was found that the presence of thrust in the reinforced 
concrete beams leads to the increase in their bearing capacity by 2.93 times and the 
decrease in deflections by 235%. 

Under short-term dynamic loading, the presence of thrust leads to a sharp increase in 
support reactions (see Fig. 6a and 8a) by a factor of 2, 4 and to an earlier achievement of 
their maximum value. With the use of yielding supports deforming in the elastic–plastic 
region, the support reactions decrease by up to 5 times, while the higher the rigidity 
of the supports, the greater the support reaction. The maximum decrease in support 
reactions is observed during operation of yielding supports in the hardening stage, and 
the development of support reactions is smoothed out and the peak value is observed 
much later at t = 0, 02s. The time of reaching the maximum values of reactions of 
the structure on yielding supports, in comparison with the structure on rigid supports, 
increases three times. The maximum decrease in the structure displacements up to 5 times 
is observed during the operation of yielding supports in the initial stage of hardening,
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in the case of further deformation, a sharp increase in accelerations occurs (see Fig. 8c 
and 10c) and the inertia forces significantly increase. 

Acknowledgements. This work was carried out within the government contract FEMN-2022-
0004 of the Ministry of Science and Higher Education of the Russian Federation. 
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Abstract. Freeform surfaces, unlike traditional linear surfaces and surfaces of 
revolution, are used in modern architecture in the design of structures of various 
shaping. If the surface to be designed does not have large gradients relative to 
some base plane xy, both bicubic polynomials from scalar quantities x, y and 
surface patches in Bezier form can be used for its modeling. The most natural 
shape of the surface comes about when the skeleton of the constructed surface is 
formed by physical splines (elastic elements passing through the given points). 
The paper deals with experimental evaluation of deflection effect on the accuracy 
of approximation of physical splines by composite cubic curves. An algorithm for 
the bicubic surface formation on a fixed skeleton has been developed to reduce the 
size of the characteristic matrix of the constructed surface by almost two times. A 
comparative analysis of advantages and disadvantages of mathematical models of 
surfaces formed by bicubic and Bezier patches is performed. The authors provide 
examples of composite surfaces modeling on a fixed skeleton. The relevance of the 
work is due to the widespread use of curvilinear shapes in architectural design, the 
emergence of new building materials and the introduction of digital technology in 
design. 

Keywords: Nature-like curve · Physical spline · Fixed skeleton · Bicubic 
surface · Bezier curve 

1 Introduction 

Freeform surfaces, different from traditional linear and surface of revolution, are used in 
modern architecture in the design of structures with great spatial freedom of shaping. In 
particular, the search for new non-linear forms gave rise to the tent architecture [1] and 
fold architecture. [2], using slabs with complex non-rectilinear outlines. If the surface 
to be constructed does not involve large gradients with respect to some base xy plane, 
both bicubic polynomials from scalar x, y values and surface Bezier segments can be 
used for its modeling. [3–5]. 

Scientific novelty. The authors provide experimental estimation of the deflection effect 
on the accuracy of approximation of real physical splines by composite cubic curves 
(mathematical splines). An algorithm for the formation of a bicubic surface on a fixed
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framework has been developed to reduce the size of the characteristic matrix of the 
constructed surface by almost two times. The comparative analysis of advantages and 
disadvantages of mathematical models of surfaces formed by bicubic and Bezier patches 
has been performed. 

The relevance of the work arises from the widespread use of non-rectilinear shapes in 
architecture, the emergence of new building materials and the introduction of digital 
technology in design. 

2 Problem Statement 

Problem 1 
The most natural shape of the surface results from the case when the framework of 
the constructed surface is formed by physical splines (curves passing through the given 
points with minimal curvature). A physical spline is a “nature-like” curve [6–9]. The sci-
entific sources [10, 11] indicate that for the case of weak deflections, the physical spline is 
adequately approximated by a compound piecewise cubic function with a steady change 
in curvature (the so-called “mathematical spline”). We should evaluate experimentally 
the deflection effect on the adequate accuracy. 

Problem 2 
The bicubic surface is formed by bicubic patches of bounded by cells of a rectangular 
grid on the xy plane of the cartesian reference system [12, 13]. The surface on the grid 
consists of mn patches of (1), each of them is defined by its own set of 16 aij coefficients.

Φ(x, y) = 
3Σ

i=0 

3Σ

j=0 

aijx
3y3 (1) 

Calculation of the coefficients is limited to the solution of the system of 16 mn linear 
algebraic equations. We should develop an algorithm to form a bicubic surface to reduce 
the number of equations. 

Problem 3 
A cubic Bezier surface [14, 15] is formed by segments of 

r(u, v) = 
3Σ

i=0 

[ 
3Σ

j=0 

rijgj(v)]gi(u); 

gk (t) = 3! 
k!(3 − k)! t

k (1 − t)3−k , t ∈ [0, 1], k = 0, 1, 2, 3. (2) 

We should compare the advantages and disadvantages of surfaces designed by bicu-
bic patches (1) and by Bézier surface segments (2). We propose to solve this problem by 
mathematical manipulations to shape free-form surfaces by means of three-dimensional 
computer graphics. doc.
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3 Physical Spline Simulation 

A physical spline is a curve with minimum internal strain energy and minimum average 
curvature (an example of a physical spline: a thin metal ruler running through the given 
points). A mathematical spline is a composite piecewise cubic curve running through 
the same points and continuous up to the second derivatives [16–18]. 

3.1 A Cantilever Beam 

The photograph (Fig. 1a) shows a cantilever beam with a strong deflection running 
through the point (30, −10). There are also traces of the cantilever beams with weak and 
average deflection. 

Fig. 1 Cantilever beams: a is a photo; b is calculation (continuous lines) and the experiment 
(dashed lines) 

We propose to evaluate the deflection of the beam by the value of the maximum 
relative deflection δy/l, where l is the length of the beam, δy is the greatest value of 
the deflection along the length of the beam. For example, for a beam with an average 
deflection, we obtain δy/l ∼ 0.5 = 50%. For a beam with a weak deflection, we obtain. 

Figure 1b compares physical splines (dashed lines) and mathematical splines (con-
tinuous lines) y = b0+b1x+b2x2+b3x3. . A larger approximation error (more than 15%) 
is obtained for the beam with a strong deflection. An error of 1% … 2% was obtained 
for cantilever beams with a weak and average deflections. Thus, the approximation error 
does not exceed 2% for relative deflections up to 50%. 

3.2 An Elastic Segment Passing Through Three Points 

We consider a physical spline, a thin metal ruler passing through points P0, P1, P2 

(Fig. 2a). Figure 2b compares a mathematical spline (a continuous line) and a physical 
spline (a dashed line). The maximum relative deflection is equal to δy/l ≈ 0.3 = 30%. 
The maximum approximation error does not exceed 4%.
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Fig. 2 Two-segment cantilever beam: a is a photo; b is calculation (continuous lines) and the 
experiment (dashed lines) 

Fig. 3 Three-segment cantilever beam: a—photo; b—calculation (continuous lines) and an 
experiment (dashed lines) 

3.3 An Elastic Segment Passing Through Four Points Three Points 

Figure 3a is a picture of an elastic segment with strong deflections. Figure 3b shows  the  
axial lines of the elastic segment with strong and weak deflections (dashed lines). 

Mathematical splines (continuous lines) are formed by a set of cubic parabolas con-
nected to each other with C2 smoothness (continuous curvature change). For example, 
a mathematical spline approximating the elastic segment of P0-P1-P2-P3 with small 
deflections is the following: 

yP0−P1(x) = 20 + 0, 408043x − 0, 00248043x3, x ∈ [0, 10], 
yP1−P2(x) = 21, 6 − 0, 336087(x − 10) − 0, 074413(x − 10)2 

+ 0, 00370217(x − 10)3, x ∈ [10, 20], 
yP2−P3 = 14, 5 − 0, 713695(x − 20) + 0, 0366522(x − 20)2 

− 0, 000610869(x − 20)3, x ∈ [20, 40]. (3) 

The relative deflections of the elastic segments are equal to δy/l ≈ 0.4 = 40% 
and δy/l ≈ 0.25 = 25%. For an elastic segment with a strong deflection, the maxi-
mum error of approximation is about 20%. For the segment with a weak deflection, the 
approximation error does not exceed 2%.
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Thus, the analysis of experimental data (see Figs. 1, 2 and 3) shows that with a 
relative deflection of the elastic segment δy/l = 25...30% less the approximation error 
does not exceed 1…4% 

4 A Composite Bicubic Surface 

We should construct a surface “pulled up” on a fixed frame (Fig. 4a). The equations 
of “left” and “right” Fleft = ABCD and Fright = BMNC patches will be calculated by 
the formula (1). The equations of ABCD and BMNC bicubic patches contain 32 scalar 
coefficients to be determined [19–21]. 

Fig. 4 A bicubic surface on a fixed skeleton 

Let us assume that the equations of AD, BC, MN, ABM, DCN frame lines are 
defined as mathematical splines. For example, the equation of the longitudinal skeleton 
line ABM is the following: 

AB = zAB(x) = 2, 5 − 0, 4x + 0, 1285x2 − 0, 00635x3, x ∈ [0, 10], 
BM = zBM (x) = 5 + 0, 265(x − 10) − 0, 062(x − 10)2 

+ 0, 001474074(x − 10)3, x ∈ [10, 25]. (4) 

The frame line equations contain 14 fixed coefficients included in Eqs. (1). The other 
18 coefficients are derived from the C2-smooth coupling conditions of the left and right 
bicubic patches. 

Theorem. If the bicubic patches Fleft(x, y) and Fright(x, y) have a common transversal 
joint BC, and the first and second partial derivatives coincide at the points B, C 

∂Fleft 

∂x

IIII
B 

= 
∂Fright 

∂x

IIII
B 
, 

∂Fleft 

∂x

IIII
C 

= 
∂Fright 

∂x

IIII
C 
, (5) 

∂2Fleft 

∂x2

IIIII
B 

= 
∂2Fright 

∂x2

IIIII
B 

, 
∂2Fleft 

∂x2

IIIII
C 

= 
∂2Fright 

∂x2

IIIII
C 

, (6) 

and also the first and the second mixed derivatives coincide 

∂2Fleft 

∂x∂y

IIIII
B 

= 
∂2Fright 

∂x∂y

IIIII
B 

, 
∂2Fleft 

∂x∂y

IIIII
C 

= 
∂2Fright 

∂x∂y

IIIII
C 

, (7)
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∂4Fleft 

∂x2∂y2

IIIII
B 

= 
∂4Fright 

∂x2∂y2

IIIII
B 

, 
∂4Fleft 

∂x2∂y2

IIIII
C 

= 
∂4Fright 

∂x2∂y2

IIIII
C 

(8) 

then the following equations 
∂Fleft 
∂x = 

∂Fright 
∂x , 

∂2Fleft 
∂x2 

= 
∂2Fright 

∂x2
are fulfilled at any point 

of the joint. 
This means that the curvature of the composite bicubic surface changes continuously 

(C2 smoothness is ensured). 
We supplement smoothness conditions (5…8) with “plane angles” conditions (the 

first mixed derivatives at angular points A, M, N, D are equal to zero), solve the resulting 
system of linear algebraic equations, and find coefficients aij included in (1). Figure 4b 
shows the longitudinal and transverse formations of the constructed surface. 

Thus, the algorithm for forming a bicubic surface on a fixed skeleton is reduced to 
solving 9n linear algebraic equations in relation to 9n unknown coefficients, where n 
is the number of surface patches. Fixing the framework almost halves the size of the 
characteristic matrix of the simulated surface [22]. 

Example 1 Figure 5 shows the architectural design of a three-segment (n= 3) slab pulled 
up on a fixed frame. We had to solve a reduced system of 9n= 27 linear equations (instead 
of 16n = 48 equations) to calculate all the coefficients of Eqs. (1). 

Fig. 5 Architectural design (three-segment free-form slab) 

Example 2 Figure 6 shows a C2-smooth surface on a fixed frame formed by four bicubic 
patches. Instead of a system of 16n = 64 linear equations, we needed to solve a system 
of 9n = 36 linear equations.

A disadvantage of the designs made using the patches of bicubic surfaces is related 
to the severe restrictions on the shape of the frame load-bearing elements: all frame 
elements must be flat curves located in the vertical planes oriented along the x and y 
axes [23, 24]. We can eliminate this disadvantage using Bézier surfaces. We should 
convert the equations of the skeleton lines into cubic Bézier curves [25].
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Fig. 6 Four-segment C2-smooth bicubic surface

5 Converting a Cubic Parabola to a Bézier Curve 

The equation of a cubic parabola is 

y = b0 + b1(x − x0) + b2(x − x0)2 + b3(x − x0)3, x ∈ [x0, x1]. (9) 

We represent (9) in the Ferguson form [10]: 

r(t) = a0 + a1t + a2t2 + a3t3, t ∈ [0, 1] (10) 

Putting hx = x1-x0 in Eq. (9), we replace the variable x = hxt + x0. If the parameter 
t changes within the range [0, 1], the value of x changes within the range [x0, x1]. We 
obtain Eq. (9) in parametric form: 

x(t) = x0 + hxt, 
y(t) = b0 + b1hxt + b2h2 x t

2 + b3h3 x t
3, t ∈ [0, 1]. (11) 

Putting t = 0, we obtain the coordinates of vector a0: 

a0x = x0, a0y = y0. (12) 

Putting t = 1, we obtain: 

a0x + a1x + a2x + a3x = x1, 
a0y + a1y + a2y + a3y = y1. (13) 

The system of Eqs. (10, 11) contains 4 equations and eight unknown variables aix, 
aiy (i = 0,…, 4). One must add four more conditions. 

Differentiating (11), we obtain: 

ẋ|t=0 = hx, ẏ|t=0 = b1hx, 
ẋ|t=1 = hx, ẏ|t=1 = b1hx + 2b2h2 x + 3b3h3 x . 

(14)
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Differentiating (10), we obtain: 

ṙx|t=0 = ẋ|t=0 = a1x, ṙy
II
t=0 = ẏ|t=0 = a1y, 

ṙx|t=1 = ẋ|t=1 = a1x + 2a2x + 3a3x, ṙy
II
t=1 = ẏ|t=1 = a1y + 2a2y + 3a3y. 

(15) 

Equating (14) and (15), we obtain: 

a1x = hx, a1y = b1hx, 
a1x + 2a2x + 3a3x = hx, a1y + 2a2y + 3a3y = b1hx + 2b2h2 x + 3b3h3 x . (16) 

The system of Eqs. (12), (13), (16) contains 8 equations and 8 unknown coefficients 
aix, aiy (i = 0, …, 4) included in (10). Solving this system of equations, we obtain: 

a0x = x0, a0y = b0 = y0, a1x = hx, 
a1y = hxb1, a2x = 0, a2y = h2 xb2, a3x = 0, a3y = h3 xb3. (17) 

Expressions (17) provide an single-valued conversion of the scalar algebraic Eq. (9) 
of the cubic parabola to the vector parametric Ferguson Eq. (10). 

The Ferguson equation, in its turn, is recorded in the Bezier form [15]: 

ri(t) = (1 − t)3R0 + 3t(1 − t)2Q + 3t2(1 − t)P + t3R1, t ∈ [0, 1], (18) 

where R0(x0, y0), R1(x1, y1) are end-points, Q and P are control points of the Bezier 
curve. The coordinates of the control points are defined by the expressions: 

Q = 
1 

3 
(a1 + 3a0), P = 

1 

3 
(a2 + 2a1 + 3a0) (19) 

Decomposing (19) into  x, y, and considering (17), we obtain: 

Qx = 
1 

3 
(a1x + 3a0x) = 

1 

3 
(hx + 3x0), Qy = 

1 

3 
(a1y + 3a0y) = 

1 

3 
(hxb1 + 3y0), 

Px = 
1 

3 
(a2x + 2a1x + 3a0x) = 

1 

3 
(2hx + 3x0), Py = 

1 

3 
(a2y + 2a1y + 3a0y) 

= 
1 

3 
(h2 xb2 + 2hxb1 + 3y0). (20) 

Converting the algebraic cubic parabola (9) to a Bézier curve (18) is completely 
solved. 

6 Bezier Surface 

One must “pull up” the surface on a skeleton formed by cubic curves AB, BC, CD, DA 
(Fig. 7a). The surface is not rectangular (trapezoidal), so the bicubic surface cannot be 
used to solve the problem.
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Fig.7 Bézier surface pulled on a quadrangular skeleton: a is a characteristic polyhedron; b is a 
concave surface; c is a convex surface 

Example 3 The Bézier surface patch (2) is formed using a characteristic polyhedron 
containing 16 vertexes. The skeleton of the surface formed by cubic Bézier curves is 
fixed, hence, 12 vertexes 00, 10, 20, 30, 31, 32, 33, 23, 13, 03, 02, 01 are fixed. The shape 
of the surface can be controlled by changing the positions of four “inner” vertexes 11, 
21, 22, 12 (see Fig. 7a). For example, when the inner vertexes are lowered, we obtain a 
“concave” patch of the Bézier surface, and when they are raised, we obtain a “convex” 
patch (Fig. 7c). 

Example 4 In contrast to a bicubic surface, a Bezier surface can be pulled over a trian-
gular skeleton. A quadrangular patch becomes triangular if one of the boundary curves 
of the quadrangular patch degenerates into a point [10]. For example, Fig. 8a shows  
a characteristic polyhedron with side CD degenerated to a point 03 = 13 = 23 = 33. 
Changing the positions of internal control points 11, 21, 22, 12 we obtain triangular 
patches of different shapes pulled on the triangular skeleton ABC (Fig. 8b, c). 

Fig. 8 Bézier surface pulled on a triangle skeleton: a is a characteristic polyhedron; b is a concave 
surface; c is a convex surface 

Example 5 (composite Bézier surface). Let the surface be pulled over the skeleton 
formed by the composite cubic curves ABE and DCE (Fig. 9a). Curves AB and BE, 
DC and CE are connected with smoothness G1 (smoothness G1 means that there is 
a common tangent at the junction point [26, 27]). The surface to be constructed must
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pass through the transverse guides AD and BC. One should note that the skeleton of the 
surface is formed by randomly positioned cubic curves in space. 

Fig. 9 Composite G1-smooth Bézier surface: a is a fixed skeleton; b is a grid of generators 

We will form the surface from two patches of the Bézier surface (2). The quadran-
gular patch ABCD and the triangular patch BCE are connected along the joint BC with 
smoothness G1. The condition of G1-smooth joint of the patches is: |20–30|=λ|30–40|, 
|21–31|=λ|31–41|, |22–32|=λ|32–42|, |23–33|=λ|33–43|, where λ is any positive number. 
In the example λ equals 0.5. 

The longitudinal formations of the composite surface begin at the points on the 
guiding line AD and end at the point E (Fig. 9b). Any longitudinal formative consists 
of two cubic Bézier curves connected with smoothness G1 at some point on the guiding 
line BC. 

7 Conclusion 

The approximation of the physical spline by a mathematical one (a set of C2-smoothly 
connected cubic parabolas) is possible at relative deflections up to δy/l = 25...30%. In  
this case the approximation error does not exceed 1% … 4%. 

We have proposed an algorithm for the formation of a bicubic surface on a fixed 
skeleton in order to almost halve the size of the system of linear algebraic equations 
relative to the equation coefficients (1). 

We have considered the advantages and disadvantages of surfaces constructed on the 
basis of bicubic patches (1) and Bézier surface patches (2). The use of Bézier surface 
patches allows us to form a G1-smooth surface pulled on an arbitrary spatial skeleton, 
but not to ensure the smoothness of G2 (continuous change of curvature). 

In contrast to the Bezier surface, the composite bicubic surface (1) is characterized by 
increased smoothness (up to G2 level), but the shape of the skeleton is strictly restricted 
(the skeleton lines should be placed in mutually perpendicular vertical planes). In the 
implementation of architectural projects, this restriction is not significant, so the bicubic 
surfaces can be recommended for use in architectural and structural design.



266 V. A. Korotkiy et al.

Acknowledgements. The work was supported by Act 211 Government of the Russian Federation, 
contract № 02. A03.21.0011. 

References 

1 . Udler E, Tostov E (2001) Awning design. CADmaster 1(6):43–47 
2 . Kirichkov I (2018) Refraction of the Category of Fold through the Prism of Architecture. 

Architect Design 3:1–11 
3 . Hoschek J, Lasser D (1996) Fundamentals of computer aided geometric design; A K Peters, 

CRC Press, England, pp 213–247 
4 . Germain-Lacour P, Georges PL, Pistre F et al (1989) Mathematics and CAD: 2 volumes, vol 

2. Mir, Moscow, p 264 
5 . Farin G (2002) Curves and surfaces for computer aided geometric design. A Practical Guide. 

Arizona State University, Academic Press, pp 285–308 
6 . C. de Boor. A Practical Guide to Splines (1985) Radio and communication, Moscow 
7 . Ahlberg J, Nilson E, Walsh J (1972) Theory of splines and their applications. Mir, Moscow 
8 . Korotkiy VA (2020) Cubic curves in engineering geometry. Geometry Graph 3(8):3–24 
9 . Korotkiy VA (2022) Irregular curves in engineering geometry and computer graphics. J Sci 

Visualization 14(1):1–17. https://doi.org/10.26583/sv.14.1.01 
10 . Fox A, Pratt M (1982) Computational geometry. Application in design and production. Mir, 

Moscow, 304 p 
11 . Bartels RH, Beatty JC, Barsky BA (1987) An introduction to splines for use in computer 

graphics and geometric modeling; Morgan Kaufmann Publishers, Los Altos, Inc., CA, USA, 
pp 6–12, 149–152 

12 . Jarke JV (1986) Bicubic patches for approximating non-rectangular control-point meshes. 
Comput Aided Geometric Des 3(l):456–459 

13 . Levner G, Tassinari P, Marini D (1988) Simple general methods for ray tracing bicubic 
surfaces. Theoretical Foundations of Computer Graphics and CAD. Springer-Verlag, New 
York, pp 805–820 

14 . Gallier J (2018) Curves and surfaces in geometric modeling: theory and algorithms. University 
of Pennsylvania, Philadelphia, PA, USA, pp 61–114 

15 . Bezier P (1989) Geometric methods. Mathematics and CAD, vol 2. Mir, Moscow, pp 96–257 
16 . Panchuk KL, Myasoedova TM, Lyubchinov EV (2021) Spline curves formation given extreme 

derivatives. J Math 9(1):47. https://doi.org/10.3390/math9010047 
17 . Panchuk KL, Yurkov VY, Kaygorodtseva NV (2020) Mathematical foundations of geometric 

modeling of curved lines: textbook. Publishing House of OmSTU, Omsk, p 198 
18 . Knott GD (1999) Interpolating cubic splines. Birkhauser, Boston, MA, USA, pp 133–138 
19 . Shikin EV, Plis AI (2020) Curves and surfaces on a computer screen. A Guide to Splines for 

users. Dialogue-MEPhI, Moscow 
20 . Golovanov NN (2020) Geometric modeling. DMK-Press, Moscow 
21 . Marsh D (2005) Applied geometry for computer graphics and CAD. Springer-Verlag, London, 

p 350 
22 . Korotkiy VA, Usmanova EA (2023) Bicubic ribbon surface. Omsk Sci Bull 2(186):10–16 
23 . Agoston MK (2005) Computer graphics and geometric modeling. Implementation and 

algorithms. Springer, London, pp 373–471 
24 . Schneider PJ, Eberly DH (2003) Geometric tools for computer graphics; Morgan Kaufmann 

Publishers, Inc.: San Francisco, CA, USA, pp 109–170, 356–358

https://doi.org/10.26583/sv.14.1.01
https://doi.org/10.3390/math9010047


Freeform Surfaces in Architectural and Structural Design 267

25 . Korotkiy VA (2022) Constructive algorithms for forming compound cubic bezier curves in 
space and on plane. Omsk Sci Bull 2(182):10–16 

26 . Gotovtsev AA (2012) Autodesk alias: what to start with? CADmaster 5(66):42–44 
27 . Kornishin MS, Paimushin VN, Snigirev VF (1989) Computational geometry in shell 

mechanics problems. Nauka, Moscow



Transformation of Vectors the Formation 
of Unique Architectural Objects When 

the Frame of the Situation Changes 

N. A. Saprykina(B) 

The Moscow Architectural Institute (State Academy), 11/4 Rozhdestvenka Street, 
Moscow 107031, Russia 
nas@markhi.ru 

Abstract. The study examines the precedents of unique architectural objects that 
have appeared in scientific and design developments in connection with the trans-
formation of the vectors of their formation when the frame of the situation changes. 
The purpose of this article is to critically comprehend the trend of the emergence 
of new or transformation of existing unique architectural objects due to their emer-
gent properties. Alternative concepts of the formation of architectural objects are 
revealed in connection with the evolution of the views of the organization of rit-
ual events: organizing a memorial complex as a place of spiritual comfort for 
family members of deceased people; using the potential of information technol-
ogy to organize cemeteries and create virtual spaces; the creation of a vertical or 
underground necropolis. Modern approaches to the organization of penitentiary 
facilities in connection with the change in the frame of prevention of relapse of 
crimes are determined: a healing approach to psychological and cognitive reha-
bilitation of prisoners in the spatial cluster of the prison; the economic concept 
of a vertical prison with the possibility of habitat and working prisoners. Com-
pensatory techniques for adjusting the instability of the urban environment in its 
dense building with the help of objects of “parasitic” architecture by restoring 
unused urban spaces are considered. The presented selection of design proposals 
for unique architectural objects allows you to outline the directions for searching 
and conducting further promising research in this area. 

Keywords: Emergent properties · Changing the frame of the situation · 
Transformation of formation vectors · Memorial complexes · Ritual events · 
Penitentiary facilities 

1 Introduction 

In accordance with the needs of the dynamic development of society based on the use 
of modern scientific paradigms and concepts in many aspects of life, the appearance 
occurs new or transformations of existing unique architectural objects occur due to the 
modification of the vectors of their formation. Solving problems in today’s architectural
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activity requires reducing the gap between humanitarian and natural science knowledge, 
expanding the study of areas amenable to formalization and the study of emergent 
properties of architectural objects. This is happening against the background of a change 
in the foundations of the worldview, changes in the philosophical outlook of society and 
as a result of the formation of new knowledge through its transformation from separate 
independent sciences into an interdisciplinary science. 

The problem is that various sciences study the dynamics of properties and relations of 
their research objects in specific subject areas, without investigating and without taking 
into account the fundamental nature of general properties and relations, despite the fact 
that knowledge of this nature is valuable for any particular science [1]. The use of the 
principle of emergence makes it possible to determine certain special properties of the 
object of study find out their source and understand their genesis. This is due to the fact 
that the properties of the system, which are not inherent in its elements individually, 
arise due to the unification of these elements into a single, integral system [2]. 

The current practice of insufficient use of the concept of emergence is explained 
by its complexity. The task is to consider the practice of using this system concept 
in architectural and urban planning science, to clarify the interpretation of the system 
principles of thinking as much as possible, to identify its overdue contradictions and 
to propose a scheme for applying the principle of emergence in the study of unique 
architectural objects [3]. 

1.1 Relevance of the Issue 

A new approach to the use of the principle of emergence allows us to reveal potential 
opportunities in the development of methods of modeling, organization and development 
of the life activities environment, as well as the design of unique architectural objects in 
a changing reality. 

In this case, it will be relevant to consider obtaining completely different properties 
of the system in the process of changing the frame of the situation, which is considered 
in sociology as its structure of human interaction. The theory of frames in the direct 
interaction of people with each other or with objects allows us to understand what is 
the structure of everyday communications, and according to what laws they develop. 
The frame logic of analysis is often transferred to new areas of research and used in the 
theory of architecture [4]. 

Considering architecture as a living organism, responsive to the needs of society, 
allows you to reveal the potential of shaping in architecture and moves from the concep-
tual aspect to the actual approach. In this case, the architectural system can be represented 
as the interaction of several hierarchical levels, where the upper mega-level is represented 
by an architectural form, understood in the broadest sense as the material embodiment 
of an architectural phenomenon, a real physical product of architectural activity [5]. The 
ability to work with such systems becomes a discovery, especially with the use of effects 
similar to the so-called feedback, as well as purposeful logical transitions to another 
trajectory.
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1.2 Problem Statement 

The purpose of this article is to critically comprehend the trend of the emergence of 
new or transformation of existing unique architectural objects due to changes in the 
vectors of their formation based on the analysis of theoretical and design experimental 
developments. The main scientific task of this article is to determine the features of the 
formation of unique objects and to identify the most rational ways to design them in 
connection with the change in the frame of the situation. This will require solving the 
following specific research tasks:

● To identify alternative concepts of architectural formation of objects in connection 
with the evolution of the views of the organization of ritual events.

● To identify modern approaches to the organization of penitentiary facilities in 
connection with the change in the frame of prevention of recidivism.

● To consider compensatory techniques for correcting the instability of the urban 
environment 

This approach to the study necessitates the identification of methods and reception 
for the formation of unique architectural objects for various environmental conditions, 
which are practically not used in modern architecture and construction practice. In this 
case, it will be relevant to consider obtaining completely different properties of such 
objects in the process of changing the vectors of their formation, manifested in the 
following concepts. 

2 Theoretical Part 

2.1 Alternative Concepts of the Formation of Architectural Objects in Connection 
with the Evolution of the Views of the Organization of Ritual Events 

This delicate concept is connected with a new attitude to the formation of a cemetery as 
a place where the deceased acquires peace after life and where he is remembered by the 
survivors. In Buddhist culture, there is a concept called “reincarnation”, in which it is 
believed that the death of life is actually a new beginning. This is not only a renewal of 
the life and eternity of the spirit, but also a new starting point of tradition, since every 
mortal eventually dies. The cemetery is often considered a place where the deceased 
acquires peace after his life, which is coming to an end. However, the end of life does 
not mean practically “meaningless sleep” underground. Therefore, a cemetery is not 
only a place where the living remember the deceased, but also the last refuge where he 
can reincarnate and continue to return to nature in another form of life. 

Based on this, the project “The Reincarnation: Buddhist Skyscraper” (authors 
QiLong Wu, WuHong Fang, HuiFang Duan, Chenhui Bao) 2018 (China) puts forward 
the idea of using the remains of the dead as nutrients used for seed germination. This 
symbolizes the process of reincarnation of life in the germinating and growing seed. At 
the same time, some parts of the plant, through processing, can also become a reminder 
for living people who will feel that the deceased is still around them. The authors of the 
idea believe that the architectural space of the cemetery, made in the form of a vertical 
volume, is significantly different from a cold tombstone. It allows you to continue the
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memory of the values of the dead that existed and can become a bridge between the 
living and the dead to make a spiritual dialogue between these two substances [6]. 

Another concept of solving the problem of burial of deceased people is associated 
with population growth and accelerating global aging. At the same time, cities with an 
increasing population and high-density buildings face problems of reducing the amount 
of resources for organizing cemeteries. This problem is especially acute in Japan with 
the highest level of aging in the world. The price of a cemetery in Tokyo is so high that 
most poor people cannot afford to place their relics and loved ones in the cemetery. 

As a result, it is proposed to solve the problem of traditional cemeteries using the 
skyscraper “Vertical Cemetery” (authors GuoChao Deng, QingMing Xiao, Yuan Feng, 
Liwei Shen, Qin Xiong) 2018 (China), which could adjust its height. The authors of the 
concept are based on humane care for family members of deceased people—“we are not 
only building a place to store the remains and ashes of the dead, but also creating a place 
of spiritual comfort for living relatives. In this regard, they never disappear and will not 
be forgotten”. The memorial complex consists of a series of spatial structures floating 
above the city in the form of a tornado shape, where the urns are made in the form of 
lanterns. This can not only save land, but all residents of the city can see the light from 
the tombstones of their family members. 

As the number of people who have died increases, the top of the building rises, 
raising the height of the cemetery to accommodate more burials. A laser emitting device 
is provided at the bottom of the cemetery. When living people worship their relatives, the 
laser will always glow to illuminate the city. When relative or friends completely forget 
the dead, the laser will go out and the urn will fall into the device under the cemetery. 
The authors hope that the proposed building will be able to solve the modern problems 
of a traditional cemetery [7]. 

Another frame arises when using the potential of information technology, which 
makes it possible to solve various problems and create virtual spaces to perpetuate the 
cultural and mental heritage of deceased people as an information cluster. The emergence 
of virtual space as a new form of communication, a new worldview and a means for 
a person to express himself, anew forms a person’s idea of the world as a whole. For 
architecture, it is essential that virtual involves moving away from the usual categories 
and values to their new forms. As a result, architecture becomes more abstract, and the 
architect, in turn, gets more freedom to experiment [8]. 

Nowadays people tend to forget about the importance of the achievements of our 
ancestors. The ever-changing world needs a new means to perpetuate the cultural impact 
of people on society as a testament to civilization. Cemeteries are usually located very 
close to settlements and occupy a lot of valuable land in the city center, which can be 
returned to citizens as a new public space. However, it is very important to take care of 
your history and personal experiences and share them with other people [9]. 

The authors of the concept “In Two Minds: Magnetic Cemetery” (authors Marine 
Joli, Judith Haggiag) 2017 (France, Canada) suggest that in the near future there will be a 
standardization of the practice of beliefs, where attachment to the body will become non-
existent. This raises the question of the cemetery’s future. Currently, due to the increase in 
population, the vertical development of facilities is presented as a solution to the problem 
of lack of urban spaces. There is a separation of space from the main uses of the cemetery



272 N. A. Saprykina

as a vertical building, which represents an image of the evolution of morals in relation to 
death, body and spirit. The building itself lifts off the ground. It looks like an allegory of 
the gradual removal of a person from the body. Inside the cemetery there is a magnetic 
wave generator and a reserve for the retransmission of energy. Being lightweight, this 
system propels platforms and makes them move horizontally and vertically. This method 
provides more freedom in the design of the building. 

This project offers a new way of perceiving space. By creating code, platforms can 
levitate from one point in space to another. At the same time, the user has the opportunity 
to choose the type of space in which he wants to be, in accordance with his needs. Such 
a cemetery modulates the space around a person who is static while remaining on one of 
the platforms. Here there is a revision of the functions of the cemetery and its capabilities, 
by magnetizing the space. The cemetery itself offers infinity of routes and spaces capable 
of meeting the needs of visitors. To do this, the basic screen with artificial intelligence 
recognizes users thanks to his fingerprints in order to offer him possible routes according 
to his moods, desires and habits [10]. 

Environmental problems, as a rule, do not occupy a prominent place due to the severe 
loss of loved ones and relatives, perhaps because of the sensitivity of this situation. This 
point of view is changing as these issues become more important [11]. The main problem 
is the negative impact on the environment of traditional methods of handling the bodies 
of the dead used by various religions. The concept of a vertical necropolis is presented 
as a way to meet future needs with the skillful exploitation of limited urban land. In this 
concept, it is proposed to solve the problem of traditional cemeteries using a skyscraper. 

The use of the vertical memorial necropolis in Delhi “Vertical Necropolis” (architect 
Annkit Kummar) 2012 (India) makes it more convenient to conduct a memorial ritual 
and frees up a significant amount of land (for example, for the organization of memorial 
parks or wildlife reserves). The vertical necropolis will free up a significant part of the 
land for use and provide a place for the remains of the deceased in it. It will also create 
a space where different groups of people, grieving together, can feel comfortable [12]. 

The Seal of cities and the exponential growth of their population leave very few 
areas for facilities that do not contribute to its urban life and economy. In particular, 
there is very little land dedicated to cemeteries in Paris, and every ten years burials are 
“recycled” and as a result thousands of remains remain without a proper location palace. 
The idea of a vertical cemetery is to remember the deceased as part of society by creating 
a symbolic tower with a specific place in the city. The skyscraper will become a new 
landmark for the city, where families could gather. 

In the center of the tower-cemeteries “Vertical Cemetery” for Paris (architects Fillette 
Romaric, Chandrasegar Velmourougane) 2011 (France) there is a skylight opening a hole 
into the sky that reflects light into the pond below. A spiral wrap around the skylight 
organizes a passage along the graves and leads to the top of the tower with a beautiful 
view of Paris. Each burial has a memorial plaque and a flexible rod attached to the 
exterior facade, which during the movement of the wind reminds of the deceased person 
[13]. 

Due to the extreme limitation of the building area in Mexico City, its growth is 
possible only in the direction of the outskirts of the city with the subsequent loss of 
agricultural land and environmental consequences. Overpopulation Accounting, limited
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land, as well as the psychological and sensual experience of grief at the burial of the 
deceased is carried out in the project of an underground vertical cemetery for Mexico 
City “Towers for the dead” (architects Israel Lopez Balan, Elsa Mendoza Andres, Moises 
Adrian Hernandez Garcia) 2011 (Mexico). The object is made in the form of a large-
scale screw with a curved retaining wall and ramps with good lighting, which provides 
comfortable light and ventilation for visiting. The authors of the project believe that such 
a cemetery allows family members of the deceased to get closer after traveling to the 
underworld, where they have just buried their loved one [14]. 

The considered some concepts of modification of vectors of formation of unique 
architectural objects when changing the frame of the situation associated with the evolu-
tion of the views of the organization of ritual events allow us to identify new approaches 
to their design. Thus, the typology of architecture is being updated with new types of 
architectural objects that are cultural and informational denominators of the future. 

2.2 Modern Approaches to the Organization of Penitentiary Facilities 
in Connection with the with the Change in the Frame of Prevention 
of Relapse of Crimes 

One of the most important activities of the modern penitentiary system for the restoration 
of social justice, along with the punitive function, is the prevention of relapse of crimes. 
Many proposals for the organization and location of penitentiary facilities in the urban 
environment have appeared in the conceptual and design developments. The penitentiary 
penal enforcement system, within the framework of State institutions, is engaged in 
the execution of criminal penalties imposed on citizens in accordance with the law. It 
also ensures the execution of punishments both related and unrelated to deprivation 
of liberty, as well as the detention of persons under investigation from the moment of 
detention to trial (until the change in the measure of procedural restraint in the form 
of detention). It is also necessary to identify the huge impact on the decisions of the 
promising developments of the twentieth century, presented in the design practice of the 
precedents of utopian design using information technologies, which are further embodied 
in the work of modern architects [15]. 

So, in the project “Healing Matrix” (authors Jie Liu, Wen Sun, Hewen Suo) in 2016 
(Canada), they are trying to change the usual organization of the personality correction 
center in a penitentiary institution and solve a socio-psychological problem by archi-
tectural means. The idea is that the spatial cluster of healing replaces the nature of the 
traditional detention of prisoners at various stages of the rehabilitation process. Pris-
oners have the opportunity to interact with each other and with the control center in 
a specially organized rehabilitation space throughout their stay, which allows them to 
fundamentally cure personality disorder and achieve full recovery [16]. 

In order to achieve crime prevention, as well as psychological and cognitive rehabil-
itation, in addition to the correction center, six independent and related types of spaces 
are being created. Each space is a cluster of several cubes and has its own functions and 
approach to self-healing and self-correction: for prayer (religious support), for medita-
tion (inner peace power), for accompaniment (interpersonal interactions and support), 
for anger or depression management (cognitive behavioral therapy) and social learning 
space (communication and polishing of humane skills) [17].
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Each prisoner has his own personal independent space in a cube (3 × 3 × 3m),  which  
ensures the protection of prisoners’ lives and their privacy. Information is instantly trans-
mitted through the building’s command center, and network of the matrix automatically 
transfers the prisoner to the spaces to optimize the healing effect. In order to ensure 
the free multi-purpose movement of each unit, the building itself has an internal space 
matrix that allows its three-dimensional movement. The mobility of space creates not 
only a healing effect for the recovery of prisoners based on a multi-layered treatment 
system, but also implements interactions between prisoners. 

The concept of a vertical prison “Vertical Prison” (authors Chow Khoon Toong, Ong 
Tien Yee, Beh Ssi Cze) 2010 (Malaysia) is based on the fact that, according to the results 
of some studies, the imprisonment of a criminal is only a temporary residence, since he 
not have the opportunity to rehabilitate himself in the community he desires. The project 
is considering the possibility of creating a vertical prison where prisoners will have to 
live and work in communities in agricultural fields and factories for recycling. These 
products will be exploited by offenders in the community, and will continue to be used 
in the city below. Lou offenders will live “for free” until they finish the phrase in their 
re-education. The vertical prison has its own transportation system, which combines 
various blocks for officers, prisoners, firefighters and other workers [18]. 

One of the highest crime rates in the United States has the city of Detroit, which 
was an economic center in the past, and now its economy is collapsing due to residents 
leaving it. Since prisoners are seen as an economic burden for taxpayers, it is logical 
to rethink the methods of imprisonment and the idea of organizing here production 
arises. The goal is to allow prisoners to serve their prison sentences while remaining a 
labor force in the economic sector. As many areas of Detroit remain abandoned, there 
is a need to create an architecture that is flexible to meet unsustainable economic needs. 
[19]. 

In this regard, the idea of the project “City Rehab” (authors: Yassin Nour Al-tubor, 
Fawzi Bata, Boran Al-Amro, Yazeed Balqar) 2018 (Jordan) is to rehabilitate the city of 
Detroit by creating a penitentiary facility there in order to economically rebuild the city. 
The vertical tower with the function of incarceration consists of modular units that can 
be added or removed, and then recycled. In the event that the population of prisoners 
decreases and moves to other parts of the city, the tower can be used for another purpose. 
The structure of the tower mainly includes the following blocks: living quarters for 
prisoners, production units for prisoners and maintenance and officer housing units. 
The production units contain training and working sectors, such as plantations, seminar 
rooms and training courses. 

The structure of the tower consists of a main core, which acts as a vertical transit and 
consists of 4 elevators-stairs. Around the core are stacked blocks of housing, services 
and manufacturing. The blocks are connected to the core through bridges, and at each 
height through four floors a slab is organized, which serves as a communal courtyard for 
the inhabitants. The gaps between the blocks are filled with glass so that natural sunlight 
penetrates into the space. Despite the fact that prisoners remain isolated from public life, 
production units are part of the local market and meet its needs by adapting work units 
and allowing prisoners to specialize in economic activities. The overall goal is to reduce
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the prison population and move the units to different parts of the city, where their use 
will be retrained [19]. 

Another example is project of the prison “Prison in the Sky for Urban Areas” (authors 
Greg Knobloch and Andreas Tjeldflaat) 2012 (Malaysia). This concept challenges all 
preconceived notions of “prison” and offers simple but original ideas that reinterpret a 
high-rise facility as a city prison. The complex consists of three towers in the form of an 
arch, where three main stages of prevention of relapse of crimes are carried out in each 
arch: Conclusion, Transformation and Integration. At the initial stage, the conclusion 
process of conclusion place in isolation, and further the physical unification takes place 
and at the end, at the integration stage, the system is programmed. As prisoners master 
education, they are exposed to an increasing degree of social interaction in order to make 
the transition back to society as humane as possible. To speed up this process, the state 
program and residential units are introduced at the integration stage [20]. 

2.3 Compensatory Techniques for Correcting the Instability of the Urban 
Environment: “parasitic” Architecture 

In connection with solving the problems of densely built–up cities, a modern trend has 
emerged in architecture—“parasitic” architecture as a new way to increase living space 
and organize affordable social housing in megacities. Most often, examples of such 
projects are based on the principle of reclaiming unused urban spaces. Such buildings 
are fixed or built either inside existing buildings or outside in such a way as to depend 
on the communal infrastructure of the main building. The trend of parasitic architecture 
is gradually developing with the consolidation of modern cities. 

By purpose and size, the precedents of “parasitic” architecture arise in extraordi-
nary situations and have various forms. The analysis of design and experimental devel-
opments revealed the following types of “parasitic architecture”: art objects, seasonal 
buildings, symbiont objects, integrated extensions, buildings between the main build-
ings, suspended buildings–“parasites”, saprophyte objects, transplant extensions, para-
sitic objects on the facade, parasitic megastructures. The most interesting are the unique 
precedents using compensatory techniques for correcting the instability of the urban 
environment. 

For the organization of additional premises on the roof of almost any existing building 
in urban conditions, objects of symbiont are being developed. The project of a small 
structure “Bird’s Nest” (ONZ Architects, Turkey) 2013 (architects Onat Oktem, Zia 
Imren and Zeynep Okte) is designed as a music room for schools that lack space and 
proper insulation. The sloping roof of the facility, according to the authors, is designed to 
collect rainwater and place photovoltaic panels for maximum absorption of solar energy. 
The extension can be used to provide housing for homeless citizens, a studio for artists 
or a small additional room for guests [21]. 

The project of prefabricated house “Prefab Parasite” prefabricated house (studio 
Lara Calder Architects) 2009 (Australia) is an integrated extension designed for the 
development of unused spaces in urban landscapes. The shape of the object, developed 
using software by parametric 3D modeling is a flexible structure in which all components, 
such as the load-bearing system, facade cladding, ceilings and stairs, are integrated into a
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single parametric model. Design system integration improves the efficiency and accuracy 
of the construction process [22]. 

A well-known example of buildings between the main buildings is one of the projects 
of the architectural bureau “Za Bor Architects” in Moscow “Parasite Office” (authors 
Arseniy Borisenko and Petr Zaitsev). The building was planned to be built of polycar-
bonate and glass, at the height of the second floor, between two residential buildings. 
The purpose of the construction was to use the free spaces between the houses to create 
offices that do not restrict access to the yards. The new building compensates for the lack 
of space in the densely built-up capital. Such construction does not require expensive 
land plots [23]. 

In the design of a parasitic suspended building for a nightclub (Urbanplunger), 
Hong Kong (China), in accordance with the current situation, which is characterized by 
an extremely compact layout of the area, the main criterion is the compactness of the 
building. Suspended structural structure allows the entire building to “float” in space. 
Below, under the building, it is planned to create a small green area for walking, from 
which special elevators for visitors and their cars lead directly to the nightclub. It is also 
planned to set up a small garden on the roof of the hotel [24]. 

Buildings that are being introduced into buildings that have already ceased to func-
tion, for example, in former factories, warehouses, industrial facilities, are saprophyte 
objects. At the same time, the goal is to revive the degrading territory, to introduce new 
functions. So, in order to expand the music school of Amy Friarson in Louviers, a con-
cert hall was built on top of the former monastery of the XVII century (architects of the 
Opus 5 firm) in the former monastery of Notre-Dame-de-Consolation (France (Paris). 
The object was conceived in a very narrow area, which caused the filling of all free 
spaces, raising it above the existing walls [25]. 

The project “Flux Haus” in Hong Kong (authors Kammil Karransoy, Jitendra Farkade 
and Vinay Khare) is designed as a parasitic housing megastructure that will be suspended 
from a spatial structure with single pods above the five towers of the Green Harbor 
Tower complex (China). The structure is a grid of robot-built rails on which all the cubic 
AI-equipped habitation pods, which include robot swarm technology, are located. This 
allows you to quickly adapt to create the desired layout of the room or furniture, allowing 
you to instantly transform cubic capsules from the living room or dining room to the 
bedroom [26]. 

3 Practical the Significance 

With the advent of a new paradigm, due to the emergence of many scientific and techni-
cal discoveries, the field of architectural thought is expanding, accompanied by a huge 
amount of information and the expansion of all kinds of communications. Architecture 
not only meets the new paradigm, but also opens up new knowledge and stimulates 
science to new inventions, as evidenced by the methods of forming unique architec-
tural objects discussed above [27]. The precedents of unique architectural objects that 
have appeared in scientific and design developments in connection with the transforma-
tion of the vectors of their formation when the frame of the situation changes provide 
a continuous transition from traditional approaches to new ones based on innovative 
technologies.
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The presented developments of concepts of a natural-scientific nature make it pos-
sible to bring architecture closer to the sciences of a technical plan related to it in 
construction activities. Such processes should be reflected in the content of the subject 
of architectural activity, which by its structural organization forms the emergent princi-
ples of creating unique objects as a system. Technological and economic requirements 
for the creation of such architectural objects cause a leap in the search for new principles 
of their creation that meet innovative concepts. 

This review shows that studies of unique architectural objects in connection with 
changes in the vectors of their formation can become a “road map” for the implemen-
tation of measures related to the use of emergent principles. The implementation of the 
theoretical provisions and practical recommendations set out in the article will allow 
us to outline the directions of further research in this area and will contribute to the 
development of scientific and technological progress, which is of great socio-economic 
importance. 

4 Conclusion 

As a result of the research, the precedents of unique architectural objects that has appeared 
in scientific and design developments in connection with the change in the vectors of 
their formation when the frame of the situation changes are considered. This made it 
possible to determine the features of the formation of unique objects in the following 
areas considered and to obtain the results discussed in this review: 

1. Alternative concepts of the formation of architectural objects have revealed in 
connection with the evolution of the views of the organization of ritual events: 

• Using the remains of the dead as nutrients for the ascent of plant seeds allows you to 
continue the memory of the pre-existing values of the deceased, and can also become 
a bridge between the living and the dead to make a spiritual dialogue between these 
two substances. 

• The concept of organizing a memorial complex not only as a place to store the remains 
and ashes of the dead, but also as a place of spiritual comfort for family members of 
deceased people. In this regard, humane care for living relatives creates a situation 
where deceased people will never be forgotten. 

• Using the potential of information technologies makes it possible to solve various 
problems of organizing cemeteries and create virtual spaces to perpetuate the cultural 
and mental heritage of deceased people as an information cluster. 

• The concept of a vertical necropolis is presented as a way to meet future needs in the 
exploitation of limited urban land. In this regard, it is proposed to solve the problem 
of traditional cemeteries by using a skyscraper or an underground vertical cemetery. 

2. Modern approaches to the organization of penitentiary facilities have defined in 
connection with the change in the frame of prevention of relapse of crimes: 

• The healing approach to psychological and cognitive rehabilitation of prisoners con-
sists in the fact that the spatial cluster of the prison replaces the nature of the traditional 
detention of prisoners at various stages of the process of personality correction. The 
mobility of the prison space creates not only a healing effect for the recovery of 
prisoners, but also implements interactions between prisoners.
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• The concept of a vertical prison considers the possibility of providing prisoners with 
housing and work in communities in agricultural fields and factories for processing 
industrial raw materials. The resulting productions will be exploited by offenders in 
the community, and further used in the city below. 

• An economic concept that allows prisoners to serve a prison sentence in isolation 
from public life, while remaining a labor force. This allows prisoners to adapt to 
production classes, allowing them to specialize in economic activities. 

3. Compensatory techniques for correcting the instability of the urban environment have 
considered: 

• The problems of densely built-up cities in architecture can be solved with the help of 
objects of “parasitic” architecture as a new way to increase the housing stock while 
restoring unused urban spaces. 

• Unique precedents that use compensatory techniques for adjusting the instability of 
the urban environment are: symbiont objects, integrated extensions, suspended the 
objects between the main buildings, saprophyte objects, and parasitic mega structures. 

Acknowledgements. The research was carried out within the framework of the Program of Fun-
damental Scientific Research of the Russian Academy of Architecture and Building Sciences and 
the Ministry of Construction and Housing and Communal Services of the Russian Federation for 
2023. 

References 

1 . Lutsenko EV (2008) Existence, non-existence and change as emergent properties of systems. 
http://quantmagic.narod.ru/volumes/VOL512008/p1215 

2 . Korosov AV (2012) The principle of emergence in ecology. Sci Electron J “Principles of 
Ecology” 3:48–66. http://ecopri.ru/journal/atricle.php?id=1481 

3 . Saprykina NA (2014) The use of the principles of emergence in the formation of spatial habitat 
as a system. In: Science, education and experimental design. Proceedings of the International 
scientific and practical conference. April 7–11. MARHI, Moscow, pp 344–347 

4 . Vakhstein V (2013) Sociology of an architectural object. Between formal and practical ratio-
nality. In: New Literary Review. “Architecture and Utopia” 121:3. http://www.nlobooks.ru/ 
node/3561 

5 . Kholodova LP (2010) Concepts of modern theory of architecture. “Architecton: news of 
universities”, 31. http://archvuz.ru/2010_3/1 

6 . Wu Q, Fang W, Duan H, Bao C (2018) The reincarnation: Buddhist skyscraper (China). http:// 
www.evolo.us/the-reincarnation-buddhist-skyscraper/#more-36105 

7 . Deng G, Xiao Q, Feng Y, Shen L, Xiong Q (2018) Vertical cemetery (China). http://www. 
evolo.us/vertical-cemetery/#more-36100 

8 . Saprykina NA, Saprykin IA (2012) “Paperless” architecture in the context of virtual reality. 
Arch Modern Inf Technol 12:1–7. http://www.marhi.ru/AMIT/2012/special_12/saprykina/ 
abstract.php 

9 . Dutsev M (2020) The city as an art integration space. In: Proceedings of the 2nd interna-
tional conference on architecture: heritage, traditions and innovations (AHTI 2020). Series: 
advances in social science, education and humanities research. https://doi.org/10.2991/ass 
ehr.k.200923.061

http://quantmagic.narod.ru/volumes/VOL512008/p1215
http://ecopri.ru/journal/atricle.php?id=1481
http://www.nlobooks.ru/node/3561
http://www.nlobooks.ru/node/3561
http://archvuz.ru/2010_3/1
http://www.evolo.us/the-reincarnation-buddhist-skyscraper/#more-36105
http://www.evolo.us/the-reincarnation-buddhist-skyscraper/#more-36105
http://www.evolo.us/vertical-cemetery/#more-36100
http://www.evolo.us/vertical-cemetery/#more-36100
http://www.marhi.ru/AMIT/2012/special_12/saprykina/abstract.php
http://www.marhi.ru/AMIT/2012/special_12/saprykina/abstract.php
https://doi.org/10.2991/assehr.k.200923.061
https://doi.org/10.2991/assehr.k.200923.061


Transformation of Vectors the Formation of Unique… 279

10 . Joli M, Haggiag J (2017) In two minds: magnetic cemetery (France, Canada). http://www. 
evolo.us/in-two-minds-magnetic-cemetery/#more-35727 

11 . Cirella GT, Russo A, Benassi F, Czermański E, Goncharuk AG, Oniszczuk-Jastrzabek A 
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Abstract. A methodology for investigating the progressive limiting state of the 
structure is proposed. To solve this problem, the criterion of critical strain energy 
levels in the form of the force method is used. The criterion for violation of 
the limiting state of the structure is a change in the state of self-stress of the 
structure. The problem is posed as an eigenvalue problem and the values of the 
maximum values of the design parameters are found for the flexibility matrix. The 
resulting forces correspond to a critical level of energy. They can be used to find 
the maximum possible value of the strain energy of the structure. By subtracting 
from it the amount of work of external forces, it is possible to determine the 
residual load-bearing capacity of the structure. An example of calculating a simple 
statically indeterminate truss structure is demonstrated. It clearly shows the change 
in the energy of deformation of the structure, its self-stress, and the possibility of 
modeling the progressive limiting state of the structure. 

Keywords: Truss · Strain energy · Limiting state · Critical strain energy levels · 
Matrix methods 

1 Introduction 

Currently, the most popular formulation of problems of structural mechanics in the form 
of Lagrange. It allows you to get a construction design corresponding to a given load [1– 
9]. Geometric features of the cross-sections of structural elements are taken according to 
the most loaded cross-section in the elements. When design structures, its elements are 
typified, and their dimensions are unified. As a result, the structures obtained with this 
approach include elements with geometric parameters that are not economic sounded. 
They have a significant reserve of bearing capacity. 

The choice of the type of the limiting state of the structural elements by the designer 
in accordance with the requirements of the codes also leads to a significant reserve of the
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load-bearing capacity of the structure. Calculations in the elastic stage of deformation 
lead to a rational form of the cross-section of the cambered beam in the form of an 
I-beam, where the material is concentrated in the extreme fibers. At the same time, 
the calculation in the elastic–plastic stage of deformation recommends concentrating 
the material at the neutral axis of the element, which gives a rational rhombus shape. 
The theory of optimal design of structures [10–13], designed to reduce the load-bearing 
capacity of load-bearing structures, does not allow to significantly reduce its value [14] 
(by no more than 20%). 

When assessing the technical status of an exploited structure or its element, it is 
important to know such a parameter as its residual load-bearing capacity [15–24]. But 
determining the complete (maximum) load-bearing capacity of structures is usually 
difficult. For example, if we are based on the Lagrange approach, and consider all 
possible options for loading load-bearing structures, this leads to the need to solve an 
infinite sequence of problems. Their solution is impossible even with the capabilities of 
modern FEM packages. This does not allow to find the residual bearing capacity of the 
structures after the application of the design load. 

To overcome these difficulties, a criterion of Critical strain internal energy levels was 
proposed [25]. It allows us to estimate the residual value of the load-bearing capacity of 
the structure by the value of the deformation energy [26]. 

In addition, finding the minimum of the critical strain energy makes it possible to 
find the most loaded structural element (the ‘weak link’), in which the limiting state 
will first occur. This approach allows us to set and solve the problem of the progressive 
limiting state of the load-bearing structures of the building. We investigate the process 
of progressive limiting state and determine the residual strain energy of the structure 
using the example of a simple rod system. 

2 Methods and Materials 

To obtain the criterion of critical energy levels, it is necessary to separate the energy 
of the fields of external influences and the energy of the field of internal deformations. 
These energies have different sources of origin and laws of existence [25]. The condition 
of the critical state of the strain energy of the structure includes the following three 
requirements. 

The first requirement is a minimum variation of the strain energy of the structure: 

δ2U (χ ) = 0 (1)  

The second is the condition of orthonormality of the design parameters of the 
structure:

Σ

j 

Uj(χ ) = 1 (2)  

The third requirement is the implementation of conditions at the boundary of the 
area of acceptable design parameters:

Γ(χ ) = 0 (3)
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Here U (χ ) is the potential strain energy of the structure; χ is the extremals of the internal 
design parameters, which represent generalized displacements and forces. 

Switching from one level of critical energy to another is followed by a change in 
the state of self-stress of the structure. The potential strain energy of the structure at a 
given level of loading balances the work of external influences. The remaining part of 
the potential strain energy is in a self-stressed state. 

U (χ ) = Ucr(χ ) + Uex(χ ) (4) 

Since the work of external forces is balanced by a part of the potential strain energy, 
which is provided for by the construction design, the limiting state of the structure is not 
violated. The remaining part of the self-stressed energy can be spent on increasing the 
load. The load-bearing capacity of the structure will be exhausted as soon as this part of 
the deformation energy runs out. 

Experience shows that before the self-stressed strain energy is completely exhausted, 
various things can happen: 

• change in the type of deformation of the material, such as the transition from elastic 
to plastic stage of deformation, etc.; 

• loss of form of the initial type of deformation (buckling); 
• change of the design model due to the breakout of the load of structural elements; 
• exceeding the acceptable values of the displacement of the points of the structure 

entailing a violation of regular (safe) operating conditions; 
• other reasons that are related to the violations of the conditions of the limiting state 

of the structure. 

Therefore, in the future we will investigate the critical strain energy of the structure. 
To do this, we will create a small perturbation of the internal field of forces or deforma-
tions. The conditions of the critical state of the structure in the form of the force method 
obtained from the variational principle (1–3) have the  form  [26–28]: 

[L]{δΦ} =
[
λL

]
{δΦ} (5) 

Here [L] is the flexibility matrix of the structure; {δΦ} is the vector of amplitude values 
of the distribution of generalized reactive self-stress forces in the structure. It is repre-
sented by a set of orthonormal functions;

[
λL

]
—the matrix of eigenvalues, which has 

the meaning of unitary angular displacements of the structure. 
The vector of maximum nodal displacements of the structure is calculated as: 

{Zmax} =
[
λL max

]
{δΦmax} (6) 

The algorithm for determining the greatest internal forces and the potential strain 
energy based on them is written through the well-known matrix procedures of structural 
mechanics. 

We construct the matrices of the internal stiffness of the structure [C] and the static 
matrix of the problem [A]. We will consider all degrees of freedom of the system in
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the selected design constraints, where we will monitor generalized displacements and 
forces. 

[K] = [A]T [C][A] (7) 

The flexibility matrix [L] is found as the inverse of the stiffness matrix [K]: 

[L] = [K]−1 (8) 

We solve the eigenvalue problem (5) and find the vector of maximum displacements 
(6). 

The vector of strains of the rods caused by extreme nodal displacements is defined 
as: 

{ε} = −[A]T {Zmax} (9) 

We calculate the distribution of forces in the structural elements caused by the 
extreme vector of nodal displacements as: 

{N } = [C]{εmax} (10) 

The potential strain energy is determined by the formula: 

U = {N }T [L]{N }/2 (11) 

3 Results and Discussion 

Let us illustrate the proposed methodology using the example of a statically indetermi-
nate truss. This computing scheme, with its sufficient simplicity, allows us to show the 
main features of changing the computational scheme and self-stress. The limiting states 
for extended and compressed rods are described uniformly by strength constraints. We 
will assume that the dimensions of the rods are selected in such a way that there is no 
loss of stability, and restrictions on the movement of nodes are not violated. 

The last two assumptions about the kinds of limit states, if necessary, are easy to 
consider, as are any others. This is because they are placed on the right side of the 
inequalities describing the limiting state of the structure: 

U (Φ, ξ ) ≤ Uult, 
{Φmax} ≤ {Φult}, 
{ξmax} ≤ {ξult}. 

(12) 

Here {Φ} is the vector of generalized forces, and {ξ} is the vector of generalized 
displacements. The indexes correspond to the maximum and ultimate values. 

Let us consider the methodology for determining the extreme values of the strain 
energy, generalized forces, and displacements, including their values at the boundary 
of the range of acceptable parameters. These values are located on the left side of the
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inequality and are determined only by the geometrical and mechanical features of the 
structure, including the support conditions. 

In the case of the occurrence of a limiting state in one or more rods, they stop resisting 
external influences. For example, due to the yielding state. Or any other mentioned in 
the right part of the conditions (12). We will refer further to the “elimination of the 
rod” meaning that the rod has stopped taking the load properly. Further, in the figures 
illustrating the progress of solving the problem, such rods will not be shown. 

Consider the truss shown in Fig. 1, in which the lengths of the rods and stiffness are 
the same. Figure 1 also shows the numbering of elements and nodes of the truss. The 
truss nodes are numbered in blue, the rods are numbered in red. 

Fig. 1 Design scheme of a statically indeterminate truss: degrees of freedom of nodes and 
numbering of nodes and truss elements 

We solve the problem of determining the first state of self-stress of the structure. We 
obtain the forces in the rods from the unit vectors applied in the direction of the degrees 
of freedom shown in Fig. 1 near the nodes. 

Figure 2 shows the forces in the truss rods from unitary nodal variations of reactive 
forces. We will assume that the external influences in the calculated truss are applied in 
the same directions as the variations of reactive influences arising in the direction of the 
originally selected degrees of freedom.

Figure 3 shows the forces calculated from the maximum nodal displacements. Cal-
culations were performed in a software package for the analysis of structures by the 
method of critical energy levels ‘CLE’ [29].

Comparing the values of the forces in the rods obtained for two loading cases, we 
notice that the forces arising from the maximum values of the displacement of the nodes 
significantly outweigh the forces from the action of unitary nodal forces. Note that these 
forces illustrate a possible external load here. Thus, the principal magnitudes of the 
forces in the rods are greater than from possible external influences.



The Process of Progressive Limiting State… 285

Fig. 2 The self-stress force in the rods from unitary variations of reactive forces in the nodes of 
the truss

Fig. 3 The self-stress principal values of the forces from the maximum nodal displacements

The maximum possible potential strain energy of the truss calculated from the prin-
cipal (maximum) forces in the rods of the truss is U max,I 

cr = 13.09 ·EA/l. It can be taken 

in relative form as: U 
max,I 
cr = 1. The work of external unitary influences in relation to the 

maximum possible strain energy for the truss is Wex/U 
max,I 
cr = 0.65. The residual relative 

value of the strain energy of the truss: U I res/U 
max,I 
cr = (U max,I 

cr − Wex)/U 
max,I 
cr = 0.35. 

That is, the residual resource of the load-bearing capacity of the truss is 65% of its max-
imum value, even if external loads are applied in all nodes of the truss in all directions 
of degrees of freedom. 

At the first stage of self-stress, we obtain the top values of forces in rods 8 and 11, 
which are the ‘weak link’. If we are concerned about which of the rods will break down 
at the next stage of loading the truss, we must remove the 8 and 11 rods from the design
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scheme. And then perform the calculation for the new design scheme shown in Fig. 4. 
Repeating the calculations until the structure becomes geometrically changeable, we 
obtain a method of progressive limiting state of the structure. 

Fig. 4 The self-stress forces in the rods from unitary variations of reactive forces in the nodes of 
the truss at the second stage of self-stress 

Figures 4 and 5 show the internal forces for cases of a unitary force action in the 
nodes of the truss and the maximum possible values of forces in the same rods from 
nodal reactive actions. The forces from the principal (maximum) nodal influences also 
have greater magnitudes than from unitary forceful influences in the nodes. 

Fig. 5 The self-stress principal magnitudes of the forces from the maximum nodal displacements 
at the second stage of self-stress
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The relative potential strain energy at the second stage of self-stress is U 
max,II 
cr = 1. 

The ratio of the work of the nodal forces at the second stage of self-stress to the maximum 
potential strain energy is Wex/U 

max,II 
cr = 0.1. The relative residual potential strain energy 

is U II res/U 
max,II 
cr = (U max,II 

cr − Wex)/U 
max,II 
cr = 0.9. 

At the second stage, rods 9 and 10 are eliminated from work on the load. After that, 
the calculation scheme of the truss becomes an unstable system. 

4 Conclusion 

The methodology of the progressive limit state, based on the variational principle of 
critical strain energy levels of structure, allows us to overcome a number of problems 
that cannot be solved based on the principle of the minimum of the total energy of the 
structure: 

• obtaining a single criterion describing the limiting state of the structure. This is 
a change in self-stressed structures when passing through a critical level of strain 
energy of the structure; 

• the ability to calculate the maximum possible potential strain energy of the structure 
and the residual potential strain energy of the structure after the application of external 
influences; 

• formulation and solution of the problem of finding the “weak link” of the structure 
in the form of the method of forces; 

• formulation and solution of problems of the progressive limiting state of the structure 
in the form of the method of forces. Sequential application of the methodology of 
finding the weak link of the structure; 

• calculation of the residual load-bearing capacity of the structure. In the example of a 
statically indeterminate farm, it is rather large. 

The growth of residual energy in the design schemes of trusses with removed rods 
is explained by the fact that the remaining rods of the farm must have the ability to bear 
the load applied initially. And for this, they must have large values of stiffness. 
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Abstract. One of the most demanded areas of digitalization in the architecture 
and construction industry is BIM—building information modeling as an effective 
tool for managing an object throughout its entire life cycle. In recent decades, 
worldwide interest in the application of this technology to architectural heritage 
has been steadily increasing, as evidenced by the large number of publications on 
HBIM—historical building information modeling. Researchers note great oppor-
tunities in the application of information models for the preservation and study of 
heritage. At the same time, there are barriers to wider dissemination of the tech-
nology. Firstly, this is a definite complexity of creating the model through laser 
scanning and photofixation with next processing and elaboration unique paramet-
ric elements in computer programs. Secondly, the group of specialists involved 
in heritage projects as a rule is poorly versed in information technology, and spe-
cialists are not always ready to work with models. But at a minimum architects 
working with historic buildings should become guides in applying and explaining 
modern approaches and methods of working with heritage. Therefore, the topic of 
teaching HBIM in architectural universities needs to be given more attention both 
in practical work and in scientific research. This article contributes to this relevant 
and necessary topic. Examples of the implementation of BIM models for historical 
buildings in Yekaterinburg, including constructivist objects, made by students of 
the Applied Informatics in Architecture department of the Ural State University 
of Architecture and Art are given, the use of BIM for computer-aided design of 
solid 3D model is shown, for which an appropriate technology was developed. 
With a small number of BIM curricula that are slowly being implemented at the 
university level, a practice-oriented methodology for learning new technologies 
is offered. 

Keywords: BIM · Building information modeling · HBIM · Historic BIM · 
Architectural education · BIM teaching · Historic buildings · Applied 
informatics in architecture 

1 Introduction 

Over the past decades, digital methods in the architectural and construction industry 
have been increasingly used. Among them, one of the most popular areas is building 
information modeling—BIM. The complex work of all project participants with different
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roles at different stages has shown its productivity, in a number of countries BIM is being 
introduced as a mandatory technology at the government level. Thanks to a systematic 
approach, information modeling allows you to maintain the integrity of the representation 
of the created object both in time due to its relevance at all stages of the life cycle, and in 
space: all related information, characteristics, documents and data are systematized and 
stored in a single environment. The protocol adopted in the UK [1] as one of the countries 
with the most developed BIM defines BIM as a collaborative way of working based 
on digital technologies that open up more efficient methods for designing, delivering 
and maintaining physical built assets. BIM embeds key product and asset data into a 
computer 3D model that can be used to effectively manage information throughout the 
asset’s lifecycle. 

BIM is successfully implemented for newly created objects, as it is built in stages, 
taking into account all the requirements for project documentation. As for buildings 
built in the “pre-information” era, the use of BIM also brings a significant effect for their 
fixation, study, restoration, reconstruction, condition monitoring, and much more [2]. 

The events of April 2019, when Notre Dame Cathedral was significantly damaged 
by fire, showed the relevance and urgent need for a detailed digital representation of 
World Heritage sites. For restoration work, Autodesk was able to create a BIM model of 
the Notre Dame Cathedral in the form in which it existed before the fire based on data 
obtained before the fire using Reality Capture technologies [3]. Thus, conditions were 
created for the joint work of all project participants in the cloud and access to up-to-date 
data and plans. The data for the BIM model was obtained thanks to Professor of Vassar 
College Andrew Tallon, who thanks to his passion for Gothic architecture scanned the 
Cathedral with an accuracy of 5 mm [4]. This tragic event calls for every major cultural 
heritage site to be digitized so that it can be restored in the event of destruction or 
degradation. 

The relevance of HBIM is also explained due to the fact that over time the number 
of heritage buildings that need a restoration, repair, reconstruction is increasing, these 
works make up a high percentage in the construction industry. In addition, the workflow 
in historical architecture projects is poorly formalized, information is scattered, and out-
dated tools are used. The stakeholders involved in the project—archaeologist, archivist, 
architect, civil engineer, restorer, etc., often work separately, create disparate data, some-
times duplicating work [5]. As one of the solutions of the problem, article [5] proposes 
the web platform for implementing the HBIM protocol, called BIMlegacy, which cov-
ers all stages of working with an heritage object: registering a building, determining 
intervention options, developing an intervention project, planning physical intervention, 
physical intervention, transmission, maintenance and dissemination of culture and his-
torical information. The protocol is intended for the work of all interested parties in a 
common information field. 

For unique buildings of architectural heritage, the task of building an informa-
tion model is quite complicated [6], and this also prevents the widespread practical 
implementation of HBIM technology in the restoration and reconstruction of historical 
buildings. 

Another deterrent to the spread of technology is that the group of professionals 
involved in heritage projects as a rule does not always know modern technologies and
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express doubts about the validity of using BIM. The economic benefit is also not obvious: 
laser scanning and design are more expensive than traditional methods, and it is not 
always possible to save money at the production stage [7]. 

In such a situation it is important that architects working with historic buildings be 
guides in applying and explaining modern approaches and methods of working with 
heritage. For this, it is necessary to introduce systematically relevant topics into the 
educational process of architects. The public education system is slowly responding to 
the challenges of the time, BIM technologies at universities at the level of educational 
standards and new educational programs are just beginning to be implemented at some 
universities. Therefore, it seems important to find ways to quickly introduce innovative 
technologies into the educational process in order to receive specialists who meet modern 
requirements. 

Next, we will briefly present the essence of HBIM technology, and then we will 
present our experience in BIM modeling of historical buildings: we will show a practice-
oriented methodology for teaching new technologies and some HBIM projects com-
pleted by students of the Applied Informatics in Architecture program at the Ural State 
University of Architecture and Art. 

2 HBIM Technology 

HBIM technology over the past decade has become increasingly widespread in the world. 
In the Google Scholar search engine, more than 1200 articles on this topic are identified 
in 2022 and 2023 alone, and 4400 in all time. There are a lot of individual case studies, 
as well as summaries on methods, tools and software. Thus, in a systematic review of 
the literature [8], based on about 200 primary studies, a modern HBIM workflow was 
elaborated, and possible difficulties that may be encountered are given. It has been sug-
gested that HBIM will replace the traditional survey and restoration process in the near 
future. The review [9] noted the integration of HBIM with such innovative technologies 
as virtual and augmented reality (VR / AR), artificial intelligence (AI) methods and 
identified the potential of HBIM in these areas. In [10] it is described how an ontology 
of a digital model of a heritage object is formed as a digital twin, which includes not 
only a graphical 3D representation of the object, but also all information related to it in 
the form of a knowledge graph. 

From the point of view of the geography of HBIM distribution, the study [11] noted 
many European countries, it is shown that this topic is most actively developed in Italy 
and the UK. In Russia, academic research on heritage information modeling is beginning 
to become more widespread. For example, a wide range of such studies is presented in 
the review [12], which covers more than 50 references. Here, in particular, links are given 
to the works of the Department of Historical Informatics of Moscow State University 
named for M.V. Lomonosov, Novosibirsk State University of Architecture and Civil 
Engineering (Sibstrin), Ural State University of Architecture and Art. We also note 
here the work of the Department of Architecture and Urbanism of the Perm National 
Research Polytechnic University on the development of methods and tools for digital 
documentation of historical objects [13].
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Further in this section, the essence of HBIM will be briefly introduced, some typical 
examples will be given. Promising areas of application of this technology collected from 
many sources will also be listed. 

2.1 The Essence of HBIM, Some Examples 

The term HBIM was introduced in 2007 in an article [14] as BIM, whose parametric 
rules can be derived from “architectural pattern books of the eighteenth century”. Papers 
[14, 15] describe the HBIM process, which starts with remote data collection using a 
ground-based laser scanner in combination with digital cameras, then uses a series of 
computer programs to combine images and scanned data. Parametric objects for his-
torical buildings are unique and usually have complex, irregular shapes, which requires 
additional processing in computer programs to build unique parametric elements. The 
model is also saturated with the results of measurements and field studies, as well as 
historical documentation. 

The non-profit organization Historic England published the book in 2017 [16], which 
reveals the essence of information modeling and provides examples of its application for 
a large number of heritage sites, highlights their features and the diversity of BIM model-
ing goals: preventive maintenance, conservation, adaptive reuse, heritage management, 
research and excursion and educational activities, etc. Here are some examples from 
the source [16], for every one the visualization is presented and the goals and results of 
modeling are described: the Waverley railway station in Edinburgh, the Woodseat Hall 
mansion, the East Club in the Stratford House mansion near Oxford Street in London, 
etc. The technology of embedding unique building decor elements into the BIM model is 
also shown using examples. The scanned element on the facade of the building was built 
as a Mesh model, processed in the CloudCompare, MeshLab and 3ds Max programs 
and then imported into the Revit family as an object that is geometrically correct in size 
and location, which looks correct when rendered and reflected in the documentation. 

2.2 Applications for HBIM 

The variety of architectural heritage objects and their condition determines the variety 
of goals that HBIM can support, thereby determining the possibilities and benefits of 
this technology. Next we note some of them found in papers [2, 5, 10, 16–19]. 

The information model of an architectural heritage object allows:

● to monitor the state of the object and subsequent preventive maintenance;
● develop an optimal plan for the conservation of the object or adaptation for reuse;
● carry out reconstruction with simultaneous maintenance of construction documen-

tation indicating information about each element of the building: material, color, 
structure, strength, dimensions, features;

● perform cataloging and computer certification of the object, being the source of a 
detailed element-by-element representation of the object;

● link historical documents to the object (links to Internet sources, adding text 
and graphic documents to the model), combining the geometric and physical 
characteristics of the object and digitized documentary and historical evidence;
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● to form a library of architectural elements of the past that can be used in modern 
construction;

● to be a virtual interactive exhibit of a modern museum, contributing to excursion and 
educational activities;

● to be a model for teaching students;
● to be a model for testing scientific hypotheses and to conduct a comprehensive 

analysis, taking into account the historical context;
● to save and structure information about the climatic factors of the construction area, 

the historical context, the cultural landscape;
● to ensure measures aimed at protecting and preserving the cultural heritage site and 

to preserve the local culture and identity. 

3 HBIM in the Educational Process of Universities 

BIM technologies are necessary for a modern architect, the relevance of teaching BIM 
technologies at universities is determined by the growing demand for specialists with 
relevant competencies in a new dynamically developing digital environment. 

Recently, the topic of teaching HBIM in architectural universities is becoming more 
widespread [19–21]. There are degree courses with specific addresses in “Conserva-
tion of Architectural and Environmental Heritage” [22]. Students acquire skills in the 
field of knowledge, protection, conservation, reuse and enhancement of architectural 
and environmental heritage. They studied modern instruments and tools for collect-
ing and managing data, from on-field survey to sharing projects and ideas and project 
management in general. 

3.1 Interdisciplinary Education for Work with Heritage 

The set of specialists involved in the work for preserving historical buildings is quite wide 
and is represented by specialists in related fields. Their competencies differ depending 
on the tasks solved at different stages. Along with specialization in certain areas, it 
is necessary to form an interdisciplinary holistic vision of all interrelated issues when 
teaching future architects. The example of such integrative approach is presented in [23], 
where heritage education is seen as a synthesis of six dimensions: the urban heritage 
as preserved history; as a geographical context; heritage as an architectural project in 
the new surrounding development; heritage in its cultural dimension, conveying the 
traditions and social life of past communities; adaptive reuse designs with sustainability 
and green architecture in mind; urban heritage as a meaningful sense of place. 

In the interdisciplinary educational program “Applied Informatics in Architecture” 
(the only one in Russia, existed at the Ural State University of Architecture and Arts from 
2001 to 2018), the skills of applying information technologies in the design of objects 
of cultural and historical heritage were formed. The study of BIM, and at the same time 
the humanities, such as the history of architecture, called the interest of students in the 
virtual reproduction of heritage objects. Most HBIM projects were developed as final 
graduate work. In our case, HBIM was a hindsight tool.
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3.2 Examples of HBIM Models in the Educational Program “Applied Informatics 
in Architecture “ 

Figure 1 shows the information model of the first city theater built in Yekaterinburg in 
1845–1847 according to the project of the architect of the Ural Mining Administration 
K.G. Tursky. This is the first specialized theater building in the Urals, which for a long 
time was the main theater in Yekaterinburg. The building was repeatedly rebuilt during 
the time and has survived to this day in a distorted form. The HBIM model reflects the 
original appearance of the building, which is of aesthetic and cultural-historical value. 

Fig. 1 3D reconstruction of the first city theater in Yekaterinburg built in 1845–1847 and the 
building plan of 1845 

3D reconstruction was carried out in the BIM software: Renga and Autodesk Revit 
in order to compare these programs and identify the advantages and disadvantages of 
each. The building plan of 1845 and a photograph of the 1880s were the initial data. The 
plan of the current building was used as reference material. The original drawings have 
been scaled to fit the remaining elements in the existing building. The scanned plans 
were used as a substrate for drawing the base plan in AutoCAD and importing it into 
BIM programs. 

The following two examples are 3D reconstructions of historical and architectural 
heritage of constructivism of federal significance in Yekaterinburg: The House for Offi-
cers, built in the period 1932–1941 (Fig. 2) and the Dzerzhinsky House of Culture, built 
in 1931, where the local history museum is now located. The work was carried out in 
the Russian BIM software Renga.

To carry out work on modeling and prototyping of the Dzerzhinsky House of Culture 
(Fig. 3), the archive of the Museum of Architecture and Design of the Ural State Archi-
tectural and Art University provided drawings, photographs, a technical passport and 
documents of the 30 s. The complexity of the work was that the original drawings did 
not contain dimensions, only the total size of the building was known from the technical 
passport—72 × 35 m. To obtain the remaining dimensions, the Corel Draw program 
was used. The drawings of each floor were loaded and outlined and the dimensions were 
set.

For the interests of the museum, the solid 3D model of the building was further 
carried out, which ensured the exact transfer of the object from the drawings to the real 
space. The solid 3D model was glued by hand from drawings obtained in BIM-model 
and cut out on a plotter. This technology of computer-aided design of solid 3D models of 
historic buildings based on BIM can be useful for the formation of museum collections.
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Fig. 2 3D reconstruction of the heritage of constructivism: The House for Officers (1932–1941)

Fig. 3 Dzerzhinsky House of Culture: photo of the 30 s and BIM-model in Renga software

When working with informatics-architects students, a number of projects on heritage 
information modeling were implemented. Thanks to the study of modern IT technolo-
gies, along with the direct use of BIM programs (Revit, Civil3D, InfraWorks, etc.), 
interactive 3D projects were implemented in game engines (Unreal Engine, Unity) for 
the implementation of virtual reality, such as shown in Fig. 4.

The educational program should quickly respond to the emergence of new tools, it is 
necessary to add new topics to the course programs. For teaching, it is useful to involve 
representatives of IT companies. Also, companies willingly accept students for practice, 
thereby educating their future employees. 

One of the key points in the implementation of a modern educational program is the 
interaction of educational departments with the mostly developed in BIM IT companies. 

We can say that we have formed a practice-oriented methodology for teaching 
BIM as a basis for working with heritage objects. The methodology allows develop-
ing both technical and managerial and communicative competencies. Here are some of 
the components of this technique:

● introduction of new sections in the computer-aided design disciplines;
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Fig. 4 The plan of Yekaterinburg fortress (1726) and screenshot of its interactive 3D reconstruc-
tion

● master classes with the participation of companies that have implemented BIM and 
BIM software suppliers;

● excursions in the companies, as well as on construction sites;
● conferences and round tables with the participation of students;
● participation of students in competitions of various levels;
● virtual tours projects of any complexity and remoteness;
● interactive sessions to discuss topics including the world’s best examples of 

architecture and preservation of cultural and historical heritage. 

4 Conclusion 

Information modeling of historic buildings is an urgent need of our time. In order to be 
able to restore the masterpieces of world architecture in case of their destruction, the 
heritage must be digitized. The number of historical objects requiring reconstruction or 
restoration is steadily increasing over the time. Specialists from various fields working 
in heritage projects often do not know new modern technologies. Therefore, one of 
the most important tasks of architectural education is the formation of interdisciplinary 
approaches based on new information technologies. 

Building information modeling is fundamentally changing the architecture, engi-
neering, and construction industries and therefore influence the requirements for the 
educational process. Changes are needed in the curricula and programs of academic 
disciplines; the development of new educational programs is also necessary. 

Understanding the principles of information modeling and mastering the technolo-
gies of building models will allow future architects to work competently and carefully 
with heritage objects. 
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Abstract. This paper considers issues of information and technological support 
for strategic urban planning. These include goal-setting, forecasting, design, and 
the effective development of spatial urbanization based on the synergy of modern 
urban planning theory and the emerging scientific foundations of artificial urban 
intelligence. The paper proposes a variation of the theoretical model of “smart 
urban planning”, including the structure of the rationale and principles, as well 
as the basic information technologies and methods corresponding to these prin-
ciples. Within this variant, a mechanism is proposed for the introduction of a 
“cyberphysical urban planning system”, an urban information platform, a “dig-
ital twin”, and a “town planning system for self-monitoring”. This mechanism 
takes into account the need for introducing artificial intelligence to urban plan-
ning in order to provide solutions to the problems of smart Big Data collection, the 
smart introduction of scientific and technological knowledge, smart analysis and 
systematization of Big Data, smart forecasting, modeling, and design, the smart 
integration of successful global practices, smart control for implementation, smart 
transformation and modernization, and self-organization in decision-making. The 
paper also establishes dialectical contradictions and threats connected with the 
issues of goal setting, planning, design, and implementation of the development 
of the spatial object of urbanization. They are presented in the form of a structure 
of principles of dialectical unity of goal formation, goal structuring, development 
and self-development, global and regional specialization and cooperation, unity 
of construction and measurability, and unity of management. 

Keywords: Smart urban planning · Theoretical model · Regularities · Principles 

1 Introduction 

In modern urban development, the mechanisms of strategic urban planning (SUP) are 
based on the methodological provisions of modern systems theory and urban planning 
theory. At the same time, the new domain of “smart” technologies is starting to offer an 
interdisciplinary approach applicable to different field of socio-economic and urban and 
regional planning (including social and environmental) [1]. By analogy, the concept of 
“systems” has become a basis for the scientific research.
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The relatively new concept of smart specialization focuses on the SUP of any spa-
tial urban object. This is due to the effective concentration of scientific, material, and 
investment resources in its unique features, considered as competitive advantages in 
terms of adaptation to the global economy [2, 3]. It is currently being used in more 
than 130 regions and states of Europe [4] for the development of strategies for eco-
nomic, innovative, and urban development. Smart specialization is recommended by the 
European Commission for use in all territories of the European Union. The existence 
of an approved Smart Specialization Strategy (Regional Research and Innovation Strat-
egy for Smart Specialization—RIS3) is a requirement for funding regional development 
programs from the European Union Development Fund [5]. 

Accordingly, a smart city and a smart region is considered as part of a higher-
level settlement system which effectively develops a system of knowledge and com-
petencies based on its unique territorial-organizational, socio-economic, innovative-
infrastructural, territorial-planning, architectural-planning and innovative features [6– 
9]. 

This development is directly related to the organization of economic, socio-cultural, 
ecological and other partnerships in the relationships between spatial urban objects, in 
the structure of higher-ranking urban planning systems (subsystems, clusters) and within 
the system itself [10, 11]. 

Globalization has given the SUP of urban planning systems a special role in urban-
ization, taking into account socio-economic, landscape, ecological, natural, and climatic 
integration and communication, and to resolving relevant problems, crises, and threats. 
The aim is to ensure the relations among socio-economic macro-regions, “world cities”, 
and transnational and transcontinental structures, as well as the interaction between the 
natural-ecological, anthropogenic environment and humanity [12, 13]. There has also 
been a rapid increase in the unpredictability of the SUP of urban systems, and this is 
directly reflected in the emergence of a significant number of new methods, mechanisms, 
and approaches to SUP of an urban object as a complex system. 

There is also a rapid progression in the unpredictability of urban planning systems and 
this is directly reflected in the emergence of a significant number of new methods, mech-
anisms, and approaches to urban planning as a complex system. Such methods, mech-
anisms, and approaches include planning for sustainable and inclusive development, 
strategic, predictive probabilistic, implementing, institutional, participatory, initiative 
planning, as well as other types of urban planning [2, 14–18]. 

This situation requires a unique individual system of SUP for the progressive devel-
opment of a spatial urban object, based on advanced information and communication, 
other digital and intellectual technologies, the effective use of accumulated scientific, 
technological knowledge and achievements in spatial transformation and modernization 
[19–24]. Therefore, it is difficult to overestimate the role of the integration of AI, Big 
Data, and digital twins in SUP for innovative and spatial development. 

An effective mechanism of SUP for the development of a large urban planning 
system, necessitates the introduction of intelligent infrastructure to automate the mon-
itoring and systematization of Big Data, communications, intelligent analysis, model-
ing and design, and the automated control of implementation and self-organization in 
decision-making (data-driven decision-making systems).
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Taking the above into account, the scientific foundations of “smart urban planning” 
should be established to form a synergy of the methodology of modern SUP with the 
emerging foundations of urban AI [25–28]. 

The main purpose of this study is to develop a theoretical model for smart urban 
planning, consisting of principles and the basic information technologies and methods 
corresponding to these principles. According to the data above, such a structure needs to 
take into account the dialectical contradictions and threats related to the SUP of spatial 
urban objects. 

2 Foundation: The Theoretical Model of “Smart Urban Planning” 

Based on the synergy of modern SUP and urban AI, the present work proposes a structure 
of the laws and principles of smart urban planning for the development of complex urban 
planning systems. Four groups of rationale can be established: smart goal setting; smart 
forecasting; smart design; and smart implementation. Each of these four groups contains 
the principles of digitalization—integration, implementation, and automation. 

The principles of digitalization are connected with the integration of Big Data, digital 
twins, and AI into the innovative and spatial development of the urban planning system 
at all levels of the forecasting, planning, design, and management of the urban planning 
system. They are based on the necessity and possibility of introducing advanced infor-
mation and communication, other digital and intelligent technologies, as well as on the 
effective use of the Internet of Things, accumulated scientific and technological knowl-
edge, and achievements in spatial transformation and modernization. These principles 
also take into account the availability of appropriate technological infrastructure, human 
capital, and internet literacy, access to infrastructure, including institutional regulation, 
and inclusion in the technology market. 

The rationales of smart goal setting for the development of urbanization ensure 
the dialectical unity in goal formation and goal structuring. They can be seen in the 
principles of the balance of (1) stages and uniformity; (2) realism and idealization; (3) 
complexity and autonomy; (4) controllability and self-determination; (5) conformity and 
individuality; and (6) the goals. 

The implementation of these rationales and principles is by introducing a “cyber-
physical urban planning system” into the goal-setting process as a complex distribution 
system of the interconnections of the computational and physical elements (resources) 
of an urbanized object. It constantly receives data from the environment (via the Inter-
net of Things) and uses them to further optimize the processes of urban planning and 
management of the development of a city or region. 

The balance of stages and uniformity is associated with the establishment of planning 
goals based on the stages of development of spatial systems: transitional, homeostatic, 
and coevolutionary. The goals of the co-evolutionary stage are aimed at harmonizing the 
interaction of society and nature in the movement towards the noosphere (according to 
V.I. Vernadsky). 

This principle takes into account the planning and the changing cycles of urban 
development, including the cycles of the quantitative territorial growth (extensive 
phase) and the qualitative development (intensive phase) of the architectural and spatial 
environment.
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The balance of realism and idealization is linked to the dependence of goals on the 
stage of cognition of the object, as well as on the time perspective of planning. The long-
term goal is an ideal achieved by consistent realistic decisions related to the order of 
the implementation of strategies, methodologies, programs, and projects. The main goal 
of the spatial development of the urban planning system should be the harmonization 
of architectural and planning by means of the joint development of people, nature, and 
architecture. This also needs to take into account the consistency and compromise of 
global, regional, and local solutions and to highlight the tasks of ensuring a healthy 
and safe environment, social security, reproduction of people and nature, the rational 
use of the environment and resource conservation in the interests of present and future 
generations. 

The balance of complexity and autonomy considers the balance of external influences 
and internal factors in order to effectively develop an urban object. Such development 
is based on the features and objectives of the system at a higher level. The goals of 
architectural and planning development must comply with the requirements of applicable 
laws and regulatory documentation, international, federal, regional and local norms 
and regulations, and national security requirements. They must be coordinated with 
previously developed proposals, plans and programs for the strategic socio-economic, 
urban planning, historical, cultural, environmental, and ecological development of the 
territory. 

The balance of controllability and self-determination is associated with the effect of 
the objectives of the urban planning systems above the hierarchical level, when compared 
with the objectives of the underlying ones. It is also closely linked to the awareness and 
acceptance of the motivational features of the overlying urban planning system such 
as will, self-determination, and freedom of choice of the planning for the object under 
consideration. 

The balance of conformity and individuality requires the use of tree-like, matrix, 
or network forms of representation of the objectives which correspond to the stages of 
cognition. 

The balance of goals is based on the structure of the goals for the effective devel-
opment of the urban planning system. It takes into account the balance of global, state, 
regional, and local interests, economic and environmental goals, functional and aesthetic 
goals, and the goals of continuity and innovative development in urban planning, as well 
as the prioritization of these goals. 

The rationales of smart forecasting include the principles of dialectical unity for the 
development and self–development, both global and regional. These are the principles 
of the balance of (1) management and self-organization; (2) economy and ecology; (3) 
innovation and traditions; (4) sustainability, in order to identify and take into account 
the interests of the regional population and future generations; (5) inclusiveness and 
exclusivity; and (6) communicative integrality and alienation. 

The implementation of the rationales and principles of smart forecasting is asso-
ciated with the introduction of an “urban information platform”, considered as an AI 
platform for managing databases of big spatial data with the functions of automated 
information and analytical support for the exercise of powers of property and urban 
planning, including social and environmental activities. The characteristics of such a
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platform are smart forecasting, the smart analysis of Big Data, and the smart processing 
and systematization of this data. 

The balance of management and self-organization is associated with the acceptance 
of compromise in the management and self-organization of the planning object as a 
complex urban planning system characterized by stochasticity and non-deterministic 
behavior, and is based on the variability, alternativeness, and probabilistic nature of 
planning decisions. 

This principle takes into account the need to understand the compromises between 
the directive management of urban development and the natural self-development of 
the spatial system, and the role of management processes in matters of strategic urban 
planning. 

The balancing of economic and environmental decisions is aimed at ensuring envi-
ronmental and technological safety, resource conservation, and ensuring the reproduc-
tion of the ecological environment. It is connected with the balance of solutions between 
the natural environment (including geological, morphological, and general climatic fea-
tures), the anthropogenic environment, and humanity (with its various forms of com-
munity and communication), while ensuring the interaction and interdependence of the 
natural and anthropogenic environment and humanity, as well as with the greening of 
the architectural and spatial system by means of engineering. It focuses on the internal 
socio-ecological conditionality which determines the ecological priority in the forma-
tion of economic, functional, urban, historical, cultural, and aesthetic frameworks and 
structures of the planning object. 

The balance of innovation and traditions is associated with the traditions of urban 
culture. It defines the study and modeling of the spatial urban object as an object of 
urban art and urban culture; the development of ideas about the beauty and aesthetic 
expressiveness of the architectural and spatial environment; measures to protect historical 
and cultural monuments; and the identification and use the unique features of the spatial 
system as a special resource. 

The balance of sustainability is associated with the establishment of a balance of 
interests of the present population of the territory and the comfort and safety of future 
generations. It also takes into account the possible damage and conditions for its repair 
for these future generations. This principle takes into account three types of possible 
damage to sustainable development: economic, social, and environmental. The balance 
of sustainability determines the trade-offs between the interests of the regional level 
with the 17 global goals adopted at the 2015 United Nations Summit on Sustainable 
Development. 

The priorities of spatial planning for the sustainable development of the urban plan-
ning system include ensuring a sustainable balance between the infrastructural, ecolog-
ical, socio-economic, functional-economic, historical-cultural, and aesthetic well-being 
of the territory. Other objectives include a sustainable balance between urban planning 
and engineering solutions; a balance of economic and environmental processes; the 
coordinated development of territories at various levels; and the rational use of natural 
resources in the interests of present and future generations.
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The balance of inclusiveness and exclusivity is aimed at ensuring the creation of equal 
social, legal, and other conditions with different socio-economic opportunities for differ-
ent groups of the population. For example, the introduction and promotion of different 
classes and categories of housing for consumers with different purchasing capabilities. 
This is connected with an awareness of the resources which allow an improvement in 
the quality of life and ensuring equal opportunities for all groups of the population. 
This principle is directly related to the international rules of inclusive growth: Economic 
development, Standard of Living, and Inequality [29]. 

This balance of inclusivity and exclusivity is also characterized by the priority of 
interests of the local residents in relation to the external population, where these resi-
dents are bearers of unique cultural skills, knowledge, and competencies. They are both 
competitive and predominant factors. 

The balance of communicative integrality and alienation takes into account the vari-
ety of contradictory interdependencies of the planning object in global urban and infras-
tructural communication. This principle is aimed at integrating the spatial object of 
planning into the global system of interaction of socio-economic macro-regions, world 
cities, and transcontinental links, as well as resolving possible conflicts and threats 
associated with these processes. This principle is characterized by interests of national 
security. 

The rationales of smart design are revealed in the principles of dialectical unity of 
specialization and cooperation, unity in construction and measurability. These are the 
principles of the balance of (1) uniqueness and universality; (2) partnership and compe-
tition; (3) structuring and amorphousness; (4) hierarchy and equivalence; (5) diversity 
and homogeneity; (6) dynamism and staticism; (7) integrity and fragmentation; (8) being 
open and being enclosed; (9) accessibility and autonomy; (10) attraction and rejection; 
(11) rationing and personalization; and (12) optimization and harmonization. 

This group of principles is connected with the establishment of a balance of priorities 
between the unique features of an urban development, in terms of its competitive advan-
tages and partner relationships, and with the establishment of quantitative indicators of 
the quality of the urban environment. In this study, the design state for the estimated 
period is considered as standard, and in the forecast as optimal and harmonious. 

The rationales of smart design are directly related to the introduction of digital 
twins. This is an interactive digital model of an urban development object embedded in 
its planning and management system. It is based on a comprehensive analytical urban 
information computer platform whose main objectives are smart modeling, smart design, 
and the smart integration of successful practices. 

The balance of uniqueness and universality is based on the effective concentration 
of scientific, material, and investment resources in the unique features of the spatial 
planning object. These factors are considered competitive advantages in terms of the 
object’s adaptation to the global economy. The uniqueness of urban planning resources 
is determined by the identification and development of the unique features of historical, 
cultural, natural, functional, economic, communication, innovative, and aesthetic char-
acter, as the spatial potential of the development of the territories under consideration, as 
well as the formation of appropriate urban planning frameworks based on these features. 
This principle is connected with the awareness of the use of the priorities described
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above and the application of the best international practices as universal mechanisms of 
SUP in resolving the issues of a specific territory. 

The balance of partnership relations and competition is based on the understanding of 
the need, or lack of such, to establish interstate, macro-regional, and local administrative-
legal, socio-economic, natural-climatic, natural-geographical, historical, cultural, and 
other relationships and the corresponding areas of joint interest. 

There are several levels of significance for territories of joint interest and partnerships: 
interstate; state; inter-macro-regional; macro-regional; and local. According to these 
levels, the types of possible competition are determined by one or another party using 
this resource as an initiative advantage. 

The balance of structuring and amorphousness is aimed at zoning the territory of 
the urban planning system; the identification of subsystems, stable zones, elements, and 
connections; the identification of the most significant objects of capital construction; 
and the formation of the structures and frameworks of spatial development. In order to 
implement this principle, methods are used to identify and model stable and change-
able elements and connections; significant capital construction projects; the construc-
tion of ecological, economic, functional (urbanized), historical, cultural and aesthetic 
frameworks; ecological and urban planning; economic and urban planning; functional 
planning; and the historical, cultural and aesthetic zoning of the territory as necessary 
conditions for the effective development of the architectural and spatial system. 

The balance of hierarchy and equivalence is aimed at controlling the effects of over-
lying urban planning systems at higher level in comparison with the underlying ones, as 
well as influencing the underlying systems on the overlying ones. It is connected with the 
hierarchy of structures and frameworks of the urban planning system, its zones, elements, 
connections, and the distribution of major and minor capital construction projects. This 
principle defines the establishment of a hierarchy of: urban planning systems and their 
subsystems; ecological, economic, functional (urbanized), historical, cultural, and aes-
thetic structures of architectural and spatial systems; their zones, elements, connections, 
and capital construction objects; and modeling taking into account their dependence and 
subordination. 

The balance of diversity and uniformity establishes the presence of functional-
planning, ecological, and other heterogeneities of the territories in the architectural-
planning system. This principle is connected with the identification and development of 
various hierarchical and morphological subsystems of the design object. This includes: 
its ecological, economic, functional, historical, cultural, and aesthetic structures and 
frameworks; their zones, elements, and connections; the diversity of capital construc-
tion objects; and the use of typology and the development of diversity as a necessary 
condition for the effective development of the object under consideration. 

The balance of the dynamism and static nature of the main structures 
(administrative-legal, socio-economic, environmental, natural-geographical, socio-
cultural and historical-cultural) and elements of the urban planning system. This principle 
is aimed at the growth, adaptability, and transformation of the architectural and planning 
system, as a reaction to external disturbing influences and internal processes. 

The balance of integrity and fragmentation concerns the functional urbanized and 
natural-ecological zones and structures of the urban planning system. This principle



310 V. Y. Spiridonov et al.

establishes the internal connectivity of subsystems, structures and frameworks of the 
urban planning system; its zones, elements, and the most significant objects of capi-
tal construction, as well as the interaction of the system with adjacent systems. The 
methods of implementing this principle are the spatial consistency of the structures and 
frameworks of the system under consideration with the structures and frameworks of the 
systems overlying the hierarchy; ensuring the functional and compositional connectivity 
of the elements of the architectural and planning system itself; and the identification and 
modeling of zones and areas of influence of the elements in the system. 

The balance of being open and being enclosed is associated with ensuring the flexibil-
ity of the urban planning system by the open or enclosed nature of ecological, economic, 
functional, historical, cultural, and aesthetic structures and frameworks of a spatial urban-
ized object and its modeling, taking into account architectural and planning continuity 
and modernization. 

The balance of accessibility and autonomy or barrier determines the regulatory, 
socio-cultural and other forms of differentiation and relative independence of various 
social forms expressed in spatial activities. 

The balance of attraction and rejection or delaying of socio-economic and urbaniza-
tion activities is associated with the preservation of the integrity of the urban planning 
system in conditions of internal competition. 

The balance of rationing and personalization of the urban planning system determines 
the measurability and efficiency of the projected state of the architectural and planning 
environment based on its compliance with the requirements of regulatory documenta-
tion. The methods are the balance of design solutions based on the requirements of norms 
and standards. These take into account the threshold indicators of the development of 
the urban planning system. Such documentation should include international norms and 
standards and an index assessment of sustainable and inclusive development; interna-
tional, state, and regional norms and standards and indexes of urban planning design 
(including smart cities and smart regions); and standards of urban planning design at all 
levels. 

The optimization of an urban-planning object establishes the measurability and effi-
ciency of the projected state of its architectural and planning environment based on the 
identification and consideration of local characteristics and development strategies of 
specific territories. 

The principle of harmonization establishes the measurability and efficiency of the 
projected state of the architectural and planning environment of a spatial urbanized 
object, based on compositional orderliness, and in strategic terms the compositional unity 
of the natural and architectural-spatial environments. Compositional orderliness is char-
acterized by artistic and figurative content, the morphological integrity and expressive-
ness of the architectural and planning system. The compositional unity of the natural and 
architectural-spatial environment is aimed at ensuring the co-evolutionary harmonious 
development of people, nature, and architecture. 

The composition of the architectural and planning system is largely determined 
by the development of urban culture, urban tradition, and urban art. Urban culture is 
understood as the general artistic and aesthetic level of urban planning. Urban tradition 
is the continuity of urban objects, while urban art is architectural creativity, consisting
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of the ability of architects and urban planners to create planning and spatial stylistic 
compositions of urban objects with the involvement of elements of the natural landscape. 
The harmonization of the architectural and planning system include the identification 
and modeling of conceptual, morphological, sign, and information structures of such a 
system, as well as the synthesis of natural and urbanized landscapes. 

The rationales of the smart implementation of the development of the urban planning 
system are established by the principles of dialectical unity in management: (1) the 
balance of the implementation and regional interests; (2) the balance of strategic and 
tactical management; (3) the balance of institutionality and private interests; (4) the 
balance of regulation and self-determination; (5) the balance of participation and state 
interests; and (6) the balance of controllability and self-management. 

The implementation of these rationales and principles is characterized by the intro-
duction into the urban information platform of an “urban implementation monitoring 
system”. This system will ensure the processes of smart control, smart transformation 
and modernization, and smart self-organization in decision-making. 

The balance of implementation and regional interests will establish the requirements 
for the implementation of international obligations at the domestic, including at the 
regional and local levels, while maintaining internal regional needs and priorities. 

The balance of strategic and tactical management establishes the need for the inter-
related development of urban planning documents and strategic plans for the spatial 
development of the architectural planning system and the corresponding programs and 
implementation projects. This principle is also associated with the possibility of changes 
in urban planning documents and strategic spatial development plans when required by 
the state. 

The balance of institutionality and private interests is conditioned by the need to 
take into account the existing spatial institutions as processes of social consolidation for 
individual territories with the subjects and objects of certain functions. This principle 
takes into account the development of spatial institutions with their social norms, rules, 
and restrictions. 

The balance of regulation and self-determination is associated with the formation 
of rules for the use of territories based on documents regarding urban planning, the 
historical-cultural context, the environmental, and ecological zoning. Zoning docu-
ments are considered to be flexible documents of urban planning regulation, allowing 
appropriate deviations from the established regulations. 

The balance of participation and state interests is connected with the interests of 
residents, businesses, and scientific and public institutions, as well as with ensuring the 
formation of a comfortable, safe, and well-maintained living environment within the 
development of the urban planning system. This principle also takes into account the 
priority of state issues and objectives. 

The balance of controllability and self-management establishes the need to monitor 
the implementation of design solutions, analyze and evaluate the effectiveness of their 
results, as well as to adjust the proposals of project documentation, including the revision 
of the development objectives of the architectural and planning system.
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3 Conclusion 

This study proposes a variation of the theoretical model of smart urban planning, as rep-
resented by the system of goal-setting–forecasting–design–implementation. It is based 
on the synergy of the methodology of modern SUP and the emerging scientific founda-
tions of urban AI. This version of the theoretical model consists of the principles and the 
basic information technologies and methods which correspond to these principles. The 
study also defines the mechanism for implementing the cyberphysical urban planning 
system, the urban information platform, the digital twin, and the urban planning system 
of self-monitoring. 

The rationales of smart goal-setting are established in the balance of (1) stages and 
uniformity; (2) realism and idealization; (3) complexity and autonomy; (4) controllabil-
ity and self-determination; (5) conformity and individuality; and (6) the domination of 
goals. The regularities of smart forecasting are determined by the principles of the bal-
ance of (1) management and self-organization; (2) economy and ecology; (3) innovation 
and traditions; (4) sustainability in order to identify and take into account the interests of 
the regional population and future generations; (5) inclusiveness and exclusivity; and (6) 
communicative integrality and alienation. The rationales of smart design are established 
in the balance of (1) uniqueness and universality; (2) partnership and competition; (3) 
structuring and amorphousness; (4) hierarchy and equivalence; (5) diversity and homo-
geneity; (6) dynamism and staticism; (7) integrity and fragmentation; (8) being open 
and being enclosed; (9) accessibility and autonomy; (10) attraction and rejection; (11) 
rationing and personalization; and (12) optimization and harmonization. The rationales 
of smart implementation lie in the balance of (1) implementation and regional interests; 
(2) strategic and tactical management; (3) institutionality and private interests; (4) regu-
lation and self-determination; (5) participation and state interests; and (6) controllability 
and self-management. 
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Abstract. For multiple decades, people attempted, sometimes quite successfully, 
to set up unique city districts. These districts were mostly one-of-a-kind options 
for forming the urban environment. The general construction was centered around 
the high-rise districts matching the average urban environment comfort require-
ments. However, today these districts do not match the exiting residential standards 
and must be redeveloped and renewed to match the modern residential comfort 
concepts. Developing a blueprint of complex high-rise areas renovation require 
benchmarking against the international practices of the latest decades, actively 
investigating the renovation possibilities open for the city building concepts of the 
past. The article researches the national and foreign blueprint projects of high-rise 
districts. It also presents a methodology for the suggested blueprint projects of an 
urban micro-district renovation. 

Keywords: Renovation · Concept · Project · Microdistrict · Residential district · 
Multistory development · Urban planning 

1 Introduction 

The National Research University Moscow University of Civil Engineering fosters stu-
dent extracurricular research teams supervised by the university departments. The mem-
bers of the research team supervised by the Department of Soil Mechanics and Geotech-
nical Engineering were suggested solving a case aiming at urban district renovation 
involving the underground space based on any existing district. The research aims at 
developing a blueprint project of urban district renovation making use of underground 
space based on the best national and international practices.
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2 Research Problem 

The Russian urban planners took the idea of high-rise districts of apartment blocks from 
foreign practices, which were considered advanced at the time. However, this type of 
urban arrangement had never been analyzed against its prospects, the evolution of the 
quality of life and the needs of its residents over the following several decades [1]. 

Achieving the aim of the research requires solving the following tasks:

● Reviewing the USSR urban areas design basics. 
This is to use various research into the USSR urban planning history to analyze 

the basic urban planning principles and further identify the renovation focus areas, 
which will not prejudice the residents of such districts.

● Reviewing the foreign urban areas planning experience and practices.
● The residential high-rise areas began growing out of use in the 1970-s, followed by the 

emergence of the urban areas’ reconstruction concepts. Accounting for the mistakes 
made over the course of such renovation abroad shall minimize the financial losses 
of the national developers.

● Reviewing the current advance national and international urban environment renova-
tion practices. 

Designing a blueprint renovation project for major cities requires studing the best 
current national and international practices used to set up comfortable residential 
environment.

● Proposing a blueprint project for the renovation of an existing urban district based on 
the analyzed practices. 

No project aiming at creating a comfortable residential environment can ignore the 
development of the underground space [2]. It is due to that a complex urban district 
renovation solution is being reviewed and proposed herein. 

3 The USSR Urban Areas Design Basics in Respect to Their 
Rennovation 

Renovating urban areas and districts is the reorganization and redeveloping the func-
tions of such. As life spins, the society requires new, changed functional aspects, novel 
leasure activities and residential environment. Starting from the 1950-s over the history 
of the USSR all the basic area and micro-district zoning principles had been drawn. 
According to [3], in 1952 the residential districts, i.e. micro-districts were divided into 
quarters hosting the intra-block ring-ways. The houses were arranged in the groups of 
four adjacent buildings forming a quadrangle. This arrangement was called a close. The 
quarters consisted of 3 closes. Each close featured a public utility site and a playground. 
The quarter featured an additional area used for the recreation of adults, a flowerbed and 
a sportsground. The remaining areas were greened with trees. 

The industrial and public quarters and districts were zoned similarly. However, it was 
a change compared to the zoning used from the beginning of 1920-s, when a quarter could 
host adjacent residential, public, sports or industrial buildings. The industrial quarters 
were to be laid out to match the production cycles, meaning that the warehouses had to be
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located immediately by the site consuming the stored goods. For instance, the plywood 
and chipboard production sites were located by a furniture plant, etc. [4]. 

By 1966 the idea of the residential blocs zoning had changed, as new concepts of 
residential areas and commuter districts appeared [5]. Novye Cheremushki was one of 
such new districts, divided into quarters and designed according to the new concept [6]. 
Take quarter 9 as an example. The concept identified the zones for residential buildings. 
The number of apartments and the consequent number of possible residents were used 
to calculate how many kids the kindergartens built mandatorily in each quarter should 
have been able to accommodate. The quarter has 16 houses hosting 982 apartments in 
total. The school capacity, usually one per quarter, was also calculated. If no site for the 
school was available, a major study complex for several adjacent quarters was built [7]. 
The quarter project also featured sports grounds, playgrounds and resting sites, a splash 
pool, public utility sites, arbors, parking lots, and even a cinema. Over the 1960–1970s 
a great number of such quarters and areas were build across the cities of our country. 

Today the renovation features multiple residential buildings, micro-districts, dis-
tructs, and quarters redevelopment projects. A blueprint project for the renovation of 
quarter 9 in Novye Cheremushki has been developed [8]. This project has been devel-
oped around the decision to maintain the historical and cultural value of the sites. At 
the same time, some of the sites’ functions will have to be changed which, in its turn, 
would require changes of the construction project and space and layout design. The 
authors consider that this project will work to preserve the historical look of the quarter 
and create additional workplaces. This project also allows reclaiming the underground 
space. 

4 Basic Principles of Urban Areas Design Abroad 

Renovating urban areas and districts is the reorganization and redeveloping the functions 
of such. As life To facilitate the integrated development of poorly designed microdistricts 
or those with no concept as well as for the renovation of morally and physically out-
dated areas, one can appeal to international experience [9]. Judging by the international 
expertise, four environments for the formation of a foreign city can be distinguished:

● Downtown is a financial, cultural and administrative center of any foreign city. Geo-
graphically, it is not always a central part in terms of geometry. Most often, Downtown 
is located below the geometric city center as if at the bottom, and this is why it’s got 
such a name. Depending on the size of the city, the Downtown may consist of two or 
three buildings.

● Suburbs are located in the immediate vicinity of Downtown, as a rule, westwards 
and eastwards of the city center. In large cities, the Suburbs are also located from 
southward. As a rule, suburbs are one- and two-storey private houses, less frequently 
for two families, households. This part of the city is functionally similar to the Russian 
residential areas of the 1950s.

● Industrial area is a place where all the warehouses and production facilities of the 
city are located; oftentimes, shopping centers are also located there. Sometimes the 
industrial area is divided into two parts, the northern one, where production is con-
centrated, and the southern one (below Downtown or just outside the Suburbs), where 
the cultural and leisure facilities, sports facilities, nightclubs, etc. are situated.
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● Social area is an area where high-rise buildings dominate. This area is located in the 
north of any city and is intended for people with low income, the poor, etc. 

Each of the Suburban and Social districts has its own infrastructure (schools, hospitals, 
children institutions). In its turn, the suburbs can also be divided into microdistricts 
according to the price of real estate. At the same time, separate settlements are formed 
inside, to admit them, a special permission is necessary. If the first three district groups 
are not quite (maybe, except for a part of Industrial districts) suitable for the study of 
renovation of some functional residential areas, the Social group concept is very suitable 
for Soviet and Russian urban development. 

During the renovation and changing the functionality of urban areas, we are primarily 
interested in the foreign experience of the so-called tactical urbanism of the areas with 
high-rise buildings [10]. In the USA, for example, back in 1970 the authorities realized 
that building up a separate enclave consisting of people with social problems results in 
the degradation of society and crime growth [11]. 

As an example, this is the district of New York—the Bronx, one of its quarters is 
shown in Fig. 1. This photo was taken from the New York Times newspaper [12]. This 
quarter is visually similar to the dormitory district in any large city in the post-Soviet 
space. However, the problem of this area is the absence of any leisure facilities and 
a variety of sports grounds. Therefore, the districts of US cities where there are only 
high-rise residential buildings, are being renovated with a partial change of the functions 
adding industrial buildings with small-scale handicraft production, retail premises and 
offices, i.e. creating new jobs [13]. 

Fig. 1 A typical Bronx neighborhood 

However, the legislative part was still lagging behind since at that time the authorities 
often practiced compulsory purchase of real estate from private individuals. Under the 
guise of the economic development program in the district, the purchase of territories 
for development was conducted to attract investors. Ghettos were the first to be included 
in the program. Legislatively, such activities could be restricted only in 2012 because
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only in 42 of the 50 states, court cases were conducted back in 1954 in Washington and 
in 1984 in Hawaii, when 73% of the island real estate belonged to 22 owners [14]. 

The problem of renovation and redevelopment of residential areas is urgent not only 
in the USA, but also in other countries where there is a high-rise typical building. Another 
example may be seen in France [15] where there are so-called “priority areas”; these are 
districts whose development and subsequent financing is of the paramount importance 
relative to other areas. At the same time, priority areas can be located both within the 
city and in the suburbs. These are districts with low-rise buildings where housing is quite 
expensive and it is hard to be bought for people with low income, and social housing is 
not provided in priority areas. This division occured after the Marshal’s Plan declaration 
of 1945 when people began to divide their places of residence according to their income 
level. In the 1960s, following the declaration of independence from France for many of 
its colonies, a flow of emigrants from these colonies rushed into the country. This was 
the time the Marshal’s plan emerged again; high-rise houses were started to build for 
migrants in the poor districts. Due to the fact that the number of sites for new construction 
was limited, especially in cities such as Tours, Le Havre, Brest, Cergy, Saint-Quentin, 
Senart and others, the authorities began to seize yard spaces between the houses with the 
status of social housing for construction. The low-rise social houses were demolished 
for the construction of higher houses (9–16 floors) with social housing for low-income 
population strata and emigrants. A few years ago, the French government announced 
a “National Urban Renewal Program”, which finished in 2020. 50 billion euros have 
been allocated for the transformation of 600 such districts in the cities across France. 
This program was aimed at making social areas more secure due to crime reduction 
by creating new jobs in the districts, the renovation of districts with the creation of 
socio-cultural places of leisure and recreation, attracting people to the area for temporary 
migration to reduce social tension. As a result, the program actually was finished after the 
repainting and partial repair of houses with the allocated money. Journalists interviewed 
the residents of social districts with high-rise buildings where this renovation program 
was conducted, and 72% of the respondents reported about not only the crime rate being 
unchanged, but also significantly worsened social conflicts. Sometimes, under the guise 
of renovation, even those socio-cultural areas existing in the district were destroyed. 
With minor exceptions, playgrounds were made (Fig. 2).

Meanwhile, the program contained the items suggesting the demolition of a part of 
high-rise buildings to free up the territory for socio-cultural and commercial develop-
ment. But this was not actually done. The final report of the Accounting Chamber of 
France revealed that the main reason was that some municipalities spent only 0.1% of 
the estimated renovation budget. According to the explanations of some city leaders, this 
is because they “… do not see the point of changing anything if we can keep the old and 
renovate it …”. A technical problem of the renovation in the social districts of high-rise 
buildings in French cities consists in the absence of a comprehensive renovation solution. 
The project stipulated for the demolition and construction of even higher social houses, 
while the vacant place was designated for building some object indicated in the program 
as “at the discretion of municipalities”, i.e. no concepts for the development of districts 
were proposed to relieve social tension in ethnic enclaves.
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Fig. 2 An example of the renovation of a high-rise building in France under the national urban 
renewal program

5 Examples of a New Approach to the Design and Renovation 
of Urban Areas 

For large cities, in particular for Moscow, various design projects have been developed 
for renovation, conversion and reconstruction of former residential areas into modern 
ones due to the formation of cultural and leisure facilities [16]. Apparently, the study 
above indicates that it is necessary to renovate existing areas and form new areas in a 
universal way: it is necessary to live comfortably, work, relax and have fun in the district 
while children should have not only schools and preschool institutions, but also leisure 
facilities. 

As an example of the development and renovation of existing districts, as well as 
the creation of substantially new districts, consider the example of the city of Irkutsk 
[17], which has been actively being built recently. There are both old, already estab-
lished neighborhoods in the city, which are gradually being renovated and reconstructed 
(for example, Quarter 130), and new districts are being built. As an example, take the 
Raduzhny district, which began to be built back in the Soviet times but the construction 
continued already in the conditions when the living and construction requirements are 
governed not by the state but by private investors’ needs. The new districts are com-
pletely different. There is example of poorely designed districts, such as the Yershovsky 
district, where there are no conditions for pedestrian movement, there is no transport 
within the district, public transport is poorly developed as the district can only be reached 
by a minibus No. 68 k. There are no schools, kindergartens, polyclinics, sports, public 
and socio-cultural facilities in the district, there is an urgent need of convenience stores. 
There is a new Union microdistrict that has a better urban planning. It is located on the 
left bank of the Angara in the Sverdlovsk district, which has its own kindergarten, socio-
cultural, sports facilities and healthcare facilities. Unfortunately, the neighborhood does 
not have its own school, and transport communications have not been fully developed; 
however, the introduction of the Soyuz-Priority residential complex shall improve trans-
port accessibility. One of the newest and most interesting districts of Irkutsk, described
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by the researchers as “the area between a dormitory and a private suburb”, is the Berezovy 
microdistrict. This microdistrict is part of the Markov work settlement. Berezovy is built 
up mainly with three- and five-storey houses with a developed infrastructure. The only 
drawback of the neighborhood is a significant distance from transport communications 
and Irkutsk. 

It is also necessary to pay special attention to the development of underground space, 
and for this purpose, it is necessary to have a clearly stated program [18]. Generally, such 
programs allocate 3–5 directions in underground urbanization. The main ones in terms 
of the renovation of existing areas are transport facilities, engineering infrastructure and 
public facilities. During the renovation of the district, existing utilities and other engi-
neering infrastructure facilities are subject to renovation alongside with the construction 
of underground structures for public (social, commercial) purposes. First of all, it is nec-
essary to make parking lots from underground structures for transport purposes. It is also 
necessary to upgrade the transport accessibility of the micro-district. The underground 
system of the off-street transport copes with this problem perfectly. The station should 
be located directly in the area of the microdistrict. 

6 Blueprint Project of the Renovation in the Existing Areas 
with High-Rise Buildings 

Summing up the available domestic and foreign experiences, we can conclude that the 
design of the urban development plan of a district or microdistrict should be carried 
out within the future “life cycle” of the territory, which contributes to the most correct 
definition of the stage and direction of its development [19]. The most striking example 
of the implementation of the district life cycle concept is the USA where the districts 
are built for certain categories of people. For retired people, the availability of schools 
and kindergartens is not important, while for other categories of people such as young 
families, on the contrary, the availability of a school within walking distance as well as 
various sports and other leisure sections can be crucial [20]. After they stop having need 
ib educational, cultural, etc. institutions people move to another area mostly adapted for 
the retired. 

In our country, where the concept of a megapolis—a city with high-rise buildings— 
has long been established, it is necessary to provide all the necessary infrastructure for 
all age groups in the district, if possible. But it is not always possible to implement due 
to various conditions. For example, in a microdistrict located in the central part of a large 
city, it is almost impossible to organize a park for walking and recreation. Therefore, 
in the district where it is possible to organize recreation areas, sports grounds, cultural 
facilities, etc., it is necessary to stipulate that citizens from other areas will come to such 
a district as there is no such infrastructure in the place of their residence. 

However, it is possible only due to the transport accessibility of this multifunctional 
area. Transport accessibility should be both for personal motor transport and for public 
transport. It is quite logical that people living in the suburbs will go to the district by 
private vehicles to have recreation and entertainment at weekends. In turn, people living 
in the city itself, and especially in the city center, will go to a multifunctional district 
for recreation and cultural pastime on any day by public transport. At the same time,
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there should be no transfers between the transport types, and thus, the most suitable is 
an off-street transport system (metro, premetro). 

Theoretically, all of the aforementioned can be very attractive, but how one can 
actually attract people to come to the district for leisure? First of all, according to the 
authors of this article, there is a greater need for jobs in the district than in housing. The 
people living in this area will already visit the places of recreation and cultural leisure. 
For making people come to the district (especially if it is located on the border of a city 
and a suburb), it is necessary for them to know this area well. If a person works in some 
place, over time he or she will definitely learn the infrastructure of this area. Clearly, it is 
better to bring your family, loved ones, friends to a place where a person can definitely 
have some rest and cultural leisure. Thus, the inflow of people from the outside to the 
area will be ensured. 

Further, consider the blueprint project for the renovation of the existing area in the 
city. Once again, it is worth reminding that this plan is intended for a district that best 
fits the concept of a “multifunctional area” mentioned above. To do this, follow these 
steps:

● Analysis of the existing area in order to identify the existing transport accessibility 
(by road and off-street transport), ways of developing transport accessibility, existing 
development, urban zoning, the ways of renovation of housing, public and industrial 
stock.

● Analysis of the history of the district development to create its future image. One 
shall determine what objects cannot be located here. For example, Yakimanka used 
to be an industrial area with manufacturing facilities and factories, but today it is 
impossible. Based on the purpose of the building, it is possible to save and redesign 
some of them.

● Identification of the target audience for which it is necessary to renovate this area. 
It is necessary to divide the district residents into target groups “by age” and “by 
income”. At first, it is necessary to determine for which target group “by income” the 
renovation of the district will be conducted; next, one needs to define the infrastructure 
facilities designated only for the target group “by age” within a larger target group 
“by income”.

● Identify the target groups of visitors to the district on the same principle as described 
in paragraph 3.

● Defining the district priority object which would bear the greatest load of visitors’ 
attraction. If possible, this facility should meet the needs of all target groups.

● Identification of related objects required for various target groups.
● Identification of jobs to attract people to the district (number, type of activity, etc.).
● Comparison of numerical indicators to identify priority objects of future construction 

(passability per day and certain hours, statistics on workplaces and visitors to the 
facility).

● Possible options of architectural, landscape and structural solutions, their justification 
of both the main object and additional ones.

● Financial justification for the construction of the main facility as it will be the main 
place to attract an additional flow of people. Financial justification of auxiliary facil-
ities is also necessary as they will also attract their own target group. Sometimes 
auxiliary facilities can make up a significant percentage of the profit.
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● Drafting the life cycle of the main and auxiliary facilities to adjust the calculation 
of future profits and determining the payback period, taking into account a future 
renovation or demolition of facilities and possible area redevelopment. 

7 Conclusions 

Based on the results of this scientific study, the following conclusions can be drawn:

● Urban planning projects for the arrangement of microdistricts of cities with high-rise 
buildings in the USSR are considered.

● Various concepts for microdistrict design are currently considered in our country by 
various examples.

● The examples of designing areas with high-rise buildings abroad are considered.
● Various approaches to the renovation of areas with high-rise buildings in the USA 

and France are considered
● All approaches (domestic and foreign) to the renovation of existing areas with high-

rise buildings are analyzed.
● The authors propose a model for the methodology of a blueprint project for the 

comprehensive renovation of a microdistrict (district) with existing buildings. 
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Abstract. The article is devoted to the problem, which in the process of fur-
ther development of modern, especially large, cities, becomes more and more 
relevant—these are the issues of interaction of the historical context with mod-
ern architecture and innovations in the field of urban planning. Due to the fact 
that the city, being a complex and constantly developing socio-economic system, 
has a very important characteristic—its historical past, it is necessary to consider 
approaches and methods for integrating objects of modern architecture into the 
existing material and spatial environment of the city. This determined the purpose 
of this work—the study of methods for including newly built objects in the histor-
ical environment based on a contextual approach. The problems of synthesizing 
the old and the new, their optimal combination in terms of preserving the historical 
integrity of the development, taking into account legislation, regulatory require-
ments and modern technologies in this area, in the restoration or reconstruction 
of cultural heritage sites, including the inclusion of new buildings and the organi-
zation of public spaces. In the process of analyzing examples from architectural 
practice, the main methods of environmental adaptation and the role of new build-
ings in a specific historical context are identified. As a result of the study, a project 
proposal for the renovation of a quarter in the historical center of a large city is 
considered as approbation. 

Keywords: Urban environment · Historical buildings · Cultural heritage · 
Integration methods · Building rehabilitation · Public spaces 

1 Introduction 

The modern city, being a complex multifactorial system, has another very important 
characteristic—its historical past. The time during which it existed and developed, its 
architectural and construction framework and urban infrastructure were formed. As a 
result, it is the time factor that the city in the process of development accumulates his-
torical and architectural values and forms its socio-cultural component. The time factor
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reflects not only the historical past, but also determines the urban development potential, 
and therefore the strategies and prospects for the development of cities in the future [1]. 
On the other hand, the problem of the relationship between “old and new” is determined 
by the current level of development of society: new trends in architecture and technol-
ogy, aesthetic and socio-cultural views. Of particular importance in urban development 
programs are historical and cultural objects, including architectural monuments that bear 
the imprint of past eras in style or are associated with memorable historical events. Such 
objects that exist on the outskirts of cities, as a rule, are not numerous, fit into modern 
buildings or natural landscape environment. A completely different situation develops 
in historical centers, especially in large and rapidly growing cities: it is the historical, 
as a rule, ensemble building, being unique, that creates a holistic impression, makes 
the city unique and recognizable. At the same time, the development of historical cities 
leads to changes in their spatial structure, artistic image and the emergence of new pub-
lic spaces [2]. Exceptionally careful integration of modern architecture objects into the 
historical environment, competent use of the functional potential of urban spaces and 
objects of cultural and historical heritage are important conditions for the formation of 
a coherent spatio-temporal and sustainable urban environment. The best preservation of 
architectural monuments is achieved with their active life, service to the city and people 
[3]. 

2 Basic Principles and Methods of Integrating New Construction 
Objects into the Historical Urban Environment 

Revitalization or modernization of a historical building in some cases turns out to be 
the only way to restore and preserve it, thereby extending its life cycle [4]. Most often, 
it requires revitalization and renovation, as a rule, the depressive territory in which it is 
located. On the other hand, in some cases (taking into account the historical status of 
the object) it becomes necessary to supplement the historically established ensemble or 
fragment of the preserved building with a new building. In these cases, the problem of 
integrating the new object into the historical context arises, associated with a number 
of contradictions and a certain conflict between the “old and the new.“ In the process 
of reconstruction of the urban environment, it is important not only to preserve the 
objects of historical and cultural heritage, but to harmoniously fit modern buildings into 
the existing environment [5]. Any new object that arises within an already established 
environment is an element of the reconstruction of the fabric of this environment. It must 
fit into the environment and coexist in the old architectural environment without causing 
emotional rejection in people [6]. 

The first method of concealed reconstruction is used when it is necessary to update the 
historical site of urban development or its adaptation with elements of modernization. 
It is also optimal for the reconstruction of closed or “intermediate”, so-called non-
structural urban spaces (closed courtyards, quarters, wastelands, dead ends), which are 
not associated with areas of public activity and generally do not affect the perception of 
the existing elements of urban space. 

There are two fundamentally different applications of covert reconstruction:
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● The reconstructed object is included in the structural frame of the central part of the 
city.

● The reconstructed object is located in the zone of influence of this frame, but is not 
included in its composition, forms “tissue”, predominantly residential formations, 
isolated from the actively visited zone of the urban core. 

The purpose of reconstruction in the first case is to create a rich and diverse urban 
environment, permeable in all directions and designed for mass flows of citizens. At 
the same time, for a number of reasons, it may not be possible to use the old residen-
tial development in its former function. The traditional method of reconstructing old 
residential buildings is typical for the second case [7]. 

The second method of stylistic imitation and application is based on the imitation 
of the compositional techniques of historical architecture and is mainly used to restore 
the facade appearance of buildings without disturbing the familiar appearance of urban 
development. In practice, there are many examples of successful “integration” into ordi-
nary historical buildings that do not violate the architectural and artistic appearance of 
the street. This is how the development object was formed on Krasnoarmeiskaya Street 
in Yekaterinburg: the building on the left is historical, the building on the right is made 
in stylistic imitation, in general, the complex organically blends into modern residential 
development (Fig. 1a). 

Fig. 1 a Krasnoarmeiskaya Street in Yekaterinburg; b the Big City shopping center in Tomsk 

An example of an unsuccessful stylistic imitation is the Big City shopping center 
built in 2005 in Tomsk, whose name became a household name for the entire Tomsk 
architecture of the early 2000s, and the blue color was firmly entrenched in buildings in 
the “kaprom” style (Fig. 1b). 

The application method is a kind of stylistic imitation with the introduction of ele-
ments of new architecture on the historical facade, while the general character and 
scale of the facades, the rhythm of its segmentation and details are not distorted by 
modern means of architectural design, an example is a fragment of the embankment 
building in Haarlem, a suburb of Amsterdam (Fig. 2a), the historical development of the 
embankment in Amsterdam (Fig. 2b).

The third method of “old and new” contrast, popular in modern, especially in for-
eign architectural practice, and creating a bright and strong impression when perceived, 
opposes the new object to the familiar and familiar architectural environment by use:
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Fig. 2 a A fragment of the embankment in Haarlem; b a fragment of the embankment in 
Amsterdam; c the Museum “Kunsthaus Graz”; d the Cultural Industries Quarter

● Innovative materials and structures.
● “Contrasting”, often “provocative”, shaping technique or color solution.
● Physical and visual separation of volumes of an architectural object.
● Deliberate violation of the principle of “coscale” when using elements of a 

“contrasting” scale. 

This principle is used when rebuilding a building associated with modernization 
or reconstruction (changing the shape or volume) [8]. Examples include the building 
of the Kunsthaus Museum in Graz (Austria), architect Cooke Fournier (Fig. 2c). and 
the building of the Elbe Philharmonic in Hamburg (architectural bureau Herzog & de 
Meuron), where the architects used the building of a former goods warehouse as the 
basis for a futuristic volume of glass and steel, as well as the building in Sheffield at 
192 Shoreham Street, a Victorian brick industrial a building located on the edge of the 
protected zone of the Cultural Industries Quarter, which is considered to be of local 
significance (Fig. 2d). 

The office building “Cocoon” is compositionally and logically inscribed in the exist-
ing building of the Novosibirsk city [9], which can be attributed to a successful example 
of a “contrasting” integration method (Fig. 3a), as well as the “Building with three 
towers” in the Rotermanniv quarter of the Tallinn city (Studio KOKO architects). The 
project of the Estonian architectural studio in 2009 was nominated for the European 
Union Prize for Contemporary Architecture—Mies van der Rohe Prize.

The fourth method of surgical intervention is often reduced to the contrasting interac-
tion of the “old and new”, as a result of which not only the scale, but also the architectural
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Fig. 3 a The office building “Cocoon”; b the building of the fund of the Pathé film studioЮ in 
Paris

landscape and the environmental context change. For example, the building of the fund 
of the Pathé film studio by the architect Renzo Piano in Paris (Fig. 3b). 

3 Environmental Adaptation Methods 

Considering the main methods of interaction between “old and new architecture”, we 
can conclude that it is the contextual principle of adaptation in the conditions of the 
current urban environment that allows us to preserve the originality and uniqueness of 
historical buildings and ensembles, the “memory of place” in urban landscapes, and at 
the same time competently structure the further development of the city environment 
[10]. At the same time, in some cases it is necessary to assemble or supplement the 
existing composition of a street or square with a volume defined in terms of dimensions 
and morphology. All these tasks are solved, first of all, at the urban planning level to 
fit the building into the structure of the urban fabric. Then, at the compositional level 
and further at the stylistic, coloristic, semiotic or typological levels, the volume-spatial 
composition of the building, the overall dimensions of the building, depending on the 
need and environment, are determined [11]. 

The interaction of historical and modern architecture considers a number of typical 
and traditional approaches:

● “Symbiosis of the old and the new” involves the use of compositional expressiveness 
techniques through individual, characteristic of a historical object, architectural ele-
ments by means of new materials and technologies, combining the “old” and “new” 
with a common color scheme or the principle of shaping in order to create a sin-
gle architectural ensemble in a certain historical environment [12]. Examples of a 
new “reading” of historical buildings are the object in Barking and Dagenham in the 
East London area (Fig. 4a), the development of the historical center of Lithuanian 
Kaunas, the complex of buildings in Gdansk, where the historical building perfectly 
“gets along” with a modern building, restored anew after complete destruction during 
World War II (Fig. 4b). A good example of the combination of old and new is Tate 
Modern 49. The historic Bankside Power Station building was converted in 2000 into 
a modern art gallery to preserve the building’s historic character (architects George 
Scott, Herzog and de Meuron). In 2016, the ensemble organically complemented the
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new modern building of the same authors, which became a link between the river 
bank and the picturesque Southwark area. 

Fig. 4 a the object in Barking and Dagenham in the East London area; b the complex of buildings 
in Gdansk; c the Memorial Museum in Mons city (Belgian); d the Romanesque church-museum 
in Montreal; e the building of the University Library in Helsinki; f the office building of the bank 
“Lukoil” in Nizhny Novgorod

● “Subordination”, in which it is the historical building that dominates, and the modern 
building serves as a “background” and “dissolves” in space due to laconic forms, 
active glazing of facades or the introduction of “blind” sections of walls, neutral 
color scheme; this technique was used in the building “Memorial Museum” in the 
Belgian Mons city (architectural studio of Pierre Hebelinck). In this architectural 
solution, the white plastered walls of the new extension with flat-roofed play the role 
of a “neutral background” to achieve greater expressiveness of the preserved historical 
part (Fig. 4c). The Romanesque church-museum in Montreal, which survived almost 
complete destruction, was restored and became part of a wonderful modern building 
(Provencher Roy studio), which housed the museum and theater (Fig. 4d). 

"Inscribing" into a historical ensemble or building, in which architectural integrity 
is achieved by repeating and supplementing such means of harmonization as "rhythm 
and mass", subordinating building parts, scaling, maintaining the level of horizontal 
divisions with highlighting the basement, central and cornice parts, identifying the 
axis of symmetry, in general, characteristic techniques in historical buildings, in 
particular, built in the style of classicism. The building of the University Library in 
Helsinki (Anttinen Oiva Architects) was inscribed between two old buildings, while 
the number of storeys was preserved, the exterior finish was made of similar materials, 
which is why the modern building does not seem to be something foreign (Fig. 4e). 

In the process of integrating a new building into the historical environment, the 
principles of integrity and order, the classification type and the role of the historical 
building in the structure of a specific historical environment are important, which is 
achieved by certain methods of environmental adaptation, such as:
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● Typological, in which the new building becomes part of the existing typological range 
in the historical building, the overall harmony is achieved by mutually coordinating 
scales and proportions, using the principle of modularity.

● Stylistic, based on the stylization and subordination of the new building to the overall 
composition in the historical environment.

● Compositional, in which the project of a new building uses such means of harmo-
nization in the architectural composition as rhythmic, metric, scale, horizontal and 
vertical divisions, symmetry and asymmetry and other characteristics of a historical 
building.

● Artistic and aesthetic uses modern modernization of architectural details on the 
facade, present in one or another original form in a historical building (belts, 
bas-reliefs, ornaments, etc.).

● Figurative-symbolic (semiotic) to identify and preserve the associative image, 
important for the historical “memory of the place”.

● Coloristic, using the color, texture of modern exterior materials to identify the 
historical environment or “fit” into it. 

An example of successful environmental adaptation is the office building of the 
Lukoil bank in Nizhny Novgorod on Gruzinskaya street, 26 (Fig. 4f). As a result of 
the modern stylistic interpretation of the compositional techniques of the neighboring 
historical building (the main articulations and the multifaceted relief of the facade, the 
introduction of bright associative details), the unity of the image was achieved, and the 
new building tactfully blended into the historical environment. 

The need for a harmonious synthesis of modern and historical architecture is one of 
the most important problems that arise in the design of buildings. It is due to the rapidly 
changing lifestyle and mentality of the population, aesthetic views and the development 
of modern technologies, including innovations in the field of construction. All these are 
factors for the formation of new trends in architecture. In modern conditions, the rele-
vance of reconstruction as a “normal” architectural practice has revived. Architects are 
increasingly reconstructing historical buildings, giving them qualitatively new functional 
characteristics [13]. 

4 Approbation (Conceptual Project Proposal) Based on the Results 
of the Analysis of Environmental Adaptation Methods 
in the Historical Center of a Large City 

The purpose and concept of the project approbation are determined taking into account 
the study and study of archival documents on the protection of cultural heritage objects, 
the need to organize an urban socio-cultural platform, given that the world experience 
in the development of large cities shows that the nature of the city, its significance and 
success is determined by the historical center, namely the quality his public spaces [14]. 
The quarter in the historical center of Yekaterinburg, bounded by Proletarskaya (former 
Officerskaya), Pervomaiskaya (former Clubnaya), Gorky (former 2nd Beregovaya) and 
Clara Zetkin streets, was considered as a design object; this is a degrading territory with 
preserved cultural heritage sites, including the estate of F.A. Zlokazov.
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The urban planning and architectural and historical context represents a good trans-
port and pedestrian accessibility of the quarter, the proximity of public parking lots, social 
and cultural facilities and public spaces of urban significance, the presence of preserved 
cultural heritage sites, temporary structures and objects subject to demolition on the site. 
The estate of F.A. Zlokazov is a monument of regional significance and is dated to the 
1880-1890s, the territory of the object belongs to the lands of historical and cultural 
purpose (Fig. 5a). The general condition of the object is recognized as unsatisfactory. 
The objects of the complex have lost their original purpose and at present, for the most 
part, these are small commercial premises for various purposes, the Zlokazov residential 
building (Fig. 5b, 2) is empty. 

Fig. 5 a Situational plan; b scheme of the location of objects in accordance with the general plan 
of the technical passport (objects of cultural heritage in the scheme are highlighted in black) 

The socio-cultural context is represented by the complex of the tourist-excursion 
program “Literary Quarter” existing in the immediate vicinity. The designed object can 
potentially become a continuation of this scenario in terms of meaning and organization. 
In addition, a cultural cluster and social activity zones (the embankment of the city 
pond, places of recreation and festivals) have formed in this area of the city. It can 
be successfully supplemented with new public spaces, which really become the most 
important part of the formation of the climate of urban life [15]. 

The urban planning concept involves the historical and social rehabilitation of the site, 
the transformation of the existing urban complex by restoring its historical appearance, 
planning and spatial structure, compositional integrity and functional activity. Along 
with the restoration of the cultural heritage site, it is planned to include new buildings 
and open public spaces within the historical boundaries of the site, which will allow the 
complex to become part of the urban cultural and information cluster and the Literary 
Quarter excursion route, an attractive urban facility that most fully realizes its cultural, 
educational and tourist potential, thus being part of a cost-effective project [16]. 

The architectural and planning concept (Fig. 6) involves the creation of an urban 
socio-cultural center of a multifunctional structure with the preservation of cultural her-
itage objects in its composition, taking into account a set of measures for restoration, 
functional reorganization, the inclusion of new construction objects within the bound-
aries of the site in accordance with archival data on the general development of the 
historical quarter [17, 18].
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Fig. 6 Sociocultural center: a general view; b fragments of the complex 

This determined the main functional tasks:

● Organization of an open public space on the territory of the courtyard and an under-
ground exhibition center to accommodate the permanent historical exposition “Ural 
gold-smelting laboratory”.

● Reconstruction by placing a city mini hotel in the historic building “Residential 
building of the head of the laboratory”.

● Placement of the Yekaterinburg Museum Center of Folk Art “Gamayun” and the 
complex of premises of the city socio-cultural center in newly erected buildings, 
including the reconstruction of historical buildings—an outbuilding and residential 
building.

● Imagine the center as a system of open structures and indoor premises, an integral 
and functionally zoned space with convenient communications, while maintaining the 
principle of separation of flows and the possibility of autonomous use of individual 
blocks.

● In accordance with the general context, use the methods of “stylistic imitation” and 
“restrained contrast of old and new” through a combination of such environmental 
adaptation techniques as stylistic, compositional, figurative, aesthetic, coloristic.
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Preserve the uniqueness of the ensemble building and the “memory of the place” 
by “symbiosis of the old and the new”. 

5 Conclusion 

The need for social, architectural and environmental rehabilitation of historical sites, 
which is due to the presence in degrading territories, requires, first of all, a contextual 
approach, taking into account the factors of development of the urban environment and 
its historical center. The expediency of including new buildings in the historical envi-
ronment, the choice of methods of environmental adaptation depends on the analysis 
of these factors: urban planning, architectural and historical, sociocultural and many 
others. The main tasks are to achieve compositional integrity, stylistic unity and artistic 
expressiveness of the environment and the maximum humanization of space [19, 20]. 
An important role in the rehabilitation of historical centers is given to the creation of 
public spaces. If public spaces are created in a historical environment, then the main 
task is to preserve the historical and cultural heritage and create a variety of viewpoints 
for the perception of unique historical objects. “Currently, the tasks of updating the 
urban environment are being solved in accordance with the existing legislative frame-
work, the state of the environment and the capabilities of society. It should be borne in 
mind that any reconstructions measures suggest a long implementation period, require 
strong investment support and the participation of city authorities in the development of 
environmental renewal programs. 
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Abstract. The city is a whole system and is an integral part of the modern rep-
resentation of the image of the state. In the urban greening system, the main 
environment-forming role belongs to plantations of common use. It has been 
established that the quantitative and qualitative parameters of green spaces in the 
city of Simferopol have changed over the centuries, depending on the action of a 
group of factors. Currently, green spaces account for only 6.6% of the entire city 
area. The level of provision of the population with green spaces for general use is 
lower than the normative one and in different years varied from 1.5 ha to 20 ha. 
At the same time, only in the late Soviet period did this indicator correspond to 
the norms and amounted to 20 m2/person. The size of the area of green spaces 
in the landscaping system of the city of Simferopol was largely influenced by 
the following conditions: an increase in the area of the city, the addition of forest 
fund territories to the green spaces, an increase in the area and the allocation of 
these territories for development. Consequently, depending on the action of one or 
another factor, there was an increase or decrease in the percentage of green areas 
for common use. The totality of the factors acting on the process of greening the 
city can be attributed to the socio-economic and legal group. 

Keywords: Green spaces · Retrospective analysis · Urban environment · Urban 
landscaping · Simferopol 

1 Introduction 

The city is a whole system and is an integral part of the modern image of the state. At 
the same time, cities historically perform a number of functions that satisfy the vital 
needs of a person in it [1]. The current stage of social development is characterized by 
the rapid growth of settlements and an increase in the population, due to which a special 
environment is formed, which is called urban. 

Man, as the main element of the city, during his life has a significant impact on its 
ecological system as a whole. Thus, with his own hands, a person can both turn the city 
into a center for the development of civilization, and become the cause of the destruction 
of the surrounding nature [2, 3].
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The formation of the urban environment takes place within a special natural landscape 
and includes both abiotic components of nature-relief, climate, water resources, and 
biotic-flora and fauna. In addition to these components, as a result of the urbanization 
of cities, elements of the technosphere are added, which include production results, the 
urban architectural complex, and transport [4–6]. 

The components of the urban environment are interconnected, and as a result of 
their interaction, contradictions between its individual parts are intensified. The greatest 
impact is exerted by the transforming human activity, which resulted in the emergence 
of a new ecological environment with a high concentration of anthropogenic factors [7]. 
Today, an acute environmental problem is the problem of “green spaces”—deforestation 
and reduction of green areas due to construction can lead to serious consequences. That 
is why it is so important to preserve as much urban green space as possible, which is a 
projection of the natural ecosystem. 

Green spaces are one of the factors for optimizing the environment. They make it 
possible to improve the microclimatic and ecological conditions of certain sections of 
the city, and as a result, create places for comfortable and safe recreation and stay of 
people. Green areas are one of the mandatory elements of cities. They not only improve 
sanitary and hygienic conditions, but also largely determine the appearance of the city 
and its aesthetic merits [8, 9]. 

The territory of the city is changing, and as a result of the creation of new and recon-
struction of old districts, the single green zone is also changing, which is interconnected 
by various “arteries” in the form of boulevards, parks, gardens, squares and landscaped 
pedestrian streets, forming a system of landscaped common areas. Undoubtedly, the 
main place in the landscaping system of the urban area belongs to green areas of com-
mon use, which have a beneficial effect on the state of the environment and are not only a 
place for mass recreation of the population, but also a place for pedestrian transit routes 
[10]. 

In recent years, the active activity of the population in the form of recreational run-
ning, gymnastics and other events—the so-called sanation amateur performance of the 
population, as well as walking their pets—has become massive [11]. Thus, many parks 
and squares take on the load along with the stadiums, covering alleys, playgrounds and 
glades. But not all public places are ready for such loads. The functioning of green areas 
of common use is affected by the proximity of public service centers. This implies an 
increased level of transit pedestrian flows and an increase in the number of visitors. Thus, 
in order to prevent negative consequences on natural resources, it becomes necessary to 
improve the system for planning planning, landscaping and landscaping of construction 
sites. 

The neighborhood of public green spaces with places of residential formations 
increases the level of comfort for the population [12]. In many ways, even this is the 
main factor in the acquisition of housing. In recent years, the main problem of the urban 
environment for green spaces has become "spot" buildings that arise in the middle of 
parks and squares, disrupting the balance of the green area and reducing not only the 
quantitative indicators of greening, but also the qualitative conditions of existence in 
these conditions. To prevent such actively developing negative ones, it is necessary to 
legally fix compensatory landscaping under similar conditions for developers.
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In order to create comfortable living conditions in urban areas, it is fundamentally 
important to fix the balances of the biotechnosphere in the form of normative ones, 
which, by law, will ensure a gradual transition to achieving a balance [13]. 

In the Republic of Crimea, the process of urbanization is actively taking place, 
actualizing the problem of creating a comfortable urban environment. Of particular 
importance in obtaining a high-quality environment in a large city is given to favorable 
conditions for the population’s recreation, which contribute to effective labor activity 
[14]. 

In the urban greening system, the main environment-forming role belongs to planta-
tions of common use. Today in Simferopol there are quite a few parks, gardens, squares 
and boulevards, which are a legacy of the Soviet period and require significant reno-
vation. The structure of the city is very diverse, as evidenced by the maps of previous 
years, showing the dynamics of the growth of the city along the periphery and the 
development of developed territories. At the same time, the pressure on the state of 
the environment increases. In the conditions of pollution of emissions from vehicles 
and industrial enterprises, the improvement and landscaping of populated areas are of 
particular importance. 

In recent years, the main problem of the urban environment for green spaces has 
become “spot” buildings that arise in the middle of parks and squares, disrupting the 
balance of the green area and reducing not only the quantitative indicators of greening, 
but also the qualitative conditions of existence in these conditions. 

The purpose of the study is to identify the basic principles of the formation of public 
green spaces in the city of Simferopol. 

To achieve this goal, the following tasks were set: to identify patterns of develop-
ment of green spaces for general use; perform a systematic analysis of the influence of 
socio-economic factors on the quantitative and qualitative parameters of green areas for 
common use. 

2 Materials and Methods 

The scientific research was carried out in several stages. At the first stage, cameral work 
with archival materials was carried out. We searched for cartographic material of the 
city of Simferopol. In the course of the research, the most detailed maps and general 
plans of the city were selected. 

At the second stage, work was carried out with the obtained illustrative material, and 
its comparison was carried out. The available data was divided into six time periods: the 
first stage—the Russian Empire; the second stage is the Soviet period; the third stage is 
the Late Soviet period; the fourth stage is the Post-Soviet period; the fifth stage is the 
Ukrainian period; the sixth stage is the Russian Federation. The maps revealed areas 
of green spaces of common use. The next step of the work was the calculation of the 
area of the studied green spaces using the AutoCAD computer-aided design systems. 
Subsequently, the obtained data were statistically processed [15, 16].
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3 Results and Discussion 

In the urban greening system, the main environment-forming role belongs to plantations 
of common use. They are the most important indicators of the city greening degree [17, 
18]. 

The modern landscaping system developed gradually and changed along with the 
boundaries of the city (Fig. 1), the population and its provision with green spaces. As 
Simferopol expanded along the periphery and new territories were annexed, the area of 
green spaces changed. 

Fig. 1 Scheme of changing the boundaries of the city of Simferopol 

One can observe a complete picture of the dynamics of changes in the landscaping 
system, depending on the influence of a group of factors. The analysis is based on 
socio-economic factors, depending on which the quantitative parameters of green spaces 
changed in different periods. 

As you know, the landscaping of Simferopol began in the 1950s after the end of the 
war and gained momentum every year. The landscaping system gradually took shape, 
if initially the process was more chaotic than practical, then later it was thoughtful and
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planned, thanks to the emergence of a unified regulatory framework and the level of 
specialists involved in the matter. 

The area of public green spaces, including parks, gardens, squares, boulevards, urban 
forests and forest parks, is: for 1890–7.2 ha for 1943–10.05 ha, for 1985–696 ha, for 
1996–453.7 ha, for 2011–550.2 ha, for 2016–543.1 ha. If we consider these green areas 
in the city system, it turns out that the percentage of green spaces in the total area of 
the city is: for 1890–1.65%, for 1943–1.03%, for 1985–13.9%, for 1996–8.22%, for 
2011–10.37%, for 2016–6.62%. Figure 2 shows a histogram of the ratio of the area of 
green spaces for general use to the area of the city of Simferopol. 

Fig. 2 The ratio of the area of green spaces for general use to the area of Simferopol 

At the same time, if we do not take into account the areas of urban forests and 
recreation, but take into account only parks, gardens, squares and boulevards, then the 
area of greenery in public places will have lower indicators (Table 1). 

Table 1 Indicators of the area of green spaces in common use, excluding urban forests 

Parameter Years 

1890 1943 1985 1996 2011 2016 

The area of green 
spaces for general 
use, ha 

7.2 10.05 212.5 161.5 175.4 143.5 

Share of the total area 
of the city, % 

1.65 1.03 4.25 2.93 3.31 1.75
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One can observe a direct dependence of the growth in the number of green areas, their 
area and share in the city system, depending on the increase in the area of the settlement 
and the number of inhabitants in it, which we see on the graph at the beginning (Fig. 3), 
but not always the growth of the city and the population is accompanied by an increase 
in the number of green spaces, even including urban forests. 

Fig. 3 Dependence of the percentage of green areas on the area of the city 

A sharp rise in indicators in 1985 is characterized by the inclusion of urban forests 
in the plantations, as well as the display of these forests on the general plan, although 
afforestation in the Crimea began to be actively engaged in since the 1950s in accordance 
with the program for the creation of artificial forests. A significant decline in 1996 is 
explained by the change in the area of urban forests in the central region due to the 
development of the Ak-Mechet and Pnevmatika microdistricts. In subsequent years, 
there is again an increase in indicators due to an increase in the area of \u200b\u200bthe 
city along the periphery and the annexation of territories, including lands of the forest 
fund. 

In the process of city development, there is a reduction in green areas—parks, gar-
dens, squares, street gardening and other green areas, but what is important, these objects 
come to a neglected state. There is a so-called process of destruction of a unified sys-
tem of gardening. The problem lies not only in the reduction of green areas, but also in 
many respects the preservation of such areas depends on the quality selection of planting 
material, selection of plants depending on climatic conditions and qualified care for them 
[19–23]. 

Green areas of common use are the most important indicators of the degree of 
greening of the city. The provision of each resident with green spaces speaks of the state 
of urban green building and largely determines the future plan for the development of 
the urban system in the future. Therefore, data on the level of provision of the population 
with green areas are fixed at the technical and regulatory level and are mandatory. 

To determine the indicator of landscaping, the calculation of the area of green spaces 
per 1 person in the whole city for all years was carried out (Table 2). The calculations 
are based on legal acts—SNiP II-K.2-62, SNiP II-60-75 and SNiP 2.07.01-89* [24–27].
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Table 2 Comparison of indicators of provision of the population with green spaces for general 
use in different periods 

Parameter Years 

1890 1890 1890 1890 1890 1890 

Population, pers 38,000 67,000 338,000 343,565 336,330 336,460 

Population density, 
person/km2 

8675.79 6928.64 67,600 62,352.99 63,458.49 41,031.70 

City area, km2 4.38 9.67 50.03 55.17 53.06 82.05 

Area of common areas, ha 7.2 10.05 698.0 453.7 550.2 575.3 

The level of provision with 
green areas, m2/person 

1.9 1.5 20 13.2 16.3 17.1 

Normative level of provision 
with green areas, m2/person 

– – 18 18 18 18 

In accordance with the current standards of urban planning at the federal level for 
cities with a population of 250 to 500 thousand people. the area of green areas for common 
use should be at least 16 m2/person. and 18 m2/person. for the Southern regions (at the 
local level of a constituent entity of the Russian Federation) [28]. An analysis of the 
quantitative characteristics of the normalized parameters showed that the landscaping 
of public facilities of all years does not adequately comply with the standards given in 
SNiP 2.07.01-89* [24]. 

In 1890, the rationing of green areas was not carried out, there was no any regulatory 
and technical basis for regulating this area, therefore, it is not possible to assess the ratio 
of the level of provision of the population to the current standards. We can only state 
that the number of green spaces per person was 1.9 m2. landscaped areas of common 
use (gardens) accounted for only 1.65% of the total area of the city. 

The same situation is typical for 1943 as well. rationing in the period of the Soviet 
Union begins only in 1958 with the document SN 41–58 “Rules and norms for the 
planning and development of cities” [29], which regulates exclusively the balance of 
territories for public facilities. Therefore, we can only talk about the number of green 
spaces per person in 1943, which is 1.5 m2. 

The highest indicators of provision with green spaces are typical for 1985 and amount 
to 20 m2/person. when presented by the standard 18 m2/person. The used normative act 
SNiP II-60-75 allows an increase in the number of green spaces by no more than [26] 
than by 20% for the southern regions. Such high rates are explained by the fact that 
during the period of perestroika much attention was paid to programs for the restoration 
of landscaping. Accordingly, each resident was sufficiently provided with green spaces 
for a comfortable life in the city. 

Already by 1996, these figures decreased and began to amount to 13.2 m2/person. 
Such a decline compared to 1985 is associated with the collapse of the Soviet Union 
and, accordingly, a reduction in city greening programs, as well as the development of 
green areas for other needs. Work on the creation of new and reconstruction of existing
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landscaping facilities is constantly being reduced, and the quality of their maintenance 
is declining. 

It should be noted that despite the non-compliance with the norms, the number of 
green spaces in common use since 1996 tends to increase over the years. This indicates 
that the city is gradually recovering and in the near future, subject to the necessary 
measures, it will be able to fully provide residents with comfortable living conditions. 
Already in 2011, these figures are 16.3 m2/person, and in 2016–17.1 m2/person, which 
indicates an increase in the area of green spaces (Fig. 4). 

Fig. 4 The level of provision of the population with green spaces for general use 

According to the master plan for 2016, a prospective increase in the number of 
plantings for common use is planned to reach 29.8 m2/person.—this is 57.4% higher 
than the current indicator. This is possible only if all measures to restore landscaping are 
observed. This indicator is taken into account together with the area of urban forests, 
but with unregulated use of their territories, the sanitary condition, aesthetic appeal, and 
ecological value of landscapes may deteriorate [30]. Therefore, it is necessary to fix the 
requirements for the exploitation of forests in a regulatory manner in order to prevent 
irreversible consequences in the future. 

4 Conclusion 

The quantitative and qualitative parameters of green spaces have changed over the cen-
turies depending on the action of a group of factors. The share of green spaces in the 
landscaping system of Simferopol was largely affected by the following conditions: an 
increase in the area of the city, the addition of forest fund territories to green spaces, an 
increase in the area and the allocation of these territories for development. Consequently, 
depending on the action of one or another factor, there was an increase or decrease in the 
percentage of green areas for common use. The totality of acting factors can be attributed 
to the socio-economic and legal group.
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It has been established that in 1985 the indicators of the provision of green spaces for 
residents of the city of Simferopol were the highest and amounted to 20 m2/person. when 
presented by the standard 18 m2/person. By 1996, these figures decreased and began to 
amount to 13.2 m2/person. Over the next 20 years, this indicator slightly increased (in 
2011–16.3 m2/person, and in 2016–17.1 m2/person). However, it is below the normative 
indicators (18 m2/person). 
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Abstract. This article analyses different approaches to defining the concept of 
landscape. The author’s approach to the definition of the concept of landscape, 
allows to substantiate the original interpretation of urban planning activity as an 
activity to replace some components of the landscape by others: natural com-
ponents by man-made ones. Further, the authors note that the replacement of 
some components in such a complex system as landascape is always associated 
with risks. Risks of this type are referred to by the authors as Landscape risks. 
The authors describe the main characteristics of landscape risks and give specific 
examples for the largest city, which is Ekaterinburg in Russia. Then the authors 
analyses various ways of identification and management of landscape risks and 
come to a conclusion that the best way to identify not only risks but also chains of 
cause and effect describing changes in landscape, is the system DPSEEA: driver, 
pressure, state, expansion, effect, action. The authors have constructed chains of 
indicators for the examples of landscape violations given in the article. Further the 
possibilities of including landscape risks in spatial urban development planning 
procedures are analyzed. It concludes that such opportunities are not sufficient. 

Keywords: Risk · Landscape · Landscape risk · Risk management · Spatial 
planning 

1 Introduction 

The concept of landscape was introduced into science by the famous Russian scientist 
A. Humboldt, who borrowed this word from his native German, where it had been used 
since ancient times and meant “die Landschaft”—“a kind of land”, “a kind of terrain”, 
“… a large surface area visible to the general eye, which differs from neighbouring 
areas by characteristic individual features” [1]. Over time, the concept of landscape 
has been part and parcel of a scientific discipline such as geography. Today, landscape 
science is at the core of physical geography. Under the influence of geography, a nor-
mative definition of landscape was adopted and enshrined in the state standard GOST 
17.8.1.01-86 [2]: landscape is “a territorial system consisting of interacting natural or 
natural-anthropogenic components and complexes of lower taxonomic rank”. This def-
inition makes it possible to divide landscapes into two types: natural landscapes and
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anthropogenic landscapes. A natural landscape is a landscape consisting of interacting 
natural components or complexes of lower taxonomic rank. Anthropogenic landscape 
is a landscape consisting of interacting anthropogenic components. The state standard 
GOST 56891.4-2016 defines the concept of cultural landscape as follows: “Territorial 
complex formed as a result of evolutionary interaction between nature and man, his 
socio-cultural and economic activities and consisting of characteristic combinations of 
natural and anthropogenic components that are in a stable relationship and interdepen-
dence” [3]. The authors emphasize two fundamental characteristics in this definition: 
(1) cultural landscapes are the result of evolutionary interactions between nature and 
humans, and (2) natural and anthropogenic components are in a stable relationship and 
interdependence. This is the starting point for further considerations. 

2 The Concept of Landscape Risk 

The concept of landscape risk is relatively little used in the Russian scientific school. 
There is no systematic theory of landscape risks. Individual aspects of landscape risks 
are considered. An example is the work of Pershina et al. [4], devoted to the risk analysis 
of the landscape design process (landscape design). Accordingly, landscape risks are 
also design risks. The concept of landscape risk is more common in foreign scientific 
schools. Scientific research has already entered the methodological stage. The result of 
methodological research was a Guide to the assessment of environmental risks [5]. The 
Guide and the works, based on it, use concept of the ecological risk, but do not give its 
exact definition. 

Here are some definitions of environmental (ecological) risks. In the study X. Li 
and co-authors environmental risk is interpreted as “Landscape environmental risk is a 
negative consequence of the interaction between landscape characteristics and external 
threats when the landscape is exposed to one or more sources of risk” [6]. The authors 
of the paper see the cause for environmental risks in growing urbanization: “With rapid 
urbanization, the expansion of artificial (developed) lands occurs at the expense of eco-
logical lands and can increase landscape fragmentation and vulnerability” [ibid.]. In the 
study by W. Xu et al. the reasons for the risks are that “The complex impact of factors 
from many sources changes the structure of the landscape and reduces the quality of 
landscape ecology in the area of large-scale open-pit coal mines, which leads to an eco-
logically unstable environment” [7]. An example of a practical approach to assessing 
the consequences of risks without their precise definition is given in the work of R. S. 
Leven, I. Pudevin “The purpose of environmental risk assessment is to assess the like-
lihood that an anthropogenic disturbance will have a negative impact on ecosystems, 
which will lead the ecosystem to a new dynamic equilibrium with a simpler structure 
and less potential energy. The probability of risk depends on the threshold capacity of 
the system (resistance) and on the ability of the system to return to a state of equilibrium 
(elasticity)” [8]. An approach based on external factors allows the use of advanced math-
ematical tools. In general, the presented research area is characterized by the following 
features: In general, the research direction presented is characterized by the following 
features:

● close linkage to ecology—risks are often referred to as landscape ecological risks;
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● the cause of risks is the action of various kinds of factors external to the landscape 
system; examples of factors may be very diverse: mining, urbanization and others;

● orientation on practical approach—many authors do not define the concept of risk, 
but go straight to the methods of its assessment. 

The author’s interpretation of landscape risk differs in his understanding of the nature 
of risks. Earlier it was said that urban planning is considered as an activity that results 
in some components of the landscape being replaced by others. Natural components are 
replaced by anthropogenic ones. The author’s view set out in more detail below. 

3 Urban Planning Activities—Landscape Modification Activities 

The concept of urban planning activity is defined in the Urban Planning Code of the Rus-
sian Federation: “Urban planning activity is an activity on the development of territories, 
including cities and other settlements…” [9]. What is the result of this activity? Urban 
planning and architecture create an urban environment that develops not according to 
natural laws, but according to the laws of aesthetic, economic, social and other laws. It is 
the way in which the environment is formed that distinguishes one scientific discipline 
from another. More precisely, the way it is formed determines the competences needed 
to study the newly created environment. According to the authors, there is nothing to 
prevent us from extending the original understanding of landscape as a visual represen-
tation before our eyes to the urban environment. The urban environment also contains 
natural and anthropogenic components, but it is mainly shaped by human activities and 
evolves not only according to natural laws, but also according to economic, social and 
societal laws. As we can see, the difference lies in the way the landscape is formed. 
Figure 1a and b demonstrate urban landscapes of different genesis. Another difference 
is that the natural landscape was not created to meet human needs, on the contrary, man 
is forced to adapt to it. The urban landscape, on the other hand, has been created from 
the outset to meet human needs. The urban landscape is therefore a manageable system, 
if not in practice then at least in theory. 

Fig. 1 a Anthropogenic landscape shaped by industrial activities. Magnitnaya Mountain. Source 
[11]; b. Urban landscape shaped by urban development activities 

Managing a system as complex as the landscape is a process that does not always lead 
to the desired results. As evidence, we present the assessment presented in the Spatial



Long-Term Risks of Urban Landscape Transformation 349

Development Strategy of the Russian Federation. The strategy notes “the low level of 
comfort of the urban environment in most cities, including large urban agglomerations, 
large urban settlements and urban-type agglomerations”, “the unsatisfactory state of the 
environment in most cities with more than 500 thousand inhabitants and industrial cities, 
the lack of green spaces, fragmentation and violation of their integrity in these cities” 
[10]. 

The laws of behavior of complex systems are described in many works on systems 
theory [12], but we will be interested in the laws formulated by Jay Forrester in computer 
modelling of cities [13]. According to Forrester, every management decision aimed at 
solving a problem generates two types of systemic reactions: short-term and long-term. 
The short-term response is a response to actions taken to solve a specific problem. 
After the problem is solved, there is a long-term response. The long-term reaction is 
negative in nature and is associated with the unintended consequences of solving the 
problem. The existence of long-term reactions is a consequence of incomplete and limited 
knowledge about the behavior of complex systems. It follows from what has been said 
that solving any urban development problem will also have long-term negative reactions. 
The most obvious example is the creation of a transport network in cities and the long-
term rehabilitation in the form of traffic congestion. Let’s return to the understanding of 
urban development as a landscape-altering activity. Everything that has been said about 
long-term responses applies to urban planning as a landscape-altering activity. Because 
of our limited knowledge, any urban development activity will create long-term risks. It 
is precisely these risks—the risks generated by the activity of changing the landscape— 
that we will call landscape risks. Thus, landscape risks are characterized by the following 
features:

● long-term nature aimed at degradation of the urban landscape,
● multi-scale structure characteristic of the landscape as a whole [14]. 

4 Examples of Landscape Risks 

Let us consider the risks of urban landscape transformation using the example of the 
creation of green infrastructure in the city of Ekaterinburg. The territory of the modern 
city of Ekaterinburg has a developed river network of 11 rivers and many wetlands. In 
the 1960s, the possibilities for spatial development were exhausted and the drainage and 
development of wetlands began. Figure 2a shows the modern development of Ekater-
inburg and the contours of the developed peatlands. The development of the peatlands 
has disturbed the water balance of the area, and this imbalance has created a long-term 
trend that has led to the degradation of the green infrastructure.

The current state of the city’s green infrastructure can be assessed using remote 
sensing data (multispectral satellite imagery). The urban greening system (green infras-
tructure) is studied using images in different channels of the optical spectrum and dif-
ferent combinations of channels. In particular, the vegetation index is constructed to 
highlight the part of the spectrum absorbed by plant chlorophyll during photosynthesis. 
Absorption in this part of the spectrum makes it possible to assess the state of vegeta-
tion. The index indicates the presence and condition of vegetation (relative biomass). 
The importance of studying the vegetation index is due to the fact that the methodology
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Fig. 2 a Fragment of the 1947 Sverdlovsk plan, superimposed on the modern development. 
Source [16]; b. NDVI vegetation index values for central Yekaterinburg. Imagery date 30.08.2022. 
Sentinel-2 satellite. Source [16]

for assessing the quality of the urban environment [15] uses remote sensing data for this 
part of the optical spectrum. In general, the urban environment quality index includes 
six “spaces”—blocks, each of which is evaluated according to six criteria, each of which 
is evaluated by a set of indicators. One of the “spaces” is the “green spaces” block. 
The indicator system of this block includes indicator N14—“The share of green areas 
of common use”, which is “calculated by interpreting satellite images and determining 
the share of the urban area covered by vegetation in the total area of the city”. The next 
important indicator is indicator N15 “Green area coverage”, which is ‘calculated based 
on the interpretation of satellite images and the calculation of the vegetation index as the 
proportion of the area with high biomass plantations in the total green area of the city. 
The guidelines for assessing the quality of cities do not provide a specific methodology 
for calculating the index. In general, the vegetation index makes it possible to assess 
the relative biomass of vegetation and its potential for the development of a city’s green 
infrastructure. 

The spatial distribution of the vegetation index is shown in Fig. 2b. Data from the 
European Space Agency. The color scale of the vegetation index is based on color 
intensity—the most saturated color corresponds to dense vegetation (trees), less saturated 
color corresponds to shrubs, weakly saturated color corresponds to grass, colorless and 
dark values correspond to disturbances. Figure 2b shows the presence of gaps—large 
empty areas of the territory. In such areas there is little total plant biomass: trees, shrubs 
and grasses. The figure also shows the riparian area of the Iset River—the green water 
frame of the city. In the river area, there is also a lack of the biomass necessary for the 
formation of a water-green frame. All of the above: gaps, free vegetation, a deteriorating 
water-green frame, indicate the deterioration of the drainage system in the area. The 
drainage system in the area used to include wetlands and streams. Thus, the landscape 
risks associated with the development of peatlands have materialized. 

The landscape risks of the formed green infrastructure configuration are as follows. 
Modern green infrastructure is a circular structure formed by a system of forest parks. 
The spatial configuration of the green infrastructure is shown in Fig. 3a, which is part of
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the master plan. The main disadvantage of this concept is that it is not scalable and, over 
time, will no longer meet the needs of urban development. The complexity of scaling 
the spatial structure of the ring is explained by simple geometric considerations: the 
area of the circle enclosed by the ring is proportional to the square of the ring radius, 
so the cost of extending the ring is proportional to the square of the ring radius. The 
spatial structure that ensures growth must include linear (quasi-linear) spatial elements. 
In this case, the cost of providing growth is proportional to length. Returning to green 
infrastructure, we conclude that the existing spatial configuration of green infrastructure 
hinders urban development and requires high-rise buildings. The importance of linear 
elements in the spatial configuration of green infrastructure was emphasized by V.V. 
Vladimirov, the author of the term “green frame” of the territory [16]. Thus, the spatial 
configuration of green infrastructure creates one of the possible scenarios (development 
risks)—landscape risks in the terminology of this article. 

Fig. 3 a Areas with special conditions of use. Source [17]; b The contours of the thermal island 
predicted by the authors for Yekaterinburg 

Another risk posed by the circular spatial configuration of green infrastructure is 
climate risk. Climate risk arises from the lack of linear elements in the spatial configu-
ration of green infrastructure. The importance of green wedges is that they contribute to 
the free movement of air—the “ventilation” of the city center, thereby normalizing the 
microclimate and eliminating the heat island effect characteristic of large cities. Linear 
elements are often referred to as ‘green wedges’. In their work, the authors predicted the 
contours of the heat island [17]. The predicted contours are shown in Fig. 3b. 

The general approach to risk management is set out in the national standard of the 
Russian Federation GOST R ISO 31000–2019 [18]. The standard describes risk manage-
ment in the form of step-by-step procedures, starting with the identification (detection) 
of risks. In order to carry out the procedure of identifying risks, it is necessary to classify 
them beforehand. To classify risks, we use the work of Akimov et al. [19]. According 
to this classification, landscape risks are classified. In terms of risk: natural and techno-
spheric, since the urban landscape contains both natural and man-made components. For 
the reason: to the possible implementation (scenario) of negative development trends. 
As far as is possible, landscape risks are classified as non-insurable risks. As a result,
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landscape risk losses are expressed in terms of long-term consequences and are not 
always amenable to precise calculation. By its very nature, the assessment of landscape 
risk damage is often a cost–benefit assessment. This leads to the conclusion that there 
is a need for systematic monitoring of landscape risks. According to the authors cited, 
landscape risk assessment can be carried out using phenomenological or expert methods. 
Phenomenological methods of landscape risk assessment require long-term monitoring: 
in the example of peatland development above, it took several decades. This leaves 
expert methods—methods of qualitative risk assessment. There are several well-tested 
techniques for qualitative risk assessment:

● Probability-impact matrix—the method involves creating a matrix in which the prob-
ability of a risk occurring is assessed on one axis and the impact on the project is 
assessed on the other. Each potential risk is then assigned an appropriate value in the 
matrix, allowing the most significant risks to be identified.

● SWOT analysis. This method uses a SWOT (Strengths, Weaknesses, Opportunities 
and Threats) matrix to identify risks. It helps to identify the internal and external 
factors that can affect a situation and to determine what the risks are.

● Expert approach. This method uses the knowledge and experience of experts to assess 
risks.

● Historical data analysis. This method relies on the analysis of past data and experience 
to identify potential risks. By analyzing data from past projects or events, general 
trends and factors that may affect the current project can be identified.

● Decision tree method. This method presents risks in the form of a tree, with 
each branch representing the potential consequences and probability of occurrence. 
Probability and impact analysis is then used to identify the most significant risks. 

Unfortunately, most of the known risk identification methods are difficult to use for 
their own reasons. The Probability Impact Matrix method is of little use because of 
the aforementioned complexity of damage assessment and the long-term impact of the 
risk. The SWOT analysis method aims to assess the current situation rather than trends. 
The expert approach requires a certain level of expertise and credibility of the experts. 
Historical data analysis can not only be used, but is also an important component of 
landscape risk identification. The decision tree method allows identification and predic-
tion of trends, but can lead to combinatorial explosion—exponential growth of options, 
so should be used in conjunction with expert judgement to eliminate known unrealistic 
options. 

According to the authors, one of the most promising methods for assessing land-
scape risks is an indicative approach, i.e. an approach based on indicators. Many dif-
ferent indicators have been developed on the basis of the indicative approach. For 
example, the urban environment quality index mentioned above. Indicator—on the 
basis of which the state of the urban environment is monitored, consisting of six 
blocks. Landscape risks require a separate indicator structure. We will use the DPSEEA 
scheme: Driver—Source, Pressure—Pressure, State—State, Expansion—Rapid (Exten-
sive) Growth, Effect—Result, Action—Action [20]. The idea of this technique is as 
follows: drivers (D) refer to factors that cause different processes. Driving forces create 
pressure factors—pressure (P). In response to the resulting pressure, the state (S) of 
the object (environment, landscape) changes. Changes in the state of an object lead to
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“explosive” factors—factors that act more strongly than others. As a result of the “ex-
plosive” factors, a spectrum of consequences (effects) appears—effects (E). At the end 
of the chain is an action that can be directed at any stage of the chain (A). The DPSEEA 
method is considered to work well for risks related to environmental pollution [21]. 

For the examples of landscape risk discussed above, the DPSEEA chain might look 
like this the source (driver) is the reduction of wetlands within the city. The driver is the 
total moisture content of the soil, calculated using the water balance equation [22]. As a 
result of the action of the stress factor, the state of the system S changes, as an indicator of 
which soil moisture can be selected. Soil moisture varies spatially inhomogeneously, so 
we choose the spatial heterogeneity of soil moisture as the explosion factors. And the last 
indicator (effects) is the total mass of vegetation, calculated on the basis of the vegetation 
index mentioned above. This is the chain of cause and effect relationships. Taking into 
account the development of this system of indicators, we can assess the real existence 
of the constructed system of cause-effect relationships and take timely measures to 
prevent negative consequences. The proposed indicator chain can also serve as a basis 
for analyzing climate impacts. The first two links in the chain remain unchanged: this is 
a decrease in the area of the wetland (source), the load factor is the total moisture reserve 
in the soil. Differences begin at this level: the amount of evaporated moisture can be 
chosen as a factor in the state of the system. Furthermore, a decrease in the amount of 
evaporated moisture leads to an increase in surface temperature and the formation of a 
heat island, as shown in Fig. 3b. 

The next important issue is the question of risk management procedures. The Russian 
Federation provides for the creation of a territorial safety passport for each subject [23]. 
However, the Safety Data Sheet reflects natural emergencies that require immediate 
response, and landscape risks are only trends. Potential landscape risks can be reflected 
in master plans or development strategies of the municipality. The composition of the 
schemes of the master plan is determined by Article 23 of the Town Planning Code 
“Content of the master plan of the settlement and the master plan of the urban district”. 
The content of the master plan provides for “a list and description of the main risk 
factors for natural and man-made emergencies”. The problem is that landscape risks 
form negative trends, but do not always lead directly to emergencies. A good example of 
this is the situation with the state of the vegetation in the riparian area of the Iset River, 
which is important for creating a green water frame for the city. The state of the vegetation 
is shown in Fig. 2b. Of course, the condition can be described as poor, but this is not an 
emergency. The trends created by landscape risks worsen the general state of the urban 
environment and can be taken into account in the integral assessment of the quality of the 
urban environment using known methods—according to the Urban Environment Quality 
Index. The Urban Environmental Quality Index focuses on the needs of administrative 
management and encourages the elimination of the consequences of previous decisions 
rather than the elimination of the causes. For example, the index includes the indicator 
“green space area”, to improve the quality there is an obvious solution—to increase the 
green space area. The reasons for the lack of green spaces are not important for improving 
the urban environment quality index. For these reasons, the urban environment quality 
index is not suitable for managing landscape risks. The most appropriate way to manage 
landscape risks is to develop a municipal development strategy, the need for which
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is regulated by the Federal Law “On Strategic Planning” [24]. Article 39—“Strategic 
planning documents developed at the municipal level” can be attributed to the urban 
landscape level. According to the content of the document, there are no methodological 
recommendations. Paragraph 2 of the article states that “according to the decision of the 
local governments, a strategy for the socio-economic development of the municipality 
can be developed, approved (adopted) and implemented”. In general, it can be concluded 
that the issue of landscape risk management is not sufficiently reflected at the level of 
regulatory documents. 

5 Conclusion 

The article analyses different approaches to landscape definition and concludes that the 
normative method of landscape definition is the most appropriate. The approach adopted 
allows us to consider urban planning as an activity that changes the components of the 
landscape, leading to a change in the landscape as a whole. Furthermore, based on 
system-wide methods, it is concluded that landscape changing activities are associated 
with the formation of long-term trends, called landscape risks. Landscape risks are 
ultimately due to a fundamental problem: the incompleteness of our knowledge about 
the properties of a complex system. The article gives examples of landscape risks. The 
article then suggests ways to assess causal relationships in order to analyze the long-term 
effects of landscape change. The possibilities of including landscape risks in regulatory 
documents are analyzed. It is concluded that such opportunities are insufficient. 
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Abstract. The authors focus on the economic, sociocultural significance, and 
impact on the urban planning of dams and ponds created in the Ural factory cities 
in the 18-nineteenth centuries. The article provides the data on dams’ construction 
and their technical and design features. A number of hydroenergetic systems cre-
ated in the 18–nineteenth centuries at the territory of modern Greater Ekaterinburg 
are presented: the dams and ponds in Ekaterinburg proper and its districts (former 
Nizhne-Isetski and Verkh-Isetski ironworks); the dams and ponds in Polevskoy, 
Revda, and Mariinsk. Their distinctive features are shown in comparison with 
dams of the seventeenth century in other regions of Russia, and updated quantita-
tive data on these objects are given. The authors use a multicomponent model for 
the analysis (a dam from the architectural, urban, economic, sociocultural points 
of view), which contributes to better comprehension of the changing role of dams 
and ponds in the structure of industrial settlements and outline reasonable ways 
for their revalorization. 

Keywords: Factory city · Dam · Pond · Ironworks · System-structural analysis · 
Historical landscape · Industrial heritage · Architectural and urban heritage 

1 Introduction 

Relevance of the topic and problem statement. Modern man does not always real-
ize that large hydrotechnical structures of the 18–nineteenth centuries in the indus-
trial Urals—dams and ponds—radically changed the original landscape (while, in fact, 
“growing” out of it) and became an integral part of not only factories, but also the cities 
of the region as a whole. The systemic nature of the creation of objects and the flexibility 
of implementing the initial matrix of small industrial settlements allowed the Urals to 
become by the end of the eighteenth century the leading metallurgical center of Russia 
and the world. It is in this vein, taking into account the diverse economic use, on the 
one hand, and understanding the initial connection of housing with water as the main 
energy resource of its time on the other hand, we propose to comprehend it, speaking of 
the historical and architectural heritage, including the reconstruction of its objects, first 
of all, dams.
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In purely architectural terms, we rely on an extensive (but still not complete) pool 
of historical data. The engineering and technical features of the Ural dams are reflected 
in the fundamental works by Gennin [1], Danilevsky [2], Kozlov [3], Artobolevsky 
and Blagonravov [4], Chugaev [5] and Shterenlicht [6]. Their architecture has been 
thoroughly studied by Barabanov [7, 8], and recently, in combination with historical and 
archival materials, by Korepanov [9, 10]. From their works it follows that in the Urals 
in the eighteenth–nineteenth centuries, classical examples of hydrotechnical structures 
were created that impacted spatial organization of settlements. Many of these works 
were completed quite a long time ago, and their materials need to be included in a new 
context, primarily due to a change in the paradigm of working with heritage. Today, it 
is moving from purely conservation to issues of rehabilitation, revalorization, inclusion 
in educational, economic, touristic and other activities. 

Hence, the task of the work is to present large hydraulic structures—factory dams— 
in the unity of the architectural, technical and urban planning component, taking into 
account the processes of transformation of cities in the eighteenth–twenty-first centuries. 

Work methodology. The most productive for this work is the synthesis of two con-
cepts—the “second modernity” of U. Beck and the topological approach. The concept 
of “second modernity” that appeared at the end of the twentieth century proves the pos-
sibility of rethinking industrial objects in new sociocultural and economic conditions. 
The authors usually explore this stage itself, which is distinguished by globalization 
processes, while we emphasize the “reflexivity” of the “second modernity”, which U. 
Beck writes about. This is a time of reassessment of everything that was created in the 
industrial period. Within the framework of our work, this means that the dam is no longer 
considered in isolation from the space and era in which it was created; we can see its 
city-forming and cultural significance, which is important for an architectural object 
(Fig. 1).

Topology, which is becoming more and more widespread (A. P. Obedkov, L. V. 
Polubichenko, F. S. Korandey, etc.), is a method of identifying a constant, stable and 
relatively unchanged, “what characterizes a particular object, despite the presence of 
certain variables parameters, and ensures its relative identity to itself at different stages of 
development in time and space” [11], as well as in the specific meaning of the relationship 
of the object (or its various elements) to space, place and structure. To study the history 
of individual territories of an industrial settlement born by a pond, this approach is 
productive in that it makes it possible to analyze the space systematically. In other 
words, a pond and a dam associated with it, becoming part of a natural, carefully chosen 
landscape, are the constants of the place and, at the same time, the natural limits of all 
its subsequent physical and functional changes. 

2 Results 

Consideration of the dams of Ekaterinburg and its immediate surroundings, created in 
the eighteenth century, shows their specific regional differences, primarily due to the 
peculiarity of the economic use of the water wheel energy in a particular area. It is 
shown that the structure of the Ural dam is determined by its location on the terrain
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Fig. 1 View of the historical square and the dam. Ekaterinburg. Photo by E. Alekseeva. 2021

and the tasks of regularly supplying the plant (with the features of its blast furnace and 
sawmill) with energy. 

A comprehensive analysis of the construction processes of a dam, a factory, an indus-
trial settlement in the Urals of the eighteenth century, based on a topological approach, 
reveals their additional connectivity—with a decisive influence of the structure, size, 
location of the dam on the rest of the elements and levels of Ekaterinburg as a system, 
starting with the location of “factories” (workshops) of the plant in the center of the 
settlement and along the river at the point of its exit from the dam, and ending with 
larger urban planning solutions. This determines the uniqueness of the Ural dams as 
objects of historical-architectural and historical-cultural heritage (Fig. 2). 

Fig. 2 a Production buildings at Plotinka before the start of work on the creation of the historical 
square. Sverdlovsk. Early 1970s GASO (State archives of the Sverdlovsk region). F-1. Op. 6. D. 
6376; b Dam before reconstruction. Sverdlovsk. Early 1970s GASO. F-1. Op. 6. D. 6388
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The study of the Ural dams in the unity of architectural and urban planning aspects 
shows their connection with all other city processes of the eighteenth–twenty-first cen-
turies, in particular, the change in their significance within the settlement from purely eco-
nomic to sociocultural. Changing externally and functionally, the dams have remained 
key locations of industrial Ekaterinburg and satellite towns for three centuries already. 

The refined parameters of a number of dams of the eighteenth century located in 
Ekaterinburg and its environs are given. In particular, the dimensions and specifics of 
the creation of dams at the Isetsky, Verkh-Isetsky, Nizhne-Isetsky plants in Ekaterinburg, 
dams in Polevskoy, Revda and Mariinsk are indicated. 

3 Discussion 

3.1 The Dam Gives Birth to a Settlement 

The stability and efficiency of the mining industry functioning in the eighteenth century, 
the rhythm of its activities were determined not only by mining reserves and factory 
capacities, but also by the reliability, stability of the operation and the potential of its 
hydropower system. The system of water and energy resources of the factory cities in 
the eighteenth century Urals predetermined the planning structure of factory settlements, 
influencing the formation of a specific identity of the place, which makes it possible to 
consider it as a complex architectural and town-planning object of industrial heritage. 

Analyzing the water and energy heritage of Ekaterinburg, a quite typical industrial 
settlement of that period, which was part of a rationally equipped and rather dense 
settlement system, we should primarily consider that the plant would not exist without a 
dam. The entire subsequent town-planning structure depended on its location on the river, 
the features of the relief. As a point of connection between the given natural environment 
and technical and technological processes in the age of the water wheel, the dam set the 
volume of factory production, the orientation of the settlement and the direction of the 
streets, always regularly organized according to the town planning guidelines of the 
Enlightenment. 

The first water-operating enterprises appeared in Russia in 1620–30s—Nitsynsky 
ironworks (1631) and Pyskorsky ironworks (1633) [2]. According to the reconstruction 
of the Porotovsky ironworks of the seventeenth century, carried out by N. B. Baklanov, 
the settlement next to such plants was not designed as a regular one and occupied one 
bank of the river next to the dam. Both the dam itself and the settlement differ from 
those that arose in the Urals in the eighteenth century. The dams of the European part 
of Russia, for example, the Verkhnetsninskaya dam in Vyshny Volochek (1703), which 
were created almost simultaneously with the Urals, were wooden two-span (beishlots) 
with wooden lockshields. The dam served purely hydrotechnical purposes—maintaining 
the water level in the canal between Tvertsa and Tsna, so it is not tied to residential areas. 

On the territory of the industrial Urals, a characteristic canon for the construction of 
mining settlements has developed around their key elements—a dam, in the downstream 
of which there was a plant with mechanisms driven by water, and a pond where water 
was concentrated. The presence of the required amount of water in the pond and the 
rhythm of its supply to water wheels or turbines completely predetermined the seasonal 
and monthly efficiency of factories of any profile. On the contrary, insufficient water
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supply led to long shutdowns and significant downturns in the activities of enterprises. 
For example, the insufficient supply of water resources to the metallurgical Nizhne- and 
Verkhne-Uktussky plants caused their uneven work and by 1750 led to the closure [12]. 

3.2 Technical and Technological Features of the Ural Dams 

For all its “invisibility” for a modern person, the dam is a cluster of construction and 
landscape engineering technologies, and over time, a certain part of the urban planning 
ensemble is formed on it, which will be discussed separately. The architectural value of 
dams must be taken into account in restoration work, since they are an essential element 
in the development of technological progress and constitute a capital heritage of great 
originality, which must be preserved. 

The hydrotechnical complexes of the Ural factories assumed the construction of 
water reservoirs with a desirable uniform distribution of water energy throughout the 
year with the necessary safety measures during critical periods of spring floods [13]. 
The hydraulic structures of ironworks in Germany, France and Sweden that existed at 
the time of V. de Gennin’s arrival in the Urals in 1722 used, as a rule, the bottom shot 
wheels which were here inappropriate due to the harsh Ural winters and often freezing 
of shallow rivers. 

The size and dimensions of the Ural dams—for example with a crest width of up to 
30–40 m [14]—were aimed to completely exclude the possibility of the dam’s break. 
In order to avoid seepage of water through the body of the dam and its destruction 
due to floods, the earthen dam was made solid right at the time of the construction, 
and then it was constantly strengthened, by dumping production waste on the crest and 
slopes. Builders led by dam master Leonty Zlobin relied on this approach during the 
construction of a short, but wide and high dam on the Iset river—in contrast to the long 
and low European dams of the seventeenth century—with a large and fairly deep pond, 
and in the dam itself with a large main slot for discharging the main water drain and two 
parallel side conduits for supplying water to chests with water wheels to drive factory 
mechanisms. 

The place of the future dam was marked with stakes, a ditch was dug along its entire 
length, reaching solid layers of soil. The edge of the moat on the side facing the pond 
was reinforced with two or three rows of piles. Between them lay a lattice of logs. The 
gaps between the bars were filled with clay. The holes for the slots were enclosed with 
quadrangular wooden log cabins, which were also filled with clay (“pigs”). Since the 
1740s the lower part of the dam was often reinforced with a vertical frame. The back 
wall of the moat was strengthened with bundles of brushwood with turf [7]. At the 
same time, the bottom of the future pond was being cleared from the forest. The earthen 
embankment towards the pond was made as sloping as possible, from a third to half the 
width of the entire dam. Later, slag, a waste from metallurgical production, could be 
used as a reinforcing addition. 

The main working element of the entire dam structure were water conduits, i.e. a 
piping system that carried water from a pond to the wheels of factory machinery. The 
conduit system included chest wells—hollow wooden log cabins connected by pipes to 
the chest, a kind of intermediate reservoirs to increase water pressure.
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The diameter of wooden factory wheels at the Ural water driven ironworks averaged 
3.6 m. Later, the iron wheels of the nineteenth century had a diameter of up to 2 m. In 
order to avoid freezing of the wheels in winter due to the weak pressure of water and 
the difference in its level in the chest, the latter at the Ekaterinburg plant fundamentally 
differed from the chests of the seventeenth century not only by the absence of an inclina-
tion, but also by the greater depth of the chest with a constant cross section throughout 
its length and in the branches to the factories. Moreover, since the late 1730s chests that 
were previously open from above began to be closed from above and rounded, so that in 
the middle of the eighteenth century, almost round “pipes” were already leading from the 
chests to the wheels, and the closed sections of the chests were additionally upholstered 
with iron to be able to heat them with fires during frosts. As a result, in the XIX century 
chests almost everywhere in the Urals acquired a round or oval cross-section, were made 
of metal, and were much larger than the former wooden ones. Optimum water pressure 
in them was achieved by placing a chest window and regulating the level of the pond 
through the spillway, and additionally in the chest itself, where it was regulated by a 
system of mechanical pistons installed in the slot directly behind the window entering 
the chest and further at the joints along its entire length. The chest bottom was arranged 
parallel to the water horizon in the river, and the chest itself was located as low as pos-
sible, which gave more energy to the water, and together with the chest wells, hollow 
wooden log cabins made it possible to regulate the water pressure and change the water 
flow to the desired direction. The higher the trough of the chest was attached above the 
wheels, the greater the energy of the falling water from them could be transferred to the 
wheels, rotate them faster and provide more mechanisms with proper energy [15]. 

The logic of the water wheel also dictated the layout of the plant and its “factories” 
(workshops). So, the blast furnace factory was built in the immediate vicinity of the dam 
and was technically connected with it. Ore and coal were brought along the top of the 
blast furnace. Near the dam, but at a safe distance from the blast furnace, a sawmill was 
built. Workshops that did not need the power of a water engine were located further from 
the dam. 

The thoughtfulness and experimentally verified pragmatics of the construction of 
dams and the operation of their mechanisms is evidenced by the fact that the methods of 
their construction indicated by V. de Gennin in the “Description of the Ural and Siberian 
Plants”, which he called the “fundamental doctrine”, existed for earthen mill dams and 
small ponds until the beginning of the twentieth century [15]. 

3.3 Architectural Elements of the Ural Dams 

The materials on them are scarce. But those that exist show that the dam was conceived 
as an integral structure, not only in the physical, but also in the aesthetic sense. 

The Verkh-Isetsky plant, including the dam, constituted a single architectural ensem-
ble in the style of classicism. The connection between the topography of the place and 
architecture is evidenced by the solution of the factory office, which had multi-storey 
facades due to the level difference between the dam and the factory site. The main facade 
was one- and two-storey, and those facing the entrance from Ekaterinburg—two- and 
three-storey (Fig. 3).
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Fig. 3 a The dam of the Verkh-Isetsky Pond in its current state. Architect K. Gordeev. Photo by 
V. Litovski. 2021; Model of the old office of the Verkh-Isetsky plant. Architect M. P. Malakhov. 
1820s–1830s. Ekaterinburg, 28, Kirova st Fund “Drugoi Mir”. Photo by E. Alekseeva. 2021 

Nizhne-Isetskaya dam [16], originally built on the Iset in the 1780s with production 
buildings of the local branch of the Ekaterinburg Mint, had a width of about 5 m at the 
base and about 2.5 m on the crest, with a length of 16 m and a height of more than 6 m 
[17]. It had one spillway and two chest slots (Fig. 4). A guardhouse was built into the 
body of the dam between the spillway and the left chest slot. The construction of such 
a structure was carried out for one season [10]. 

Fig. 4 a Plan of the Nizhne-Isetsky plant. 1807 Source https://xn--80aaebf3an9auge0i.xn--p1ai/ 
german_2 b Nizhne-Isetskaya dam in the 1800s Source https://xn--80aaebf3an9auge0i.xn--p1ai/ 
german_2 

The Nizhne-Isetskaya dam shows that any architectural elements of dams are made 
in the style of the time, with all the seriousness of the then approach to architectural 
design. These are neat and devoid of decoration objects, built into the body of the dam 
and not violating the overall rational harmony. For example, the dam of the Nizhne-
Isetsky plant in Ekaterinburg, built in the 1800s, includes a two-storey guard building, 
the shape of which refers to the military architecture of the Petrine era. It is a simple, 
neat rectangular volume with a symmetrical façade and a high hipped roof (Fig. 5b). Its

https://xn--80aaebf3an9auge0i.xn--p1ai/german_2
https://xn--80aaebf3an9auge0i.xn--p1ai/german_2
https://xn--80aaebf3an9auge0i.xn--p1ai/german_2
https://xn--80aaebf3an9auge0i.xn--p1ai/german_2
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proportions were continued in 1804 by the Nizhne-Isetsky steel factory, located nearby, 
forming a recognizable industrial ensemble. 

Fig. 5 a Nizhne-Isetskaya dam. Ekaterinburg. Modern look. Photo. Source The first bulb of Nizh-
neisetsk. Museum of Energy of the Urals. URL: http://musen.ru/chronicle/1921/; b “Profile plan 
and facade of the Nizhne-Isetsky state-owned plant to the dam, rebuilt according to the design of 
the Ekaterinburg Mint by the foreman Egor Usoltsev”. GASO. F. 25. Op. 2. D. 7927. Source 14, 
p. 11. Fragment 

Later, the dams in Ekaterinburg and other Ural settlements are landscaped, improved, 
turning into a kind of a promenade. 

3.4 Genesis and Development of Hydraulic Structures of Ironworks 
in Ekaterinburg 

On March 12, 1723, the Ekaterinburg fortress with a rampart, a moat and a bastion was 
laid, and after that, in April, under the leadership of the dam master L. S. Zlobin, the 
construction of a factory dam began. 

Dam and pond of the Ekaterinburg plant. The hydropower base of the plant consisted 
of a pond and a dam 211.1 m long, 42.7 m wide, 6.4 m high, with a spillway and two 
working slots, later the dam was filled up and lined with rubble stone. The technologies 
for erecting a dam in Ekaterinburg have been studied in detail by historians and architects: 
“The dam was constructed from larch, which became stonelike in the water, log grating 
was clogged with clay. English cloth was laid between the rows of larches in a log 
grating. The clay in the log grating had to be tamped” [18]. In the middle of the dam 
there was a spillway, to the right and left of which there were chest slots through which 
water was supplied to the water wheels that set the factory mechanisms in motion. At 
the same time, the conduits had locks, which, opening, let water through. The channels 
were covered with stone vaults. After backfilling and leveling the surface in the southern 
part of the dam, a road was made connecting the banks of the Iset river. In the northern 
part lay wooden shields on which pedestrians walked. Here, the connections between 
the purely technical, construction characteristics of the dam with urban planning and, 
further, sociocultural ones are clearly visible. Not only production, but also the city is

http://musen.ru/chronicle/1921/
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organized thanks to the presence of a dam, and until now the main streets of most of the 
Ural city-factories cross the pond along this line [19]. The dam and pond powered the 
production system of the ironworks. 

Ekaterinburg became a model for most other places here. Factories of the Ural 
ironworks were built along the river, perpendicular to the dam, they towered over the 
residential buildings surrounding them, becoming a kind of spatial dominants [20]. 

One of the most interesting points that should be remembered in today’s protection 
actions is the improvement of dams in the nineteenth–twentieth centuries: as their eco-
nomic function was lost, their sociocultural function came to the fore, because they were 
in the center of any industrial settlement in the Urals. So, in 1886, due to the Siberian-
Ural Scientific and Industrial Exhibition of 1887, important for the city, in Ekaterinburg, 
on the upstream of the city dam in its northern part, a square with an area of half a 
hectare was laid out. From the time of the factory fortress the dam was the starting plan-
ning structure, the main road, but earlier it was not equipped with vegetation. Dmitry 
Ivanovich Lobanov (1852–1916), an employee of the railway and a member of the Ural 
Society of Natural Science Amateurs (UOLE), played the main role in the implementa-
tion of the idea. The square had a free layout with islands of lawns, groups of trees and 
shrubs, and flower beds. The forms of the dam slots were played up in the final version 
of the organized space, dividing it into four sections. Bronze busts of Emperor Peter I 
and Empress Catherine II were also installed there. The square was separated from the 
roadway by a metal fence along which a hedge was planted. In the warm season, the 
place was buried in greenery. 

By the middle of the twentieth century, the layout of the square began to change 
towards a regular one. The total area has grown slightly due to the fact that the spillways 
of the dam were hidden. The lawns were enlarged, and small semi-circular areas were 
laid out next to the entrances to the square. In close proximity to the pond there was 
a through path. The trees have almost disappeared, replaced by shrubs. In 1958, a bust 
of P. P. Bazhov (sculptor M. G. Manizer, architects B. E. Rogozhin, A. P. Velikanov) 
with stone benches around was installed in the center of the square on the dam. In 1987, 
a bronze bust of D. N. Mamin-Sibiryak (sculptor A. Antonov) was installed nearby. 
During the reconstruction of 1962–73 the dam was expanded, lined with granite, and a 
through passage was made from the side spillway. In the 2000s the territory of the square 
has lost a significant part of the vegetation, becoming a transit pedestrian zone. 

Verkh-Isetskaya dam and pond. Since the dry summer of 1724 showed that the water 
reserves in the pond of the Ekaterinburg plant were not enough for full-fledged work, 
it was decided to build an additional dam upstream of the Iset. The dam of the Verkh-
Isetsky plant, more than 300 m long, was built in 1725–1726, as a result of which the 
Verkh-Isetsky pond was formed, five times larger than the pond of the Ekaterinburg 
plant. The general management of the project was carried out by V. de Gennin, and the 
construction was directly supervised by Konstantin Gordeev, Larion Pozharov, Danila 
Borsky, Ivan Melentiev and Leonty Zlobin. The dam was built by the peasants of the 
settlements assigned to Ekaterinburg—Aramilskaya, Kamyshlovskaya, Kamenskaya, 
Okunevskaya, as well as regiments from Tobolsk. 

The dam is elongated in the meridional direction, forming one of the main compo-
sitional and planning axes of the development of the plant and the vicinities, as well as
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the western border of the territory of the historical ensemble. Now it is a dam, dissected 
by new locks for the discharge of spring waters. Structurally, it was made in the form 
of wooden cages, clogged with selected clay and stone. The dimensions of the dam are: 
length 320 m, minimum width is 50 m, and height is 5–7 m. Undoubtedly, at present the 
dam is of historical and architectural value as a genuine element of the plant’s hydraulic 
engineering system, preserving its historical city-forming significance. In terms of iden-
tified and recognized cultural and industrial heritage, today this is the only enterprise 
founded in the eighteenth century that has survived. There are old production buildings, a 
factory dam, an office, which requires not only the preservation of their special historical 
and cultural status, but also tactful updating and refunctionalization. 

3.5 Dams and Ponds in Polevskoy 

Decree on the construction of the dam of the Upper Pond of the Polevskoy plant on 
the river Polevaya was signed by Peter I in January 1722. It was erected in 1724, now 
becoming a monument of engineering art of that time and the “heart” of Polevskoy 
(Fig. 6). Water not only powered the Polevskoy plant, but also fed below the Shtangovy 
pond, and partly, together with the river Severushka, the Seversky pond. Below the Upper 
pond, at the confluence of the Polevaya river with Severushka, another dam was built 
in 1738, at which the Seversky pond with an area of 2.4 km2 and an ironworks were 
formed. 

Fig. 6 The dam of the Seversky plant. Polevskoy. Photo by V. Litovski. 2022
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Now the eastern bank of the dam is reinforced by a bulk dam for 1.5 km, and the 
pond itself stretches for 8 km, reaching a width of 500 m. In the southern part of the 
pond, along the flooded floodplain of the Polevaya river was formed by a large arm, 
regulated above by the Shtangovy pond. The height of the water level in the Shtangovy 
Pond is 350 m, and in the Seversky pond—339 m. 

Nevertheless, in the hydrocascade, the dominant is not the Upper pond with a water 
level of 365 m above sea level, but the Glubochensky pond, with a water surface in the 
reservoir of 412 m. Elongated from west to east, it is formed by an embankment dam 
800 m long, more than 30 m wide at the base and up to 25 m high, has two small bays 
formed by the main river Glubokaya and the small river Kamenushka. In general, the 
length of the Glubochensky pond is 2.1 km, the width in the middle part is from 450 
to 800 m, the average depth varies in the range of 5–7 m, and the maximum (near the 
dam on the site of the old channel of the Glubokaya river) reaches 23 m with a total area 
reservoir in 1.28 km2. From this it follows that the volume of water concentrated in it 
varies from 6.4 to 9 million m3, and the mass—from 6.4 to 9 million tons. 

Polevskoy with its Gumeshevsky deposit and the function of supplying copper raw 
materials to the Isetsky plant is the place where a unique engineering and technical 
system of regulating ponds was created from the Glubochensky pond to the Seversky 
pond (1876–1887). The author of the project of the Glubochensky pond and canal was 
Fedor Alekseevich Khvoshchinsky [21], who from 1837 to 1853 served as the chief 
manager of the Sysert plants. The uniqueness of the canal is that it has not only a bed 
laid on the surface more than 4 km long to the Svetlaya river, but also an artificial 
underground tunnel 1,780 m long. Its construction was led by the plant owner D. P. 
Solomirsky and the merchant A. S. Vyatkin. 

3.6 Dams and Ponds in Revda 

On the Revda river, the dam—also under the leadership of Leonty Zlobin—began to be 
erected in May 1732 by order of Akinfiy Demidov. Its length was about 160 m, height— 
8.5 m, and the width of the base—57.5 m. At the base of each of the dikes, a “tooth” was 
cut—larch wells measuring 2 × 2 and 3 × 3 m. They were clogged with rammed clay. 
These “teeth” protected the dikes from erosion. The bed of the Revda river was blocked 
with stones and clay between the mountains … The stream was diverted closer to the 
right bank. A pond with an area of 800 hectares was formed … at the plant, water turned 
33 wheels, each with a diameter of about 4 m, a width of about 2 m. In the spring of 
1733, the Revda river showed its temper, and the newly built dam was demolished” [22]. 
Below, three more dams were formed, which created a water reserve for two auxiliary 
plants—Sharaminsky and Baranovsky (Fig. 7).

In 1964, the old Revda dam was reconstructed, the wooden spillway system was 
replaced with a reinforced concrete one (Fig. 8a). “Before backfilling the old spillways, 
two beams with a section of 600 × 600 mm were removed from their base, stacked one 
on top of the other. Between them a green cloth pad was found. Larch and cloth, which 
had lain in the water for 230 years, were like new. The spillway from the new dam started 
in 1965. The size of the dam: length–70 m, height–8 m” [21].
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Fig. 7 a Fragments of spiles driven into the base of the dam’s log grating. From the exposition of 
the museum “Ural antiquity” in Revda. Photo by E. Alekseeva. 2022; b Water intake complex at 
the dam of the Sysert pond. Sysert. Photo by V. Litovski. 2022

Fig. 8 a The Revda dam. Modern look. Photo by E. Alekseeva. 2022; b Wooden dam of the 
Mariinsky ironworks. The village of Mariinsk. Photo by E. Alekseeva. 2022 

3.7 The Dam of the Mariinsky Ironworks 

In 1840, on the Revda river, 25 km from the main Revdinsky plant, an auxiliary Mariinsky 
ironworks was founded. It specialized in the production of strip, section, sheet and roofing 
iron and was closed during the Civil War. In the village of Mariinsk, an old wooden dam 
is still preserved (albeit partially destroyed) (Fig. 8b). The factory dam with a release 
slot for 6 locks had a length of about 320 m, and full height of water was 7.3 m. However,
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there was still not always enough water in the factory pond, so the factory often worked 
only 7–8 months a year. At the heart of the dam is a ribbed structure made of larch, 
filled with earth and clay. The slope is lined with rubble stone. On the left side of the 
dam, one more spillway is visible—a working one. It is partially covered with wooden 
structures sticking out there. It was through him that water entered the plant and set its 
mechanisms in motion. The buildings of the Mariinsky ironworks stood below the dam. 
They were wooden, by now nothing remains of them. But near the dam there is a lot of 
slag. From 1945 until the 1950s, a hydroelectric power station operated on the dam of 
the Mariinsky pond, supplying the village with electricity [23]. 

Thus, the experience of building dams in Ekaterinburg and nearby industrial settle-
ments was deeply successive: following the dams of the Uktussky, and then the Isetsky 
plant, it diffused during the creation of a dam at the Verkh-Isetsky, Polevskoy and other 
plants. 

3.8 Historical and Architectural Significance of Dams in the Context 
of the History of the Ural Region 

The industrial and cultural heritage of any Ural settlement that arose as a mining set-
tlement or a factory city [20] can now be judged, first of all, by the preservation of its 
three main components: a pond, a dam and the structure of the settlement, which deter-
mines the historical development of the factory city. If the settlement also served as an 
outpost, then the degree of preservation of the heritage is also determined by the degree 
of preservation of the fortress or its elements. In this regard, the key cultural heritage 
of Ekaterinburg as a factory city (ironworks at the Plotinka) and as an outpost (fortress) 
have been lost. At the same time, if the fortress was lost in the process of expanding 
the city, then the plant, due to the “cultivation of the center”—the organization of the 
Historical Square—is irreplaceable, despite the best intentions, such as the development 
of the city in line with the concept of “garden city”, the creation of recreational and 
cultural public spaces, etc. 

The range of values of water in the process of development and the nature of the 
settlement system of the Urals is very wide, from purely economic to state-symbolic. 
Quite in the spirit of its time, able to “read” any iconological systems and loving allegories 
[24], the confluence of waters is interpreted as an increase in the power and strength of not 
only nature, but also power. By the nineteenth century, this value-semantic continuum 
was losing its integrity, making it possible to transform the original forms and often 
lose their integrity. So, in 1808, the retaining wall of the dam of the Verkh-Isetsky plant 
was lined with cut stone from the downstream side, which led to the loss of a wooden 
construction over the lifting mechanisms. With the construction of a new sluice and a 
building of locking mechanisms, the old water conduits were dismantled and the chest 
and spillways were filled in. Later, the plant’s dam was reconstructed many times [25]. 
Ultimately, road and rail access roads are arranged on the surface of the dam. At present, 
the locks of its spillways have not been preserved, and the new one is made of reinforced 
concrete. The preserved retaining walls of the dam and canals lined with stone are of 
historical value. 

Comprehending the architectural, urban planning and socio-cultural value of the 
ponds and dams of Ekaterinburg and its vicinities has a long history. Its completeness



Hydropower System of the Ural Factory City as a Unique… 369

and adequacy largely depend on museum representations. A large-scale and successful 
example of the representation of industrial, including hydraulic, heritage is the Sever-
skaya blast furnace Museum Complex, which is based on a monument of urban planning 
and industrial architecture of the nineteenth century, an object of cultural heritage of fed-
eral significance in the city of Polevskoy. Together with the plant and the dam, it is one 
of the few industrial complexes of the middle of the nineteenth century that have been 
saved in such a high degree of preservation, not only in Russia, but also in Europe, 
giving a complete picture of the production metallurgical process, and the hydropower 
infrastructure of factory city of that time [26]. 

4 Conclusion 

It is necessary to draw the attention of scientists and citizens to ponds and dams, if only 
because many people do not perceive them as an industrial heritage. Based on the idea 
of heritage revalorization [27], we can say that the very fact of designating a place plays 
a big role in attracting attention in this way. 

The city-forming role of water and energy facilities and their unique function in 
shaping the settlement system of the mining Urals are obvious. This is largely due to the 
connection of the energy of the water wheel, later the hydro turbine, with production, on 
the one hand, and the layout of the city-factory, on the other. In turn, the totality of such 
connections sets the boundaries of the settlement and significantly affects the mentality 
of its inhabitants. 

Speaking of industrial processes and objects of the eighteenth century, we cannot lose 
sight of their value-semantic aspects for contemporaries. In addition to the originality 
of building technologies and structures noted above, there was a specific symbiosis of 
pragmatic and symbolic principles that well characterize the era. 

The transformation of the dams in the region under consideration in history has been 
repeatedly associated with capital work to increase, strengthen or change the structure. 
Decorative landscaping was also timed to coincide with image or anniversary events. 
The dams have come down to us in a significantly altered form, but at their base the 
original structural elements have been preserved—log cages filled with clay and lined 
with rubble on the outside, currently “chained” in concrete and granite shells. 

The remains of the ancient dam of the Isetsky pond with fragments at the locations 
of spillways are part of the cultural heritage site of federal significance “Buildings and 
structures of the Ekaterininsky plant “Monetka” (Sverdlovsk region, Ekaterinburg, the 
central part of the city), and included in the unified state register of cultural heritage 
objects (monuments of history and culture) of the peoples of the Russian Federation. 

It is difficult to overestimate the hydrotechnical, urban planning, infrastructure and 
cultural significance of the dam for Ekaterinburg and the surrounding cities. Its location 
set the direction of the main streets, the vectors of further development of settlements. 
The central highway always ran along the axis of the dam. Among the many dams that 
blocked the Iset and other rivers of Ekaterinburg in different places (Sukhaya, Olkhovka, 
Melkovka, Osnovinka) to ensure the operation of saw and flour mills, gold washing 
factories, the dam of the Ekaterinburg plant, of course, is of particular importance, 
especially since most of the old dams over time were dismantled, their ponds were
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lowered, and the rivers themselves were covered up. In varying degrees of preservation 
in the urban environment, the remains of the log-earth dam of the Uktus plant, the 
Nizhne-Isetskaya and Verkhne-Isetskaya dams are represented. 

Thus, the fundamental technological construction of metallurgical plants of the eigh-
teenth century has been the main “backbone” of the settlements under study for three 
centuries, linking the banks of the rivers and symbolically connecting generations. The 
technological functions of dams in the nineteenth century came to naught. In the last 
quarter of the XIX century their role has increased as a part of urban improvement, a 
communicative, household, leisure component of urban everyday life, a road and trans-
port artery. Throughout history, the town-planning and town-forming (holding the pond) 
functions of the dam continue to be preserved. At the same time, its utilitarian purpose 
is transformed into a symbolic, cultural, aesthetic, commemorative significance. As the 
functions of the dam changed—from production and hydropower to infrastructure and 
transport—in practice, the industrial heritage object was revalued. 
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Abstract. The Arctic is unique natural landscapes, resources, rich culture of the 
small peoples of the North, and as a consequence, the high tourist potential of 
the region. The development of the cultural and social framework (CSF) of Arctic 
cities will help to develop a network of public spaces and provide connections 
between them, which can have a positive impact on both the comfort of the envi-
ronment for local residents and tourists. However, the formation of a comfortable 
urban environment in Arctic cities is a difficult task that is complicated by the 
harsh climate of the Arctic territories, low temperatures, precipitation, high wind 
speed, as well as the peculiarities of daylight and polar nights. These factors can 
significantly reduce the comfort of being outdoors and as a consequence reduce 
the variety of outdoor recreation for both residents of Arctic cities and tourists. It 
is also worth mentioning a decrease in the safety of staying in the open spaces of 
Arctic cities, since low temperatures and high wind speeds can lead to a significant 
reduction in frostbite time. Ensuring connectivity of CSF objects is the key to the 
development and improvement of all the components of the cultural and social 
framework. The article analyzes the factors influencing the cohesion of cultural 
and social frameworks of Arctic cities, uses modern GIS-technologies to model 
the cultural and social framework, developed an algorithm to assess the pedes-
trian accessibility of CSF, using GIS-technology, as an approbation of theoretical 
research an experiment on the example of Norilsk. 

Keywords: Arctic · Public spaces · Arctic tourism potential · Cultural and social 
framework · GIS · Territorial cohesion · Connectivity of linear objects · 
Comfortable environment in the Arctic · Sustainable development 

1 Introduction 

The Arctic zone occupies more than 28% of the territory of the Russian Federation 
[1]. It is home to 2.6 million people, which is more than half of the world’s Arctic 
population. Despite the difficult climate, polar nights, and the problem of permafrost 
soils, interest in this area has always remained at a high level [2, 3]. Increased interest in
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the development of the Arctic zone of Russia is associated not only with the opening of 
the Northern Sea Route, but also with great economic, social, raw material and tourist 
potential of the territory [4–6]. The development of the Arctic city is impossible without 
taking into account its public spaces, their condition and their connectivity. It is the 
inseparability of cultural, historical and natural objects of the city that makes it possible 
to create a sustainable, development-capable cultural and social framework (CSF) [7–9]. 
The development of the cultural and social framework in the Arctic cities is an urgent 
task for modern urban development [10]. First of all, the relevance of the problem is 
associated with the development of spatial development documents of the Arctic zone. 
The research presented in this article was conducted on the basis of the “Strategy for the 
Development of the Arctic Zone of the Russian Federation and National Security until 
2035”, as well as other key documents defining the goals, development and expected 
results related to the development of the Arctic zone of Russia [11–13]. In connection 
with the publication of the Strategy, there are more developments on this topic and 
mechanisms for the management of these territories is being created at an accelerated 
pace. 

Despite the importance of the development of the territories of the ASRF settlements, 
it is important to understand that the urban development of the Arctic has a number of 
features [14–16]. Such features include:

● low temperatures,
● high wind speeds,
● high precipitation,
● polar night. 

In conditions of low temperatures, high wind speeds and complex topography, mov-
ing between objects of attraction becomes a very difficult and unsafe task for human 
health [17, 18]. Based on the above difficulties it is obvious that creating a cultural and 
social framework in the Arctic cities, as well as ensuring its connectivity and acces-
sibility is not only a question of comfort, but also of safety [19]. A great number of 
scientists such as Ratner E. M., Serebrovsky F. L. and others have dealt with the issue 
of climatic comfort and creation of comfortable urban conditions, taking into account 
climatic factors [20, 21]. Among foreign researchers in area of influence of a climate on 
the person it is possible to allocate Blocken B., Osczevski, R. J., etc. [22, 23] Ensuring 
the connectivity of objects of attraction in Arctic cities is not only a criterion for the 
comfort of living in an urban environment, but also security. 

2 Cultural and Social Framework (CSF) of the Arctic Cities 

2.1 CSF Structure 

Cultural and social framework (CSF) of the city is a set of objects of social and social 
significance both for the population of the city and business development, including the 
attraction of external flow of tourists. 

This study identifies three groups of objects:

● Natural objects from squares and boulevards (the most compact green spaces in cities) 
to Specially protected natural territories;
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● Historical objects—buildings, complexes of buildings, historical centers of cities, 
having the signs of historical value;

● Cultural objects—theaters, cinemas, clubs, museums, entertainment centers, sports 
facilities and many other objects of entertainment and cognitive nature, which are the 
focus of public attraction outside of work activities. 

The objects of the cultural and social framework in the Arctic cities also have a 
number of features (Fig. 1). 

Fig. 1 The composition of the cultural and social framework, taking into account the specifics of 
cities in Arctic cities 

The natural objects of the Arctic territories include traditional parks, squares, boule-
vards, squares, as well as urban forests and arctic deserts. Also the natural objects in the 
Arctic zone can include beaches, which, despite the climate not quite suitable for beach 
recreation, have a unique natural landscape and become an active focus of attraction for 
visitors. 

Historical sites of Arctic cities are represented mainly by local history museums, 
which reflect the unique life and culture of indigenous peoples of the North. Also his-
torical objects of the cultural and social framework of the cities of the Arctic Region 
are represented by memorial monuments—monuments to polar explorers and discover-
ers of the Arctic, memorial complexes of the Great Patriotic War, memorial complexes 
to the victims of the Gulag. Many Arctic cities have a large number of monuments of 
architecture and urban planning from the time of its development and construction of 
cities, including UNESCO World Heritage Sites. 

As objects of culture, it is proposed to consider first of all objects of cultural and 
community services—theaters, cinemas, stadiums, etc. However, the Arctic zone of the 
Russian Federation is also represented by unique objects typical only for the Arctic— 
petroglyphs, camps of indigenous peoples, etc. [24].



Forming the Coherence of the Cultural and Social… 375

The most important task is to connect all these objects to each other in a single cultural 
and social framework and ensure the accessibility of all objects within the framework of 
CSF. The cultural and social framework should have the following essential parameters 
(Fig. 2): 

Fig. 2 Diagram of the CSF in Arctic cities

● spatial coherence of the urban environment,
● good condition of cultural, historical and natural objects,
● attractiveness of the urban environment. 

The purpose of the Arctic settlement CSF is to concentrate the objects of cultural 
and social significance in the cities within a coherent system of territories. 

2.2 Connectivity of CSF Objects 

Connectivity is a mandatory requirement for the formation of CSF in the Arctic set-
tlements, as it is primarily a question of environmental safety. In this study we will 
pay attention to the requirement for connectivity of the cultural and social framework 
of the Arctic cities. The provision of CSF connectivity in the Arctic is considerably 
complicated by low temperatures, strong winds, polar ngoches, and difficult terrain. The 
transport infrastructure and the availability of accessible navigation in the city also play 
a significant role. All of the above factors have a direct impact on the connectivity of
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CSF. The connectivity of the cultural and social framework can be considered through 
pedestrian and vehicular accessibility. In this study, we consider pedestrian temporal 
isochrones. Based on a review of existing site connectivity studies, the following factors 
affecting the connectivity of CSF were identified (Figs. 3): 

Fig. 3 Factors affecting the connectivity of the CSF in the Arctic cities

● air temperature of the most discomfort period,
● wind speed and direction of the most discomfort period
● daylight duration,
● landscape of the city,
● transport infrastructure,
● saturation of cultural and consumer service facilities,
● availability of navigational objects. 

In this study we will consider in detail two factors—air temperature of the most 
discomfort period and wind speed and direction of the most discomfort period and 
their influence on the connectivity of CSF objects. It should be noted that the existing 
methods of assessing the accessibility of CSF facilities for cities with a more comfortable 
climate are not acceptable for cities in the ASRF—the movement of pedestrians at low 
temperatures and high wind speeds may not be safe. 

2.3 Assessment of CSF Connectivity Parameters—Temperature and Wind Speed 

In order to determine the maximum permissible time for moving between CSF objects 
it is suggested to refer to the WindChill Index table data [25]. The WindChill Index is 
a way to measure the severity of the weather, that is, the subjective feeling of a person 
when simultaneously exposed to frost and wind [26]. Polar explorers Paul Sayplu and 
Charles Passlu during the Antarctic expedition in the winter of 1941 conducted a series 
of experiments that consisted in observing the rate of freezing of water depending on
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Fig. 4 Table of WindChill index values

air temperature and wind speed. The results formed the basis for the development of the 
table of values of the wind-cold index. 

The wind-cold index weather hardness is calculated as follows: the air temperature 
in degrees Celsius is added to the wind speed multiplied by the hardness coefficient. For 
ease of use, different combinations of air temperature and wind speed are gathered into 
a table of weather hardness by wind-cold index (Fig. 4). 

Thanks to the table we can determine the maximum time during which pedestrians 
can move between CSF objects safely, without risk of frostbite or feeling of discomfort. 
To determine the maximum distance between objects we propose to use the method 
of constructing temporal isochrons. As the initial formula we will take the formula of 
distance calculation on the basis of speed and time. Time is determined on the basis of
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the WindChill Index frostbite table. 

Scsf = V × twci (1) 

Scsf —distance between CSF objects; V —pedestrian speed; twci—the allowable time 
when moving on the street between objects, taking into account the WindChill Index. 

Since in this study we consider pedestrian temporal isochrones, we choose 5 m/s as 
the speed of a pedestrian (V). As a tool to find Scsf we will use geoinformation analysis, 
specifically network analysis in the form of temporal isochrones. As a recommenda-
tion for urban planners, we have developed an algorithm for assessing the pedestrian 
connectivity of CSF facilities for cities in the Arctic (Fig. 5). 

Fig. 5 Algorithm for assessing the connectivity of the framework in Arctic cities 

The first stage of the algorithm consists in collecting information about the objects of 
the cultural and social framework of the city, as well as climatic parameters of the terri-
tory in question. At the second stage it is necessary to construct temporal isochrones, the 
availability zones of which are determined through climatic parameters and WindChill 
Index. The third stage identifies the discomfort areas of the cultural and social frame-
work, where the isochrons do not connect for the average and maximum parameters of 
temperature and wind speed. To confirm the applicability of the algorithm it is necessary 
to conduct an approximation on the real territory of the Arctic city. For the study it is 
proposed to use modern GIS-technologies, which help to optimize and automate the 
work with spatial data [27–29]. 

3 Project Experiment on the Example of Norilsk 

As an appraisal we will consider a fragment of the cultural and social map of the city of 
Norilsk. Norilsk is a large city, a city of regional subordination of Krasnoyarsk region 
with the population of 174 453 people (as of 2021) (Fig. 6). Norilsk is considered the 
world’s most northern city with a population of more than 150 thousand people. Norilsk 
is the largest center of non-ferrous metallurgy in the Russian Federation.

Norilsk is one of the most interesting cities in the Arctic zone in terms of tourism— 
special northern nature, culture of the small peoples of the North and Siberia, unique life 
of local residents of the city. Norilsk is home to many natural and cultural attractions. 
However, Norilsk is also characterized by the harshest climate, even for the Arctic [30]. 
The average temperature in the most uncomfortable period in January is −18.8 °C, and 
the minimum can reach −57 °C. The average wind speed is 6.7 km/h and the maximum 
wind speed is up to 144 km/h (Fig. 5). Considering the safety requirements for traveling 
at such low temperatures and high wind speeds, it is proposed to analyze two travel 
scenarios—at average temperature and wind speed parameters and at maximum ones.
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Fig. 6 Norilsk city layout and climatic parameters

According to WindChill Index this means that for average and maximum values of 
temperature and wind speed we take time availability isochrones of 2, 5 and 10 min. 

In accordance with the developed algorithm, the first step is to collect data on the 
existing objects of the cultural and social framework (cultural, historical and natural) 
and enter them into the GIS in the form of vector geometry with attributes (Fig. 7).

In Norilsk, historical and cultural objects of CSF predominate within the city bound-
aries, while natural objects are mostly located outside the city, within the boundaries of 
the urban district. Natural sites located outside the city should be considered separately, 
taking into account both transport and pedestrian accessibility. This study proposes to 
consider objects within the city of Norilsk and in its immediate vicinity. 

At the second stage, it is necessary to construct temporal isochrons of pedestrian 
accessibility, taking into account climatic factors. To build temporal isochrones we use 
the software package QGIS and a module for network analysis ORS Tools. The range 
of temporal accessibility choose 5 and 10 min for the average values and 2 min for the 
maximum. 

On the third stage it is necessary to connect all objects of CSF in a single frame 
and to determine areas of the frame where isochrons are not connected, and hence the 
connectivity between objects is broken. To connect the objects by the existing transport-
pedestrian lines we use also the program complex QGIS and network analysis module 
QNEAT3 (Shortest Path). First, we conduct an analysis for the average parameters of 
temperature and wind speed −18.8 °C and 6.7 km/h (Fig. 8). The availability ranges for 
the average parameters are 5 and 10 min.

The diagrams show that with average parameters of temperature and wind speeds 
there are only a few uncomfortable areas where connectivity is broken. The first small 
section is located on Vokzalnaya Street. The second section, much longer, runs along 
Oktyabrskaya Street to the memorial to the victims of the Gulag or Norilsk Golgotha.



380 A. Korobeynikova et al.

Fig. 7 Elements of the cultural and social framework by type and their density

Fig. 8 Isochrones of the availability of CSF for average climatic parameters
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Despite the fact that the memorial is outside of the city it is worth to include it in the 
cultural and social framework of Norilsk, as the theme of Gulag and Norillag is one of the 
main in the history and in forming the identity of the city. It is necessary to note, that the 
way to the memorial runs through the area of Old Town where many historical buildings 
of historical value of Norilsk are preserved. Creation of intermediate CSF facilities and 
modernization of public transport routes will allow to achieve connectivity in this area. 

Then we need to conduct a similar analysis for the maximum parameters of temper-
ature and wind speed −57 °C and 144 km/h (Fig. 9). The accessibility ranges for the 
maximal parameters are 2 min. 

Fig. 9 Isochrones of the availability of CSF for maximum climatic parameters 

The resulting scheme shows that the uncomfortable areas are much more than those 
where connectivity is maintained. In contrast to the first scheme these are not only remote 
objects, but also the objects located within the limits of kilometer or even hundreds 
meters. It is obvious that these sites require measures to increase the connectivity of 
CSF objects. 

4 Conclusions 

As a conclusion, it can be argued that there are problems with connectivity in the Arctic 
cities. Even taking into account the average air temperatures and wind speeds in the 
cultural and social framework of the city there are uncomfortable areas of the pedestrian 
path. When the maximum possible temperatures and wind speeds are taken into account,
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there are considerably more of these areas. As recommendations to increase the connec-
tivity of the cultural and social framework we can offer: the organization of warm stops, 
improving the system of public transport, as well as the creation of intermediate points 
of interest. 

The developed methodology of CSF connectivity assessment through the parameters 
of temperature and wind speed makes it possible to determine the uncomfortable areas 
of the cultural and social framework (CSF) of the Arctic city and to work out proposals 
on the improvement of connectivity. Ensuring of spatial coherence of cultural and social 
framework is extremely important in the complex climatic conditions of the Arctic zone 
of the Russian Federation. The project experiment on the example of the city of Norilsk 
confirmed the applicability of the methodology for assessing the connectivity of the 
cultural and social framework through the parameters of temperature and wind speed. 
As a conclusion it is also necessary to say that for a full assessment of the coherence 
of the cultural and social framework of the Arctic cities it is necessary to take into 
account other factors—daylight duration, landscape of the city, transport infrastructure, 
saturation of cultural and consumer service facilities, availability of navigational objects. 
To optimize the process of CSF connectivity assessment it is necessary to create a script 
in Python programming language in the GIS environment. The creation of a coherent 
cultural and social framework of the Arctic city will help to develop a network of public 
spaces and ensure the connection between them, which in turn will increase the comfort 
and safety of the living environment for the residents, as well as help to develop tourist 
routes in the city. 
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Abstract. The article discusses the basic principles of an eco-positive environ-
ment at a preschool educational institution. Such principles provide a basis for 
an environmentally comfortable space and teaches preschool children a right atti-
tude to the environment. Special attention is paid to ecological comfort zones in 
preschool educational institutions. The article also identifies the prerequisites and 
considers several techniques and tools used to form an environmentally friendly 
(eco-positive) environment at a preschool institution. The possibilities to organize 
a roofing space as part of an environmentally oriented architectural environment 
are revealed. The main directions for the development of an on-roof exclusive space 
at a preschool institution have been identified as follows: an exploitable roof with 
playgrounds and phyto-modules; a “building–hill”, which involves using horizon-
tal surfaces of the flat exploitable roof along with the slopes (embedded, raised) 
of the roof, involving the horizontal, angled and even vertical planes and facili-
tating the development of the exploitable roofing space in conjunction with the 
site; an exploitable roof featuring mini-gardens and greenhouses, “green” slopes 
used to establish eco-trails; a resource-saving roof. The research outcomes are 
both practical and theoretical, with the latter capable of being the basis for further 
research. 

Keywords: Ecology · Ecological comfort · Ecopositive environment · Green 
architecture 

1 Introduction 

Setting-up an environmentally comfortable architectural space has long been a matter 
of interest both nationally and internationally. The basics of environmental culture and 
environmental education should be taught starting from the preschool age [1–4], as 
otherwise educating the younger generation is impossible without broadcasting these 
principles. Individuals’ perception of environment is not limited to vision, it involves 
other senses, such as hearing, smell and touch, which constantly work together. These 
functions affect a person on a deeper level than we might think. 

It is worth noting that preschool age is highly suitable for the environmental upbring-
ing and understanding natural relationships. According to S. N. Nikolaeva, N. N. Kon-
dratieva, A. M. Fedotova, N. A. Ryzhova, O. Yu. Tyutyunik, I. A. Haidurova, etc. “5–7-
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year-old kids are capable of acquiring ecological knowledge about plants, animals, man, 
cause-and-effect relationships and interactions of nature, human-nature relationships 
and the versatility of nature” [5]. 

The architect’s role in the design of the architectural environment for preschool 
education is underestimated. The fact that the architect, a creator with various plots at 
hand, is capable of directly or indirectly influencing the human perception of the world, 
human emotions, of working with subconscious feelings is highly important. The most 
amazing thing is that the impressions that we relieve, physical actions and especially the 
memories caused by them are rooted in our consciousness and permanently impact the 
development of our personality. 

On a global scale, boosting the level of environmental culture lays the foundation for 
the growth of national welfare and saving public expenses on the elimination of natural 
and environmental disasters, often caused by humans themselves. In this regard, the role 
of an eco-positive approach based on the principles of caring for the environment and 
the child as an integral part of nature, is increasing [6]. 

The studies into preschool ecological education in the 1980s [7]. Despite the currently 
available developed and tested methods and various pre-school ecological education 
programs proposed, in practice there is a discrepancy between the facilities and resources 
and the content of the educational process. 

This study considers the main means to form a favorable eco-positive architectural 
environment being an integral architectural component of a preschool educational institu-
tion. The term “eco-sustainability” is understood here as a result of “green” construction, 
aimed at erecting buildings with minimal environmental impact and rational energy use 
[8]. 

The study is particularly relevant due to the ecological comfort problems faced in 
pre-school, which arise due to the modern requirements to the educational process. 

The article aims to identify the sustainable architecture techniques building up the 
basis the eco-positive pre-school environment. 

The research methodology is based on a transdisciplinary approach that considers 
the study of children’s psycho-physiological characteristics through the prism of the 
educational process building up the knowledge about ecology within a certain architec-
tural environment. Scientific research in the form of project proposals referenced in the 
article are justified by the preschool architectural environment ecological comfort ideol-
ogy. They serve as a basis to identify sustainable architectural space forming techniques 
that preserve cognitive foundations, form the preschoolers’ desire for harmonious unity 
with nature, and comply with optimal freedom of movement, comfort, and minimal 
environmental interference requirements. 

2 Environmental Practices Used to Form a Sustainable Worldview 
in Preschool Children 

The following authors researched the issues of education by nature and ecological cul-
ture: Abramova N. L., Archegova I. B., Vinogradova T. A., Ivanov S. A., Kondratieva N. 
N., Kulikova E. Yu., Markova T. A., Mindzayeva M. R., Parfentieva T. A., Shkolnikov 
D. I., Shilenok T. A., etc. Improving the energy efficiency of preschool buildings was
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considered in many foreign overviews and studies by Bjarke Ingels, Cardelus C., Day 
C., Dudek M., Exley P., Henning Larsen, etc. Vatin N. I., Nemova D. V., Yezersky V. A. 
and others researched cutting the preschool construction costs. 

Many scientists were engaged in the development of environmental practices for 
children. During the Soviet period, preschool environmental activities were mainly based 
on nature conservation viewed as the most important social activity. Environmental 
knowledge was included in multiple training programs and manuals. However, this was 
not enough to solve the publicly set tasks of environmental education. In the 1970s, an 
integrated approach to environmental studies was formed. It studied the environment 
as an integral inter-connected system and involved children in useful extracurricular 
and social environmental activities. From that moment on, education has viewed nature 
protection as a system of scientific knowledge and practical measures for the rational use 
of natural resources, environment protection, and preventing the destruction of natural 
objects and complexes. 

It is important that humanism towards nature was already developing in that histor-
ical period: the children’s attention was focused on the difficulties animals and plants 
experience and the possible assistance from humans (equipment of feeders, weeding, 
etc.). The pupils acquired the environmental ethics that is paramount for a growing 
personality, i.e., knowledge how to protect nature and what one should not do to nature. 

The preschool ecological practices developing over the latest decade provide nature 
conservation guidelines along with ecological and naturalistic (studying nature by 
observing living organisms, creating educational ecological trails, conducting outdoor 
excursions); ecological and local history (studying the influence of human activity on 
the state of natural and cultural heritage objects; identifying conditions to preserve the 
historical landscapes); ecological and educational (collection, processing, analysis, dis-
semination of ecological and educational information, studying and modeling of envi-
ronmental problems, creation of information products (posters, wall newspapers, crafts, 
etc.) on environmental protection); and agroecological (planting and caring for plants) 
guidelines. 

It is important that such activity of a problem-oriented, creative nature allows children 
to think about their lifestyle, place and purpose in the world, discuss and become awar 
of global problems, form an active environmental position and feel its value, form their 
own attitude to it [7]. 

The ecological education outcome is the emergence of ecological culture which 
coordinates natural and social security in one’s life and ensures the natural environ-
ment preservation [5]. Environmental practices allow children to conduct comprehensive 
ecosystems studies with special equipment, along with experiments and observations that 
bring them to perceive the nature and interact with it. 

Having analyzed the content, form, methods and techniques of environmental pro-
tection measures as part of the present study, the authors have identified the following 
main directions: “activation” of the building’s protective function—making up a “barri-
er” protecting from the negative external influences (gas pollution, noise, overheating); 
creation of a favorable and safe environment for games and leisure, sports and experi-
mentation, taking into account the children’s age and preferences; identification of ways 
and resources to create an environmentally friendly environment for the children’s daily
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life at a preschool educational institution. Formation of conditions conducive to the 
development of ecological culture and a conscious attitude to nature. 

The programs on ecological education of preschool children view the following as 
the components of human ecological culture: resource conservation, low-waste/non-
waste and the degree of energy resources use, creating conditions for the development 
and existence of future generations [9–11]. Therefore, this issue will be considered 
from the point of view of resource conservation by architectural means and creation 
of conditions for the development and existence of future generations, as setting up 
comfortable environmental conditions is one of the strongest factors affecting human 
health and well-being. 

The everyday design process usually focuses on the general compositional and pic-
torial aspects of an object with little attention being paid to how the object functions 
and interacts with human life. It is about how people who use objects, that is, preschool 
children, actually perceive, live in and understand them. The influence of building envi-
ronments on cognitive and social development is usually given little or no time at all. The 
task of the study is to determine the design solutions of environmental comfort zones 
that convey the correct ecological worldview. 

Based on the experience of implementing environmental practices, it is possible 
to identify areas requiring ecological comfort zones. The developed eco-comfortable 
preschool environment concept states that these zones can be located on site, as well 
as embedded in the internal structure. The main purpose of such zones is the children’s 
feeling of closeness to and harmony with nature in an open or closed space. Nature has 
a very profound positive impact on our physical and spiritual health, and also enhances 
the sense of community with the world around us. 

Swedish scientists compared children treated in different conditions: the playground 
for some was located in a quiet place, surrounded by tall buildings, with low plants 
and paved paths; others, on the contrary, followed the outdoors-at-any-weather principle 
and played on a playground in an overgrown garden. The study showed that children in 
constant contact with nature who spent the whole day outdoors regardless of the weather 
had better coordination and better ability to concentrate [12, 13]. It was also found that 
the proximity of trees could help reduce the symptoms of attention deficit disorder in 
children [14]. 

Christopher Day, Andrea Faber Taylor, Francis Kuo and William K. Sullivan found 
that places with green spaces stimulate the creative imagination in playing children, 
increase their ability to interact positively with adults and reduce the manifestations 
of disorders associated with low ability to concentrate [15–18]. All this indicates 
that environmental practices create unique opportunities for various children’s outdoor 
activities. 

One of the most common areas of preschool environmental education over the past 
decades has been environmental practices involving the study of man-nature relation-
ships. Any environmental practice is based on a comprehensive study of the ecosystem 
by preschool children. It is included in the educational process and involves three chan-
nels of the surrounding world perception: cognitive (mastering knowledge about the 
world and humans and the related mental activity), perceptual (involvement of emotions
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and feelings in the educational process) and practical (inclusion of personality in social 
activity). 

The analysis of the forms, methods and technologies of environmental practices 
used over the last decade has revealed the following types of children’s activities: sup-
port of objects of animate and inanimate nature (breeding fish, feeding animals in win-
ter); environmental monitoring and research, including various methods: observation, 
experiment, modeling, etc.; design and creative activities aimed at solving local envi-
ronmental problems: collection and disposal of solid household waste, landscaping and 
landscaping, landscape design, etc.; ecological and educational activities—broadcasting 
(promoting) ecological and environmental knowledge in various forms, creative works 
(newspapers, drawings, posters); ecological and health-improving activities aimed at 
developing healthy and environmentally safe lifestyle skills and abilities; mass outdoor 
events: games, trainings, discussions, holidays, contests, excursions, hiking, etc.; eco-
logical and artistic activities: writing fairy tales and stories about animate and inanimate 
objects, photographing, drawing [7]. 

Despite the trends towards the development of creative, problem-oriented, interactive 
activities, the aforenamed areas still mostly involved the kids’ intellect in the perception 
and understanding of the world around them. The development of the emotional, spir-
itual and moral components requires new sensory forms, methods and technologies of 
interaction between nature and architecture along with the corresponding educational 
content. 

Thus, for the last decade of the twenty-first century, the practice of sensory nature 
cognition and sensory pedagogics, based on the person’s ability to perceive the outside 
world using one’s senses: sight, hearing, smell, touch, taste, start developing in the 
national eco-education. 

In the framework of sensory pedagogics, the children activities on eco-trails (paths), 
which can be organized both in the natural and urbanized environment, on the territory of 
educational organizations, have a great psychological impact. When organizing the cog-
nitive activity of children on the eco-trail, it is possible to get information not only from 
the guide or the inscriptions on the tablets, but also by influencing the emotions (color 
contrast, colors, smells of different types of plants) that greatly affect the perception of 
the student senses. 

In terms of organizing contemporary environmental practices, the pedagogical expe-
rience of Yu. V. Sheshina is noteworthy [16] as she annually organizes a country camp 
“Solnechnaya Chasha” for children of different ages in the vicinity of Yekaterinburg. 
It naturally combines the following: research activities (observations of natural objects, 
changes in nature, the study of the species composition of plants and animals, etc.); 
creative activities (floristry, landscape design, ikebana, journalism, acting, needlework); 
ethno-cultural component (traditions of different countries in the world, including the 
traditions of the human-nature relations); recovery by natural means (morning jogging, 
swimming, sauna, natural nutrition, herbal tea, etc.); local history component (acquain-
tance with natural monuments, cultural sights of the region); demonstration of video 
materials on environmental and moral orientation topics; simple relaxation and medita-
tion practices in the natural environment; sensory communication with the natural world 
and its contemplation; acquisition of the ethical-philosophical and ecological knowledge
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in the form of a problematic dialogue and heuristic conversations; socially significant 
environmental activities (cleaning natural areas from debris, planting, etc.). Thus, the 
eco-activity of children in this camp is versatile, complex, involving mind, emotions 
and feelings, rational and irrational elements, science and art, theory and practice in 
the process of understanding nature and the surrounding world. Within this pedagogical 
approach to the organization of children’s environmental practices it is possible to form 
a comprehensive child’s noospheric worldview. 

The efficiency of an integrated approach to the children activities during environ-
mental practices was pointed to by foreign researchers as early as in the 80-s of the 
twentieth century. Thus, G. W. Knamiller distinguished the priority personality traits the 
environmental education should develop and considered to be the most important for a 
person with a noospheric worldview: a sense of unity with the environment, admiration 
for it and respect for its underlying processes; a sense of community with other people 
and living beings; a sense of responsibility for the choice made; developed imagination 
and creativity; a sense of continuity between past, present and future; ability to find the 
necessary information; critical attitude to the information received; the ability to predict 
and evaluate; the ability to formulate and test hypotheses. 

To define the content, forms and methods of children environmental practices, the 
pedagogical approach of J. Elstgeest is of interest as it proposes to build the pedagogical 
process of the child’s cognition of the environment based on the following definition of 
the latter: “The environment is simply the world that surrounds us. It starts from the skin 
of our body and extends in all directions, in ever-expanding circles until it encompasses 
even the Universe” [1]. In compliance with this, the education, based on the unique 
experience and child feelings, should gradually expand the horizons of knowledge and 
understanding of the surrounding world starting from the immediate natural environment 
to understanding the structure and beauty of the Universe, feeling the “filial feeling of 
the space” (K. N. Wentzel). Thus, the true sacralization of life by a person is possible 
on the education path since the very earliest years of a special attitude to nature, water, 
air, earth, sky, plants, animals as the “moral personalities” [1]. We consider the task of 
captivating children with this idea, giving them appropriate content and active methods 
and technologies, including sensory ones, for cognizing nature, to be one of the primary 
tasks of modern education. 

3 Architectural Techniques of Ecopositive Architectural 
Environment 

Some of the techniques creating an eco-positive architectural environment are quite 
simple and effective and do not require additional capital investments. 

The playground is one of the main zones that forms a sustainable and comfortable 
environment of a preschool educational institution. Preserving the original components, 
as well as the possibility of transformation in order to create conditions for children to 
feel the closeness between the nature and humans are very important. “The positive side 
of children noticing, observing, experiencing, creating a variety of worlds embedded in 
everyday life is the richness and depth of their spiritual communication with the land-
scape, the ability to receive maximum personally important information in this contact
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and achieve a sense of unity with the world…The development of the human ability to 
discover multiple worlds can be left to chance—which happens most often in our mod-
ern culture. And you can teach a person to realize, manage and give verified traditions 
of many generations of people, cultural forms. Such, for example, is the teaching of 
meditative contemplation that takes place in Japanese gardens” [19]. 

Landscape modeling is one of the techniques that ensures an environmentally ori-
ented architectural environment, and it should, undoubtedly, account for the psycho-
physiological characteristics of preschool children. We further establish the preschool 
age categories and the corresponding preferences:

● playgrounds for toddlers (up to 3 years old) are quiet, sunny, isolated sites surrounded 
with greenery which have a sandbox and small swing springs. It is important to keep 
in mind that this is the kids’ first meeting with the outside world and strangers, the 
first independent platform, so it is of great importance for the toddlers;

● playgrounds for children aged 3–5—mainly for experimental games of children with 
sand and water;

● playgrounds for children aged 5 to 6 (7) are characterized by a variety of activities 
and additional educational functions. They can feature outdoor horizontal platforms 
for creative, theatrical and educational activities added to the artificially created ele-
ments of the natural environment (slides, hills, small dams), which is determined 
by age (craving for active physical development) when studying natural elements, 
phenomena in the educational and cognitive process in the air in the form of small 
amphitheaters. 

The elements for experimental activities can be different: artificially constructed; 
made from natural elements (remnants of wood, old trees, etc.) which are compelling due 
to their low cost and high information and artistic potential. Here, it is possible to identify 
a group of means to create an artificial barrier—the screening of the territory, contributing 
to the protective function formation for the structural elements of the territory that 
prevents the external adverse influences through the use of:

● fences (creation of a protected yard due to a deaf or semi-deaf fence, phyto-walls);
● the volume of the building (the formation of semi-enclosed recreation courtyards due 

to the main volume of the building and the use of the exploitable roofing space for 
playgrounds) [20];

● creation of a protected courtyard for the formation of the building volume, or by using 
an active landscape component [21];

● shadow canopies (shadow canopies can form the perimeter of the site, creating a 
visually impenetrable surface) and due to the changes in the terrain of the site.

● enabling the protective functions of the site. Due to the correct formation of the volume 
of the building and the modeling of the site, wind protection can be carried out; relief 
differences on the site can act as protective architectural measures to eliminate and 
reduce the negative impact on the health of pupils, creating wind protection, forming 
a shadow curtain, being a comfortable area for children’s games. 

The building and the site are characterized by the harmonious inclusion of the archi-
tectural object in the urban and landscape environment and is manifested in the principle 
of sustainable development of architecture in the form of the integration principle [8].
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Another direction for the development of the structural elements of the building volume 
within the framework of the comfortable environment generation can be the intercon-
nection of the object with the environment and the development of safe and affordable 
“green roofs” on the building and slopes, earthed parts. In this regard, the building is 
like a game element of a walking area, expanding the range of opportunities for the 
environmentally comfortable space. 

The roof has great potential. The roof is of crucial importance in the organization of a 
three-dimensional solution for the preschool object in the development of a microdistrict 
of the city when perceived from the upper floors. Based on the variety of techniques and 
approaches to the accessible roofing space organization, the following areas can be 
identified as having firmly established themselves in international practice (Fig. 1): 

Fig. 1 Trends in the development of the exclusive space of the roofing part in a preschool 
institution 

(a) the exploitable roof with playgrounds and phyto-modules, which involves the use of a 
flat operated roof with canopies for playing (installation of playgrounds and themed 
playgrounds on the roof), where part of the roofing surface can compensate for the 
territory under the building [22], including the green areas. The problem of forming 
walking areas on the roof of a building is usually aggravated by the complexity 
of wind-protection. Possible solutions include options with side protection, which 
can be designed in the form of a slope to the inner surface of the roof or in the
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form of a wall [23]. Layout solutions can be varied, it is important to create a wind-
protector around the perimeter, which would allow using the open-air space for 
physical activity, expanding the range of means presented on the ground surface. 

A flat operated roof with platforms and phyto-modules makes it possible: to 
compensate for the built-up area; to provide fire passage around the building; to use 
canopies to protect from sun and precipitation, various types of coatings, plants; to 
increase the aesthetic potential of the roof plane; to form highly artistic landscape 
compositions in the roof plane; to protect the roof from overheating. 

Disadvantages: seasonal use, or restriction due to the lack of the ability to remove 
snow in the winter season. 

(b) “Building–hill”—which syntheses horizontal parts of a flat roof in use and slopes 
(embedded, raised parts of the roof), using space not only in the horizontal plane, 
but at an angle and even vertically, which in turn allows developing the exploitable 
roofing space in conjunction with the site. Such roof has the following advantages: 
compensation for the built-up area; provision of fire passage around the building 
(subject to the use of a raised volume, the width of which is not more than 18 m, 
adjacent to the ground plane, where the entrance of the fire truck is possible from 
2 sides); the possibility of using canopies to protect from sun and precipitation; 
increasing the aesthetic expediency of the roof plane; the possibility of forming 
highly artistic landscape compositions in the roof plane with the use of different 
types of coatings, plants; the possibility of using natural slopes and obstacles for 
pupils; protection from overheating; the possibility of snow removal in winter. 

The presence of a “green” roof and slopes near the building, as well as the pres-
ence of grounded parts, contributes to the development of the pupils’ coordination 
[8], conducting collective games (competitions), which is confirmed by the scientific 
results by S. V. Ilvitskaya and I. V. Mikhailova. The roof can be arranged with a green 
coating along the entire length of the building, which guarantees energy efficiency, 
sound insulation, and comfortable internal environment parameters. 

(c) the operated roof with mini-gardens and greenhouses, the presence of “green” slopes 
for the organization of eco-trails—allows involving pupils in light labor (agricul-
tural) activities, as well as for the opportunity to grow alimentary products. Addi-
tional features include the collection of rainwater and its reuse for irrigation; cultiva-
tion of a wide range of different types of plants; increasing the aesthetic expediency 
of the roof plane; protection from overheating. 

(d) resource–saving roofing—the use of energy-efficient technologies, which involves 
placing solar panels on the roof, collecting rainwater. Excellent practical experience 
exists in Germany, Holland, Belgium and other European countries. As it is imprac-
tical to spend tap water on toilet flushing in a toilet tank, the Europeans have come 
up with many schemes for using absolutely free, but no less useful natural water. 
Thanks to the use of rainwater, the cost of depreciation of pumping and cleaning 
equipment is reduced, personal budget savings occur. Reuse of energy resources (col-
lecting rainwater, solar energy), improving the aesthetic qualities of the roof plane 
(by searching for optimal roof slopes); protection of the roof from overheating—all 
these translate into the careful attitude to nature, its resources, which educates the 
younger generation.
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As a result, the identified directions for the organization of a particular roofing 
solution allow the architects and designers to choose an architectural solution, they can 
also serve as a basis for further scientific. 

The analysis of the above roofing space set up techniques identifies the potential of 
the roofing space with an environmentally oriented architectural environment: the use 
of grass covering on the roof for active games, sports activities; creation of artificial 
slopes, vertical landscaping on the roof together with other gaming equipment; careful 
preservation of existing trees and shrubs, their inclusion in the overall composition of 
the complex, the general idea of active games. 

Thus, the identified characteristics and capabilities of the roof spaces will help the 
architect and the designer to cope with the tasks in a substantive and meaningful way, 
which will contribute to the creation of the environmentally comfortable roof zones. 

Searching for an eco-positive environment forms open amphitheater platforms at 
ground level, or in the volume of the building, which form small stairs-amphitheaters. 
The increase in natural zones, playground elements made of natural materials (wood, 
stone, sand, etc.), the expanded use of nature objects—the presence of different points 
of perception, the creation of conditions for educational, creative and sports activities 
increase the comfort of children’s stay in the preschool, contribute to ensuring a safe, 
health-saving and environmentally oriented environment. 

Ecological trails (paths) that can be organized both in the natural environment, on the 
territory of an educational institution, and in an urban zone. When involved in cognitive 
activity on an ecological path, children can get information both from a mentor, and by 
means of impressions about the surrounding world. 

The territory of a kindergarten is not a simple arrangement of isolated structural 
elements, it should be a system of objects distinguished by age preferences and groups, 
connected by an “ecological path”, which will correspond to a logically organized space 
that serves as a source of full-fledged development for each child. Thus a preschooler 
can develop the necessary personal traits with the help of an educator. 

The internal structure of a preschool educational institution can include: a sensory 
garden, a phyto-module, ensuring a close connection between a veranda and a walking 
area. 

Sensory garden. New ecological practices related to the contemplation of nature have 
begun to spread recently (E. N. Dzyatkovskaya, A. N. Zahlebny, G. P. Sikorskaya, etc.). 
Scientists have also found out that green spaces in a child’s everyday environment, even 
viewed through the window, reduce the symptoms of attention deficit. 

G. P. Sikorskaya states that only the direct contact with nature opens an amazing 
world for a child. He will have to master it in life and harmoniously fit into it. But at 
the same time, urban conditions cannot always provide an opportunity to establish the 
necessary contact with wildlife, compensate for the lack and fulfill the strive for feelings, 
curiosity, sensitivity and empathy by expanding the educational space of the “sensory 
garden”, where the pedagogical process can acquire new semantic turns aimed at such 
natural phenomena as harmony, rhythm, symmetry and other stable signs of beauty [24]. 

Such garden can be arranged in the public area of an educational institution as an 
atrium with overhead light or upper side lighting. A sensory garden at a preschool
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educational institution can partially solve problems with outdoor activities in cold or 
windy weather. 

Phyto-module. Phyto-modules are small rooms with a wide range of plants with good 
light transmission capacity designed for educational and play activities of preschool chil-
dren. The phyto-module can have a permanent translucent enclosing structure, which 
allows it to be used in winter, and also can have a removable or transformable system, 
which is open in summer and closed with translucent material in winter [25]. The trans-
forming frame or partition will allow using the space adjacent to the phyto-module in 
summer and winter for the purpose of conducting experimental activities, expanding the 
boundaries of the room. It is assumed that the phyto-module will contain a natural com-
ponent (indoor plants of different sizes, climbing plants for vertical gardening, a water 
resource) and various educational activities (sensory, design, museum, sports, music, 
etc.). 

Ensuring the close connection of a veranda with the walking area. The walking areas 
in the close vicinity to to the entrance of the preschool institutions based on the “uniting 
with nature” principle are based on the approximation of the basic parameters of the 
residential cell of an individual residential building. Bringing the walking area close to 
the exit from the group site contributes to strengthening the educational function, the 
emergence of a sense of ownership and belonging of this object to a certain group of 
pupils. 

The study of ecologically comfortable zones for preschool education revealed that 
these zones, included in the structure of a preschool educational institution, are a place 
for inspiration, creative self-realization, intellectual and physical development, leisure, 
recreation and communication, a place for the implementation of ideas for younger 
generation education. 

4 Conclusion 

The competent use of modern approaches to equipping the identified environmental 
comfort zones will make the preschool educational process more accessible. This will 
significantly help increase the children’s motivation to learn and warm up their love for 
the world around them, nature. To do this, it is necessary to involve the kids’ emotions and 
feelings, while forming a wide environmentally comfortable environment. The scientific 
novelty of this study lies in the identification of a number of architectural techniques and 
means for organizing an eco-positive architectural environment at a preschool institution, 
which promotes the fullest stimulation of the pupils’ the abilities, the activation of their 
mental activities, and will ultimately serve to stimulate the research activities (observa-
tion of natural objects, changes in nature, the study of plant species, etc.); the ability to 
conduct recreational activities, jogging on the “green” slopes, skiing downhill in winter); 
local history component (acquaintance with the herbs of the region, acquaintance with 
rare plant species); the ability to conduct simple relaxation and meditation practices in 
the natural environment; sensory communication with the outside world; mastering eth-
ical, philosophical and environmental knowledge in the form of problematic dialogue, 
conversations.
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Abstract. The Kyrgyz Republic has the richest water and energy resources. The 
main asset of Kyrgyzstan is water resources. The main indicators of the water 
supply of the territory is the amount of river flow per one km2 of area. All water 
supply and water balance assessment data were obtained from the Department of 
water resources and melioration of the Ministry of Agriculture and Melioration of 
the Kyrgyz Republic. According to the Ministry of Agriculture and Melioration 
of the Kyrgyz Republic, 321,119 ha of irrigated agricultural land are concentrated 
in the Chui region. There is drainage on 102,068 ha, where 576.6 km of the inter-
farm collector and drainage network are dispersed, of which 114.6 km (or 20%) 
is in poor condition, as well as 3450.9 km of on-farm CDS, of which 1292.2 km 
(or 36%) is also in poor condition, including 642.2 km of open and 650 km of 
closed networks. An extensive network of irrigation facilities has been created 
in the Chui Valley. Initially, the Boroldoi and Krasnorechensk main canals were 
created then 18 km from Bishkek, the At-Bashy Canal was built. 

Keywords: Water resources · Water supply · River runoff · Economic sectors · 
Water consumption · Water consumption · Irrigation · Water regime · 
Atmospheric precipitation · Natural pollution 

1 Introduction 

Kyrgyzstan is the only country in Central Asia that is fully provided with maximum 
reserves, not only of drinking water, but also of irrigation water. In total, there are 
more than 1000 large and medium water sources, of which 850 are used for irrigated 
agriculture. Their total average annual runoff is more than 60 billion m3, of which about 
70% falls during the growing season. 

2 Materials and Methods of Research 

The main indicators of the water supply of the territory is the amount of river flow per one 
km2 of area. According to Moldoshev K.O. for the Chui valley, the natural water supply 
is 266 thousand m3. On average, 1 km2 of the territory of the Chui Valley accounts for 
266 thousand m3 of water per year. Across the republic, this figure is 258 thousand m3
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of water per year per 1 km2. The largest amount of water falls in the Issyk-Ata region, 
where 419 thousand m3 of water falls on 1 km2 of area. The least prosperous region is 
the Moscow region, where the water resources of the river runoff is 143 thousand m3 of 
water per year per 1 km2 [1]. 

Water supply in the Chui valley is 2.7 thousand m3/year. This figure is more than 
three times less than the figure for the republic. If we distribute the water resources of the 
river valley for each inhabitant, then the water supply in the Chui valley is 2.1 thousand 
m3 per inhabitant (as of January 1, 2020), which is approximately 3 times less than in 
the entire republic. In particular, the Chui Valley is characterized by a high amplitude 
of specific water supply. In the Kemin district, there are 21.6 thousand m3/year of water 
per inhabitant. For the Alamedin district and the city of Bishkek, the same figure is 0.5 
thousand m3/year. This is due to the fact that there is a high population density. Lakes 
make up only 0.2% of the entire territory. The vast majority of lakes are located in the 
highlands. On the territory of the Chui Valley there are a large number of reservoirs 
of long-term and seasonal regulation, pools of ten-day and daily regulation, as well as 
ponds. 

A complex irrigation system has been created in the Chui Valley. In this valley, where 
a dry and hot climate prevails, without irrigation, agriculture is not possible. A dense 
and rather extensive system of irrigation facilities has been created in the studied valley. 
In the 1930s, Boroldoi and the Krasnorechensk canals were built. Then the At-Bashy 
Canal, 60 km long, was built. In 1940, the Big Chui Canal was dug, 175 km long [2]. 

On the territory of Kyrgyzstan, including the Chui valley, the first stage of a large-
scale land and water reform was carried out during 1926–1928. During these years, 
water management construction was launched on a large scale, private ownership of 
land and water was eliminated, the poor peasants were endowed with land and water. 
These activities contributed to the rapid restoration of the area of irrigated land. Already 
at the beginning of 1929, it reached 465 thousand hectares. The development of the 
textile, hemp-jute and sugar industries, as well as public animal husbandry, required 
a significant expansion of the areas of regularly irrigated lands, the reconstruction of 
existing irrigation systems, taking into account the placement of industrial crops and the 
peculiarities of the soil and climatic conditions of individual zones. 

In 1927, the construction of the Krasnorechensk Canal was completed in the Chui 
Valley, with an irrigation area of 17,000 ha. The population took an active part in the 
construction of irrigation facilities. 

Since 1929, the construction of new engineering irrigation systems began, such as 
the Krasnorechensk and Samsonovsk main canals, as well as the reconstruction of the 
irrigation systems of the Issyk-Ata, Kara-Balta, Shamsi and other river basins. These 
measures made it possible by 1930 to bring the area sparing of irrigated lands only in 
the Chu River basin up to 265 thousand hectares. 

In 1940, the grandiose (for that time) project of the Orto-Tokoi reservoir and large 
Chui canals was completed, providing irrigation of lands on an area of 80 thousand 
hectares and increasing water supply by 43 thousand hectares. As a result of a large 
volume of water management works in 1940, the area of irrigated land in the republic 
reached 723 thousand hectares [3].
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According to the Great Soviet Encyclopedia, the workers of the republic, inspired by 
the positive experience of high-speed construction, decided to build the Big Chui Canal 
(BCC) using the methods of folk construction [4]. It was envisaged that collective farms 
would take a share in the construction of the BCC in the amount of up to 50% of the 
cost of all work. On May 10, the division of the canal route into sections was completed 
(a total of 12 construction sites, on 10 of which worked Kyrgyz people, and 2 Kazakh 
people). Since that day, work has been in full swing along the 140-km route of the canal, 
which has turned into a true holiday of labor. On average, each worker fulfilled the norms 
by almost 160%. For 40 working days (from May 10 to June 23, 1941), the annual plan 
for the construction of the Great Chui Canal was completed by 39%. It was a national 
building, the building of the century. The current generation should follow the example 
of those courageous people, because they, one might say, dug the canal with their bare 
hands. 

In the period 1941–1945. At-Bashy engineering system was built in the Chui valley, 
which gave the opportunity to irrigate more than 20 thousand hectares of new land. 

During this period, the largest Orto-Tokoi reservoir in the republic with the Western 
and Eastern branches of the Big Chui Canal was put into permanent operation. Much 
attention is paid to the technical improvement of irrigation systems. So, if in 1955 there 
were 9 thousand hydrotechnical structures in the irrigated systems of the republic, then in 
1964–1965. there were already 17 thousand of them. The length of canals with artificial 
anti-filtration clothing increased by more than 3 times. 

Today, the Irrigation Facility of the Chui region is a large, complex water management 
complex of the republic with interstate water distribution. The main sources of irrigation 
are:

● the Chu river, regulated by the Orto-Tokoi reservoir;
● tributaries of the river. Chu, rr. Chon-Kemin, Shamsi, Issyk-Ata, Ala-Archa, 

Alamedin, Sokuluk, Ak-Suu, Kara-Balta, Chon-Kainda, Zharly-Kainda, Aspara. 

According to the Ministry of Agriculture and Melioration of the Kyrgyz Republic 
[3], 321,119 hectares of irrigated agricultural land are concentrated in the Chui region. 
There is drainage on 102,068 ha, where 576.6 km of the inter-farm collector and drainage 
network are dispersed, of which 114.6 km (or 20%) is in poor condition, as well as 
3450.9 km of on-farm CDS, of which 1292.2 km (or 36%) is also in poor condition, 
including 642.2 km of open and 650 km of closed networks. 

BCC is a large irrigation canal, one of the large complexes of irrigation and irrigation 
canals in Kyrgyzstan, consisting of three branches: the Western BCC, the Eastern BCC 
and the Southern BCC. The Big Chui Canal crosses the capital of Kyrgyzstan Bishkek 
from east to west in its northern part. The route of the canal runs along the Chui valley 
from the foothill part of the Chu river, northeast of the village of Chym-Korgon, from east 
to west parallel to the Western Big Chui Canal. The mountain section of the Eastern BCC 
as the southern distribution channel reaches the Ala-Archa River. The head structure of 
the Eastern BCC is designed for water flow up to 350 m3/s. Built in 1958. The total 
length is 100 km, the irrigated area is 41.5 thousand hectares. The main practical focus 
is to provide water to cities, villages and adjacent territories. The water intake unit is 
telemechanized. BCC has several branches: [5].
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● Eastern Big Chui Canal (EBCC): A major irrigation canal in Kyrgyzstan. Construc-
tion completed in 1958. The route of the canal runs along the Chui valley from the 
foothill part of the Chu river, northeast of the village of Chym-Korgon, from east to 
west parallel to the Western Big Chui Canal. The mountain section of the EBCC as 
the southern distribution channel reaches the Ala-Archa River. The head structure of 
the EBCC is designed for water flow up to 350 m3/s. The total length is 100 km, the 
irrigated area is 41.5 thousand hectares. It is designed to increase the water supply of 
the city and the territories adjacent to the city. The water intake unit is telemechanized.

● Western Big Chui Canal (WBCC): The largest irrigation canal in the country. It 
originates from the Chu River, about 40 km downstream of the water intake facility 
of the Eastern Big Chui Canal (about 8 km east of the Ivanovka village). Its route 
crosses the entire Chui valley from east to west, enters the territory of Kazakhstan. The 
total length of the canal is 145 km, the irrigation area is 82,000 ha. The normal water 
flow in the canal head is 43.0 m3/s, the forced flow is 55 m3/s. Construction started 
in 1940. A 70 km section of the canal, which allows irrigating 10 thousand hectares 
of land, was built during the Great Patriotic War (1943) using the folk construction 
method.

● South Big Chui Canal (SBCC): Construction started in 1976. It originates from the 
Issyk-Ata River (near the village of Yuryevka), passes along the southern outskirts 
of Bishkek, crossing the embankment of the Alamedin River, through the Orto-Sai 
forest area, the Southern forest area and, as expected, will reach the Merke region 
(Kazakhstan). The total length is 158 km, within the city—4.5 km. Designed for 
irrigation of 3000 ha of land. The water flow in the head of the canal is 90 m3/s, within 
the city—45 m3/s. The width within the city is 10.5 m, in the section between the 5th 
and 6th microdistricts from the embankment of the Alamedin River to Yunusaliev 
Avenue it expands to 20 m, the depth reaches 2 m. 

In addition to surface waters within the Chui depression, the so-called “karasuch” 
tributaries flow into the Chu River, originating from sources that form at the end of 
alluvial cones and along the Chu River itself, starting east of the city of Tokmok. The 
largest of them is the Red River, which collects water from many springs and has a length 
of 50 km. The average annual water consumption is 2.5–3.5 m3 sec. On the right bank 
of the Chu River is the Chernaya River, which also has a main source of pound waters. 

Below the exit line of pound waters, the Chui valley is indented by a network of dens 
that collect and carry “karasuch” waters. The course of such “karasuch” rivers is calm, 
the banks are swampy, ponds are created along the logs. Part of the water is disassembled 
for irrigation, a smaller part reaches the Chu River. 

A significant part of groundwater is used in the national economy and, above all, in 
agriculture for irrigation. 

The underground waters of the piedmont plume and most of the piedmont plain are 
of good drinking quality [6]. Below the karasuk zone, they are somewhat mineralized. In 
some places of the lower part of the depression, they sometimes cause soil salinization. 
But this does not reduce the great importance of the groundwater of the Chui depression 
for the water supply of settlements, primarily the city of Bishkek. The water supply 
of Bishkek is currently carried out at the expense of the ground waters of the Baityk 
depression, which are located at a considerable depth (up to 80–90 m). The underground
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water reserves of the Ala-Archa and Alamudun alluvial fans can fully meet the needs of 
the city of Bishkek [7]. 

Through numerous discharges, longitudinal and transverse, in the Kyrgyz Range, 
deep waters come to the surface in the form of mineral-thermal springs that are used 
for medicinal purposes. Most of these sources are confined to the northern slopes of 
the ridge. The Kara-Balta terms in the upper reaches have a temperature of 20–28°. 
Alamudun springs emerge from granite cracks on the left bank of the Alamudun River 
south of the city of Bishkek; their temperature is 29.5–33°. Numerous springs of the 
Ysyk-Ata gorge with temperatures of 36–55 °C also come out of granites. They have a 
hydrotherapy resort. In the valley of the Kyzyl-Suu River there is a spring of the same 
name with a temperature of 20–23 °C, etc. 

To regulate winter water flow, such large reservoirs as Orto-Tokoi, Nizhne-Ala-
Archinskoe, Ala-Archinskoe, Sokulukskoe, Spartak and a number of smaller reservoirs 
and BDRs, 246 in total, were built. 

The Orto-Tokoy reservoir is located on the Chu River, 2 km west of the village 
of Orto-Tokoi, on the border of the Naryn and Issyk-Kul regions. The plan for the con-
struction of the reservoir was approved by a resolution of the Central Committee of 
the All-Union Communist Party of Bolsheviks and the Council of People’s Commis-
sars of the USSR of March 19, 1940. Construction began in 1941, completed in 1960. 
Height above sea level—1700 m. Water surface area—26 km2, volume—470 million 
m3. Length—18 km, maximum width—5 km, maximum depth—47 m. Dam height— 
52 m, length—365 m, width—6 m. Spillway tunnel length—567 m, diameter—4.5 m. 
an average of 12.8 m3/s. Regulates the flow of the Chu River. The water of the reservoir 
is used for irrigation of 120 thousand hectares of agricultural land: 86 thousand hectares 
in Kyrgyzstan, 34 thousand hectares in Kazakhstan [8]. 

The Chu River in the Chuy district receives its left tributaries Shamshy and Kegeti. 
The Shamshy River originates from the glaciers of the northern slope of the Kyrgyz 
Range, at an absolute elevation of over 4000 m and is formed by the confluence of the 
Tuyuk River. In its upper stream, it flows through a narrow gorge and enters the Chui 
valley. The valley of the Shamshy River is divided by the Tuyuk and Kol-Tor spurs into 
three parts—the Tuyuk, At-Zhailoo and Kol-Tor basins. The total length of the Shamshy 
River is 58 km. The watershed area of the river is 457 km2. The average annual water 
flow rate is 5.68 m3/sec. The maximum flow rate is 20.4 m3/sec, and the minimum 
flow rate is 1.13 m3/sec. The largest tributary is the Tuyuk River. Its length is 24 km, 
watershed area −132 km2. The Shamshy River forms a huge cone of outflow as it leaves 
the mountains and becomes low. At the watershed area, the river has a gradient of 0.035 
and runs in a floodplain 26 m wide, in boulder and pebble deposits with an average 
diameter of 157 mm and a maximum diameter of 484 mm. 

The Shamshy River carries about 61,000 m3 annually at the junction, of which 
22,000 m3 of sediment and 39,000 m3 of suspended sediment. In winter, ice formation 
and pike processes take place on the river. The water intake unit is an improved mountain 
type of water intake unit with a curvilinear convex threshold. It was built on the Shamshy 
River in 1977. Water intake is carried out from the Shamshy River into the right bank 
Novyi canal up to 16 m3/s for irrigation of 9.9 thousand hectares.
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As can be seen from Table 3, snow, glacial and groundwater take part in the feeding 
of the valley’s rivers. 

Chui district has a well-developed river network. The main water artery is the Chu 
River, which belongs to glacial- and snow-fed rivers characterized by two water level 
rises (Schultz 1964). The first spring rise is caused by snowmelt in the lower part of the 
watershed, and the second summer rise is a longer and more powerful water rise caused 
by the melting of eternal spins and glaciers in the highlands [9–11]. 

The Chu River in the Chuy district receives its left tributaries Shamshy and Kegeti. 
The Shamshy River originates from the glaciers of the northern slope of the Kyrgyz 
Range, at an absolute elevation of over 4000 m and is formed by the confluence of the 
Tuyuk River. In its upper stream, it flows through a narrow gorge and enters the Chui 
valley. The valley of the Shamshy River is divided by the Tuyuk and Kol-Tor spurs into 
three parts—the Tuyuk, At-Zhailoo and Kol-Tor basins. The total length of the Shamshy 
River is 58 km. The watershed area of the river is 457 km2. The average annual water 
flow rate is 5.68 m3/sec. The maximum flow rate is 20.4 m3/sec, and the minimum 
flow rate is 1.13 m3/sec. The largest tributary is the Tuyuk River. Its length is 24 km, 
watershed area −132 km2. The Shamshy River forms a huge cone of outflow as it leaves 
the mountains and becomes low. At the watershed area, the river has a gradient of 0.035 
and runs in a floodplain 26 m wide, in boulder and pebble deposits with an average 
diameter of 157 mm and a maximum diameter of 484 mm. 

The Shamshy River carries about 61,000 m3 annually at the junction, of which 
22,000 m3 of sediment and 39,000 m3 of suspended sediment. In winter, ice formation 
and pike processes take place on the river. 

The water intake unit is an improved mountain type of water intake unit with a 
curvilinear convex threshold. 

Built on the Shamshy River in 1977, water intake is carried out from the Shamshy 
River into the right bank Novyi canal up to 16 m3/s for irrigation of 9.9 thousand hectares. 

The Kegeti River originates from the glaciers of the Kyrgyz Range and enters the 
Chuy Valley. The upper stream of the river is narrow, the channel is rocky and porous. 
The length of the river to the site, and catchment area is 2900 m and area is 256 km2. 
The river is fed by glacial and snow with groundwater recharge. The flood maximum 
is in July–August. During the period of mudflow floods more than 65 thousand m3 of 
loose clastic material can be carried down the river in some years. The average perennial 
discharge during the low-water period is 1.58–3.58 m3/s. The Kol-Tor River, a major 
tributary of the Kegeti River, originates from beneath the Anastasia Glacier. The length 
of the river is 17 km. The Kegeti River has a gradient of 0.026 at the watershed site and 
runs in a floodplain 80 m wide in pebble and boulder deposits. In winter, ice formation 
and pike processes take place on the river. The duration of all ice phenomena on the river 
averages 39 days. The water of the Kegeti River is used for irrigation. 

The Burana River originates from the glaciers of the Kyrgyz Range, at an absolute 
height of over 4000 m above sea level. The total length of the river from the water intake 
site is 19.4 km, the area of the water intake basin is 61 km2. The type of river feeding is 
glacial and snow with groundwater recharge. The flood maximum occurs in July–August 
and reaches more than 20 m3/s. Flood growth is characterized by rapid increase due to 
the intensity of snow and ice melting in the mountains and precipitation in the form of
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rain. The average perennial discharge during the low-water period is 0.1–0.9 m3/s. At 
the water intake site, the river has a gradient of 0.039 and runs in a 30 m wide floodplain 
and boulder and pebble deposits with an average diameter of 176 mm and a maximum 
diameter of 530 mm. In winter, the river is subject to ice and pike formation. The water 
intake unit is located in the village of Kalinovka. Hydrological characteristics of the 
rivers are given in Tables 1, 2 and 3. Besides these rivers, the Eastern Big Chuy Canal 
is laid on the territory of the district. It was built in 1957 and laid in an earthen channel 
with a bottom slope varying within 0.00014–0.00035. The canal discharge capacity 
varies from 55 m3/s at the head to 8 m3/s at the end of the canal [3]. 

Table 1 Balance assessment of the water resources of the Chui valley in comparison with the 
nationwide data 

No Region Area, 
thousand. km2 

Precipitation, 
km3 

Effluent, km3 Evaporation, 
km3 

Gross 
moisture, km3 

Full Surface Underground 

1 Chui valley 15.3 8.6 4 2.4 1.7 4.5 6.2 

2 Across 
Kyrgyzstan 

198.5 104 51.2 30.9 20.3 52.8 73.1 

Table 2 Reservoirs in the Chu River basin used for irrigation 

Reservoir Year of 
putting into 
operation 

Mirror area 
at NPG, 
km2 

Design 
volume of 
water, 
million m3 

Dam 
height, m 

Irrigated area 

Orto-Tokoi 
Nijnyaya-Ala-Archa 
Sokuluk 

1956 
1966 
1968 

25.0 
5.21 
1.77 

470.0 
39.0 
13.0 

52 
22 
28 

100 
20 
4 

Table 3 Feeding source of the rivers of the Chuy valley 

River–point Area km2 Proportion of feeding sources row In % of total 

Snow Glacial Underground 

mm % mm % mm % 

Shamshy 317 171 25 209 33 253 43 

Kegeti-forest 
cordon 

256 75 27 87 31 118 42 

Source Bakirov N.B., Chuy valley, Bishkek, 1994 

The length of the canal reaches 97.3 km, with a huge area of 41.5 thousand hectares 
suspended from it. On its way the canal route overlaps a number of mountain rivers: 
Burana, Kegeti, Shamshy. In its large part the canal runs in an earthen bed, except for
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the Kegeti site, where it is represented by three strings of parallel fast-flowing streams 
paved with cobblestone for 6 km. Lakes. 

A large lake of rubble origin Koltor Kegetinsky lies at an altitude of 2733.6 m. Its 
length is 0.7 km, width—0.5 km, and area—0.2 km2. The dam of the lake is a huge 
moraine and rockfall formation. Lake water is filtered through the dam body, coming 
out at its foot in the form of a powerful spring. A deep gully has been formed at the 
outflow of spring water, which clearly has a tendency to further cut into the dam body. 
In addition, there is evidence that, especially in wet years, the lake has surface runoff 
(as was the case in 1979). Both of these circumstances make a catastrophic breach of 
Kol-Tor Lake possible. In the continental arid climate of the Chuy region, rivers are 
used for irrigated agriculture and cheap electricity. The summer extended floods provide 
water for numerous irrigation systems. 

Water in the Chui Valley is accumulated in various forms: in the form of eternal 
snows and glaciers of high mountains, groundwater, springs, rivers, lakes, swamps, as 
well as artificially in reservoirs, ponds and canals. All of them are of great importance 
in life and economic activity of the population. 

All rivers in the region belong to the basin of the Chu River, which belongs to the 
number of large rivers in Central Asia. It is the second in terms of valley and high water 
content in the Kyrgyz Republic. The area of the basin is about 50 thousand km, and the 
length of the river is 50 km. The sources of the Chu River are located on the southern 
slopes of the western part of Teskei Ala-Too, in the west its waters are lost in the desert 
at the western edge of Betpak-Dala [2]. 

The Chu River is formed by the confluence of Kochkork and Dzhoon-Aryk. From 
the Kochkor Basin, the Chu River flows northeastward to Issyk-Kul Lake, crossing 
the Orto-Tokoi Basin along the way. The Chu receives its second right tributary Kichi 
Kemin, 80 km long, at the exit from the Boom Gorge. The Chu River also receives the 
so-called “karasuchny” tributaries, which originate from springs that form at the end of 
the cones of removal and along the Chu itself, starting from Tokmok. The turbidity of 
the Chu River increases downstream. The average annual turbidity at Kochkorka village 
is 101 g/m in Kazakhstan (Furmanovo village)—659 g/m. The highest turbidity occurs 
in May–June. The average annual flow of the Chu River is 20–40 m/C. Various river 
networks cut through mountain ranges and form the Chu River basin. Consequently, not 
all products of rock destruction remain on the territory of Chuy Region, often they are 
transported beyond its boundaries. First of all, the most mobile compounds of elements 
are alkalized and carried away: \Ca, Ca, Mg, Mn, NaCl, Na2CO3, KCL, and others. 

High mountain ranges are powerful condensers of moisture. Here, from year to year, 
snowfields are accumulated, and glaciers are formed. As a result of high solar radiation, 
glaciers and snowfields are subjected to melting, and summer rains make this area a 
source of surface water. 

3 Conclusions 

Chui valley is the main granary of the republic. Its area is 3.5 million hectares. The vast 
majority of this territory—2.2 million hectares, suitable for the development of irrigated 
agriculture, is located in Kazakhstan and 610 thousand hectares—in Kyrgyzstan. About
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30% of the total area of regularly irrigated lands of the republic is located in the Chui 
valley. In 1973, it amounted to 268 thousand hectares against 109.3 thousand hectares. 

An extensive network of irrigation facilities has been created in the Chui Valley. 
Initially, the Boroldoi and Krasnorechensk main canals were created then 18 km from 
Bishkek, the At-Bashy Canal was built. 

Today, the Irrigation Facility of the Chui region is a large, complex water management 
complex of the republic with interstate water distribution. The main sources of irrigation 
are:

● the Chu river, regulated by the Orto-Tokoi reservoir;
● tributaries of the river. Chu, rr. Chon-Kemin, Shamsi, Issyk-Ata, Ala-Archa, 

Alamedin, Sokuluk, Ak-Suu, Kara-Balta, Chon-Kainda, Zharly-Kainda, Aspara. 
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Abstract. The problem of treatment and disposal of domestic wastewater is very 
relevant for remote small settlements in the Arctic. Biological purification, as a 
traditional method, is problematic in conditions of low temperatures and high flow 
irregularity of wastewater. The organic substances characterized by BOD, COD 
and nitrogen compounds, which can be harmful when poorly treated wastewater 
is discharged into water bodies, are particularly difficult to extract from the water. 
In the conditions of the deteriorating environmental situation around the world, 
effective methods of wastewater treatment are being sought. This study examines 
the method of physical and chemical treatment of domestic wastewater from the 
small Arctic settlements. The experiment is carried out according to the standard 
laboratory research methods. For the study, real wastewater from the septic tanks 
was taken. These water samples were similar in composition to wastewater from 
the remote northern settlements. Particular attention is paid to the purification 
of water from ammonium ions at a temperature of 5 °C. It turned out that it 
was possible. It is possible to reduce the concentration of ammonium ion by 
96% by using the chemical precipitation method in combination with preliminary 
coagulation, oxidation and filtration. In addition, the effectiveness of physical 
and chemical treatment does not depend much on the temperature of incoming 
wastewater. 

Keywords: Arctic settlements · Domestic wastewater · Ammonium ions · 
Reagent treatment 

1 Introduction and Review 

The Arctic zone of Russia is quite large and covers 9 regions, while the area of the 
Arctic territories is 4.8 million km2 (≈28% of the country’s territory). About three 
million people live here, which is more than half of the world population of the Arctic. 
Currently, in the process of rapid climate change and intensive anthropogenic activity in 
the northern regions, permafrost melting, soil degradation, deterioration of water quality 
in the rivers, lakes and the coastal zone are observed. Therefore, the following tasks 
are primarily considered to mitigate the negative effects of natural and human factors: 
adaptation of the population and sustainability of regional development; preservation 
and restoration of the environment; rational use of the natural resources; maintaining
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the health of the Arctic ecosystems. The development of the infrastructure of the small 
northern settlements is included in the Strategic Development Program of the Russian 
Arctic. At the same time, much attention is paid to the protection of the natural tundra 
clusters and the preservation of the northern water bodies, especially those that belong to 
the highest fishing category and are included in the zone of the main economic activity 
of the local population. The problem urgency of the wastewater proper management is 
growing with the increasing degree of improvement of the Arctic settlements around the 
world. 

The content of ammonium ions in the natural waters varies in the range from 0.01 to 
0.2 mg/L. The presence of ammonium ions in the uncontaminated natural water bodies 
is mainly due to the processes of biochemical degradation of the protein substances, 
deamination of amino acids, decomposition of urea under the action of the enzymes. The 
main sources of ammonium ions entering the water bodies are livestock farms, household 
wastewater, surface runoff from farmland in the case of the ammonium fertilizers, as 
well as wastewater from the food, coke, forestry and chemical industries. The effluents of 
the industrial enterprises contain up to 1 mg/L of ammonium; in the municipal effluents 
is 2–7 mg/L; up to 10 g of ammonium nitrogen per inhabitant enters the sewage systems 
daily with household wastewater [1, 2]. In wastewater from the private residential storage 
tanks, the concentration of ammonium nitrogen can reach 70–200 mg/L, that is associated 
with a low water consumption rate [3, 4]. The maximum permissible concentration of 
ammonium ions in the water of reservoirs of household drinking and cultural water use 
is set at 2–0.5 mg/L, depending on the category of the system (GN 2 0.1.5.1315–03 
RU). The toxicity of ammonium increases with an increase in the pH of the medium. 
The increased concentration of ammonium ions can be used as an indicator reflecting 
the deterioration of the sanitary condition of a water body. In this case, the process 
of contamination of surface and groundwater, primarily by household and agricultural 
effluents, has had a place [5]. 

One of the most promising chemical methods of wastewater treatment from ammo-
nium ions is the precipitation of ammonium in the form of insoluble ammonium mag-
nesium phosphate hexahydrate (AMP), or struvite (NH4MgPO4 · 6H2O). This method 
provides a high degree of purification and allows the secondary use of ammonia, since 
struvite is a valuable product and can be used as a fertilizer [6–8]. To study the wastew-
ater treatment process, the authors analyzed the precipitation of AMP with the sodium 
hydrophosphate, sodium hydroxide and magnesium chloride. It turned out that the max-
imum degree of wastewater treatment from ammonium ions is achieved at pH = 8.5–10 
and a slight increase of the amount of sludge (by 5%). And also, the optimal mode of 
AMR precipitation is a direct instantaneous supply of reagents, while first Na2HPO4 and 
NaOH solutions are added to the wastewater, and then MgCl2 solution is added there. 
In addition, it was found [9] that AMR is mainly formed during precipitation at a ratio 
of the ion concentrations in wastewater [Ca2+]: [Mg2+] = 0.25:1 and lower. 

According to research [7, 9], in the small northern settlements, the temperatures of 
wastewater entering the Wastewater Treatment Plant (WWTP) during the longest cold 
period do not exceed 12–13 °C. On average, for small wastewater treatment stations, it 
is only 6–7 °C. The water temperature in the small septic tanks reaches only 2–4 °C in 
winter. This is due to the uneven formation of a small amount of effluent and their long
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accumulation in the receiving tanks of the pumping stations and averages. In addition, 
wastewater is characterized by high values of the suspended solids, BOD, COD and 
ammonium ions. All these factors affect the low efficiency of biological WWTP, which 
does not exceed 70% [7]. 

Taking into account the specific northern conditions and the requirements of reg-
ulatory documents (SP 32.13330.2018 RU), in such areas it is possible to replace the 
biological purification stage with chemical or physical–chemical treatment stages at the 
WWTP. According to [10], it is preferable to arrange physical–chemical treatment plants 
(PCTP) for small settlements characterized by a large uneven of the wastewater inlet, 
low temperature and pollutant concentration. In this case, the structures will work more 
stably, regardless of the wastewater flow schedule, temperature differences and changes 
in external conditions. 

Over the past few decades, Russia has accumulated quite a lot of experience in the 
introduction of the PCTPs [11–13], the main stages of which are reagent treatment (coag-
ulation, oxidation) and filtration. The main problem that is not solved by the proposed 
schemes is the removal of ammonium ions and the reduction of COD to the established 
norms. There are also methods of solving these problems in foreign practice. In Green-
land and Denmark, the preliminary coagulation with polyaluminum chloride allowed to 
reduce suspended solids by 73%, phosphates by 28% [14, 15]. In the State of Alaska 
(USA), it is proposed to introduce a technological scheme that includes physical–chem-
ical oxidation in the presence of hydrogen peroxide, which reduces COD to 0.7 mg/L 
[16]. 

An example of using a chemical method is the nitrogen oxidation with the reagents 
containing active chlorine. Active chlorine oxidizes ammonium compounds, ammonia 
and organic substances containing amino groups to mono- and dichloramines, as well as 
to nitrogen trichloride in wastewater. The article [17] describes a method for the oxidation 
of ammonium ions with sodium hypochlorite to determine the optimal conditions for its 
conduct in the absence and presence of organic compounds. In the conducted series of 
experiments, the maximum degree of ammonium ion removal was 98% in the organic 
compounds’ absence; at a reagent dose of 200 to 220 mg/L, the decrease in ammonium 
occurred from 2.5 to 0.5 mg/L. 

In Spain, optimization of the coagulation and flocculation processes at the urban 
WWTPs led to the use of 25 mg/L of ferric chloride (FeCl3) in combination with 25 mg/L 
of a flocculant consisting of silicon (SiO2 3%), aluminum (Al2SO4 64.5%) and iron 
salts (Fe2O3 32.5%) in 1 min of rapid mixing process at 200 rpm and slow mixing for 
30 min at 30 rpm, followed by a final 30-min settling process. Numerical and statistical 
results of process optimization achieved 91.5%, 59.1% and 95.2% efficiency of removal 
of turbidity, COD and suspended solids, respectively. These performance indicators 
theoretically support an improved coagulation/flocculation process as a pretreatment for 
a higher recovery rate of NH4+ [18]. 

The authors of the article [19] propose a treatment scheme that includes primary depo-
sition, which leads to the production of an upper super-settling liquid and a lower solid 
precipitate. The contaminated liquid phase is treated by electrochemical purification, 
which effectively allows to obtain non-drinking water suitable for use in agriculture and 
reuse in the toilets. The lower solid residue undergoes biohumus formation, or microwave
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irradiation, or biogasification, or phytoremediation. In addition, these methods provide 
satisfactory removal of BOD (>85%), COD (81–91%) and pathogenic microorganisms, 
as well as decomposition of the heavy metals and micro-pollutants. These methods are 
not specific to any region and can be used all over the world in certain places in the 
absence of centralized WWTPs. 

Recently, the intensive oxidation (AOP) technologies have been gaining popularity 
abroad, which effectively remove the pollutants from wastewater, as well as disinfect, 
which makes it possible to discharge wastewater in accordance with current legislation 
[20]. The AOPs method consists of ultraviolet irradiation using hydrogen peroxide as 
an oxidizer. 

This article discusses the method of wastewater reagent treatment based on coagula-
tion, sedimentation, chemical oxidation, filtration and chemical precipitation of ammo-
nium ions. At the same time, in order to get as close as possible to the real conditions 
of water purification in the northern settlements, the studies were carried out in two 
temperature regimes—for warm and cold water. 

2 Description of Studies 

An experiment on the physical–chemical treatment of household wastewater in the lab-
oratory of the Department of Engineering Systems and Structures (Tyumen Industrial 
University, Russia) was conducted. 

The purpose of the study was to develop a technological scheme of a physical– 
chemical treatment plant (PCTP) for Arctic settlements. This scheme was supposed to 
provide the reagent treatment of domestic wastewater from ammonium ions and other 
organic substances. 

The object of the study is household wastewater taken from septic tanks of the 
areas with low–rise buildings, whose composition similar to the wastewater of the small 
northern settlements. The subject of the study is the physical and chemical methods of 
household wastewater treatment. 

The following order of technological processes of domestic wastewater treatment 
was subject to research: preliminary aeration (compressed air treatment for 20 min); 
coagulation (addition of aluminum-based coagulant “Aqua-Aurat–30” or AA); floccu-
lation (addition of polyacrylamide or PAA); sedimentation of suspended solids; chemi-
cal oxidation of organic substances (by potassium permanganate or KMnO4); filtration 
through quartz sand layer (granule size from 0.5 to 1.7 mm); chemical precipitation of 
ammonium ions (addition of sodium hydrophosphate solution Na2HPO4, magnesium 
chloride solution MgCl2 at pH = 9–10); filtration through a layer of granular activated 
carbon (granule size from 1 to 3 mm). During the work, the wastewater temperature was 
modeled in the normal (T = 18–22 °C) and extreme (T = 3–7 °C) conditions. Table 1 
shows a detailed plan of the experiment.

The peculiarity of the experiment: the study was conducted for three weeks; the 
samples of Initial wastewater from the septic were taken every week, so there were some 
differences in the indicators of the initial wastewater. The effectiveness of a particu-
lar purification stage was evaluated by the following control indicators: pH, suspended 
solids, COD, turbidity, chromaticity, various cations and anions. All indicators in the
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samples were measured according to the standard methods; at least three measurements 
were carried out, followed by the determination of error, which generally do not exceed 
10%. The indicators were measured using instruments: pH meter “pH 150MI”; spec-
trophotometer “PE 5400VI”; liquid analyzer “Fluorate-0.2 M”; capillary electrophoresis 
system “Drops 105M”. 

During the deposition of suspended solids and reaction products, a visible precipitate 
was formed, the volumes of which were also measured. The results of the first stage, when

Table 1 Experiment design 

Process name Code Wastewater treatment technology 

1. Coagulation of wastewater 

Coagulation + Flocculation + 
Precipitation at T = 18–22 °C 

A The wastewater samples should have a 
temperature of T = 20 °C ± 2. A coagulant 
AA (with a dose of 70 mg/L) and a 
flocculant PAA (with a dose of 1 mg/L) are 
added, which are mixed quickly for 1 min 
at a rate of 2–3 rpm. Then the mixing rate 
is reduced to 0.5 rpm and the sample is 
slowly mixed for another 20 min. Next, the 
mixture is sedimented for 60 min 

Coagulation + Flocculation + 
Precipitation at T = 3–7 °C 

B The wastewater samples should be cooled 
to temperature of T = 4 °C  ± 1. The 
coagulant AA (with a dose of 70 mg/L) and 
flocculant PAA (with a dose of 1 mg/L) are 
added, which are mixed with water quickly 
for 1 min and mixed slowly for 20 min; 
then the mixture is sedimented for 60 min 

Pre-aeration + Coagulation + 
Flocculation + Precipitation at T = 
18–22 °C 

C The wastewater samples should have a 
temperature of T = 20 °C ± 2. The water is 
aerated for 20 min with compressed air. 
The coagulant AA (with a dose of 
70 mg/L) and flocculant PAA (with a dose 
of 1 mg/L) are added, which are mixed 
with water quickly for 1 min and mixed 
slowly for 20 min; than the mixture is 
sedimented for 60 min 

Pre-aeration + Coagulation + 
Flocculation + Precipitation at T = 
3–7 °C 

D The wastewater samples should be cooled 
to temperature of T = 4 °C  ± 1, then it is 
aerated for 20 min with compressed air. 
The coagulant AA (with a dose of 70 mg/L) 
and flocculant PAA (with a dose of 1 mg/L) 
are added, which are mixed quickly for 
1 min and mixed slowly for 20 min; than 
the mixture is sedimented for 60 min

(continued)
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Table 1 (continued)

Process name Code Wastewater treatment technology

Oxidation + Pre-aeration + Coagulation 
+ Flocculation + Precipitation at T = 
18–22 °C 

E The wastewater samples should have a 
temperature of T = 20 °C ± 2. An oxidizer 
solution KMnO4 with a dose of 10 mg/L is 
added to the wastewater samples. The 
mixture of water and oxidizer is aerated for 
20 min with compressed air. The coagulant 
AA (with a dose of 70 mg/L) and 
flocculant PAA (with a dose of 1 mg/L) are 
added, which are mixed with water quickly 
for 1 min and mixed slowly for 20 min; 
than the mixture is sedimented for 60 min 

Oxidation + Pre-aeration + Coagulation 
+ Flocculation + Precipitation at T = 
3–7 °C 

F The wastewater samples should be cooled 
to temperature of T = 4 °C  ± 1. The 
oxidizer solution KMnO4 with a dose of 
10 mg/L is added to the wastewater 
samples. The mixture of water and oxidizer 
is aerated for 20 min with compressed air. 
The coagulant AA (with a dose of 
70 mg/L) and flocculant PAA (with a dose 
of 1 mg/L) are added, which are mixed 
with water quickly for 1 min and mixed 
slowly for 20 min; than the mixture is 
sedimented for 60 min 

Based on the results of the control indicators measurement, the best version of the wastewater 
treatment technology is selected 
It should be compared the water cleaning efficiency under normal and extreme temperature 
conditions 

2. Chemical oxidation of wastewater 

Chemical oxidation + Mechanical 
filtration through sand at T = 18–22 °C 

G Pre-purified water in the coagulation 
process should have a temperature of T = 
20 °C ± 2. The oxidizer solution KMnO4 
with a dose of 10 mg/L is added to the 
wastewater samples. The sample is mixed 
quickly for one minute and slowly for 
20 min. The mixture is filtered through a 
pre-washed layer of sand (speed ≈ 1–2 
drops in second, h = 10 cm) 

(continued)

only wastewater coagulation under various conditions was carried out, are presented in 
Table 2.
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Table 1 (continued)

Process name Code Wastewater treatment technology

Chemical oxidation + Mechanical 
filtration through sand at T = 3–7 °C 

H Pre-purified water in the coagulation 
process should have a temperature of T = 
5 °C  ± 1. The oxidizer solution KMnO4 
with a dose of 10 mg/L is added to the 
wastewater samples. The sample is mixed 
quickly and slowly, then the mixture is 
filtered through a pre-washed layer of sand 

Chemical oxidation + Air bubbling + 
Mechanical filtration through sand at T = 
18–22 °C 

I Pre-purified water in the coagulation 
process should have a temperature of T = 
20 °C ± 2. The oxidizer solution KMnO4 
with a dose of 10 mg/L is added to the 
wastewater samples. The mixture of water 
and oxidizer is bubbled with compressed 
air for 20 min, then it is filtered through a 
pre-washed layer of sand 

Chemical oxidation + Air bubbling + 
Mechanical filtration through sand 
at T = 3–7 °C 

J Pre-purified water in the coagulation 
process should have a temperature of T = 
5 °C  ± 1. The oxidizer solution KMnO4 
with a dose of 10 mg/L is added to the 
wastewater samples. The mixture of water 
and oxidizer is bubbled with compressed 
air for 20 min, then it is filtered through a 
pre-washed layer of sand 

Based on the results of the control indicators measurement, the best version of the wastewater 
treatment technology is selected 
It should be compared the water cleaning efficiency under normal and extreme temperature 
conditions 

3. Chemical ammonium precipitation 

Chemical ammonium precipitation + 
Sorption filtration through coal at T = 
18–22 °C 

K Pre-purified water (after coagulation and 
oxidation) should have a temperature of T 
= 20 °C ± 2. Sodium hydrogen phosphate 
Na2HPO4 and magnesium chloride MgCl2 
are injected. The resulting sample is stirred 
for 1 min, then alkalized with a 10% 
solution NaOH to pH = 9. Then it is mixed 
for 5 min and sedimented for 60 min. Next, 
the sample filtered through a layer (10 cm) 
of pre-washed activated carbon (speed ≈ 
0.5–1 drop in second)

(continued)
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Table 1 (continued)

Process name Code Wastewater treatment technology

Chemical ammonium precipitation + 
Sorption filtration through coal at T = 
3–7 °C 

L Pre-purified water (after coagulation and 
oxidation) should have a temperature of T 
= 6 °C  ± 1. Sodium hydrogen phosphate 
Na2HPO4 and magnesium chloride MgCl2 
are injected. The resulting sample is stirred 
for 1 min, then alkalized with a 10% 
solution NaOH to pH = 9. Then it is mixed 
for 5 min and sedimented for 60 min. Next, 
the sample filtered through a layer (10 cm) 
of pre-washed activated carbon (speed ≈ 
0.5–1 drop in second) 

Chemical ammonium precipitation + 
Sorption filtration through coal + second 
coagulation at T = 18–22 °C 

M Pre-purified water (after coagulation and 
oxidation) should have a temperature of T 
= 20 °C ± 2. Sodium hydrogen phosphate 
Na2HPO4 and magnesium chloride MgCl2 
are injected. The resulting sample is stirred 
for 1 min, then alkalized with a 10% 
solution NaOH to pH = 9. Then it is mixed 
for 1 min and added coagulant AA with 
dose 30 mg/L. The mixture is mixed 
quickly for 1 min and mixed slowly for 
20 min; then it is sedimented for 60 min. 
Next, the sample filtered through a layer 
(10 cm) of pre-washed activated carbon 
(speed ≈ 0.5–1 drop in second) 

Chemical ammonium precipitation + 
Sorption filtration through coal + second 
coagulation at T = 3–7 °C 

N Pre-purified water (after coagulation and 
oxidation) should have a temperature of T 
= 6 °C  ± 1. Sodium hydrogen phosphate 
Na2HPO4 and magnesium chloride MgCl2 
are injected. The resulting sample is stirred 
for 1 min, then alkalized with a 10% 
solution NaOH to pH = 9. Then it is mixed 
for 1 min and added coagulant AA with 
dose 30 mg/L. The mixture is mixed 
quickly for 1 min and mixed slowly for 
20 min; then it is sedimented for 60 min. 
Next, the sample filtered through a 
activated carbon 

Based on the results of the control indicators measurement, the best version of the wastewater 
treatment technology is selected 
It should be compared the water cleaning efficiency under normal and extreme temperature 
conditions
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Table 2 Results of the first experiment stage (Coagulation of wastewater) 

Water quality index Initial wastewater Process code 

A B C D E F 

pH 7.14 6.79 6.87 7.30 7.26 7.42 7.29 

Suspended solids, mg/L 440 315 270 255 230 269 261 

COD, mg/L 490 350 300 284 256 300 290 

Ammonium, mg/L 82.45 28.95 48.44 88.22 61.34 84.74 86.19 

Nitrites, mg/L 0.28 0.1< 0.1< 0.18 0.25 0.30 0.33 

Nitrates, mg/L 1.42 1.37 5.96 2.51 1.22 3.06 2.89 

Phosphates, mg/L 19.42 1.7 1.11 4.48 0.98 4.4 2.2 

Chlorides, mg/L 100.5 171.3 170.8 171.9 178.7 166.2 171.3 

Sulphates, mg/L 19.35 13.2 13.26 14.28 18.37 15.85 16.87 

Sludge volume, L – 0.025 0.029 0.031 0.032 0.029 0.030

The best result in reducing the concentration of ammonium ions was achieved with 
the following sequence of processes: pre-aeration—coagulation and flocculation—set-
tling. It turned out that the decrease in temperature negatively affected the efficiency of 
purification, this is especially evident in relation to the ammonium ion: with a decrease 
in temperature, the residual concentration increased by almost two times.

The second stage of the experiment investigated the chemical oxidation of water 
purified during coagulation. Oxidation was carried out with a solution of potassium 
permanganate (KMnO4) 10 mg/L; the effluents were quickly mixed for 1 min and kept 
with bubbling air for 20 min or without air-bubbling, then filtered through a layer of 
washed quartz sand. The results of the second stage are presented in Table 3. 

Table 3 Results of the second experiment stage (Chemical oxidation of wastewater) 

Water quality index Water quality Process code 

After A After B C D G H I J 

pH 7.05 7.15 6.88 6.86 7.27 7.32 7.98 7.71 

Suspended solids, mg/L 160 300 104 172 59 109 51 82 

COD, mg/L 390 452 250 259 141 164 126 123 

Ammonium, mg/L 29.4 28.6 35.6 36.4 19 21 18.2 17.2 

Turbidity mg/L 89.78 78.42 4.47 7.71 2.44 2.2 1.57 2.32 

Chromaticity, degrees 360.78 350.76 54.5 62.98 45.65 41.71 31.61 35.27 

The variant with chemical oxidation during bubbling of water with compressed air 
(processes I and J) gave a more effective reduction of the such indicators as suspended
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solids, COD, chromaticity, turbidity and concentration of ammonium ions. This was due 
to an increase in the activity of the reagent oxidants with additional oxygen saturation 
of the water and confirmed previously published data [21, 22]. To further experiment, 
the wastewater samples after preliminary coagulation and chemical oxidation during 
air-bubbling were used. 

The third stage considered the chemical precipitation of ammonium ions by 
adding phosphate ions and magnesium ions to the water, followed by precipitation of 
magnesium-ammonium-phosphate in an alkaline medium by the following mechanism 
(1) [6]: 

MgCl2 + NH4Cl + Na2HPO4 + NaOH + 5H2O = MgNH4PO4 · 6H2O ↓ + 3NaCl  
(1) 

Considering that for the production of magnesium-ammonium phosphate 
MgNH4PO4 × 6H2O reagents were supplied in a molar ratio Mg:NH4:PO4 = 1:1:1, the 
number of reagents (per 1 L of wastewater) (2–3) was calculated: 

mammonium chloride 

Mammonium chloride 
= X 

Mmagnesium chloride 
⇒ 

0.191 

53 
= 

X 

95 
⇒ X = 0.342g (2) 

mammonium chloride 

Mammonium chloride 
= X 

Msodium hydrophosphate 
⇒ 

0.191 

53 
= 

X 

142 
⇒ X = 0.512g (3) 

To intensify precipitation, the alkalinization with a 10% NaOH alkali solution was 
performed. After stirring for 1 min and settling for 60 min, the effluents were filtered 
through a layer of granular activated carbon. Figure 1 shows how the intensity of pre-
cipitation of the magnesium ammonium phosphate varied depending on the temperature 
and the addition of coagulant: The first two laboratory glasses (look from left to right) 
were filled with warm water; the next glasses were filled with cold water; the coagulant 
was added into only two glasses: 2 and 4. In the water samples where the coagulant was 
added, the sediment volumes were approximately 20% larger. Figure 1 shows that the 
precipitate had a creamy color characteristic of struvite. The results of the third stage 
are presented in Table 4.

Secondary coagulation increased the effect of ammonium precipitation, but at the 
same time enlarged the content of COD and chromaticity. At the next stage of the work, 
it is planned to more carefully select the coagulants for secondary water treatment and 
to control the additional indicators associated with secondary water pollution as a result 
of the reagents’ use. A comparison of the effects of water purification depending on 
temperature conditions was made: for cold (T = 3–7 °C) and warm (T = 18–22 °C) 
water. The results show that at the slightly different concentrations in the initial water 
samples, the all concentrations at the outlet were approximately equal. Changes in water 
temperature under normal and extreme conditions had little effect on the final result. 
The concentration of suspended solids in water decreased by 98%. After mechanical 
filtration (stages I and J), the proposed scheme was equally effective regardless of the 
discrepancy in the quality of the initial water samples. In a practical implementation, 
this can only affect the service life of the filter loading and the number of the load wash 
cycles.
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Fig. 1 Chemical ammonium precipitation

The COD concentrations were reduced by more than 10 times, while the overall 
removal efficiency of chemically oxidized organic substances was 91%. After coagula-
tion and precipitation (stages A and B), the water samples became approximately the 
same in quality, regardless of discrepancies in the indicators at the inlet. This suggests 
that the proposed coagulation and flocculation scheme is very effective for a signifi-
cant deviation of the COD concentration (700 ± 250 mg/L) from the average value, 
which is usually observed when domestic wastewater enters. A certain increase in COD 
(by 10–20 mg/L) after secondary coagulation (purification stages M and N) was obvi-
ously associated with the entry of organic molecules of PAA flocculant into the water. 
Experimental data showed that additional coagulation after chemical precipitation of 
ammonium ions introduces secondary contamination into the water. Based on this, it 
was decided to abandon the M and N stages in the future. 

Figure 2 shows the graphs of changes in the content of ammonium ions after each 
stage of purification. The total effect achieved for ammonium ions was 96%. The growth 
of ammonium at the purification stages A, B, I and J was associated with an effect on the 
measurement of this indicator of other types of pollutants contained in real wastewater 
samples. It was obvious that the main removal of ammonium ions occurs at the stage of 
chemical precipitation (R and L).

The general scheme of water purification processes used in laboratory modeling, 
which will serve as the basis for the development of the PCTP-technological scheme 
in the future, is shown in Fig. 3. The sequence of processes is as follows: Pre-aeration 
→ Coagulation, Flocculation → Precipitation → Oxidation → Mechanical filtration 
(through sand) → Ammonium precipitation → Sorption filtration (through activated 
carbon).

In the practical implementation of this scheme, it is necessary to add the disinfection 
and pH stabilization at the end. The facilities for collecting, processing and utilization of 
sludge are also needed. At the same time, the sediments at different stages of purification 
have different composition and properties: the sludge after coagulation is a waste and is
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Table 4 Results of the third experiment stage (Chemical ammonium precipitation) 

Water quality 
index 

Warm water T = 18–22 °C (Normal 
conditions) 

Cold water T = 3–6 °C (Extreme 
conditions) 

Initial 
water 

Process code Initial 
water 

Process code 

A I R M B J L N 

Suspended 
solids, mg/L 

190 70 16 5 2 160 30 17 4 3 

COD, mg/L 850 445 395 57.4 77.5 956 435 391 75.5 86.3 

Turbidity 
mg/L 

94.02 25.87 2.73 1.74 0 92.22 8.47 3.19 0.93 0 

Chromaticity, 
degrees 

370.66 170.37 50.86 11.24 0.75 372.79 83.99 56.01 7.87 2.32 

pH 6.78 6.92 7.95 9.05 9.13 7.01 6.83 7.77 9 9.25 

Ammonium, 
mg/L 

58 64.2 60.1 5.48 2.36 63.27 66.15 70.32 2.7 2.2 

Potassium, 
mg/L 

15.04 14.96 16 9.68 6.86 14.81 15.17 18.64 5.59 8.02 

Manganese, 
mg/L 

0.35 – – 0.03 0.03 0.4 – – 0.03 0.02 

Magnesium, 
mg/L 

16.41 16.1 – 492.5 679.6 16.49 16.52 – 773.3 640.7 

Sodium, 
mg/L 

55.15 54.81 – 359.3 717.6 56.37 56.73 – 595.6 840.7 

Chlorides, 
mg/L 

87.86 – – 2173 3735 88.49 – – 3766 3918 

Sulphates, 
mg/L 

19.69 – – 160.1 117.36 29.6 – – 139 94.72 

Phosphates, 
mg/L 

20.05 – – 0.88 0.25 17.87 – – 0.25 0.25 

Nitrites, 
mg/L 

0.2 – – 0.2 0.2 0.2 – – 0.2 0.2 

Nitrates, 
mg/L 

1.1 – – 0.48 0.82 1 – – 0.96 0.87

subject to additional special treatment; the sludge after chemical precipitation of ammo-
nium is a ready-made fertilizer for agricultural needs. The total volume of dewatered 
sludge will be no more than 0.5% of the capacity of the PCTP.
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Fig. 2 Change in the ion-ammonium concentration at the treatment stages: for warm water (T = 
18–22 °C) and cold water (T = 3–6 °C)

Fig. 3 Diagram of laboratory modeling of the wastewater treatment stages

3 Conclusion 

A water purification scheme was developed and tested in the laboratory, including the 
following processes: Pre-aeration→Coagulation, Flocculation→ Precipitation→ Oxi-
dation → Mechanical filtration (through sand) → Ammonium precipitation → Sorption 
filtration (through activated carbon). The adopted scheme excludes the stage of biolog-
ical treatment and is completely based on physical and chemical methods. This scheme 
is quite acceptable for the implementation of the project of the PCTP (physical and 
chemical treatment plant). 

As a result of the experiment, it was possible to achieve the water quality indica-
tors permitted by the Russian Standards, established for small and ultra-small treatment 
facilities when discharged into a water body of category “B”. At the same time, purifica-
tion effects were achieved: for suspended solids, 98%, COD 91%, ammonium ion 96%, 
turbidity 100%, chromaticity 99%. In connection with the use of many reagents, it is 
necessary to control the quality of purified water for the content of aluminum, sulfates, 
phosphates, magnesium, manganese and other specific substances. 

It turned out that this technology depends less on the temperature of the water and 
is suitable for domestic wastewater with a temperature of 3 to 22 °C. This fact allows
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the use of physicochemical treatment of non-centralized sewerage systems in remote 
northern settlements in the Arctic. 
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Abstract. Russia’s environmental industrial policy is aimed at increasing the 
resource efficiency of production, minimizing the negative impact on the environ-
ment, strengthening competitiveness and ensuring technological sovereignty. One 
of the directions of carbon dioxide sequestration is mineral carbonation. The idea 
of the article is to use for mineral carbonation, as an alternative to natural materials, 
a non-magnetic fraction obtained as a result of recycling of high-tonnage metal-
lurgical waste-slags. Carbon sequestration technologies by mineral carbonation 
of technogenic raw materials are at the research stage, therefore it is necessary 
to assess the suitability of the use of metallurgical slags. To solve the tasks set, 
the material composition of steelmaking and blast furnace slags has been studied 
in detail. The content of minerals capable of participating in carbonation in the 
non-magnetic fraction of slags was determined, and the carbonation potential was 
evaluated based on calculated and practical data. The requirements for man-made 
waste for their use as raw materials for carbonation are formulated. The factors 
that have a restraining effect on the introduction of mineral carbonation technolo-
gies are highlighted. An assessment of the carbon cycle at the ferrous metallurgy 
enterprise is given. 

Keywords: Technogenic waste · Metallurgical slag · Ash and slag waste · 
Mineral carbonation · Sequestration · Phase composition · Carbonation potential 

1 Introduction 

In 2021, the Government of the Russian Federation set the executive authorities the task 
of decarbonizing Russian industry and developing an action plan for the transition to 
carbon regulation and sequestration of carbon dioxide emissions [1, 2]. Carbon dioxide 
emissions generated as a result of the functioning of enterprises of various industries
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significantly increase the anthropogenic impact on the environment and make changes 
in the climate system of our planet. Global anthropogenic emissions are estimated at 57 
× 109 tons of CO2 equivalent in year [3]. The main sources of emissions are coal-fired 
power plants, large industrial enterprises and agriculture. According to the International 
Energy Agency, the largest share of carbon dioxide emissions falls on ferrous metallurgy 
enterprises (30% or 17 × 109 tons CO2 equivalent) and the cement industry (26% or 14 
× 109 tons CO2 equivalent) [4], therefore, in the foreseeable future, work to reduce the 
carbon footprint of anthropogenic origin must be carried out in this direction. The use 
of CO2 capturing and storing technologies (CCS Carbon Capture & Storage) is one of 
the processes of technological transformation taking place in the XXI century. and, in 
particular, refers to the national criteria for sustainable (including green) development 
projects in the Russian Federation [5]. 

The development of the main provisions of carbon sequestration technologies in a sit-
uation of functioning of ferrous metallurgy enterprises is topical scientific and technical 
task. 

The development of algorithms for carbon dioxide sequestration of industrial enter-
prises has been reported in the literature since the early 1990 [6]. At the moment, the 
main directions have been proposed and investigated, of varying degrees of complex-
ity: geological storage in developed underground spaces—geosequestration; reuse in 
technological processes; mineral carbonation. 

The subject of our research is the mineral carbonation of carbon dioxide as the most 
accessible technology for domestic enterprises. In the process of mineral carbonation, 
carbon dioxide interacts with natural minerals to form stable solid carbonates. Chemical 
reactions of mineral carbonation contribute to the exothermic removal of energy during 
the formation of carbonates. 

Conditionally, two main approaches can be distinguished for mineral carbonation 
technologies (Fig. 1). 

Fig. 1 Features of different carbonation approaches
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The first approach involves the introduction of CO2 in the form of gas or liquid 
directly into the array of mineral raw materials at the place of its storage—carbonation 
takes place in natural conditions. With the second approach, the process is carried out 
in industrial installations under optimal temperature and pressure conditions [7]. At the 
same time, the rate of carbonization reactions increases significantly. 

2 The Purpose of Research 

The most active components for CO2 sequestration are calcium and magnesium oxides. 
In nature, such minerals occur in the form of silicates, aluminosilicates and hydrox-
ides: serpentinite (Mg3Si2O5(OH)4), olivine ((Mg, Fe)2SiO4), wollastonite (CaSiO3). 
The process of mineral carbonation will require 3,2–7,4 tons of natural silicates for 
sequestration of 1m3 CO2 [8]. 

An alternative to the use of natural minerals is the use of mining waste. In the waste 
of metallurgical production, Ca2+ and Mg2+ ions are part of oxides, hydroxides and 
mainly silicates. The process of carbonation of silicates from slags can be divided into 
two stages. At the first stage, minerals are hydrated with the formation of reactive phases 
(1), and at the second stage, carbon dioxide is directly bound (2). 

(Ca,Mg)SiO4(s) + 2H
+(ag) → (Ca,Mg)(2+) + SiO2(s) + H2O (1)  

(Ca,Mg)(2+) + HCO− 
3 (ag) → (Ca,Mg)CO3(s) + H

+(ag) (2) 

The mass fraction of calcium and magnesium ions in soluble compounds capable of 
hydration in technogenic raw materials is crucial. The completeness and speed of the 
carbonization reactions, as well as the economic feasibility of the entire technological 
process will depend on the hardware and the optimality of the conditions (temperature, 
pressure, time). 

During carbonization in an aqueous medium, the speed and completeness of sol-
ubility of calcium and magnesium compounds usually increase with a decrease in the 
pH of the medium, an increase in temperature and pressure, and an increase in the spe-
cific surface area of the particles. Thus, it was noted that dicalcium silicate (β-Ca2SiO4) 
dissolves well already at pH = 10, and tricalcium aluminate (Ca3Al2O6) and mayenite 
(Ca11.3Al14O32.3) at pH  = 10 and pH = 7 [9]. The concentration of carbon dioxide will 
only affect the speed of carbonation, but does not affect its completeness [10]. 

The activity of technogenic mineral phases is lower than that of natural minerals, and 
varies greatly depending on the quantitative composition, crystal structure of minerals 
and the presence of elements such as Fe, Pb, Cr, Al and metallic impurities. For exam-
ple, metallurgical slags from steel smelting contain 22–24% Fe in the form of various 
technogenic phases and metal particles. The use of metallurgical slags as raw materials 
for carbon sequestration is possible only after the extraction of metal impurities. 

Taking into account the above, production waste for use as a raw material for mineral 
carbonation must have the following properties: 

• high mass fraction of calcium and magnesium in phases capable of hydration, 
• low degree of harmful impact on the environment,
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• fine grain size and high specific surface area, 
• have a sufficient amount of stored waste close to the sources of emissions. 

The analysis of the phase composition of waste from the extraction and processing of 
mineral raw materials formed at the enterprises of the mining and metallurgical industry 
showed that the phases required for mineral carbonation are present in slags and slurries 
of ferrous metallurgy, ashes of heat and power plants, as well as in slags from the 
combustion of solid household waste (Table 1). 

Table 1 The resource suitability of waste for carbonation 

Technogenic 
waste 

Mass fraction of 
CaO, % 

Mass fraction of 
MgO, % 

Mass fraction of 
phases containing 
Ca and Mg 
capable of 
hydration, % 

Accumulation 
volume, million 
tons (Russia) 

Converter slag 40–54 1,9–12,6 35–40 500 

Blast furnace 
slags 

30–50 1–18 17–20 

Waste from 
incineration 

14–30 1,9–3,5 20–35 Not installed 

Ashes of the 
CHP 

2–45 1–6 0–15 1400 

In the construction industry, blast furnace slags are widely used and disposed of in 
concrete technology, for example, in the production of binders, but steelmaking slags 
are not widespread in this industry [11]. One of the constraining factors on the way to 
the use of steelmaking slags in the production of building products and structures is the 
presence of free CaO and MgO in them, which cause an uneven change in volume during 
hardening and low strength of the slag binder without an activator [12]. Carbonation of 
slags will remove this restriction. Assessment of the carbonation potential of steelmaking 
and blast furnace slag, as the most multi-tonnage stored technogenic waste, will allow 
us to move to the next stage of the development of technologies for sequestration of 
emissions of metallurgical enterprises. The carbonation potential is the required amount 
of mining waste (in units of mass) to bind 1m3 of carbon dioxide [13]. 

As an object of research, a sample of the current converter slag of the Magnitogorsk 
Iron and Steel Works with a fraction of 0–50 mm (after sorting) was selected. 

3 Object of Research 

The experience of processing metallurgical slags has shown that the processing of this 
raw material faces technological difficulties even at the stage of crushing and grinding 
[14, 15]. The processes of disintegration, the schemes of crushing and grinding of slags
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should be adapted to maximize the extraction of metal kings in the process of disintegra-
tion, taking into account the morphometric features and physic-mechanical properties of 
technogenic raw materials [16]. Using a modern mineralogical and analytical complex, 
it was found that metal particles in a slag sample have a size from 0,5 to 5 mm (Fig. 2). 

Fig. 2 Micrographs of crushed slag: light grains—metal; dark grains—silicates 

Consequently, the efficiency of metal extraction, with subsequent slag enrichment, 
will directly depend on the amount of the size class 0–5 mm formed during crushing. To 
implement such disintegration by technical means without over-grinding, it is necessary 
to adapt the parameters of the crusher operation. 

Analysis of the methods of disintegration of complex-structured technogenic raw 
materials has shown that a high degree of selectivity of disintegration at rational energy 
costs is provided by centrifugal impact crushers [17]. These devices have a vertical axis 
of rotation, which contributes to the removal of material from the workspace after the 
act of crushing, and, as a result, reducing the number of equipment breakdowns. The 
granulometric composition of the crushed material can be adjusted in a certain range by 
changing the speed of rotation of the accelerator and the size of the supplied material 
[18]. 

To extract metal inclusions, a sample of converter slag was crushed in a centrifugal 
impact crusher at an accelerator rotation speed of 70 m/s in a cycle with a roar [19]. 
Crushed slag with a size of 0–5 mm was fed to magnetic separation in a weak magnetic 
field to obtain magnetic and non-magnetic products (Fig. 3).

All slag processing products are in demand. Magnetic fractions are a circulating 
product and are used as a charge material in the production of cast iron and steel. Non-
magnetic fractions are sold as construction rubble and sand, and, in addition, can serve 
as raw materials for mineral carbonation at a metallurgical enterprise as part of industrial 
recycling.
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Fig. 3 Technological scheme of slag processing: 1.1—Hopper with feeder, 1.2—Iron separator, 
1.3—Centrifugal impact crusher DC, 1.4—Screen, 1.5—Magnetic separator

4 Calculation of Carbonation Potential 

The chemical composition of the non-magnetic slag processing product is determined 
by X-ray fluorescence, which allows us to quantify the mass fractions of a wide range 
of elements in technogenic raw materials of complex material composition (Table 2). 

Table 2 Chemical composition of the slag sample 

Mass fraction of oxide, % 

FeO SiO2 CaO Al2O3 SO3 MgO Cr2O3 TiO2 MnO P2O5 V2O5 

22.4 12.4 39.4 4.2 0.3 14.6 0.3 0.5 2.6 0.5 0.3
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A sample of a non-magnetic product of converter slag processing contains a suffi-
cient amount of Ca and Mg oxides and can be considered as a raw material for min-
eral carbonation after the phase composition is established. The phase composition 
of the non-magnetic fraction was determined using a diffractometer “D2 PHASER” 
and license databases “Topas 4.2”. The main slag minerals are: Larnit (C2S)—23,7%, 
Brownmillite (4CaO·Al2O3·Fe2O3)—14,2%, Hardened periclase (MgO)—15%, Trical-
cium silicate (C3S)—12,5%, Solid solution of oxides (RO-phase)—12,7, Calcium Fer-
rite (2CaO·Fe2O3)—8,7%, Mayenite (12CaO·7A12O3)—3,4%, Magnesiovustite (Mg, 
Fe)O—3%, Lime—3,5%. Larnite, tricalcium silicate and mayenite are capable of hydra-
tion with the formation of calcium hydroxide according to the reaction Eqs. (3, 4, 
5): 

2(2CaO · SiO2) + 3H2O → 3,3CaO · 2SiO2 · 2,3H2O + 0,7Ca(OH)2 (3) 

2(3CaO · SiO2) + 5H2O → 3CaO · 2SiO2 · H2O + 3Ca(OH)2 (4) 

12CaO · 7Al2O3 + 27H2O → 11Ca(OH)2 + 6Al(OH)3 + CaO  · Al2O3 · 10H2O (5)  

Calcium hydroxide, formed by reactions (4, 5, 6), participates in the sequestration 
of carbon dioxide. The isobaric-isothermal potential ΔG of the carbonization reaction 
(6) indicates the possibility of its occurrence: 

Ca(OH)2 + CO2 → CaCO3 + H2O,ΔG = −74, 9 kj/mol. (6) 

According to the results of the slag phase analysis and the reaction equations, the 
carbonation potential of the non-magnetic product of converter slag processing (Table 3) 
was calculated. 

Table 3 Calculation of the carbonization potential of converter slag 

Active slag 
phases 

Mass 
fraction of 
active 
phases in 
the slag, % 

Hydration 
products 
capable of 
binding CO2 

Mass 
fraction of 
hydration 
products 
formed, % 

Mass Ca(OH)2 
required for 
binding 1 m3 of 
CO2, kg  

Carbonization 
potential of 
converter slag, 
kg 

Larnit 
(C2S) 

23.7 Ca(OH)2 15.0 3.3 28 

Tricalcium 
silicate 
(C3S) 

12.5 50.0 

Mayenite 
(12CaO · 
7A12O3) 

3.4 60.0
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According to the calculation results, 28 kg of non-magnetic slag fraction is needed 
to bind 1 m3 of carbon dioxide. Thus, the use of non-magnetic products of converter 
slag processing as raw materials for mineral carbonation will allow to bind greenhouse 
gases of industrial enterprises. 

5 Results and Discussion 

The process of carbon dioxide absorption is studied by scientists from many countries of 
the world as a promising process applied to a large number of substances and materials of 
various origin and purpose [20–23]. Carbonation of industrial waste, as well as cement 
and lime-based materials, is a real way to improve the properties of materials in terms of 
physical and mechanical characteristics and increase their resistance to environmental 
influences. 

Binders based on man-made waste can be activated by carbonation [24–26]. Dur-
ing carbonization of the non-magnetic slag fraction, dense carbonate products may be 
formed, which will increase the rate of strength gain, water-sealed slag binder, which 
will allow more extensive utilization of slags in construction products. 

The non-magnetic product of converter slag processing has a fineness of less than 
5 mm, contains free lime and has weak hydraulic properties. After carbonization, this 
material can be used as a substitute for fine aggregate in concrete and mortar (Table 4). 

Table 4 Granulometric composition and modulus of slag size 

Residues on sieves Residues on sieves with a cell, mm, % The size module 

2,5 1,25 0,63 0,315 0,16 Bottom 

Private residues on 
sieves 

2,6 15,5 17,2 20,1 15,6 29,0 1,8 

Complete residues on 
sieves 

2,6 18,1 35,3 55,4 71,0 100,0 

Carbonation of a non-magnetic product of converter slag processing was carried out 
at atmospheric pressure. Samples of the material were placed in a container, which was 
filled with carbon dioxide to a concentration of 50% and maintained a relative humidity 
of 70%, and then stored for 5, 10, 28 and 56 days. At the end of the experiment, a 
differential thermal analysis (DTA) was performed and the dependence of the mass 
fraction of carbonates in the sample on the storage time was determined (Fig. 4).

As a result of the experiment, the presence of carbonates in all samples of the non-
magnetic slag product was established, which is indicated by an increase in mass loss at 
a temperature from 710 to 735 °C. After 5 days of carbonization, the mass fraction of 
calcium carbonate in the slag was 4.16%. The nature of the graph in Fig. 4 indicates the 
slow process of carbonation of the material. It was not possible to set the end time of the 
process for the selected time interval. So, after 56 days of slag storage in a container, 
the mass fraction of carbonates was 13.62%.
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Fig. 4 Dependence of the mass fraction of carbonates on the exposure time

The analysis of the theoretical and practical data obtained indicates the effectiveness 
of using the non-magnetic fraction of converter slag processing as a raw material for 
sequestration of greenhouse gases. The results of practical tests confirmed the course 
of the mineral carbonization process at normal pressure. However, it is also necessary 
to study the process of accelerated carbonation of technogenic raw materials and the 
physic-chemical characteristics of the raw material that affect the final products and the 
rate of carbonation, which will reduce the processing time of the material. 

6 Conclusion 

To assess the possibility of organizing a closed carbon dioxide cycle in the conditions 
of blast furnace production of metallurgical enterprises, the calculation of the annual 
volume of greenhouse gas emissions was carried out on the example of the Magnitogorsk 
Iron and Steel Works (MMK). The average productivity of the blast furnace at MMK is 
1,75 million tons per year. With an average total emission of 2 tons of CO2 per ton of 
metal products, the annual emission of the blast furnace will be 3,5 million tons or 1,77 
million m3 of gas [27]. 

According to the results of the carbonation potential assessment, 49,6 million tons 
of non-magnetic converter slag processing product will be required for sequestration of 
annual greenhouse gas emissions. 

Further work should be aimed at developing the technological design of the process 
of capturing emissions and mineral carbonation of metallurgical slags, clarifying the 
parameters and characteristics of the reactions in real conditions. The analysis carried 
out and the results presented indicate the possibility of sequestration of emissions from 
metallurgical enterprises and the organization of a closed cycle of carbon dioxide cir-
culation based on mineral carbonation technologies of steelmaking and blast furnace 
slags.
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Abstract. The accumulated of ash and slag waste necessitates their process-
ing. The processing of ash and slag wastes through their use for the synthesis 
of geopolymers is a very promising area of research. Geopolymer materials are 
obtained by alkaline activation reaction. The role of the activator on the techno-
logical properties of foamed geopolymer materials has been studied. It has been 
established that solutions of alkali hydroxides and/or solutions of alkali silicates 
are used as an activating solution. The synthesis of samples with different content 
of liquid glass and sodium hydroxide was carried out. It is shown that the content 
of both liquid glass and sodium hydroxide affects the properties. Technological 
properties and microstructure of synthesized samples are determined. Conclusions 
are drawn about the optimal amount of liquid glass and sodium hydroxide in the 
composition of the activating solution for obtaining foamed geopolymer materials 
with a minimum density. Pore size distribution studied. 

Keywords: Geopolymer materials · Ash and slag waste · Alkaline activation · 
Porous structure · Recycling · Pore formation 

1 Introduction 

Currently, energy saving in construction has become a major problem. [1, 2]. Thermal 
insulation materials are the main tool for improving energy efficiency in the construction 
of buildings [3–5]. The use of energy-efficient thermal insulation materials reduces heat 
loss, which results in lower energy costs. [6, 7]. Even though there is currently a strong 
growth in renewable energy sources, electricity generation from solid fossil fuels is still 
relevant. Worldwide, about 70% of electricity is generated using natural resources, while 
coal accounts for about 38% [8, 9]. 

Also in the modern world there is a problem associated with environmental pollution 
(soil, groundwater, air) by ash and slag waste (ASW), which are produced during the 
operation of thermal power plants [10–12]. During the combustion of coal, a mechanical 
mixture of ash and slag is formed in a ratio of 4:1 [13]. Annually in Russia, the coal 
power industry produces more than 75 million tons of ASW, of which only about 11%
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is processed. [14]. The search for ways to dispose of such wastes is a very topical 
area of research [15, 16]. ASW is an aluminosilicate material and can be used in road 
construction, in the production of cement and building materials. [17–20]. 

Processing of ASW is very promising due to the possibility of their use in the syn-
thesis of geopolymers [21, 22]. Geopolymer materials (alkaline-activated materials) are 
new environmentally friendly binder materials obtained by alkaline activation reaction 
[23]. They have the following advantages: fire resistance, chemical, corrosion resistance, 
durability. The mechanism of alkaline activation is as follows: substances containing a 
large amount of Al and Si in their composition interact with an activator solution, most 
often these are solutions of alkali hydroxides (KOH, NaOH) and/or solutions of alkaline 
silicates (K2O·nSiO2 or Na2O·nSiO2). In this case, silicate and aluminate tetrahedral 
units dissolve at high pH values and begin to polymerize [24]. 

The modulus of the activator is the most important factor and is defined as the mass 
ratio of SiO2 to Na2O or (K2O) in the alkaline activator. The dosage or total mass of 
Na2O in the alkaline activator solution generally includes the sum of the masses of Na2O 
present in the sodium silicate solution and/or sodium hydroxide. 

At the same time, it is promising to obtain foamed geopolymer materials with low 
density and thermal conductivity. There are several foaming methods. The most popular 
are direct foaming, replica method, sacrificial filler, sintering, mechanical foaming and 
additive manufacturing [25]. 

Among them, direct foaming is the simplest and most widely used method of foamed 
geopolymer materials [26]. Direct foaming typically involves a reaction that uses various 
blowing agents and an alkaline environment to induce pores during geopolymerization. 
The pores formed by this foaming method are usually closed. Therefore, a material 
with such pores will have high thermal insulation properties. Compared to other meth-
ods, direct foaming has a significant effect on the viscosity of the reaction mixture 
and, accordingly, on geopolymerization, thereby affecting both the internal and exter-
nal porosity of the foamed geopolymers. This is because most porosity reactions either 
consume or release water. 

The main advantage of geopolymers is their high fire resistance compared to other 
existing heat-insulating materials [27]. Therefore, the purpose of this work is to study the 
influence of the composition of the activating mixture on the properties of the obtained 
foamed geopolymer materials. 

2 Materials and Methods 

ASW from the Novocherkassk State District Power Plant was chosen as the main raw 
material for the production of geopolymer materials. The chemical composition of ASW 
is presented in Table 1. The main substances are SiO2 and Al2O3, the total content of 
which is 70%. A mixture of liquid sodium glass and sodium hydroxide solution was 
used as an activator, and aluminum powder was used as a pore-forming additive.

The raw mixture for obtaining geopolymer materials is prepared as follows: drying 
of ASW until a moisture content of no more than 5% is reached, and their subsequent 
grinding to a particle size of 250 microns. After that, a solution of sodium hydroxide is 
prepared in a separate container; for this, NaOH powder is mixed with water in a given
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Table 1 Chemical composition of ash and slag wastes 

Chemical composition, wt. % 

SiO2 Al2O3 Fe2O3 K2O MgO SO3 TiO2 CaO Na2O P2O5 MnO LOI 

51,23 18,78 10,27 3,04 2,08 0,31 0,78 3,10 0,92 0,13 0,13 9,23

ratio. Then liquid glass is added to the resulting sodium hydroxide solution, stirred for 
5 min and an activating solution is obtained. After that ASW is activated by adding an 
activating solution to them. Next, aluminum powder is added to the resulting mixture 
and stirred for 5 min. At the final stage, the resulting compositions are poured into molds 
and cured at a temperature of 80 °C for 12 h. After that, a visual inspection of the samples 
is carried out, during which conclusions are drawn about the size of the pores and the 
homogeneity of the structure. The component composition of the raw mixture is shown 
in Tables 2 and 3. 

Table 2 Component composition of the raw mixture to study the effect of liquid glass on the 
properties of geopolymer materials, wt. % 

Sample Sample composition, wt. % 

ASM Waterglass NaOH (powder), over 
100 

Water, over 100 Aluminum powder 

1.1 80.0 18.0 2.0 4.0 2.0 

1.2 77.5 20.5 2.0 4.0 2.0 

1.3 75.0 23.0 2.0 4.0 2.0 

1.4 72.5 25.5 2.0 4.0 2.0 

1.5 70.0 28.0 2.0 4.0 2.0 

Table 3 Component composition of the raw mixture to study the effect of sodium hydroxide on 
the properties of geopolymer materials, wt.% 

Sample Sample composition, wt. % 

ASM Waterglass NaOH (powder), over 
100 

Water, over 100 Aluminum powder 

2.1 75.0 23.0 - - 2.0 

2.2 75.0 23.0 1.0 2.0 2.0 

2.3 75.0 23.0 2.0 4.0 2.0 

2.4 75.0 23.0 3.0 6.0 2.0 

2.5 75.0 23.0 4.0 8.0 2.0
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Sample density ρ, kg/m3, was determined by the Eq. (1): 

ρ = 
m 

V 
· 1000, kg/m3 (1) 

where m—sample weight, g; V—sample volume, cm3. 
The compressive strength of the samples was determined on a hydraulic press brand 

TP-1-350 TestPress, Russia. 
The porosity of the material was calculated by Eq. (2): 

P = 
1 − db 
dt 

· 100, % (2)  

where db—sample bulk density, kg/m3; dt—sample true density, kg/m3. 
The thermal conductivity of the synthesized samples was determined using a thermal 

conductivity meter ITP-MG4'100/Zond’, SKB StroyPribor, Russia. 

3 Results and Discussions 

Synthesis of geopolymers consists in alkaline activation of aluminosilicate components 
of ASW. In this case, the dissolution of aluminum and silicon in an alkaline medium, 
the transport of dissolved particles, and polycondensation occur, during which a three-
dimensional silicoaluminate structure is formed (Fig. 1) [28, 29]. 

Fig. 1 Schematic diagram of the formation of geopolymer compounds 

To study the influence of the amount of liquid glass on the properties of geopolymers, 
the optimal amount in the composition of ASM and liquid glass was investigated. The 
structure of the synthesized samples is shown in Fig. 2.

As can be seen from Fig. 2, sample 1.3 has the most porous and uniform structure, 
with a pore size of up to 2 mm. Samples 1.1 and 1.5 do not have pores, since they 
contain insufficient and excessive amounts of liquid glass, respectively. Samples 1.2 and 
1.4 have a weakly expressed porous structure. Technological properties of these samples 
are shown in Table 4.
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Fig. 2 The structure of geopolymer materials in the study of the influence of liquid glass

Table 4 Technological properties of the obtained geopolymer materials in the study of the 
influence of liquid glass 

Sample Density, kg/m3 Compressive strength, 
MPa 

Porosity, % Thermal conductivity, 
W/(m · K) 

1.1 1136 2,37 51,29 0,26 

1.2 709 1,67 69,60 0,16 

1.3 467 0,83 79,97 0,10 

1.4 663 1,46 71,57 0,15 

1.5 954 2,48 59,09 0,21 

Sample 1.3 has the best thermal insulation properties (Table 4). Consequently, a 
composition containing 75.0% ASW and 23.0% liquid glass was chosen for further 
studies. 

The structure of the obtained geopolymer materials with different content of sodium 
hydroxide is presented in Fig. 3.

As can be seen from Fig. 3, in the absence of sodium hydroxide in the composition 
(sample 2.1), the formation of a porous structure practically does not occur. As the alkali 
content increases, the pore size increases. The pore formation of foamed geopolymers 
using aluminum powder as a pore former consists in the interaction of the alkaline 
component with aluminum powder, with the formation of hydrogen, which foams the
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Fig. 3 The structure of geopolymer materials in the study of the effect of sodium hydroxide

geopolymer suspension according to the reaction (3) [30]: 

2Al + 2NaOH + 6H2O = 2Na[Al(OH)4] + 3H2 (3) 

Therefore, the more alkali in the reaction mixture, the more actively the foaming of 
the geopolymer material occurs. 

On Fig. 4 shows the distribution of pore size ranges for samples 2.3, 2.4 and 2.5. 
For samples 2.1 and 2.2, it was decided not to distribute the pore size ranges, since the 
samples have a monolithic slightly porous structure.

In sample 2.3, the predominant amount is macropores in the size range of 0.2–1.0 mm, 
in sample 2.4 in the range of 0.6–1.2 mm, in sample 2.5, the predominant amount is in 
the range of 0.4–1.2 and a large number of pores with a size of more than 2 mm. 

Technological properties in the study of the role of sodium hydroxide are shown in 
Table 5.

The best technological properties were found in sample 2.4 (Table 5), since it has 
the lowest density.
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Fig. 4 Histogram of the distribution of the range of pore sizes for samples 2.3, 2.4, 2.5

Table 5 Technological properties of the obtained geopolymer materials in the study of the role 
of sodium hydroxide 

Sample Density, kg/m3 Compressive strength, 
MPa 

Porosity, % Thermal conductivity, 
W/(m·K) 

2.1 1192 3.52 48.89 0.27 

2.2 732 1.78 69.42 0.16 

2.3 467 0.83 79.97 0.10 

2.4 357 0.54 84.69 0.08 

2.5 385 0.39 83.49 0.09

4 Conclusion 

Thus, the possibility of obtaining foamed geopolymer materials based on ash and slag 
waste from the Novocherkassk State District Power Plant was shown. The chemical 
composition of ASW was studied. It was revealed that the main substances are SiO2 and 
Al2O3, the total content of which is 70%. 

Upon receipt of geopolymers, an alkaline activation reaction of aluminosilicate com-
ponents of ASW occurs. In this case, the dissolution of aluminum and silicon in an alka-
line medium, the transport of dissolved particles and polycondensation occur, during 
which a three-dimensional silicoaluminate structure is formed. 

The mechanism of foaming geopolymer material with aluminum powder is the 
interaction of aluminum with alkali to form hydrogen, which has a foaming effect. 

It has been established that in the absence of sodium hydroxide in the composition, 
the formation of a porous structure practically does not occur. As the alkali content 
increases, the pore size increases and the density decreases. Therefore, the more alkali in
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the composition of the reaction mixture, the more actively the foaming of the geopolymer 
material occurs. 

It has been established that when the activating mixture contains 23.0% liquid glass 
and 3.0% sodium hydroxide, a foamed geopolymer material with the best technological 
properties is formed (sample 2.4). The density of this sample is 357 kg/m3, the com-
pressive strength is 0.54 MPa, the porosity is 84.69%, and the thermal conductivity is 
0.08 W/(m·K). 
Acknowledgements. The work was performed as part of the project under an agreement on the 
provision of grants from the federal budget in the form of subsidies in accordance with Paragraph 
4 of Section 78.1 of the Budget Code of the Russian Federation, Agreement # 075-15-2022-1111, 
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Abstract. In this article, attention focused on the analysis of the tightness of 
relationships between the runoff during the growing season and the main climatic 
factors of the formation of river flow in the annual and growing season. Long-term 
fluctuations in runoff during the growing season determined by cold precipitation 
in the catchment areas and the temperature regime of the summer months.2000 to 
2019 the amount of precipitation in the upper reaches of the Naryn River between 
October to April increased significantly. The sum of positive air temperatures has 
increased most significantly over the past twenty years in the alpine zone and over 
the past forty years—in the lower reaches of the catchment. The number of days 
with positive temperatures is also increasing. For example, in the high mountain 
zone over the past 20 years it has increased from 109 to 122 days, and in the middle 
mountain zone of the river—from 220 to 236 days over the past 40 years. As a 
result, the air temperature above 0 °C shifted from mid-May–June to April–May at 
the Tien-Shan meteorological station, from mid-March to the first half of March 
at the Naryn meteorological station. Therefore, the runoff of the upper reaches 
of the Naryn River during the growing season, according to the data from the 
Naryn gauging station, Naryn city, has been increasing the average growing water 
discharge since 1992. 

Keywords: Summer runoff · Vegetation period · Water consumption · Climatic 
factors · Hydrological regime · Water supply · Gauging station 

1 Introduction 

The Naryn River is the largest water artery in Kyrgyzstan. In the outlet section (hydropost 
Uchkurgan), the area of the basin is 58400 km2, the annual discharge is estimated at 
432 m3/s [1–4]. Its runoff used for hydropower and water management purposes. In the 
future, it planned to build 24 hydroelectric power stations in the Naryn river basin. At
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the same time, their construction in the upper reaches of the Naryn River was planned 
for the coming years. This determines the relevance of studying the water regime of the 
Naryn River. 

The hydrological regime of the upper reaches of the Naryn River was described 
according to the data of a hydrological station located in the city of Naryn; climatic char-
acteristics were determined according to long-term data of the Tien Shan meteorological 
station (3614 m above sea level) and Naryn (2040 m above sea level). 

2 Relevance, Scientific Significance of the Issue 

The problem of water supply for the population and various sectors of the economy has 
become relevant for many regions of the world. The uneven distribution of river flow 
within regions is becoming a serious problem, especially in arid regions of the world. 
These regions include the Central Asian region. 

Kyrgyzstan has changed water relations with neighboring Republics. According to 
previous agreements, the use of water from the Toktogul reservoir, compared to energy, 
was focused on irrigation purposes. Energy is currently at the forefront. 

This is due to the fact that Kyrgyzstan uses only 2% of the total volume of water from 
the Nizhne-Naryn HPP for irrigation. In addition, Toktogul HPP cannot provide elec-
tricity in autumn and winter. Due to the fact that an average of 11 billion m3 of water per 
year from the Toktogul reservoir used to irrigate the territories of Uzbekistan, Tajikistan 
and Kazakhstan. Under such conditions, Kyrgyzstan faces difficulties in managing the 
water regime of the Toktogul HPP due to a decrease in electricity supply in the winter. 

At the same time, population growth observed in Kyrgyzstan, new houses and enter-
prises are being built. The expansion of irrigated lands is becoming an urgent task, 
the solution of which is necessary to provide the growing population with agricultural 
products. 

3 Formulation of the Problem 

The paper sets the task to investigate the hydrological regime of the upper reaches of 
the Naryn River (Narynhydropost, Naryn city) since 1930. Therefore, it is necessary 
to modernize and develop the systems of water supply, energy and water resources 
management. In this regard, one of the most important scientific and practical issues is 
the hydrological analysis of the flow of the Naryn River and the forecast of fluctuations 
in water content in the Toktogul reservoir to optimize the cost-effective operation of the 
Toktogul HPP. 

4 Theoretical Part 

The distribution of runoff within a year determined by the time when water enters 
the river system from genetic sources—snow, glaciers and rains. In the conditions of 
Kyrgyzstan, regulated by the peculiarities of orography and relief—the distribution of 
watershed areas in altitudinal zones and exposures—relative to moisture-bearing air 
masses, synoptic conditions of the cold and warm periods of the year.
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Many scientists have developed theoretical foundations and methods for studying 
the hydrological characteristics of the rivers of Kyrgyzstan, including the Naryn river 
basin. These include V.L. Schultz “Rivers of Central Asia”, 1965, D.M. Mamatkanov 
“Modeling and prediction of fluctuations in river flow”, 1973, M.N. Bolshakov “Water 
resources of the rivers of the Soviet Tien Shan and methods for their calculation”, 1974, 
S.K. Alamanov “Study of the formation and long-term forecast of river flow in the 
north-west of Kyrgyzstan”, 1977, A.G. Grinevich, E.K. Pospaeva “Characteristics of 
vegetation runoff in the basin of the river. Naryn and questions of its forecasting”, 1975, 
I.V. Ratsek “Oscillations and evolution of glacial runoff in the basin of the river. Naryn”, 
1991. 

5 Practical Significance, Suggestions and Results 
of Implementations 

To assess the situation in the upper reaches of the Naryn River, hydrological and meteoro-
logical data from the archive of the Hydrometeorological Service of the Kyrgyz Republic 
used for the period 1930–2020. Were applied Statistical, geographical and hydrological 
methods. 

According to the data of the gauging station in the city of Naryn for 1930–2020, it 
can be seen that the average water discharge for the growing season has increased since 
1992 (Fig. 1). So, if the average vegetation flow in 1931–1991 was 144.7 m3/s, later for 
the period from 1992 to 2020 it increased to 173.9 m3/s, or by 120%. 

Fig. 1 Changes in water discharge on the river Naryn (hydropostNaryn from 1930 to 2020) 

The study of the Naryn River’s feeding sources during the growing season showed 
that in upper reaches the increasing of water inflow in April-June occurs mainly due to 
snow melting, and in July–September—due to ice and high-mountain snow melting [5– 
7]. Calculations based on data for 1992–2020 showed that the ratio of the water content 
of the Naryn River by months of the growing season distributed as follows: 26% of the 
flow fell on July, 23% on June and August, 13% on May, 10% on September and 5% in 
April, as seen in Fig. 2.

The results of analyze Fig. 3, show that the supply of the river with glacial water 
decreased compared to its supply with snow water (Fig. 3). Since 1992, the part of the 
July runoff in the vegetation season of the total runoff has decreased by 10%, (Fig. 4).
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Fig. 2 Percentage of monthly runoff to vegetation runoff (Naryn gauging station)

According to V.A. Kuzmichenok and A.N. Dikikh [7–9], the relative decrease of glacial 
water part in the river associated with a decreasing of the glacier’s area and the attraction 
of the lower boundary of the firn upwards. In August, the share of runoff did not change, 
while in September, on the contrary, it increased (about 1%). As shown on Fig. 4 the 
share of river feeding by melt waters (April-June), on the contrary, increases. Following 
this trend, the maximum water inflow gradually shifts from July to May–June. 

Fig. 3 The ratio of the river’s supply of melted snow water (April–June) and melted glacial water 
(July–September)

The temperature regime of the summer months and precipitation falling on the river 
catchment during the cold season play a key role in the formation of long-term runoff 
fluctuations during the vegetation season. In other words, climatic factors determine the 
formation of runoff [10–13]. For example, over the past 20 years, compared with 1930– 
1999 [14, 15], the amount of precipitation in the cold seasons of the year has increased, 
(Fig. 5). So, in October–April in 1930-2019p Precipitation in the upper reaches of the 
Naryn River increased from 646.8 mm to 1168 mm at the Tien Shan meteorological 
station and from 977.5 to 1401.8 mm at the Naryn meteorological station. As a result, 
the flow of the Naryn River also increased [16], as shown in Fig. 1. A.N. Dikikh [7] 
noted a decrease in the water level in the upper reaches of the Naryn River due to a 
precipitation decrease during the cold periods of the year in 1930–1998.
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Fig. 4 Changes in the share of monthly runoff in the total runoff of the vegetation season

Analyzing the data of the Naryn and Tien Shan weather stations, we notice climatic 
conditions changes in the upper reaches of the Naryn River over the past 20–40 years 
[6]. 

The sum of positive air temperatures at the Tien Shan weather station increased from 
95.4 to 168.7 °C, at the Naryn weather station from 827.4 to 947 °C (Fig. 6).

The number of days with positive temperatures also increased. For example, in the 
high mountain zone over the past 20 years it increased from 109 to 122 days, and in the 
middle mountain zone of the river—from 220 to 236 days over the past 40 years. As 
a result, the air temperature above 0 °C shifted from mid-May–June to April–May at 
the Tien-Shan weather station, from mid-March to the first half of March at the Naryn 
weatherl station [17, 18]. 

The analysis of the average annual water consumption at the Naryn hydropost and the 
correlations of the average monthly air temperatures at the Naryn and Tien Shan weather 
stations showed that the correlation between summer air temperatures and runoff at the 
Tien Shan weather station is very close (Fig. 7). According to O. Yu Kalashnikova. 
Studies [19, 20], the summer runoff of the upper reaches of the Naryn River during the 
vegetation season was 72% of the annual volume. In the summer months, the tendency 
of the air temperature raised. At the Tien Shan weather station, the air temperature in 
the summer months of 1930–2019 increased by 1.2 °C (Fig. 8). In the summer months, 
there is a tendency to increase the air temperature.

In addition to climatic parameters, the vegetation period of runoff is influenced by 
low water flow (October–March) Fig. 9. For example, Fig. 10 shows that the low water 
flow runoff has been increasing since 1992. The low water flow runoff was 29.9 m3/s in 
1931–1991 and increased by 37.7 m3/s or 120% in the period from 1992 to 2017.



448 R. T. Akmatov et al.

Fig. 5 Changes for precipitation (in mm) from October to April at Naryn and Tien Shan weather 
stations
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Fig. 6 Sum of average annual positive air temperatures at Naryn and Tien Shan weather stations

Fig. 7 Dependence of the average vegetation water consumption at the Naryn hydropost on the 
average air temperature in June-August at the Tien Shan weather station 

Fig. 8 Changes in the average air temperature in June–August according to the data of the Tien 
Shan weather station



450 R. T. Akmatov et al.

Fig. 9 Dependence of the average vegetation water consumption at the Naryn hydropost on the 
average water consumption during the low water flow runoff period 

Fig. 10 Change in water consumption of the Naryn hydropost during the low water flow runoff 
period (m3/s) 

6 Conclusion 

Since 1992, according to the data of the Narynhydro postwater discharges increased in 
the upper reaches of the Naryn River. The average vegetation period runoff was 144.7 
m3/s in 1931–1991, and over the period from 1992 to 2017 it increased by 173.9 m3/s or 
120%. In 1992–2017, the share of runoff in July (powered by melting glaciers) decreased 
by 10% at the Narynhydro post. In 1930–2019, in the upper reaches of the Naryn River, 
the amount of precipitation in October–April increased from 646.8 to 1168 mm at the 
Tien Shan weather station and from 977.5 to 1401.8 mm at the Naryn weather station. 
The sum of positive air temperatures at the Tien Shan weather station increased from 
95.4 to 168.7 °C, and at the Narynweather station from 827.4 to 947 °C. 

References 

1 . Mamatkanov DM, Bazhanova LV, Romanovsky VV (2006) Water resources of Kyrgyzstan 
at the present stage. Ilim, Bishkek, 60 p 

2 . Report on the sustainable development of mountain areas, their potential and response to 
various types of impact (the Naryn river basin) (2005) Project manager, PhD., S.K. Alamanov, 
Institute of Geology MM Adyshev NAS KR, Bishkek, 109 p



Changes in Runoff During the Growing Season in the Upper… 451

3 . Ilyina IA (ed) (1969) Resources of surface waters of the USSR. Vol. 14. Is. 1. Central Asia, 
River basin Syr Darya, Gidrometeoizdat, Leningrad, 49 p 

4 . Shults VL (1965) Rivers of Central Asia. GIMIZ, Leningrad, p 91 
5 . Bolshakov MN (1974) Water resources of the rivers of the Soviet Tien Shan and methods for 

their calculation. Ilim, Frunze, 26 p 
6 . Report hydrological forecast for the flow of the Naryn River (2017) Project leader, Doctor of 

Geographical Sciences, Professor TM Choduraev. Department of Science of the Ministry of 
Education and Science of the Kyrgyz Republic, Bishkek, 41 p 

7 . Dikikh AN (1999) Glacial runoff of the Naryn River and the scenario of its possible change 
with climate warming. Izv. National AN Kyrgyz Rep. Problems of geology and geography in 
Kyrgyzstan, Bishkek, pp 74–79 

8 . Dikikh AN (2001) Problems and forecast of the development of glaciation and water content 
of the rivers of Central Asia. Compilation: Water and sustainable development of Central 
Asia, Bishkek, pp 88–92 

9 . Kuzmichenok VA (2010) Glaciation and runoff in the Naryn river basin. Inventory, temporary 
changes, forecast. Study of formation factors and assessment of the influence of reservoirs of 
the Lower Naryn cascade of HPPs on the quality of water resources in the Naryn river basin 
by isotope methods (according to the results of the ISTC project KR-1430, 2007–2010), 
Bishkek, pp 19–39 

10 . Akmatov RT, Alamanov SK, Choduraev TM (2017) The long-term runoff regime of the river. 
Naryn. Priority directions of development of education and science: collection of materials 
of the III International Scientific and Practical Conference, Cheboksary 

11 . Akmatov RT, Alamanov SK, Choduraev TM (2017) Glacial runoff of the Naryn River. Sci-
entific research: theory, methodology and practice. In: Collection of materials of the III 
International Scientific and Practical Conference, vol 1, pp 20–21 

12 . Akmatov RT, Alamanov SK, Choduraev TM (2019) The role of precipitation and air temper-
ature in the formation of summer runoff. In: VII International Scientific Practical Conference 
“Modern problems of reservoirs and their catchments”, Perm State University, IOP Conf. 
Series: Earth and Environmental Science, vol 321, p 012017. https://doi.org/10.1088/1755-
1315/321/1/012017 

13 . Akmatov RT, Alamanov SK, Choduraev TM, Pochechun VA (2019) Glacier runoff and regime 
of rivers with glacial power (a case of study: Naryn river, Kyrgyzstan). In: VII International 
Scientific Practical Conference “Modern problems of reservoirs and their catchments”, Perm. 
State University, IOP Conf. Series. Earth and Environmental Science, vol 321, p 012016). 
https://doi.org/10.1088/1755-1315/321/1/012016 

14 . Akmatov RT (2018) The perennial flow of the Naryn River, its distribution during the year. 
Izv. University of Kyrgyzstan 11:84 

15 . Akmatov RT (2018) Changes in the regime of atmospheric precipitation in the upper part of 
the Naryn river basin. Izv. University of Kyrgyzstan 11:87 

16 . Alamanov SK, Lelevkin VM, Podrezov AO et al (2006) Climate change and water problems 
in Central Asia. Textbook for Universities, OAO IPO Lev Tolstoy, Moscow, Bishkek, p 107 

17 . Akmatov RT (2022) Geoecological influences of large reservoirs in Kyrgyzstan. Dissertation, 
Bishkek, 122 p 

18 . Akmatov RT (2021) Changes in the thermal regime in the upper part of the Naryn river basin. 
Science, New Tech Innov to Kyrgyzstan 4:18–19 

19 . Kalashnikova OY (2003) On the issue of hydrological forecasts of spring-summer runoff of 
mountain rivers, collection of scientific papers. Mete Hydrol Kyrgyzstan. KRSU 3:14–22 

20 . Kalashnikova OY (2022) Study of the influence of climatic factors on the formation of runoff 
in the rivers of the Naryn basin and their long-term forecast. Dissertation, Bishkek, 57 p

https://doi.org/10.1088/1755-1315/321/1/012017
https://doi.org/10.1088/1755-1315/321/1/012017
https://doi.org/10.1088/1755-1315/321/1/012016


Subject-Economic Groups 
for the Information-Measuring System 

for Determining the Ecological Well-Being 
of a Person 

D. V. Martynov1(B), O. E. Bezborodova2, O. N. Bodin1, M. Yu Rudyk1, 
and A. A. Trofimov2 

1 Penza State Technological University, 1a / 11, Baidukova str. / Gagarin str., Penza 440039, 
Russia 

dimka.martinov.95@gmail.com 
2 Penza State University, 40, Krasnaya str., Penza 440026, Russia 

Abstract. The article examines the problem of choosing corrective measures to 
ensure the ecological well-being of a person in the territorial technosphere. The 
purpose of the study is to develop a methodology for the reasonable choice of 
corrective measures. To achieve the goal, it is proposed to use the relative risk as 
a measure of the ecological well-being of a person. Based on Pigou’s model of 
environmental externalities, an algorithm for creating a list of corrective measures 
for two situations is proposed: when the actual risk values exceed the norm and 
the decision maker needs to know how much investment is needed to improve the 
environmental well-being of a person; when the decision maker has some financial 
resources at his disposal and it is necessary to find out how the ecological well-
being of a person will change if they are invested in appropriate activities. The 
results obtained allow us to conclude that the use of risk as a measure of a person’s 
environmental well-being, as well as subject-economic groups, makes it possible 
to form a list of corrective measures, taking into account the mutual influence of 
the components of the territorial technosphere and the combined action of risk 
factors. 

Keywords: Environmental human well-being · Territorial technosphere · Risk · 
Subject-economic group · Corrective measures 

1 Introduction 

Currently, there is a problem of ensuring the environmental human well-being in the ter-
ritorial technosphere. The source of this problem is a historically formed approach based 
on the assessment of the quality of individual elements of the territorial technosphere. 
Such an approach does not take into account the mutual influence of elements of the ter-
ritorial technosphere (neutralism, predation, parasitism, competition, symbiosis) and the 
joint action of risk factors (synergism, antagonism, summation), does not allow solving
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the problem comprehensively, increasing the effectiveness of corrective measures [1–3]. 
Taking into account these features will increase the reliability of the assessment of human 
environmental well-being in the territorial technosphere; increase the environmental effi-
ciency of the technosphere object; reduce the risk of negative impact of technosphere 
objects on the functional state of the human body and the environment; save resources 
for determining individual parameters of elements of the territorial technosphere [4–7]. 

To solve this problem, it is necessary to develop an information and measurement 
system for determining the environmental human well-being which allows measuring 
parameter control of the components in the territorial technosphere, operational analysis 
of measurement control data (assessment, modeling, forecasting), comparative analysis 
and zoning of the territorial technosphere for the environmental human well-being, 
forming a list of corrective measures (therapeutic and preventive (LPM), environmental 
(POM), technological (TM)) with an indication of their effectiveness and implementation 
costs [8–10]. At the same time, measurement control is understood as control carried 
out with the use of measuring instruments [11]. 

To form a reasonable list of corrective measures, a special methodology is required to 
establish the relationship between the environmental human well-being in the territorial 
technosphere and the need to implement corrective measures. 

The purpose of the study is to develop a methodology for the reasonable selection 
of corrective measures. 

To achieve the purpose, the authors set and solved the following objectives:

● to substantiate and propose a measure for determining the environmental human 
well-being in the territorial technosphere;

● to establish the relationship between the environmental human well-being in the 
territorial technosphere and the cost of corrective measures;

● to propose an algorithm for the formation of a reasonable list of corrective measures. 

The objects of research are subject-economic groups (SEG) (medico-economic 
(MEG), environmental-economic (EEG), industrial-economic (EEG)) to provide the 
environmental well-being of a human in the territorial technosphere. 

The study was conducted using an integrated system approach and methods of 
analysis and synthesis, grouping and generalization. 

2 Materials and Methods 

As a measure of human environmental well-being, the authors propose to use relative risk 
(hereinafter referred to as a “risk”) [12], showing the existence of a link between the risk 
factor and a change in the state of the studied component of the territorial technosphere 
(human, environment, object of the technosphere). In statistics, relative risk is the ratio 
of the frequency of consequences among the studied objects that were influenced by the 
risk factor (Pexp osed ) to the frequency of consequences among the studied components 
of the territorial technosphere that were not influenced by this factor (Pnon−exp osed ) [13] 

R = Pexposed /Pnon−exposed . (1)
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Table 1 Ratio of the consequences of exposure to the risk factor 

Presence of a risk factor/Presence of consequences Yes No Total 

There is a risk factor (1) a b a + c 
No risk factor (0) c d b + d 
Total a + c b + d a + b + c + d 

Table 1 shows the relationship between the risk factor, the aftermath of its impact 
and the number of analyzed territorial technosphere components. 

This table shows the a, b, c, d as the number of objects under study that have certain 
ratios of the values of the impact of the risk factor and the consequences. 

The value of risk (R) is determined by the formula 

R = a/(a + b) 
c/(c + d) (2) 

The resulting risk value is compared with the value 1 in order to define the nature of 
the relationship between the risk factor and the consequences of its impact on the object. 

If R = 1, thus, the studied risk factor has little effect on the state of the territorial 
technosphere component. 

At values R > 1, the risk factor significantly affects the state of the territorial 
technosphere component increasing the frequency of aftermath occurrence. 

At values R < 1, the risk factor does not affect the state of the element of the 
territorial technosphere. 

Obtain the values of the boundaries of the confidence interval with a confidence 
probability of 95%. 

The formula for calculating the upper limit of the confidence interval 

Rup.line = e ln(RR)+1,96
/

b 
a·(a+b) + d 

c·(c+d) (3) 

The formula for calculating the lower limit of the confidence interval 

Rbot.line = e ln(RR)−1,96
/

b 
a·(a+b) + d 

c·(c+d) (4) 

If both boundary values
(
Rup.line, Rbot.line

)
are on the same side with 1, i.e. the 

confidence interval does not include 1, we draw a conclusion on the statistical significance 
of the revealed relationship between the factor and the outcome with the probability of 
error P < 0, 05. 

If the lower limit of the 95% confidence interval is less than 1, and the upper one is 
greater, it is concluded that there is no statistical significance of the risk factor impact 
on the frequency of consequences, regardless of the value R (P < 0, 05). 

To form a reasonable list of corrective measures, the authors introduced the con-
cept of a “subject-economic group” of parameters as a set of data (medical-economic, 
environmental-economic and industrial-economic) characterizing the state of the terri-
torial technosphere components, expressed in terms of risk values, and allowing one to
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reasonably form a list of therapeutic and preventive, environmental and technical mea-
sures, the implementation of which facilitate the reduction of risk to human health to 
safe values and increase human environmental well-being [14]. 

Each subject-economic group consists of data collected according to certain 
templates (questionnaires, schemes, etc.). Each subject-economic group includes 
several states of the territorial technosphere characterized by certain risk values 
(Rmin, Rlow, R mod erate, Rhigh) and organized according to the principle of similar-
ity of risk factors affecting humans, the environment, technosphere objects, measure-
ment control procedures, modeling and forecasting of human environmental well-being, 
corrective measures. 

The subject-economic group of parameters combines the initial data, measurement 
control data of each territorial technosphere component, reference data and calculation 
results obtained by the information and measurement system for determining human 
environmental well-being. These data are accumulated and combined into databases 
that have the following structure. 

The subject-economic group of parameters is divided into three parts: general, subject 
(medical, environmental and technological) and economic. 

The general part contains data that allows converting the request of the decision-
maker into an action plan for fulfilling such a request. These are, first of all, data that 
characterize the territorial technosphere for which the environmental human well-being 
is determined (geographical coordinates of the territory or the administrative name of 
the district). As well as data specific to this group, for example, one or more risk factors 
for which it is necessary to assess the environmental human well-being or an age, profes-
sional or social group of the population for which it is necessary to assess environmental 
well-being. 

The subject part includes three subgroups of parameters: reference data, measure-
ment control data and calculation data. 

The subgroup of reference data includes reference books containing reference 
data and constants characterizing the properties and possible states of a human, the 
environment and objects of the technosphere. 

The subgroup of measurement control data includes the results of measurement 
control obtained during the monitoring of the functional state of the human body, 
environmental and sanitary-hygienic monitoring, monitoring of technological processes. 

The calculated subgroup of parameters contains the results obtained using refer-
ence data and measurement control data, that is, the results of intermediate and final 
calculations. 

The economic part includes data on the content and cost of corrective measures 
aimed at improving or maintaining the necessary environmental well-being of a human. 
These data can be obtained from reference books of the best available technologies and 
correspond to risk ranges by qualitative and quantitative characteristics. 

For each part, standards are generated, consisting of measures in various combina-
tions, taking into account not only the need for improving human environmental well-
being, but also the ability of a technosphere object or a state structure to additionally 
invest in the implementation of corrective measures.
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The composition of the general part of each medical and economic group, in addition 
to the geographically determined parameters of the territorial technosphere necessary 
for defining the index of environmental comorbidity (geoclimatic, environmental and 
social features of the region of human residence), includes the name of the nosological 
form and the code assigned to it according to the ICD-10 classification, the average 
duration of treatment for this group or organ system. 

The subgroup of reference data of the medical part contains data on the maximum 
permissible values of risk factors for human health, expressed in absolute units, for 
example, the maximum permissible concentrations of heavy metal salts in organic liq-
uids, threshold toxodoses of chemicals. As well as templates for filling in personally 
determined parameters to determine the index of environmental comorbidity (age, time 
of residence in the natural and climatic zone, the presence of disability and occupational 
pathologies). 

This subgroup also contains criteria for restoring health and the average duration of 
treatment. 

The subgroup of measurement control data of the medical unit contains data on the 
names and number of laboratory and instrumental diagnostic measures (measurement 
control). The data is provided with links to the relevant standards. 

The calculated subgroup of the parameters of the medical part contains the results of 
calculating the functional state of the human body, the index of environmental comorbid-
ity and health risk for each risk factor separately (rHUM 

i ), health risk for all risk factors 
(RHUM 

j ) and risk in the territorial technosphere (RTT 
j ). 

The economic part contains data on the necessary therapeutic and preventive mea-
sures (medication, physiotherapy, surgical treatment, medical and nursing procedures, 
nutrition, sanitary and hygienic treatment) as well as the quantitative data on the cost of 
treatment, medicines, consumables, tools, food, etc. 

The general part of each environmental and economic group, in addition to data 
that allows converting a decision-maker’s request into an action plan for fulfilling the 
request, includes data on environments (atmosphere, lithosphere, hydrosphere) and risk 
factors of greatest interest to operational analytics. 

The subgroup of reference data of the environmental part contains reference books 
of maximum permissible values of risk factors (chemical, physical, biological) in vari-
ous environments (atmosphere, lithosphere, hydrosphere) and for various conditions (in 
the air of the working area, average daily, maximum one-time, settlements, residential 
premises, etc.; in the water of fishing ponds, cultural-household use, drinking, etc.). 

The subgroup of measurement control data includes the results of measuring back-
ground and actual concentrations of chemicals, microbiological objects in various media 
and the actual levels of physical impacts. 

The subgroup of calculated parameters includes the results of calculating environ-
mental indices, as well as environmental risk for each risk factor separately (rENV i ), 
environmental risk for all risk factors (RENV 

j ) and risk in the territorial technosphere 

(RTT 
j ). 
The economic part contains data on the cost of environmental protection measures 

(liquidation of landfills, reclamation of land plots, planting of certain types of green



Subject-Economic Groups for the Information-Measuring… 457

spaces, making up some protected areas (reserves, nature reserves), organizing sanitary 
protection zones), the amount of payment for negative environmental impact. 

Each production and economic group includes a set of parameters that characterize 
the intensity of formation of risk factors during technological processes. Production and 
economic groups consist of data characterizing the operation of technological, environ-
mental protection equipment, local treatment facilities and waste management systems 
collected according to certain templates (questionnaires, schemes, etc.). 

The general part of the production and economic group includes industry affiliation 
and operating modes of enterprises in the region (number of working days per year, 
shift). 

The subgroup of reference data of the technical part contains a list of technosphere 
objects located in this region, for each of these objects the names of technological 
equipment units (main, environmental protection, cleaning), the name and volumes 
of raw materials and materials used, technical and technical characteristics, adopted 
environmental impact standards (standards of permissible emissions, discharges, waste 
generation, physical impacts). 

The subgroup of measurement control data includes the results of measurement 
control in manual and automatic modes of temperature (°C), humidity (%), air velocity 
(m/s), mass release of chemicals (kg/h); volumetric water flow (m/h), temperature of 
discharged wastewater (°C); hydrogen index of discharged wastewater (pH), chemical 
oxygen consumption (mg/dm), as well as the indicators of physical and biological risk 
factors. 

The subgroup of calculated parameters includes the results of calculating gross emis-
sions, discharges, waste generation volumes, as well as technogenic risk for each risk 
factor separately (rOT i ), technogenic risk for all risk factors (ROT 

j ) and risk in the territorial 

technosphere (RTT 
j ). 

The economic part contains quantitative data on the cost of technological measures, 
including the use of the best available technologies. 

Figure 1 shows the relationship of human health risk (RHUM 
j ), technogenic (ROT 

j ) and 

environmental (RENV 
j ) with the costs for providing human environmental well-being.

The relationship between the values of risk factors and the costs of implementing 
corrective measures in each of the subject-economic groups is obtained on the basis of 
the conventional model of environmental externalities by A. Pigou [15]. 

The essence of the adaptation of Pigou’s approach to the definition of environmental 
well-being of a human consists in the fact that the object of the technosphere, which is 
a risk source, carries out therapeutic, preventive, environmental and technical measures 
(costs) aimed at reducing (excluding) this risk, the amount of which should be sufficient 
to reduce (eliminate) this risk. 

The “Pigou’s approach” to determining the cost of measures that correct the values 
of risk factors is to include the costs of implementing corrective measures in the total 
costs of (GS ) 

GS = GP + P, (5)
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Fig. 1 The relationship between risks and costs of ensuring human environmental well-being

where GP—production costs of the TO, P—the costs of implementing the entire set of 
corrective measures as part of the subject-economic groups, determined by the formula 

P = 
nΣ

i=1 

PHM 
i + 

mΣ
i=1 

PEM 
i + 

kΣ
i=1 

PTM 
i , (6) 

where PHM 
i , PEM 

i , PTM 
i is the cost of implementing corrective measures aimed 

at minimizing and/or eliminating the i-th risk factor as part of medical-economic, 
environmental-economic, industrial-economic groups. 

The costs of implementing each corrective action depend on the required risk 
reduction 

PHM (EM ,TM ) 
i = f

(
RHUM (ENV ,OT ) 
i

)
. (7) 

3 Results and Discussion 

A simplified diagram of the information and measurement system for determining the 
environmental well-being of a human in the territorial technosphere is shown in Fig. 2a. 
It includes tools for determining the values of risk factors (3), data entry tools (4), an 
environmental monitoring device (5) containing software tools for identifying risk factors 
(5.1), software tools for determining human environmental well-being (5.2), software 
tools for forming a list of corrective measures (5.3), computing devices (5.4) and the 
database (5.5) [16].

The means for determining the values of risk factors (3) are laboratory devices and 
equipment where, in accordance with sanitary and hygienic requirements following 
GOST, the content of technogenic impurities is determined in samples taken simultane-
ously during the year from atmospheric air, soil and wastewater. The results of instrumen-
tal control of risk factors and all data obtained by the computing device (5.5) are stored
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Fig. 2 a Simplified scheme of the system for determining the environmental well-being of a 
human in the territorial technosphere; b scheme of the algorithm of the proposed method for 
determining the environmental well-being of a human

in a database of risk factor values. The database (5.5) also contains subject-economic 
groups of parameters. 

With the accumulation of a sufficient number of measurement results for a specified 
period, using software tools for identifying risk factors (5.1), the environmental well-
being of a human in the territorial technosphere is determined (5.2). Depending on the 
values obtained, using which software tools for forming a list of corrective measures (5.3) 
implementing Pigou’s method, make a list of corrective measures, the implementation 
of which leads to an increase in human environmental well-being. This list is displayed 
in the prescribed form on the visualization devices (6) for presentation to the decision-
maker. 

The scheme of the algorithm for implementing the proposed method to assess the 
environmental well-being of a human in the territorial technosphere in order to form a 
list of corrective measures is shown in Fig. 2b. 

When forming a list of corrective measures, two approaches are possible [17–19]. 
Firstly, when the actual risk values exceed the norm and the decision-maker needs to 

know how much investment will be required to improve the environmental well-being 
of a human in the considered territorial technosphere (see Fig. 3a).

Secondly, when the decision-maker has some financial resources at its disposal and 
it is necessary to find out how the environmental well-being of a human will change if 
they are invested in appropriate measures (see Fig. 3b). 

At the same time, it is possible to form a list of corrective measures with a gradual 
reduction of risk in the territorial technosphere, if the object of the technosphere does 
not currently have the necessary amount of funds to implement the entire set of measures 
proposed by the system.
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Fig. 3 Improved Pigou graphs for the reasonable formation of a list of environmental, therapeutic, 
preventive and technological measures for two situations: a when the risk is known, and it is 
necessary to determine the amount of funds to reduce it, b when it is necessary to determine which 
risk reduction will be achieved due to the investment of available funds

4 Conclusions 

Currently, one of the problems is to provide the environmental human well-being in 
the territorial technosphere. In the course of the conducted research, some tools have 
been developed for the reasonable choice of corrective measures to ensure human envi-
ronmental well-being. A measure for determining the environmental well-being of a 
human in the territorial technosphere is substantiated and proposed. The relationship 
between the environmental well-being of a human in the territorial technosphere and the 
cost of corrective measures is shown. The scheme of the information and measurement 
system for determining the environmental well-being of a human and the algorithm 
for forming a reasonable list of corrective measures have been developed. The concept 
of a “subject-economic group” of parameters is proposed as a set of data (medical-
economic, environmental-economic and industrial-economic) characterizing the state 
of the territorial technosphere components expressed in terms of risk values, and allow-
ing reasonably forming a list of therapeutic, preventive, environmental and technical 
measures, the implementation of which facilitates the reduction in the risk for human 
health to safe values and increases human environmental well-being. 
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Abstract. Protecting the environment and water bodies from pollution and deple-
tion is one of the key problems of today’s world. Aggravating pollution of water 
sources due to insufficient capacities and efficiency of the existing sewage treat-
ment facilities, as well as the discharge of poorly-treated or untreated sewage, 
causes the violations of the sanitary, chemical, and hydrobiological regimen of 
water bodies. The increased content of nitrogen and phosphorus compounds in 
sewage propagates eutrophication leading to the destruction of water flora and 
fauna. The removal of biogenic elements from sewage in current conditions is one 
of the key problems in wastewater treatment. This article analyzes the existing 
techniques of nitrogen and phosphorus compound removal from wastewater as 
the most efficient and affordable method of sewage treatment. The authors ana-
lyzed research and review publications from international citation bases. Further, 
they compared the advantages and disadvantages of biogenic element removal 
techniques based on the analysis performed. The authors compared the follow-
ing techniques: A/O (anaerobic/oxic), AA/O (anaerobic/anoxic/oxic), the UCT 
(University of Cape Town) process, the Modified UCT process, the Bardenpho 
process, and the JHB (Johannesburg) process. 

Keywords: Sewage · Biogenic elements · Sewage treatment · Nitrogen 
removal · Nitrification · Denitrification · Phosphorus removal 

1 Introduction 

Sewage treatment is one of the key components of environmental protection [1]. New 
trends and approaches have been arising in this area that form the notion of the 21st 
Century Equipment and Technology that aim to solve problems not considered before. 
According to the existing views, the main cause of the deterioration of potable water 
quality is the eutrophication of surface sources [2–5]. 

The increased content of nitrogen and phosphorus compounds in sewage propagates 
the weediness of water (eutrophication), which causes the destruction of water flora 
and fauna. The removal of biogenic elements from sewage in current conditions is one 
of the key problems in wastewater treatment. Therefore, it is necessary to improve the 
efficiency of nitrogen and phosphorus compound removal from wastewater. Of all the
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possible methods (biological, chemical, and physical/chemical) used to remove these 
compounds from wastewater, the biological method of treating large volumes of urban 
sewage is the most efficient and affordable [6–9]. 

The biological method of the deep removal of biogenic substances (nitrogen and 
phosphorus) from the wastewater combining aerobic, anoxic, and anaerobic treatment 
stages allows achieving a total content of phosphorus of 1.0–1.5 mg/dm3 and a total 
content of nitrogen of 8–10 mg/dm3 (including proteins, ammonia, nitrite, and nitrate) 
in the treated water using actual biological treatment facilities [10, 11]. 

The purpose of this research work is to review the key biogenic element removal tech-
niques and determine their advantages and disadvantages during both the construction 
and operation. 

2 Theoretical Basis 

Global practice includes several conventional combinations [6–11] of anaerobic and 
aerobic treatment stages for the deep removal of biogenic elements from the sewage of 
various compositions. 

Biogenic elements are substances that can always be found in organisms where they 
perform specific biological functions. Key biogenic elements include oxygen, carbon, 
hydrogen, nitrogen, phosphorus, sulfur, calcium, potassium, sodium, and chlorine. All 
of these elements take a significant part in the biological processes occurring in the 
environment, including the water bodies [11]. 

Wastewater treatment practices focus on two main biogenic elements: nitrogen (N) 
and phosphorus (P). 

Wastewater nitrogen can be found in several compounds: ammonia nitrogen (NH4
−), 

nitrite nitrogen (NO2
−), nitrate nitrogen (NO3

−), and organic nitrogen (as part of organic 
compounds). 

The presence of nitrogen compounds in wastewater is a result of the decomposition 
of proteins found in household sewage. Through metabolism, proteins in living beings 
produce urea CO(NH2)2 that undergoes hydrolysis induced by putrefactive bacteria in 
wastewater, which results in the production of ammonium salt nitrogen [12]: 

CO(NH2)2 + 2H2O = (NH4)2CO3 

Most of the nitrogen in wastewater is in this state of ammonium carbonate. Further 
on, ammonium carbonate can decompose and produce ammonia. Ammonia production 
occurs according to the following equation: 

(NH4)2CO3 = 2NH3 + CO2 + H2O 

The production of various amounts of ammonia, nitrites, and nitrates can indicate 
protein oxidation stages and treatment facility operation specifics, and it can be used to 
assess the sanitary condition of water bodies. 

Phosphorus compounds can be found in household sewage in different states: dis-
solved, colloidal, and suspended. Insoluble phosphorus is mostly found in suspended 
particles, as well as poorly-soluble phosphates and proteins. Insoluble phosphorus is
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bound with other compounds and does not react to biological treatment. Most of the 
phosphorus compounds in the sewage that needs to be treated are made up of colloidal 
or dissolved phosphates, orthophosphates, and dissolved polyphosphate forms. Organic 
phosphorus in household sewage mainly includes human metabolites, organic polyphos-
phates (nucleic acids), as well as human and hydrobiont wastes. The dissolved mineral 
phosphorus is represented by orthophosphoric acid and its anions (H2PO4

−, PO4 
2−, 

PO4 
3−) [11]. 
Currently, there are several methods and techniques for the biological removal of 

nitrogen and phosphorus. There are numerous variations of biological treatment options 
aiming for the removal of specifically nitrogen or phosphorus, as well as the simultaneous 
removal of both elements [13–21]. 

3 Materials and Methods 

The review of the techniques used in different countries for the biogenic element removal 
from sewage scopes the publications dating from 1965 to 2023. We worked with Rus-
sian and foreign databases, such as Elibrary, Science Direct, PubMed, and Global Pes-
ticide Bans, as well as the Yandex and Google search engines using keywords like 
biogenic elements, biogenic element removal from wastewater, nitrogen removal, nitri-
fication, denitrification, phosphorus removal. The obtained information was compared 
with the existing laws of the Russian Federation, European Union, USA, and China, and 
systematized according to the sections of the article. 

4 Results 

All of the flow charts for wastewater biogenic element removal can be divided into 
two groups. The first group includes the options with oxidation ditches, and the second 
one includes the options that can be implemented in regular corridor aerotank. The 
second group is interesting in terms of re-technification (the replacement of some of 
the existing water treatment technology that is morally and/or physically obsolete with 
new technology to improve the efficiency of treatment without significant capital costs). 
Based on the number of mixing and aeration zones [22, 23], there can be two-, three-, 
four-, and five-stage options. 

The main flow chart organization options are as follows: A/O (anaerobic-oxic) 
(Fig. 1), AA/O (anaerobic-anoxic–oxic) (Fig. 2), the UCT process (University of Cape 
Town) (Fig. 3), the Modified UCT process (Fig. 4), the Bardenpho process (Fig. 5), the 
JHB process (Johannesburg) (Fig. 6) with different modifications, etc. The flow charts 
of these biogenic element removal techniques are reviewed below [24–43].

Following the flow chart shown in Fig. 1, the return sludge is mixed with the incoming 
sewage and supplied to the anaerobic reactor. Further, wastewater undergoes aerobic 
treatment and enters the secondary sedimentation tanks. This is the simplest and cheapest 
nitrogen and phosphorus compound removal option. However, it can only be used for 
industrial sewage with high active sludge loads in terms of carbon-bearing organics, and 
moderate nitrification with high concentrations of phosphorus compounds. Low-load
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Fig. 1 The A/O (anaerobic-oxic) flow chart 

Fig. 2 The AA/O slow chart 

Fig. 3 The UCT process flow chart 

Fig. 4 The modified UCT process flow chart

facilities feature an additional anoxic stage for more efficient removal of nitrate and 
nitrite nitrogen. 

The AA/O (Anaerobic/Anoxic/Oxic) process is designed to remove nitrogen and 
phosphorus. This process includes a sequence of anaerobic, anoxic, and aerobic zones.
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Fig. 5 The Bardenpho process flow chart 

Fig. 6 The JHB process flow chart

In the AA/O process, the anaerobic, anoxic, and aerobic zones are split into several 
perfect mixing compartments. 

The UCT process was proposed at the University of Cape Town in 1984. It is a mod-
ification of the previous processes with three recirculating flows (the previous processes 
had two). This option allows for the minimization of nitrates entering the anaerobic zone 
of the facility thus improving the efficiency of the biological removal of phosphorus. 
Unlike the options reviewed above, this process supplies the return sludge recycle and 
nitrate recycle to the anoxic zone. 

This process includes a sequence of anaerobic, two anoxic, and aerobic zones. The 
first anoxic zone in this process is designed to remove nitrate nitrogen from the return 
sludge, and the second anoxic zone removes the nitrates formed during the nitrification 
in the aerobic zone to assure the required quality of treated water in terms of N-NO3. 

The key factors affecting the efficiency of the biological removal of phosphorus 
include the time of sewage stay in the anaerobic zone, the time of stay in anoxic and 
aerobic zones, the amount of easily oxidable organic compounds, the age of active sludge, 
and the concentration of nitrates in the anaerobic zone. 

This treatment option is well-known and widespread in Europe. It allows for the 
efficient removal of nitrogen and phosphorus compounds at low-load facilities. Its name 
can be broken down as follows: Bar—its developer, Barnard, den—denitrification, pho— 
phosphorus removal). 

In this process, wastewater treatment starts with the anoxic stage which includes 
denitrification. Sewage is supplied to the said zone to be used as the source of carbon 
for denitrification, along with the post-nitrificator sludge mix that contains nitrites and 
nitrates. This is followed by the aerobic stage where the content of organic pollutants 
in the sewage is reduced, and nitrification takes place. The nitrate-bearing sludge mix
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from this zone is supplied simultaneously to the next and the previous anoxic denitrifi-
cation zone. The process is finished in the aerobic zone where nitrification and partial 
dephosphorization take place. 

The Johannesburg (JHB) process is a sequence of an anoxic zone (denitrification), 
an anaerobic zone (phosphorus concentration reduction), another anoxic zone (nitrate 
and nitrite nitrogen removal), and an aerobic zone (ammonia oxidation). 

Deep removal of nitrogen and phosphorus from sewage often focuses on a few 
methods, while overlooking the advantages of the others. To assess the advantages and 
disadvantages of the methods discussed, we compared them in Table 1. 

Table 1 The comparison of conventional deep biogenic element removal options from wastewater 

Technique Advantages Disadvantages 

The A/O 
(anaerobic/oxide) process 

This option is simple 
This option is cost-efficient 
It can be used for industrial 
sewage with high active sludge 
loads 

Designed for high-output 
facilities 
Maintain the BOD:R proportion 
of at least 10:1 

The AA/O 
(anaerobic/anoxic/oxic) 
process 

Can be used for urban sewage 
with low active sludge loads 
Can remove both nitrogen and 
phosphorus; Simple operation 
Low energy costs due to the 
oxidation of the majority of 
organic compounds during 
denitrification and the presence 
of only 2 recycles 

Limited efficiency of the 
biological removal of 
phosphorus 
The anaerobic zone is supplied 
with active sludge that did not 
undergo denitrification, which 
reduces the efficiency of the 
biological removal of 
phosphorus 
The efficiency of denitrification 
is limited by the flow of the 
nitrate recycle 

The UCT process Simultaneous removal of 
organics, nitrogen, and 
phosphorus compounds 
The anaerobic zone is supplied 
with the denitrified mix 
allowing for the stable and 
efficient biological removal of 
phosphorus 
High nitrogen removal 
efficiency, including nitrite 
nitrogen 
Extensive process control over 
phosphorus and nitrogen 
removal 

Nitrate nitrogen undermines the 
efficiency of phosphorus 
removal in the anaerobic zone 
Complex control algorithm for 
internal recycles 
This is a relatively complex 
option in terms of both 
construction and operation 
This option requires more 
energy than the AA/O because 
of the additional sludge mix 
recycle

(continued)
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Table 1 (continued)

Technique Advantages Disadvantages

The modified UCT 
process 

The negative impact of nitrate 
nitrogen on the efficiency of 
phosphorus removal in the 
anaerobic zone is eliminated 
A dedicated return sludge 
denitrificator helps reduce the 
concentration of nitrates in it 
almost to zero before it is 
supplied to the anaerobic zone. 
This results in high efficiency 
and stability of the biological 
removal of nitrogen, including 
for low-concentration sewage 
High nitrogen removal 
efficiency, including nitrite 
nitrogen 
Extensive process control over 
phosphorus and nitrogen 
removal 

A large number of controlled 
parameters is required for 
successful nitrogen and 
phosphorus removal 
This is a relatively complex 
option in terms of both 
construction and operation 
This option requires more 
energy than the AA/O because 
of the additional sludge mix 
recycle 

The Bardenpho process Can be used at low-output 
facilities 
Can remove both nitrogen and 
phosphorus 
Facilitates the total amount of 
nitrogen in the treated water of 
2.5–5.0 mg/l 

The anaerobic zone is supplied 
with active sludge that did not 
undergo denitrification, which 
reduces the efficiency of the 
biological removal of 
phosphorus 
The required volumes at the 
facility are larger than for the 
AA/O process 

The JHB process Easy to control 
Efficient usage of the 
denitrification reactor 
The anaerobic zone is supplied 
with the partially denitrified 
active sludge, which helps 
improve the efficiency of the 
biological removal of 
phosphorus compared to the 
AA/O and Bardenpho processes 
High nitrogen removal 
efficiency 

Less efficient than the Modified 
UCT process 
Incomplete denitrification 
Medium efficiency in terms of 
the biological removal of 
phosphorus 
Requires additional volumes for 
the denitrification of the return 
sludge
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5 Conclusions 

The aggravating pollution of water sources due to the insufficient capacities and effi-
ciency of the existing sewage treatment facilities results in the violations of the sani-
tary, chemical, and hydrobiological regimens of water bodies. This is especially rele-
vant for the content of nitrogen and phosphorus compounds in wastewater that propa-
gates the weediness of waters with subsequent destruction of the water flora and fauna. 
The removal of biogenic elements from sewage in current conditions is one of the key 
problems in wastewater treatment. 

The combined, or chemo-biological method of phosphorus removal requires the 
implementation of engineering and technological solutions typical of the biological 
method, along with a backup agent dispensing system for periods of low organic com-
pound loads. This solution can help avoid high operating costs typical of the chemical 
method and assure stable high-quality phosphorus removal during periods of low organic 
compound loads. 

The biological method helps achieve high treatment quality in terms of phosphorus 
removal, but this process is highly susceptible to the current quality of the sewage to 
be treated and requires highly qualified process engineers and maintenance personnel at 
sewage treatment facilities. 
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Abstract. Enterprises of the petrochemical industry are objects having a sig-
nificant impact on the environment, they are obliged to develop and implement 
programs for improving environmental sustainability, which should reflect the 
compliance of technological processes, equipment, technical methods, techniques 
used at the enterprise with the best available technologies (BAT). Therefore, the 
growing demand for the practices of solving the problems of environmental protec-
tion efficiency in the activities of specific economic entities stimulates the search 
and development of both new methods and private indicators of effectiveness of 
environmental investment projects of various levels. The study shows the results of 
application of proactive measures related to the implementation of the investment 
environmentally oriented project on reconstruction of water supply and sanitation 
systems of the enterprise. Technical measures aimed at increasing the efficiency of 
water recycling systems, reducing the volume of effluent discharged by the plant 
and reducing raw water intake from the surface water source have been elaborated. 

Keywords: Sustainable development of the enterprise · Investment project · 
Feasibility study · Life cycle of the investment project · Environmental and 
economic risks · Closed water systems · Wastewater treatment plants 

1 Introduction 

In current environment, global environmental trends have gained widespread interna-
tional support, affecting both national and company economies, and are an integral part 
of sustainability standards for business operations. The company is managed as a busi-
ness, which includes loss management, improvement of equipment effectiveness and 
value management in order to have a positive economic impact on the entire ecosystem 
in which it operates. Recently, the Russian Federation has adopted uniform criteria for 
evaluating projects that are aimed at sustainable, including “green development”, which 
allows the formation of economic incentives for the transition to advanced environmental 
standards. 

In this study, the sequence of implementation of the investment project on recon-
struction of wastewater treatment plant (WWTP) of oil refinery is investigated. Despite
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the substantial capital costs, it was possible to qualitatively justify to the customer the 
necessity and possibility to implement the project with acceptable efficiency, based on 
the principle of ecological and economic equilibrium. 

1.1 Relevance of the Study 

Any investment project starts with an investment appraisal. When implementing a large 
project, it is customary to start with a feasibility study or preFEED [1–3]. 

The initial (pre-investment) stage is of fundamental importance to the potential 
investor (customer, lender). In this case, a lot of money is often spent to clarify all the 
circumstances affecting the outcome—"to be or not to be". Stage preFEED—the pro-
cess of conceptual development of the projects, applied in processing industries, such 
as exploration and extraction of oil, the oil refining and petrochemical industry, etc. Pre-
engineering is inherent in industries that require very large capital expenditure with long 
project life cycles. Thereby the project should pass certain milestones of clearly defined 
milestones during the project life cycle before being funded to start the next design stage 
(Fig. 1). In international practice, independent peer review is often undertaken before 
a final investment decision is made. Experts verify calculations, make proposals for 
commercial and technical optimization, and identify hidden risks. A positive decision is 
made if the conditions are met:

● all indicators are calculated with accuracy 3 class based on AACE methodology [4];
● the calculations are made according to the principle of “minimum technical solution”;
● all risks (political, technical, organizational, market, environmental) and methods of 

their localization are elaborated;
● an independent review of all preliminary solutions was carried out. 

Some domestic companies-investors set stricter requirements to the volume of doc-
umentation prepared at this stage, comparable with the "Project documentation" stage 
adopted in the Russian Federation (Regulation No.87). The principal difference is in the 
accuracy of the project budget estimate, for FEED it is 80–90%, which allows proceed-
ing immediately with the ordering of the main equipment. There are also differences in 
approaches to risk assessment, description of environmental protection, prevention of 
emergencies and industrial safety declaration. 

Thus, the importance of pre-investment calculations is great, without their quality, 
the terms of the project will be disrupted, and the customer may incur unexpected costs 
[5]. 

1.2 Results and Discussion 

Let us take a closer look at the tasks of risk identification and assessment. Risk is com-
monly understood as the possibility of an adverse event that may lead to certain losses 
for people, economic objects or the environment [6–8]. Modern approaches and meth-
ods of risk management are widely researched and legislated by numerous documents: 
standards and methodologies, for example [9–13]. The best-known are:

1. ISO 31000 et al. Risk management. Principles and guidelines.
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Project concept 
•Preliminary project plan 

PRE-FEED
•General planning 

FEED
•Stage 1: Material balance.Energy 

balance. Project description
•Stage 2: Preliminary equipment design. 

Preliminary layout. Preliminary schedule. 
Preliminary estimate.

•Stage 3: Specifications for procurement 
of major equipment. Final cost estimate. 
Implementation Plan. Preliminary 3D 
model. Specification for electrical 
equipment and pipework. 

EPC
•Detailed design
•Procurement of equipment and 

materials
•CONSTRUCTION AND INSTALLATION
•Commissioning 

Operation and maintenance End of project life cycle 

Fig. 1 Life cycle of a construction investment project

2. ISO 14000 et al. Environmental management standards. 
3. HAZID—separate procedures for the identification and assessment of risks; used for 

the preliminary identification and description of risks at the initial stage of design of 
industrial objects. 

4. ENVID—identification of environmental risks. 
5. PHSER—procedures for assessing occupational safety, health and environmental 

protection. 
6. HAZOP—Hazard identification and operability procedures for an industrial facility; 

detailed structuring of hazards for individual process assemblies. 
7. ESIA—environmental and social impact assessment. 
8. ESAP—environmental and social action plan. 

In domestic practice, the ESIA section is a mandatory part of the design documenta-
tion for any construction projects, but the HAZID and HAZOP procedures are applied 
only at hazardous production facilities. Assessment of environmental risks consisting 
in determination of hazard types, identification of risks (threats), obtaining quantitative 
assessments of the probability of adverse events and their consequences, as a rule, is not 
carried out.
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Environmental and Economic Risks for an Industrial Plant (EERIP) are manifested in 
the possibility of economic losses because of environmental degradation from the activ-
ities of the enterprise [14–16]. Prof. L. Mochalova offers the methodology of EERIP 
management based on methodologies of environmental management system (EMS) in 
accordance with ISO 14000 standards and risk management methodologies, which con-
tains the algorithm of choice of effective method from passive low-cost to active, with 
significant losses or costs. Economic justification is based on the cost estimate of benefits 
from the implementation of risk prevention measures of these damages (natural, man-
ufactured and social), assessment of the cost of these activities and assessing the effec-
tiveness of management decisions that increase the "environmental value" of the enter-
prise. The proposed methodology provides for the presence of not only an effectively 
functioning EMS at an IP, but also gives guidelines for its further improvement. 

However, practice shows that not many IPs are able to apply the approaches in ques-
tion. Only large companies with international capital, or seeking to enter global markets, 
really have a highly organized EMS [17–19]. These businesses have been producing ESG 
reports for many years and have high ratings, including international ratings, e.g. [20]. 
Medium and small businesses prefer to follow formal signs, declaring the presence of an 
EMS according to ISO 14000 standards. In fact, activities such as: environmental plan-
ning and management; emergency preparedness and response; reviewing and revising 
processes and responses; and documenting information appropriately and to the extent 
necessary, are conducted formally or not at all. This situation may be explained by the 
following, in our opinion: 

1. There is a lack of environmental awareness between both decision-making managers 
and other employees of an IP, which manifests itself, first, in a low awareness of the 
environmental policy implemented at an IP. 

2. There is a persistent opinion that "environmental" problems are secondary to "eco-
nomic" ones. This is especially true for mining, oil and gas BCPs. This is facilitated 
by the remoteness and closeness of such facilities. 

3. There is no unified mechanism for assessing EERIP. 
4. When justifying investments in the development of BCPs or environmental projects, 

the risks of not starting a project are not taken into account, e.g., [21]. 
5. EMS is most often used by enterprises to improve their image and competitive advan-

tage in the market, sometimes to meet the requirements of legislation and to improve 
relations with regulatory authorities and the public. 

Of course, following global trends in sustainable development in general, and envi-
ronmental sustainability in particular, is a worthy goal. However, in the face of con-
stant resource constraints: financial and human, IPs always choose to maximize profits 
through increased output, improved operational, financial or investment performance. 
Environmental performance is present in the reports, except in the form of losses for 
environmental violations. 

1.3 Findings of the Study 

This situation can be solved, in our opinion, by applying simpler procedures for decision-
making at all levels of management of IRs. Let us show it on the example of a real
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non-financial investment project of reconstruction of the WWT of an oil refinery. The 
objective was to prepare materials for preFEED stage "Reconstruction Project WWT for 
refinery of 15.5 ml tons". We know, first, the construction project for an industrial facility 
must include an ESIA section where environmental risks of the project’s implementation 
are reviewed. However, most measures can be described already at this stage, guided by 
[22]. Secondly, if an enterprise has a highly organized EMS, the best existing (environ-
mental protection) technology is adopted, which is based on the latest achievements in 
the development of production processes, installations or modes of their operation that 
have proven practical suitability for limiting the negative impact on the environment 
(emissions, discharges, waste, etc.). Special account shall be taken of [23]:

● comparable processes, installations or regimes of their operation that have been 
successfully tested recently;

● technical progress and changes in scientific knowledge and understanding of the 
problem;

● economic efficiency of the technology;
● timing of implementation in both new and existing plants;
● nature and extent of the negative impact on the environment;
● level of waste-free technology. 

Thirdly, life cycle costs (LCC), equipment and material costs (OPEX), and total cost 
of ownership (CAPEX) are calculated. 

The following tasks were carried out in the course of the work: 

(a) analysis of operation of water recycling units (WRU) and wastewater disposal 
systems; 

(b) development of optimal solutions and schemes of WRU; 
(c) elaboration of technical measures aimed at increasing efficiency of water recycling 

system, reduction of wastewater discharged by the plant and reduction of raw water 
intake due to organization of feeding with treated wastewater of modern units of 
WRU. 

Modern WRU cannot operate without water stabilization treatment. Comprehen-
sive reagent treatment of recycled water is the most economical way to protect water-
cooled heat exchange equipment, cooling tower elements and water pipelines from metal 
corrosion, scaling and biofouling. 

To implement a comprehensive reagent program at the enterprise, a methodology 
has been developed that includes three stages: preparatory, analytical and testing [24]. At 
the first stage, the aggressive properties of water in the current circulating water supply 
system were assessed and requirements for its quality were established. At the second 
stage, a qualitative selection of chemical reagents was carried out and their quantity 
necessary for the stabilization of water treatment was determined. At the third stage, 
industrial approbation and experimental verification of the effectiveness of the developed 
recommendations for the treatment of recycled water were carried out simultaneously. 
The effectiveness of corrosion inhibitors selected in accordance with the proposed water 
treatment methodology was determined by the corrosion rate on coupons maintained in 
the clean cycle of the water supply system for 30–45 days [25].
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We have investigated the water-chemical regime of some WRUs and analyses the 
operation of the refinery’s sewage treatment facilities. The current inhibition regime of 
water recycling systems was investigated based on monitoring data from January 2019 
to July 2022. The following problems were identified. 

1. In general, the circulating systems operate in a stable mode. To eliminate the described 
shortcomings at WRU-6 consider the possibility of automatic supply of reagents to 
WRU-6 and WRU-9 by analogy with WRU-11, since according to the received data 
the indicators of circulating systems at WRU-11 are significantly better, i.e. install 
“True Sense” automation units with 24-h access to analytical data. 

2. As measures to improve the performance of WRU, it has been proposed to replace 
the phosphate inhibition technology with a fully organic technology using complex 
inhibitors based on phosphonates, phosphonocarboxylates and polymers. This tech-
nology allows operation in the pH range of 7.0–9.5 and the Langelier Index of 3.0– 
3.5, while effectively inhibiting both corrosion and salt deposits. The advantage of 
this technology is its environmental friendliness. The orthophosphate content of the 
effluent is reduced. Orthophosphates cause eutrophication of water bodies. 

3. In addition, as a second non-oxidizing biocide, use biocides with high bio dispersing 
capacity to flush out and kill slime-forming and sulphate-forming bacteria (for exam-
ple, based on dibronitrile propionamide); using two biocides with different main 
substance in the composition prevents the microbiological contamination of water 
circulation system to get used to the reagents. 

4. Measures need to be developed to improve the efficiency of the existing WWTP. 
Exactly, conduct pilot tests and develop a feasibility study for upgrading the WWTs 
aimed at improving the efficiency of the water recycling system, reducing the volume 
of discharged wastewater from the plant and reducing the volume of raw water intake 
through the organization of feeding treated wastewater with modern WRUs. 

The treated water from the refinery was tested for corrosion rate (Table 1) and 
microbiological parameters such as sulphate reducing bacteria (SRB), mucus forming 
bacteria (MFB), heterotrophic aerobic bacteria (HAB) (Table 2). In all samples, except 
river water, significant amounts of slime-forming, sulphate-reducing and heterotrophic 
aerobic bacteria were detected. It was concluded that the wastewater is not recommended 
for use as make-up water. Re-use in cooling systems can lead to significant contamination 
of modern recycling systems for the following reasons: 

Table 1 Corrosion rates and total microbial number (TMN) in river and treated wastewater 

Indicator River recharge Treated wastewater 

Corrosion rate, mm/year 1239 1138 

TMN, KOE/cm3 <102 >104

1. High COD and BOD values indicate high levels of organic matter, which is a nutri-
ent for various microbiological contamination in the water. Even when using 10%
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Table 2 Examination of microbiological indicators of treated wastewater 

Indicator Units, KOE/cm3 

SRB 4.4–6.7 × 104 
MFB 5.4 × 106 
HAB 1.0 × 106 

wastewater as make-up and 90% river water for cooling systems with an evapora-
tion factor of "2", the COD value will be doubled, resulting in a doubling of biocide 
consumption.

2. Phenols cause corrosion and should not be in the feed at all. 
3. Sulphides are extremely corrosive to carbon steel and copper. They will cause 

microbiological growth in the recycling system (SRB in particular). 
4. Petroleum products—will cause an increase in microbiology and corrosion. 
5. Ammonia—will significantly increase the need for halogen-containing reagents and 

will accelerate the corrosive effect on copper and brass. 

Can be done now: 

A. Install sand filtration or via floc followed by chlorination before this water is sent to 
the cooling systems. 

B. Return treated effluent as make-up in an amount not exceeding 10% of the total 
volume, with the expectation that:

● an increase in microbiology growth will result in a 2-threefold increase in the 
consumption of biocide BD1501E;

● sulphides, phenols, COD and BOD, oil and hydrocarbons will increase 
Hypo/OX1201 reagent consumption by at least 2 times;

● copper inhibitor input will be required. 

Thus, for reuse in recycling water supply, as well as to stop the discharge of excessive 
amounts of treated wastewater to the urban WWTP, it is proposed to carry out recon-
struction of treatment facilities to bring wastewater performance to the requirements for 
the first stage of the WRU. Then successive stages of construction of new biological 
wastewater treatment facilities with a post-treatment unit will be implemented, which 
will fully return all treated wastewater into circulation and reduce water intake from the 
river for technical needs. 

A technical and economic comparison of various technological solutions according 
to the most commonly used methods was carried out [26]. After determining the key 
technical and technological indicators of the project according to the AACE method-
ology (5th assessment class), the project targets were adjusted to achieve the technical 
results (according BAT), which were broken down into three stages with consecutive 
implementation (Table 3).

Recently, customers have started to pay attention to methodologies for estimating 
the total cost of ownership of purchased products. In the case of water supply and
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Table 3 A list of the main activities to modernize the sewage treatment plants and the achieved 
result 

Stages Stage objectives Result 

1 Carry out reconstruction of the existing 
sewage treatment plants: concrete 
restoration; re-laying of networks; partial 
replacement of equipment 

Improving the degree of treatment 
indicators, such as petroleum products, 
suspended solids, sulfides, etc. The 
developed measures will allow to return a 
part of the treated effluents to separate 
blocks of recycled water supply and 
reduce penalties from the city the urban 
sewerage operator (Vodokanal) for 
excesses, where pre-treated plant effluent 
is discharged 

2 Build new facilities—biological 
treatment units 

The measures will make it possible to 
return treated wastewater to separate 
blocks of recycled water supply, to stop 
the discharge of wastewater to the city 
treatment facilities, to return some of the 
wastewater as technical water for user 
enterprises. The surplus can be directed to 
discharge into the river 

3 Build new facilities—post-treatment units The measures will make it possible to 
return all treated wastewater to water 
recycling units, stop discharging 
wastewater to the city’s treatment 
facilities, stop taking river water from the 
river for technical needs, and return all 
water as technical water for user 
enterprises and cogeneration plants

wastewater disposal facilities, GOST R 58785-2019 can be followed. Water quality. 
Life cycle costing for the efficient operation of water supply and wastewater disposal 
systems and facilities. For management planning and analysis of production capacity 
of the enterprise, other methods are more often used, for example [27]. It is based on 
the definition of technical and economic indicators of the enterprise that are the basis 
for the development of a production and financial plan of the enterprise, as well as the 
establishment of standards for future periods in the planning framework at the enterprise. 

Costs for modernization of sewage treatment facilities with a phased implementation 
of the latest technology that allows the organization of closed circulation cycles at the 
enterprise were determined. The results are summarized in Table 4.

Payments for discharges (items 13, 14) are attributed as benefits from the carried out 
measures. The data in Tab.4 show that these benefits cannot be achieved at the first stage 
of reconstruction, but the payback period of the investment is the fastest—2 y. Further 
investment in subsequent phases will generate an economic effect of up to 0.5 billion 
rubles.
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Table 4 Technical and economic calculations of wastewater treatment plant reconstruction 
options 

No. Name of costs Unit Costs of modernization Note 

Stage I Stage II Stage III 

1 Capacity of 
sewage 
treatment 
plants 

m3 /day 45,000,00 45,000,00 45,000,00 

2 Capital 
expenditures 

thousand 
rubles 

500,000,00 2,650,000,00 3,365,000,00 

3 Dismantling of 
equipment 
from item 2 
(1%) 

thousand 
rubles 

3000,00 15,000,00 21,500,00 

4 Unrecorded 
costs, 20% of 
item 2 

thousand 
rubles 

66,000,00 330,000,00 473,000,00 

5 Total: 
Investment 
costs 

thousand 
rubles 

569,000,00 2,995,000,00 3,859,500,00 Including 
unaccounted 
expenses 20% 

6 Operating 
costs, per year 
(assuming a 
standard 
service life of 
structures of 
25 years): 

thousand 
rubles 

62,244,00 311,220,00 446,082,00 

7 Change in 
operating costs 
after 
modernization: 

“+” 
overspending, 
“−” savings 

8 electricity for 
technological 
purposes 

thousand 
rubles 

−268,00 12,612,00 11,332,00 

9 maintenance, 
operation and 
repair of new 
equipment 

thousand 
rubles 

−62,244,00 311,220,00 446,082,00 

(continued)

In the study under consideration, the obtained results proved to be sufficient to 
justify investments in the project of reconstruction of the existing refinery’s WWTPs. 
In some cases, the calculations can be supplemented by using the method [28]. After 
performing the GOST LCC calculation, the compensating costs associated with the
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Table 4 (continued)

No. Name of costs Unit Costs of modernization Note

Stage I Stage II Stage III

10 maintenance, 
operation and 
repair of old 
equipment 

thousand 
rubles 

90,000,00 −90,000,00 −90,000,00 

11 Total change in 
annual 
operating 
costs, per year 

thousand 
rubles 

−27,488,00 233,832,00 367,414,00 

12 Payments for 
discharges to 
the city’s 
wastewater 
treatment 
plant: 

thousand 
rubles 

13 penalties for 
exceeding VAT 

thousand 
rubles 

5000,00 −5000,00 −5000,00 

14 toll thousand 
rubles 

800,000,00 800,000,00 −800,000,00 

15 The main 
technical and 
economic 
indicators: 

thousand 
rubles 

16 Net income 
growth 

thousand 
rubles 

−587,109,12 430,287,68 874,620,16 24%—taxes 

17 The economic 
effect of the 
project by 
reconstruction 
stages 

thousand 
rubles 

−646,959,12 131,037,68 445,695,16 The deposit 
rate, 15%, is 
taken into 
account 

18 Payback period year 2 6 4

possibility of environmental and economic risks are added to the OPEX data. These will 
be ’payments to organizations that experience deterioration in economic performance 
during the rehabilitation of the sewerage facility, costs directly related to failures and 
additional costs related to environmental protection measures’. Examples of calculations 
of such risks are given in the following material.
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2 Conclusion 

The study contains an analysis of the approaches of international and domestic design 
practices, as well as the sequence of implementation of the investment project for the 
reconstruction of WWTP of petrochemical plant. Despite significant capital expendi-
tures, it was possible to substantiate qualitatively the necessity and possibility of the 
project implementation with acceptable efficiency based on the principle of ecological 
and economic balance. 

The author present the results of calculations for the feasibility study of recon-
struction according to different international methodologies. A preliminary qualifica-
tion survey of companies, specializing in the supply of technologies and equipment for 
wastewater treatment of refineries and petrochemical plant, resulted in an estimate of the 
cost of investment meeting the requirements of Class 5 in accordance with the AASE 
methodology. For more accurate results, the author carried out an assessment in accor-
dance with the methodology in accordance with local standard—GOST R 58785-2019, 
according to which the full LCC of the construction project were determined. 

Having assessed the investment costs at the preliminary stage, the client decided 
to carry out further works in stages. In accordance with the customer’s assignment, 
technical and economic calculations of three options for the reconstruction of WWTP of 
petrochemical plant, that the author were carried out, which made it possible to develop 
an investment justification program with a phased construction. 

In the first stage, are reconstructed the existing WWTP. The result of implementation 
should be of the projected solutions: improvement of the degree of purification for certain 
indicators, such as oil products, suspended substances, sulphides, etc. The developed 
measures will allow returning a part of the treated effluents to separate WRU and reduce 
penalties from the domestic utilities for exceeding the normative allowable discharge of 
pollutants. 

In the second stage, are being built new biological treatment units. Measures will 
allow returning the treated effluents to separate water-recycling units, to stop the dis-
charge of effluents to the municipal sewage treatment plant and to return a part of the 
effluents as technical water for the enterprises-subscribers. Can be directed the surplus 
to discharge into the river. 

In the third stage, are being built new additional treatment units. Actions will allow 
returning all treated sewage to WRU, to stop discharge of sewage to municipal sewage 
treatment plants, to stop river water intake for technical needs, to return all water as 
technical water for enterprises-customers and cogeneration plants. 

For the enterprise in question, adherence to sustainability standards is a priority. To 
increase its sustainability, as well as to ensure industrial and environmental safety, the 
enterprise has introduced a risk management system. Therefore, accounting, analysis of 
various risks and development of risk mitigation measures are carried out on a systematic 
basis. Author were considered the variants of quantitative estimation of probability of 
appearance of negative processes and the phenomena reducing environment quality, and 
quantitative estimation of possible damage from their appearance in case of refusal to 
make a decision on WWTP reconstruction. The results of the calculations and studies 
have used in the investment program of the enterprise for the next five years.
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Abstract. The paper presents a methodology for evaluation the effectiveness of 
an occupational safety management system using fuzzy logic methods—calculat-
ing the Harrington desirability function. This function is used to describe criteria 
and constraints in solving multi-criteria problems and allows you to establish a 
correspondence between linguistic assessments of the desirability of the values of 
the evaluation indicator (expert assessment) and numerical preference intervals. 
The use of Harrington’s desirability function makes it possible to bring all eval-
uation indicators to unified values and compare particular indicators measured 
on different scales (numerical, verbal, etc.). This makes it possible to adapt this 
assessment methodology to the conditions of various organizations and implement 
it into expert decision support systems for decision makers in the field of ensuring 
occupational health and safety at enterprises. An example of calculating the Har-
rington desirability function for the performance indicators of the labor protection 
management system for a light industry enterprise is shown. The above method-
ology can be used to introduce the rating of departments of large organizations 
in terms of the effectiveness of the occupational health and safety management 
system. 

Keywords: Harrington function · Occupational risk · Decision support system · 
Occupational health and safety system · Fuzzy logic · Effectiveness criteria 

1 Introduction 

The reduction of injuries at work remains an urgent problem both in Russia and in the 
world as a whole, given the complex of economic problems that have recently begun to 
influence the attitude of employers to this problem. 

Injury prevention should be based on a multi-criteria analysis, which should con-
sider a large number of factors, such as [1–4]: personnel composition of the enterprise
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(factors related to personnel—gender, age, work experience, work experience in the spe-
cialty, qualifications, competence, personal qualities (leadership, motivation, attitude to 
work, indicators of personnel reliability), etc.); working conditions at the workplace 
(factors related to the workplace—the nature of the work performed, the conditions of 
the labor process, the presence of harmful or dangerous factors, the performance of 
high-risk work); features of the occupational health and safety management system at 
the enterprise (factors related to safety management at the enterprise—the presence of 
a occupational health and safety management system, which includes the company’s 
policy in the field of occupational health and safety, goals, clearly described procedures 
for achieving goals, clear processes for ensuring the functioning of the occupational 
health and safety management system). 

At the same time, each parameter of the analysis, which is used for a comprehen-
sive assessment of the effectiveness of occupational safety management, has its own 
meaning and dimension. In this regard, a methodological problem arises, which consists 
in the need to establish priority between the criteria for the transition to a general-
ized evaluation indicator. This problem is typical for many interdisciplinary branches of 
science—medicine, ecology, sociology, etc. [5–8]. 

In safety management, scoring systems for assessing risks and various indicators 
related to occupational safety are often used. Methods of scoring risk assessment, meth-
ods of expert assessments, matrix methods are known. For risk assessment, the Elmery 
method is also known, based on the calculation of the number of positive and negative 
ratings [9]. However, the problem with these methods is that many operations, including 
calculating averages and determining generalized indicators, are inapplicable to point 
estimates related to a scale of ranks of different values by their nature. 

At the same time, in our opinion, it is necessary to develop methods for evaluating the 
effectiveness of occupational safety management system based on multi-criteria analysis 
using fuzzy logic methods. 

In the works of Belgorod State Technological University named after V. G. Shukhov, 
expert decision support systems were developed for the management of occupational 
risks and occupational safety [10, 11]. This work is aimed at improving the decision-
making system in the field of occupational safety related to the evaluation of the 
effectiveness of this system. 

2 Materials and Methods 

The main problem of assessing the effectiveness of occupational safety management 
is the disparity of particular criteria, the need to simultaneously take into account both 
quantitative and qualitative indicators, which is associated with the presence of various 
types of uncertainties [12, 13]. 

Often, when it is necessary to choose from among alternatives, measurements are 
used using special verbal-numerical scales. Such scales are used in cases where the 
assessments are subjective. These scales are called psychophysical and allow you to 
formalize the expert’s system of preferences. Psychophysical scales are set by functions 
of a special kind—desirability functions and establish a correspondence between the 
natural values of indicators in physical scales and psychological parameters—subjective 
assessments of the “value” of these values.
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The most well-known and frequently used is the Harrington desirability function [14]. 
The introduction of the desirability scale makes it possible to reduce the original multi-
criteria decision-making problem with different-dimensional criteria to a multi-criteria 
problem with criteria measured in the same scale. 

The function proposed by E. S. Harrington in 1963 to describe criteria and constraints 
in solving multi-criteria problems allows us to establish a correspondence between lin-
guistic estimates of the desirability of the values of the evaluation indicator and numerical 
preference intervals [12]. The intervals take values that increase continuously from 0 to 
1 when the corresponding quality parameter changes from the least to the most desirable 
values. The specific type of desirability functions is set by the decision-maker, based 
on his subjective ideas. Then, by convolution of partial desirability functions, a global 
process quality criterion is calculated, the maximization of which is the optimum [15]. 
The Harrington desirability function has the following advantages [15–17]: 

• is quantitative; 
• is expressed as a single number, i.e. it is a single; 
• is unambiguous, i.e. a given set of values of particular evaluation parameters 

corresponds to one value of the function; 
• versatile and can be used in various fields; 
• comprehensively characterizes the object, i.e. meets the requirement of completeness; 
• provides an easy way to convert metrics using a single graph for all criteria; 
• “neutral” in generalization, only personal preferences affect the final result when 

constructing the desirability scale; 
• is adequate. The adequacy of a particular and generalized desirability function should 

be understood as their equivalence to the measured values of optimization parameters 
in the sense that all computational actions defined on a set of optimization parameter 
values can be performed with them. 

The evaluation process consists of the following steps: 

1. Determination of the list of particular evaluation parameters, i.e. criteria by which the 
object will be evaluated (quantitative, qualitative). For example, among the group of 
evaluation parameters may be the number of security violations per person. 

2. Setting the limit of acceptable values for all numerical evaluation indicators. The 
most convenient is when there are clear restrictions set, for example, in instructional 
documents, standards, norms and rules. For example, as the values of individual 
indicators, it is possible to take normalized indicators in the field of occupational 
safety—the number of accidents, the number of employees who committed a viola-
tion. However, acceptable values of individual parameters may not be available due 
to the innovative nature of the study or the lack of data. Then the limitations for such 
indicators are established by expert means based on the experience and intuition of 
the experimenter, i.e., the assessment is subjective. 

When setting the limit of permissible values of numerical evaluation parameters, it 
should be borne in mind that restrictions can be set one-sided or two-sided. Unilateral 
restrictions are established if the improvement of the desirability function occurs only 
with a unidirectional change in the indicator (decrease or increase). Unilateral restrictions
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are denoted as yi ≤ ymax or yi ≥ ymin, bilateral restrictions are denoted as ymin ≤ yi ≤ 
ymax . 

3. Selection of the desirability scale. To obtain a desirability scale, it is convenient to use 
the developed Table 1 of correspondences between preference relations in empirical 
and numerical (psychological) systems [14, 15]. The scale should be of the same 
type for all combined parameters (responses). However, the standard values on the 
desirability scale are not strictly mandatory. 

Table 1 Numerical intervals of the Harrington scale 

Linguistic assessment Intervals of desirability function values 

Very good 1.00–0.80 

Good 0.80–0.63 

Satisfactorily 0.63–0.37 

Badly 0.37–0.20 

Very badly 0.20–0.00 

In accordance with the Harrington scale, the values of the desirability function di 
vary in the range from 0 to 1. The value of the i-th private parameter di, translated into 
a dimensionless desirability scale, is called the private desirability (i = 1,2,3…n is the 
current parameter number, n is the number of private parameters). In this case, the value 
di = 1 corresponds to the most desired value of the i-th parameter. This level is often 
unknown, but sometimes precisely defined [18]. For example, the complete absence of 
accidents at work, the complete absence of jobs with an unacceptable level of risk or 
dangerous working conditions—the maximum possible level of group parameters. 

di = 1–0,8—acceptable and excellent level; 
di = 0,8–0,6—acceptable and good level; 
di = 0,6–0,37—acceptable and sufficient level; 
di = 0,37–0—unacceptable level; 
di = 0 corresponds to an unacceptable value of the i-th optimization indicator. 
The value di = 0.37 is usually used as the limit of acceptable values. The choice 

of marks on the desirability scale of 0.37 and 0.63 is explained by the convenience of 
calculation, since 0.37≈1/e, and 0.63≈1–1/e [15]. The lower bound of each range of 
values is included in the corresponding interval. The specific value of each interval is 
taken by the decision-maker at its discretion and remains unchanged when evaluating 
two or more sites. 

4. Determination of the desirability level in accordance with the Harrington scale for 
each parameter of the yi assessment. With a unilateral restriction of yi ≥ ymin or yi ≤ 
ymax (i.e., lower or upper limit), the mark on the desirability scale di = 0.37 corre-
sponds to the value of ymin or ymax . The choice of this point is due to the fact that it is 
the inflection point of the curve, which in turn creates certain convenience in calcula-
tions. The same is true for the desirability value corresponding to 0.63. Choosing this
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curve is not the only possibility. However, it arose as a result of observations of real 
solutions of experimenters and has such useful properties as continuity, monotony, 
smoothness. If a parameter change is possible in the direction of maximum and min-
imum from the optimal value, then the restriction is two-sided. In this case, the mark 
di = 0.37 on the desirability scale corresponds to ymin or ymax [15]. 

The desirability function for a unilateral constraint is determined by the formula (1): 

d = e−e−y'
(1) 

where e is the exponent notation; y’—is the encoded value of a particular parameter y, 
i.e., its value on a conditional scale. 

For a bilateral constraint, the desirability function has the form of formula (2): 

d = e−e
−|y'|n 

(2) 

where n is the exponent, which can vary from 0 to ∞. 
If the desirability function is determined by the formula (2), then the value of the 

parameter y’ can be determined by the formula (3): 

y' =  
(2y − (ymax + ymin)) 

(ymax − ymin) 
(3) 

The exponent of the degree n can be determined by the formula (4), having previously 
assigned a certain value of the parameter y desirability d (better than the level “good” 
or “very good” on the desirability scale). 

n = 
ln ln 1 d 
ln|y'| (4) 

For each numerical evaluation parameter for which a bilateral constraint is set, the type 
of desirability function is determined in accordance with formula (2). 

If a unilateral constraint is set and a function defined by formula (1) is used, then 
the value of y’ can be determined graphically (by constructing a nomogram) or ana-
lytically. The graphical method is simpler and avoids intermediate transformations, but 
the analytical method allows you to get more accurate values, but requires additional 
calculations, which is not difficult when using computer technology. 

Graph of the Harrington desirability function with unilateral restriction and is shown 
in Fig. 1. The curve of the desirability function demonstrates that in the regions of 
desirability close to 0 or 1, its “sensitivity” is much lower than in the middle zone of the 
graph.

There may be a situation when restrictions (unilateral or bilateral) take on a single 
meaning. Such a case may be, for example, a strict restriction of certain personnel or 
social parameters. Then inside the limits di = 1, and outside the limits di = 0. With a 
unilateral constraint, the desirability function will take the form (5): 

di = 0, if yi < ymin 
di = 1, if yi ≥ ymin 

(5)
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Fig. 1 Harrington desirability function on the desirability scale

With a bilateral constraint, we get the system (6): 

di = 0, if yi < ymin and yi > ymax 
di = 1, if ymin ≤ yi ≤ ymax 

(6) 

To determine the encoded value of the parameter y’, the following analytical methods 
can be used [15]: 

• according to the translation mechanisms selected for each parameter of the form y’ 
= a·y + b; 

• by simplified analytical dependencies determined by formulas (7) and (8): 

y'i = 
y − ymin 

ymax 
(7) 

y'i = 
y − ymin 

ymin 
(8) 

where ymax, ymin are the upper and lower limits of the unilateral constraint on the i-th 
parameter; y’i is the value of the i–th parameter, translated into the desirability scale. 

5. Convolution of partial desirability functions di into a generalized criterion D (gener-
alized desirability function), defined as the geometric mean of partial desirability by 
formula (9): 

D = n
√
d1 · d2 · d3 · ... · di · ... · dn (9) 

The same preference scale is used for the generalized indicator as for the optimization 
parameters. Formula (9) makes it possible to decide on an unacceptable level of safety
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(the effectiveness of the occupational safety management system) if at least one particular 
desirability di = 0. In this case, the generalized function will also be zero. At the same 
time, the generalized function D = 1 only if all the particular desirability di = 1. 

At the same time, it should be noted that the disadvantage is that in it all responses 
are recognized as equilibrium, although in practice this is far from the case. 

3 Results and Discussion 

For assessment of the effectiveness of occupational safety management system, a light 
industry enterprise was selected. 

The performance indicators of the occupational safety management system presented 
in Table 2 were selected as the initial data for the analysis [18, 19]. The indicators were 
grouped into 5 blocks. Each block included private indicators related to this block.

Each possible indicator from the block, in turn, can be evaluated by several indicators. 
For example, the group of indicators X10 “Preventive and regulatory measures” (block 
“Planning of OT measures”) is characterized by the following indicators: 

• the proportion of workplaces where an occupational risk assessment has been carried 
out and documented (X10.1); 

• the proportion of workplaces where risk management measures have been taken based 
on the assessment carried out (X10.2); 

• the specific number of employees employed in workplaces employed in workplaces 
with acceptable and optimal conditions (X10.3); 

• the share of jobs with an average level of risk (X10.4); 
• the share of jobs with a high level of risk that require increased attention (X10.5); 
• the share of jobs with an unacceptable level of risk that require urgent measures 

(X10.6); 
• the proportion of workplaces where the risk level is reduced due to the use of collective 

protection means (X10.7); 
• the proportion of reduction in the use of PPE due to the use of other risk management 

measures (X10.8); 
• the average time from hazard/risk identification to the implementation of measures 

to manage the corresponding risk (X10.9). 

In the same way, calculated indicators for the remaining blocks were compiled. 
The calculation of private performance indicators was carried out according to the 

formula: 

xi = 
ki 
n 
. (10) 

where ki is the corresponding quantitative indicator; n is the maximum value of the 
indicator (for example, the total number of workplaces, employees, recorded violations, 
etc.) 

At the next stage, the partial utility functions for each indicator were calculated, 
considering the weighting coefficients according to the formula (1). For a light industry
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Table 2 Performance indicators of the occupational safety and health (OSH) management system 

Group code The group of performance indicators Indicator 

X1 OSH policy The developed policy of the 
organization in the field of OSH 

X2 Participation of employees and their 
representatives 

X3 Availability of goals in the field of OSH 

X4 Organization and functioning of the 
OSH management system 

Distribution of responsibilities 

X5 Competence and training of employees 

X6 Documentation of the OSH 
management system 

X7 Efficiency of the information exchange 
system 

X8 Planning of OSH activities The quality of the initial data for 
planning 

X9 Planning, development and application 
of OHS management system 

X10 Preventive and regulatory measures 

X11 Change Management 

X12 Emergency prevention 

X13 Material and technical support of the 
OSH management system 

X14 Contract work 

X15 Evaluation and control Monitoring and evaluation of 
performance 

X16 Investigation of accidents, deterioration 
of health 

X17 Verification and audit 

X18 Analysis of the effectiveness of the OSH 
management system 

X19 Actions to improve the OSH 
management system 

Preventive and corrective actions 

X20 Continuous improvement

enterprise, an analysis of the effectiveness of the occupational health and safety man-
agement system was performed by the factor “Preventive and regulatory measures”. The 
calculation results are presented in Table 3.

Comparing the obtained value of the Harrington desirability function with the scale 
given in Table 1 and Fig. 1, we can see that the value of the generalized Harrington 
criterion for the enterprise under consideration corresponds to the linguistic assessment 
of the effectiveness of the occupational safety management system is “good”.
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Table 3 The results of the calculation of the Harrington function for evaluating the effectiveness 
of the occupational safety management system 

Group code The group of 
performance 
indicators 

Code of 
indicator 

Encoded value 
y’ 

d—function 
(desirability 
function) 

Generalized 
desirability 
function D 

X10 Preventive and 
regulatory 
measures 

X10.1 1,49,994 0,692,201 0,718,530,614 

X10.2 1,49,994 0,692,201 

X10.3 0,676,507 0,330,353 

X10.4 3,532,019 0,976,057 

X10.5 4,936,544 0,996,309 

X10.6 – – 

X10.7 1,49,994 0,692,201 

X10.8 1,49,994 0,692,201 

X10.9 1,49,994 0,692,201

4 Conclusion 

The paper presents a methodology for evaluating the effectiveness of the occupational 
safety management system using fuzzy logic methods—calculating the Harrington desir-
ability function. This technique makes it possible to bring all private evaluation indicators 
to unified values, which makes it possible to compare indicators measured in various 
scales (numerical, verbal, linguistic, etc.). This makes it possible to adapt this assess-
ment methodology to the conditions of various organizations and implement it into 
expert decision support systems for decision makers in the field of occupational safety 
at enterprises. An example of using the Harrington desirability function to evaluate the 
effectiveness of the OHS management system is shown. 
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Abstract. The construction industry is one of the main leading sectors of the 
economy in the country. Among them, materials from clay raw materials have 
been widely used. One of these materials is ceramic building bricks. Due to the 
depletion of reserves of clay deposits, which is the main material in the raw 
material mixture for the production of ceramic building materials, further search 
for solutions necessary for the development of resource-saving technologies is 
relevant. Another urgent problem today is the disposal of man-made waste. One 
of the types of such waste is drilling sludge formed during drilling of oil wells. The 
relevance of the research lies in the need to develop new modern technologies and 
methods for the production of ceramic building bricks, using drilling sludge from 
oil fields of the Southern Federal District (SFD) in the raw material composition. 
This is due to the rapid growth in the volume of non-recyclable drilling waste in 
the sludge accumulators of oil-producing stations, and the depletion of reserves 
of natural clay raw materials used in the ceramic industry. The research is aimed 
at the disposal and reuse of drilling mud, which will create a reserve of affordable 
competitive raw materials for the production of ceramic bricks. 

Keywords: Ceramic building bricks · Drilling mud · Clay · Resource-saving 
technology · Man-made waste · Clay raw materials · Recycling 

1 Introduction 

Currently, the restoration of the natural process of the ecological system of our planet 
is one of the most important tasks that requires an immediate search for all possible 
solutions. Taking into account the important factor that the ecology of the environment 
suffers most from mass pollution of various ecospheres, the launch of its restorative 
cleansing effect will not be able to take place without the participation of humanity. 

One of the sources of pollution of the ecosystem is the reserves of drilling mud– 
drilled rock, which contains the remains of drilling mud, drilling wastewater and fluid
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layers of wells. Over the past decades, the volume indicators of drilling mud deposits 
have been increasing. In this regard, the ecological state of the world suffers from the 
negative impact of man-made waste. The oil industry, although not the most polluted 
production, but its waste has a negative impact on the environment. From 2009 to the 
present, it has been noticed that the volume of formed drilling sludge has increased 
tenfold, since its processing is not carried out naturally. Also, the increase in the volume 
of non-processed drilling sludge is due to the fact that the number of wells created for 
oil production has increased [1, 2]. 

According to official data for 2023, Russia is among the three leaders in oil and gas 
production. The amount of drilling mud formed in a year reaches several million tons. 
The development of hydrocarbon deposits in the SFD is carried out by 49 enterprises, 
the largest of which are Gazprom Open Joint Stock Company, Rosneft Open Joint Stock 
Company, LUKOIL Open Joint stock Company and their subsidiaries. 310 oil and gas 
fields have been discovered on the territory of the district, 270 of them are purely oil. The 
Krasnodar Territory, Volgograd Region and Stavropol Territory are the leaders in terms 
of the number of deposits, which account for more than 75% of recoverable reserves 
[3–5]. 

The main oil fields in the SFD are: 

(1) Bezvodnoye (Republic of Adygea); 
(2) Beshkulskoye (Astrakhan region); 
(3) Stavropol oil and gas field (Stavropol Territory); 
(4) Morozovskoye (Krasnodar Territory); 
(5) Slavyanskoye (Krasnodar Territory); 
(6) Vostochno-Chumakovskoye (Krasnodar Territory). 

It is quite difficult to get rid of a large amount of man-made waste completely. As a 
result, drilling sludge accumulates for years and has a detrimental effect on the ecosystem 
of our country. It is necessary to contribute to the reduction of accumulated waste of this 
type or even their complete disposal. 

In addition to the global problem associated with the increase in deposits of drilling 
mud, there is another equally important one—the depletion of reserves of deposits of clay 
raw materials used in the production of ceramic building materials. In the Russian market, 
these products are in great demand, as they have a long service life. One of these materials 
is ceramic building bricks—the most common and widely used in the construction of 
external walls and load-bearing partitions. Due to the fact that clay deposits are being 
exhausted, the search for solutions to this problem, aimed at developing new resource-
saving technologies, becomes in demand [6, 7]. Making changes in the technology of 
ceramic brick production, namely in the raw material composition of products, is one 
of the ways to solve. Since 2016, the Russian Federation has been implementing a 
Strategy for the Development of the Building Materials industry, in which support for 
manufacturers of building materials involved in the disposal of industrial waste is fixed 
at the state level. 

Thus, the introduction of drilling mud as a raw material component in the production 
of ceramic building bricks is a promising area of research that requires special attention.
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2 Experimental Part 

The object of the study was selected drilling sludge from two oil fields of the SFD 
(Slavyansky and Morozovsky fields of Krasnodar Krai). To determine the possibility 
of using the studied drilling mud as a raw material component in the production of 
ceramic building bricks, a comparative analysis of drilling mud with clay extracted on 
the territory of the SFD (Vladimirovsky deposit of the Rostov region) was carried out. 
The physicochemical and technological properties of the materials under consideration 
were investigated. All studies were carried out in the laboratory “Recycling of fuel energy 
waste” on the basis of the Platov South-Russian State Polytechnic University (NPI). 

Studies of the chemical composition of the studied raw materials were carried out 
by X-ray spectral fluorescence analysis (XRF) on a sequential vacuum spectrometer 
of the PW2400 model by melting samples with a mixture of lithium borates. Mass 
loss during calcination was determined according to the methodology of the Scientific 
Council on Analytical Research Methods using secondary ion mass spectrometry 418-X 
at a temperature of 1050 °C [8]. During the determination of the chemical composition 
of drilling mud and clay, the following data were obtained, presented in Tables 1, 2, and 
3. 

Table 1 Chemical composition of drilling mud from the Morozovskoye oil field (Krasnodar 
Territory) 

Material Content, mass % 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 SO3 Cl BaO Other L.O.I 

Drilling 
waste 

1.15 1.17 10.26 62.14 1.48 4.35 0.54 3.82 2.07 0.25 1.83 1.67 9.27 

Table 2 Chemical composition of drilling mud from the Slavyanskoye oil field (Krasnodar 
Territory) 

Material Content, mass % 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 MnO P2O5 BaSO4 L.O.I 

Drilling waste 1.45 0.78 5.33 22.36 0.89 4.37 0.26 3.14 0.105 0.1 49.8 9.85 

Table 3 Chemical composition of clay of the Vladimirovsky deposit of the Rostov region 

Material Content, mass % 

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 P2O5 K2O Na2O SO3 L.O.I 

Clay 63.20 20.45 3.26 1.37 0.48 0.90 0.06 2.05 0.61 0.04 7.37 

As can be seen from Tables 1 and 2, chemical analysis confirms the predominant 
content of the main mineral-forming elements in drilling mud, such as SiO2 and Al2O3.
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It is also worth noting that in the drilling sludge from the Slavyansk deposit, the content 
of these elements is 2–3 times less than in the sludge from the Morozovsk deposit. 
Silicon and aluminum oxides reduce the temperature coefficient of linear expansion 
(TCLE) of the clay material, at low values of which the heat resistance of the raw 
material increases. This indicates that the drilling sludge from the Slavyansk deposit has 
better heat resistance, which allows the material not to crack with sudden and repeated 
temperature changes. 

From Table 3, one can notice a significant content of the main oxides SiO2 (63,20%) 
and Al2O3 (20,45%). The clay of the Vladimirovsky deposit consists mainly of kaolinite 
(37,8%) and a small amount (10,6%) of hydroslude. It includes a package of montmo-
rillonite (9,6%) with impurities of sericite (7,7%) and quartz grains (26,4%) between 
the packages of hydrosludes. The clay under study has a cellular microstructure with a 
feldspar content (pelitized) of 5,9%. 

According to the results of a comparative analysis of the chemical compositions of 
drilling mud and clay, it was found that the presence of the main clay-forming oxides in 
drilling mud allows them to be used as a raw material component in the production of 
ceramic building bricks. The studied type of technogenic waste is similar in composition 
and properties to the clay raw materials used in the production technology of construction 
ceramics. 

As can be seen from the chemical composition (Tables 1 and 2), heavy metal oxides 
are present in drilling slurries from the Morozovskoye and Slavyanskoye oil fields, 
the content of which is within acceptable limits in accordance with SanPiN 2.6.1.2523 
“Radiation safety standards (NRB-99/2009)” (no more than 2.0 wt.%) [9]. 

Sources of heavy metals in nature are natural (weathering of rocks and minerals, 
volcanic activity and others) and man-made (mining and processing of minerals, motor 
transport and others). Natural radionuclides and harmful bacteria are present in drilling 
mud. In this regard, radiological and sanitary-epidemiological studies were conducted. 
Radiological studies of drilling slurries were carried out using the MULTIRAD spectro-
metric complex with PROGRESS software. The results of radiological studies of drilling 
waste from the Morozovsk and Slavyansk oil fields are presented in Table 4.

According to the obtained radiological research data from Table 4, it can be seen 
that the studied drilling slurries belong to the I class of building materials, depending on 
their specific effective activity, which indicates the possibility of their use in all types of 
construction, in particular in the production of ceramic building bricks. 

A set of sanitary and epidemiological measures is necessary before using raw mate-
rials. The main stage is disinfection, which is a set of measures aimed at destroying 
harmful bacteria found in drilling mud (coccoid chains, cylindrical sticks, spiral-curved 
spirilli). To check for the presence of harmful bacteria, samples of drilling sludge were 
sent to the branch of the Center for Hygiene and Epidemiology in the Rostov Region 
in Novocherkassk. The studies were conducted in accordance with MU 2.1.7.730-99 
“Hygienic assessment of the soil quality of populated areas” [10]. 

During the research, it was found that no harmful bacteria (pathogens of botulism, 
tetanus, gangrene and anthrax bacillus) were detected. Only spiral-curved spirillae and 
coccoid chains were recognized, which, when heated to 100–120 °C, disintegrate with
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Table 4 The results of radiological studies of drilling waste from the Slavyanskoye and 
Morozovskoye oil fields 

Name of the 
material 
under study 

Defined indicators Research results; 
units of 
measurement; 
confidence 
probability 

The value of the 
permissible 
level; units of 
measurement 

ND on the 
research 
method 

Drilling mud 
from the 
Slavyansk 
deposit 

Effective specific 
activity of natural 
radionuclides 
Ra-226, Th-232, 
K-40 

(62 ± 10) Bk/kg; 
P = 0,95 

No more than 
370 Bk/kg (1st 
class) 

GOST 
30,108-94 “MI 
CMII GNMC 
“VNIIFTRI” 
dated 
22.12.2003 

Drilling mud 
from the 
Morozovsk 
deposit 

(89 ± 14) Bk/kg; 
P = 0.95

the formation of a small amount of alphacellulose. For final disinfection, the studied 
drilling slurries should be dried within 24 h at a temperature of 120–150 °C. 

Next, the phase composition of drilling mud was studied, which was determined using 
powder X-ray diffraction analysis (PRD). The samples were crushed and examined using 
an ARL X’TRA (Thermo Fisher Scientific) X-ray powder diffractometer, which is part 
of the Center for Collective use of “Nanotechnology” of the Platov South-Russian State 
Polytechnic University (NPI). Interpretation of the obtained data was carried out using 
the ICDD database (The International Center for Diffraction Data) [3–5]. The results of 
determining the phase composition of drilling mud from the Morozovskoye oil field are 
shown in Fig. 1. 

Fig. 1 X-ray of drilling waste from the Morozovskoye oil field (◯—quartz; ⃞—sodalite; ∆— 
kaolinite)
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As can be seen from Fig. 1, the main phase in the studied drilling mud is β-quartz 
(β-SiO2), which is in an amount of about 25–30%. Other phases are kaolinite (Al2O3 
2SiO2·2H2O) and sodalite (3Na2O·3Al2O3·6SiO2·2NaCl). 

The results of determining the phase composition of drilling mud from the 
Slavyanskoye oil field are shown in Fig. 2. 

Fig. 2 X-ray of drilling mud from the Slavyanskoye oil field 

According to the research results (Fig. 2), the main phase in this drilling mud is 
α-quartz (α-SiO2), which is in an amount of about 30–35%. 

The presence of the main phases of α-quartz and β-quartz in the composition of 
the studied drilling mud indicates the possibility of their use as raw materials in the 
production of ceramic building bricks. 

The plasticity of the material in the production of ceramic bricks is one of the most 
important characteristics. Determination of the plasticity of the studied raw materials 
was carried out on the Vasiliev device and in accordance with GOST 5180-2015 [11]. 
For this purpose, the moisture content of the material in the state of the upper limit of 
plasticity was found by the standard weight method. The determination of the lower 
limit of plasticity was made at the boundary of rolling, at which the bundles crumble 
into separate, non-connecting parts. The value of the plasticity number was found as the 
average of the two definitions. The results of determining the plasticity of the studied 
drilling slurries from the Slavyanskoye and Morozovskoye oil and clay deposits of the 
Vladimirovskoye field are shown in Table 5.
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Table 5 Plasticity of the studied drilling slurries from the Slavyanskoye and Morozovskoye oil 
and clay deposits of the Vladimirovskoye field 

Material Upper limit of 
plasticity Wm, % 

Lower limit of 
plasticity Wp, % 

Plasticity number P, % 

Drilling mud from the 
Slavyansk deposit 

28.32 19.29 9.03 

Drilling mud from the 
Morozovskoye deposit 

50.30 29.62 20.68 

Clay of the 
Vladimirovskoye 
deposit 

49.42 25.00 24.42 

Table 5 shows that the number of plasticity of drilling mud from the Slavyanskoye 
and Morozovskoye oil and clay deposits of the Vladimirovskoye field is 9,03%, 20,68% 
and 24,42% respectively. Consequently, drilling mud from the Slavyansky deposit is 
a moderate plastic material, drilling mud from the Morozovsky deposit and clay from 
the Vladimirovsky deposit belong to the class of medium–plastic, according to the clas-
sification depending on the number of plasticity of clay materials according to GOST 
9169-2021 [12]. Thus, it can be concluded that the more plastic the material, the wider 
its humidity range, at which plasticity manifests itself. Since the drilling slurries under 
study have a molding ability, their use in the production of building ceramic bricks is 
permissible. 

The most promising direction that can combine the two stages of conversion of 
drilling mud into raw materials for the production of building ceramic bricks with the 
production of finished products is the combination of chemical and thermal methods. In 
this regard, prototypes were molded using the studied drilling slurries and clay in the 
raw material mixture, and the firing properties of the feedstock were also checked. 

Drilling mud from the Slavyanskoye and Morozovskoye oil fields and clay from the 
Vladimirovskoye field, pre-dried to a residual humidity of 4–6%, with further grinding 
and sieving on a 008 sieve, was used to obtain prototypes. 4 series of samples were 
formed (two of which using drilling mud from the Slavyanskoye oil field and two with 
drilling mud from the Morozovskoye oil field) with a percentage of clay/drilling mud 
equal to 50/50% and 40/60%, followed by drying and firing at a temperature of 1000° 
C. During the firing process, the temperature rose at a rate of 2° / min and at the final 
temperature there was an exposure for 1 h. Cooling is natural, lasting at least 10 h 
(Figs. 3, 4, 5, and 6). During the firing process, the process of burning out of the organic 
components of the drilling mud was observed in the heating temperature range of 500– 
600 °C, which indicates the utilization of waste in the technological process of ceramic 
brick production [13].

After firing, each sample was carefully examined, noting at the same time the loca-
tion of the samples in the furnace; the color and uniformity of its distribution over the 
shard; cracks; shape change due to various shrinkage, which may occur due to uneven
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Fig. 3 Series number 1 of fired samples using drilling mud from the Slavyanskoye oil field in the 
raw material composition 

Fig. 4 Series number 2 of fired samples using drilling mud from the Slavyanskoye oil field in the 
raw material composition 

Fig. 5 Series number 1 of fired samples using drilling mud from the Morozovskoye oil field in 
the raw material composition

temperature distribution in the furnace; deformation or melting of samples associated 
with burnout. 

During the post-firing visual examination of the samples, if we consider each sample 
of the series, it was revealed that the tiles of the same composition and the same firing 
temperature regime at first glance do not differ much from each other, but if we consider 
each sample separately, we can notice changes in visual characteristics: the color varies 
from light brown to brown and depends on the mode drying and arrangement of tiles
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Fig. 6 Series number 2 of fired samples using drilling mud from the Morozovskoye oil field in 
the raw material composition

in the kiln during firing; on some samples, efflorescences are observed on the surface, 
as well as shiny and yellow inclusions are present on these samples, which indicates 
the content of various impurities in the sludge and clay; the presence of a small number 
of cracks; there is a slight deformation and melting of the samples. All samples have a 
dense well-baked shard. 

If we compare two series of samples using the same drilling mud, but with different 
percentages of it in the mass, we can observe a slight difference in color, which indicates 
a different chemical composition of raw materials and different firing temperature con-
ditions. The color of the studied samples is also affected by the content of Fe2O3 and 
TiO2. The presence of a large amount of these oxides in the raw material mixture gives 
the material a characteristic red-brown color [14–16]. 

In the drilling mud from the Morozovskoye oil field, the content of TiO2 = 0,54%, 
and Fe2O3 = 3,82%. In the drilling sludge from the Slavyanskoye oil field, the content 
of TiO2 = 0,26%, and Fe2O3 = 3,14%. In the clay of the Vladimirovskoye deposit, the 
content of these oxides is 0,90% and 3,26%, respectively. Thus, it can be concluded that 
the higher the content of coloring oxides in the ceramic mixture, the richer and darker 
the color. 

With an increase in the firing temperature and the content of drilling mud in the raw 
mixture, the fire shrinkage of the samples decreases. Since clay is refractory, and the 
value of its fire shrinkage is in the range from 2 to 8%, when drilling mud is added, 
the fire shrinkage indicators decrease, which indicates an intensification of the sintering 
process. Thus, the criterion for the suitability of clay materials for the manufacture of 
ceramic building bricks is the absence of swelling of the material during firing in the 
temperature range of 950–1100 °C. 

3 Conclusion 

The use of man-made waste, in particular drilling sludge from oil fields, in a raw mixture 
of ceramic building materials allows to obtain an environmental effect as a result of the 
neutralization of oil sludge and the economy of the main clay raw materials used in the 
production technology of ceramic building materials.
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During the tests carried out, it was revealed that partial substitution of clay raw 
materials for drilling mud of the SFD in the production of ceramic building bricks is 
permissible. At the same time, this building material retains its basic properties and can 
be used in construction according to GOST 530-2018 [17]. The proposed technology 
will contribute to the utilization of drilling waste from oil-producing stations and sub-
sequently reduce the volume of man-made non-recyclable waste in nature, as well as 
preserve natural reserves of clay raw materials. 
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Abstract. The possibility of obtaining foamed geopolymers—building heat-
insulating materials based on coal combustion waste at thermal power plants of 
Severodvinskaya CHPP-1 and Apatitskaya CHPP was considered. A complex of 
studies of the considered waste was carried out, its chemical (oxide) composition, 
X-ray phase composition, and microstructural structure were determined. The 
mechanisms of pore formation during the synthesis of geopolymers are consid-
ered, and the most optimal pore former is chosen. The influence of the addition of 
zirconium dioxide on the strength characteristics of the samples has been estab-
lished. The density and porous structure of the obtained geopolymer materials 
based on coal generation waste are analyzed, and the strength characteristics of 
the samples are also investigated. 

Keywords: Geopolymer · Coal combustion waste · Solid fuel energy · Coal 
energy · Thermal insulation materials · Building materials · Foaming agents · 
Zirconium dioxide 

1 Introduction 

One of the main goals of improving resource-saving technologies is to find new ways 
to utilize and process man-made waste. The most acute problem is the processing of 
waste generated by burning coal at thermal power plants. It is known that according to 
the International Energy Agency (IEA), the share of coal energy in 2020 amounted to 
a third of the total generated electricity. This shows that coal generation is the largest 
source of electricity. In 2021, coal-fired energy reached record levels, with an increase in 
emissions not only of gases such as carbon dioxide, carbon monoxide, nitrogen oxides, 
sulfur oxides, but also of a number of solid mineral products of coal combustion, such

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 
A. A. Radionov et al. (eds.), Proceedings of the 7th International Conference on Construction, 
Architecture and Technosphere Safety, Lecture Notes in Civil Engineering 400, 
https://doi.org/10.1007/978-3-031-47810-9_46 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-47810-9_46&domain=pdf
https://doi.org/10.1007/978-3-031-47810-9\sb {46}


Study of the Effect of Zirconium Dioxide on the Physical… 509

as ash, slag and ash and slag mixtures (ASM) [1]. It is well known that at the moment in 
the world the total volume of accumulation of waste from coal combustion every year 
is 1 billion tons [2]. 

Annually, coal-fired power plants of the Russian Federation generate more than 
22 million tons of coal combustion waste (CCW), which is its mineral part, mainly 
consisting of fly ash and slag [3]. According to existing estimates, the total amount 
of waste from coal combustion at ash dumps reaches 1.8 billion tons, occupying an 
area of over 20 thousand square meters [4]. The volume of processing waste from coal 
combustion is low and amounts to only 10–12% [5]. In this regard, it is necessary to 
search for modern methods of processing waste from coal generation. 

In the Arctic zone of the Russian Federation, the share of coal-fired thermal power 
plants is at least 20%, and therefore for this region the issue of processing CCW is the 
most urgent [6]. One of the promising methods for processing CCW is to obtain new 
materials based on them—geopolymers, which are hydraulic binders of alkaline activa-
tion [7]. Their structure is represented by three-dimensional glass-crystalline aluminosil-
icates, which consist of aluminum-oxygen and silicon-oxygen tetrahedra connected by 
oxygen into rings and chains. Also, the use of CCW for the production of geopolymers 
is due to the presence in them of a high proportion of the vitreous aluminosilicate phase 
and their dispersion, and has a positive effect on the performance properties of the fin-
ished material [8]. At the same time, the introduction of CCW s into alkaline activation 
binders makes it possible to reduce their radiation impact on the environment [9]. Based 
on economic considerations, it is advisable to synthesize geopolymers at temperatures 
below 100 °C and give them a cellular structure, which makes it possible to obtain 
lightweight materials with a density of less than 1000 kg/m3. The cellular structure of 
the geopolymer is obtained by introducing into their composition special gas-generating 
additives—foaming agents, which react with the raw components of the geopolymer, or 
decompose under external influence with the formation of a gas phase that foams the 
liquid raw mixture capable of maintaining the formed shape and is converted into solid 
foam when drying out. 

Geopolymer materials are durable, environmentally friendly, resistant to aggressive 
environments. It is known [10–12] about the high frost resistance of geopolymers— 
they are able to withstand about 150 cycles of thawing—freezing. This property of 
these materials may subsequently allow the use of geopolymers for road construction in 
harsh climatic conditions with negative temperatures. However, despite their advantages, 
geopolymers are of limited use, mainly due to insufficient information about the effect 
of the used aluminosilicate raw materials and production parameters on the properties 
of the geopolymer, and, accordingly, its operational characteristics, which in some cases 
leads to the complication of predicting the properties of the material. 

The process of geopolymerization proceeds in a strongly alkaline environment, for 
which alkaline activators are used, which are a mixture of solutions of liquid glass 
and strong alkali. It is known [13] that the process of geopolymerization includes the 
following stages: dissolution of silicon and aluminum oxides in sodium hydroxide with 
the formation of silicates and aluminates; destruction of polymer structures in CCW with
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the formation of monomers; setting and compaction as a result of the polymerization of 
monomers. The general formula of geopolymers can be represented by Eq. (1): 

Mn{(SiO2)zAlO2}n,wH2O (1)  

where M is an alkali metal atom, z is 1, 2, or 3, and n is the degree of polycondensation or 
polymerization [14–17]. Thus, the origin of aluminosilicate raw materials and the strong 
alkali solutions used affect the composition and properties of the resulting geopolymer. 

Since geopolymer materials for road construction must meet high mechanical 
properties, the urgent task is to find ways to increase their strength characteristics. 

It is known that in order to improve the properties of geopolymer, special inorganic 
and organic additives are introduced into them, which can be in a solid or liquid state, 
have a different granulometric composition, be nanopowders, etc. Previously, the authors 
tested the effect of cullet additives and quartz sand on foamed geopolymer materials. It 
was established [18] that the addition of cullet tends to increase the strength properties 
of geopolymer materials, the strength of the material more than doubles. Quartz sand 
also positively affects the strength of the studied geopolymer samples, however, to a 
lesser extent, increasing the strength of the material by 1.8 times. In this case, cullet had 
a better effect on the properties of the final material, apparently due to the fact that it is 
an amorphous material, similar in structure to coal waste, which is also amorphous. In 
addition, tests were carried out on the effect on the properties of geopolymer materials 
of such inorganic substances as CaO, MgO, ZnO, TiO2, Al2O3, SiC etc. [19–23]. 

It has been established [24] that the inclusion of a small amount of zirconium diox-
ide into the composition of geopolymers significantly increases their ultimate strength, 
which is due to the formation of zirconium dioxide bonds with three-dimensional poly-
sylate chains, which leads to a decrease in the mobility of sodium ions. It is also known 
[25] that zirconium dioxide does not take part in geopolymerization processes, but acts 
as a filler, penetrating between the polysilate structure and forming a strong microstruc-
ture, which, consequently, increases the strength of the geopolymer, while if zirconium 
dioxide content exceeds 10%, deceleration occurs. the process of geopolymerization, 
and, consequently, negatively affects the ultimate strength of the geopolymer material. 

The authors of [24] studied the effect of adding zirconium dioxide on the strength 
characteristics of a geopolymer based on fly ash. The addition of zirconium dioxide in 
an amount of 3% made it possible to increase the strength of the sample by 30%. 

Studies have also been carried out on the effect of the mineral zircon (ZrSiO4) on  
the properties of dense geopolymer materials based on metakaolin. The authors of [25] 
found that the presence of zircon in an amount of 10 g per 100 g of metakaolin led 
to an improvement in the microstructure of the geopolymer. The authors suggest that 
the zircon was embedded between the polysialate chains, forming a rigid structure of 
the material, and thereby increasing its compressive strength to 74 MPa. However, the 
above studies are devoted to the effect of zirconium dioxide and the mineral zircon on the 
properties of dense geopolymer materials (geopolymer concrete). Studies on the effect 
of these components on the properties of foamed geopolymers with a cellular structure 
have not been found, and therefore this study is particularly relevant.
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2 Experimental Part 

To carry out the study, 2 series of compositions were developed; The oxide composition 
of the studied CCW s is presented in Table 1. 

Table 1 Oxide composition of the studied coal combustion wastes 

CCW Chemical compositiona [wt. %] 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 K2O Na2O P2O5 LOI 

Apatity CHP 52.39 22.15 7.73 3.59 2.63 0.37 1.05 1.94 0.78 0.36 6.05 

Severodvinsk 
CHP-1 

60.75 17.67 5.93 2.07 2.71 0.32 0.82 2.29 3.54 0.21 2.29 

a represented oxides, the content of which is higher than 0.1 wt. % 

The true density of CCW was determined by the pycnometric method; for waste from 
Severodvinsk CHP-1 it is 2034 kg/m3, for waste from Apatity CHP it is 1832 kg/m3. 

Study of the microstructure of waste from coal combustion at Severodvinsk CHP-1 
and Apatity CHP, electron microscopy of the material was carried out. Figure 1 shows 
the microstructure of the studied CCW. 

Fig. 1 Microscopic images of the studied wastes from coal combustion: No. 1—microstructure 
of the wastes of the Apatity CHP; No. 2—microstructure of the waste of Severodvinsk CHP-1 

Figure 1 shows that the microstructure of the considered materials is represented by 
spherical particles with a size of 1–100 microns. These particles are hollow aluminosili-
cate microspheres, which are glass–ceramic balls formed during the combustion of coal 
fuel in power plant boilers. The outer coating of these microscopic spheres is expressed 
by a vitreous substance with a smooth non-porous surface. The internal space of alu-
minosilicate microspheres is filled with gases formed during coal combustion, such as 
carbon oxides, nitrous gases, etc. [26].
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Microscopic images make it possible to see that in the studied coal combustion waste 
there is a variety of morphological properties of hollow aluminosilicate microspheres. 
So it can be seen that there are rather large aggregates of imperfect shape, 50–90 microns 
in size. Along with them, there are smaller aluminosilicate microspheres with a smooth 
surface and an ideal spherical shape, 5–20 µm in size. 

To study the phase composition of CCW at the Apatitskaya CHPP and Severodvinsk 
CHPP-1, a qualitative X-ray phase analysis of these materials was carried out on an 
ARLX’TRA diffractometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). 
In the analysis, the Bragg–Brentano method was applied, which consists in reflecting a 
focused beam of X-rays [27]. The results of X-ray phase analysis of waste are shown in 
Fig. 2. 

Fig. 2 X-ray pattern of the investigated coal combustion wastes: 1—wastes of the Apatity CHP; 
2—waste from Severodvinsk CHP-1. Q—high quartz, Mu—mullite 

The interpretation of the data obtained in the course of X-ray phase analysis was 
carried out using the Crystallographica Search-Match Version 3 software package of the 
ICDD PDF 2 database (International Center for Diffraction Data). 

Figure 2 shows that in the studied CCW, the crystalline phase is expressed by the 
presence of high quartz and mullite. It is also seen that the materials contain mainly an 
amorphous phase, expressed as a halo. Thus, the studied waste is an amorphous material 
containing high quartz and mullite crystals dissolved in it. 

Radiological studies of CCW were carried out using the MULTIRAD spectrometric 
complex with the PROGRESS software. These studies are aimed at establishing the 
content of radioactive isotopes such as K-40, Ra-226 and Th-232. 

Radiological studies of CCW from Apatitskaya CHPP and Severodvinskaya CHPP-
1 showed that their effective specific activity is no more than 370 Bq/kg, which confirms
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their relation to the first class of building materials. Based on this, the samples of the 
investigated waste can be used in all types of construction. 

Waste from coal combustion, which is the main precursor for obtaining geopolymers, 
was dried at a temperature of 105 °C for 24 h, ground and sifted through a sieve with a 
mesh size of 250 µm. In accordance with Table 2, mixing was carried out and an alkali 
activator solution was obtained: a 12 M aqueous solution of caustic soda was prepared, 
a 44% aqueous solution of sodium silicates of variable composition (silicate glue) was 
added to it, and the mixture was continuously stirred for 10 min. The resulting alkaline 
activator solution was mixed with previously prepared precursors—CCW, as well as 
the necessary amount of water necessary to obtain a homogeneous geopolymer paste, 
and stirred for 20 min. Aluminum powder for paint and varnish purposes and a 30% 
aqueous solution of hydrogen peroxide, as well as a hardening additive, zirconium diox-
ide, were used as blowing agents. In addition, a foam stabilizer—surfactant—sodium 
salt of stearic acid was introduced into the composition. It affects the interfilm fluid 
flow, stopping it, which positively affects the stability of the system’s foam frame. The 
resulting geopolymer mixture was poured into cylindrical molds 40 × 40 mm in size. 
After 24 h, the samples were removed from the molds and dried for 14 days. Further, 
the physical and mechanical characteristics of the finished samples, namely the density 
and compressive strength, were investigated. Samples of a similar composition were 
also obtained, but without the introduction of zirconium dioxide, in order to establish 
the effect of the latter on the strength characteristics of geopolymers by comparing the 
strength of the samples. 

Table 2 Raw material composition of geopolymers based on the studied wastes of coal 
combustion 

No. The content of the component [wt. %] 

CCW NaOH Silicate glue Al powder 
(over 100%) 

H2O2 30% 
(over 100%) 

Sodium 
stearate 
(over 100%) 

ZrO2 (over 
100%) 

Severodvinsk CHP-1 

1.1 73 2 25 – 2 1 3 

1.2 73 2 25 2 – 1 3 

Apatity CHP 

2.1 73 2 25 – 2 1 3 

2.2 73 2 25 2 – 1 3 

The charge composition of geopolymers is presented in Table 2.
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3 Results and Discussions 

During the experiment, the mechanisms that occur when blowing agents are introduced 
into the geopolymer mixture were studied, their structure formation was studied, their 
density and compressive strength were determined. 

The mechanism of foaming of a geopolymer suspension with hydrogen peroxide 
consists in the catalytic decomposition of H2O2 to form water and oxygen gas according 
to Eq. (2): 

H2O2 = H2O + O2 (2) 

Catalysts for the decomposition of hydrogen peroxide are metal oxides contained in 
ash and slag. 

The mechanism of foaming of a geopolymer suspension with aluminum powder 
consists in the interaction of aluminum with sodium hydroxide—a component of an 
alkaline activator and the formation of a complex sodium aluminate and hydrogen gas 
according to Eq. (3): 

2NaOH + 2Al + 6H2O = + 3H2 + 2Na[Al(OH)4] (3) 

The structure of the obtained samples containing zirconium dioxide is shown in 
Fig. 3.

The study of samples of the obtained materials for ultimate compressive strength 
was carried out using a test press TP-1-350 “Universal”. The experimentally obtained 
physical and mechanical properties of geopolymer samples are shown in Table 3.

From Table 3 it follows that the density of the obtained materials is lower compared 
to the true density of the studied CCW, which are used as precursors. Hydrogen peroxide 
showed great pore-forming activity, however, when it is used, the pore size varies in a 
wide range, for sample 1.2 the pore diameter is from 1 to 4 mm, for sample 2.2—from 1.0 
to 3.0 mm. This factor may adversely affect the operational properties of the geopolymer, 
and therefore, it is preferable to use aluminum powder as a powder-forming additive, 
since the pores in its use have a uniform distribution, a regular spherical shape, in the 
sample 1.1 the pore diameter is from 0.9 to 2.1 mm, in the sample 2.1—from 1.0 to 
2.0 mm. 

Tests for ultimate compressive strength of samples 1.1 and 1.2 based on CCW from 
Severodvinsk CHP-1 showed that zirconium dioxide has a positive effect on the strength 
of the material. The strength of sample 1.1 increased by 4.2 times, the strength of sample 
1.2 increased by 4.5 times compared to a sample not containing zirconium dioxide. The 
strength characteristics of samples based on CCW from the Apatity CHP showed the 
worst results. Despite the fact that the strength of sample 2.1 increased by 4.6 times, 
and the strength of sample 2.2 increased by 4.5 times, it is not sufficient to operate these 
samples. This is mainly due to the raw materials used—samples of geopolymers from 
the combustion waste of the Apatity CHP are unstable, which, apparently, is associated 
with an insufficiently high content of silicon oxide in the initial composition of the waste.
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Fig. 3 Structure of geopolymer samples obtained on the basis of the studied coal combustion 
wastes

Table 3 Physico-mechanical parameters obtained from samples of geopolymers based on the 
studied wastes of coal combustion 

Sample No Sample density [kg/m3] Strength of sample 
containing ZrO2 [MPa] 

Strength of the sample 
free of ZrO2 [MPa] 

1.1 518 2.86 0.68 

1.2 497 2.75 0.61 

2.1 522 1.58 0.34 

2.2 481 1.39 0.31

4 Conclusion 

Thus, the effect of adding zirconium dioxide on the strength properties of foamed 
geopolymer materials based on coal combustion wastes from Severodvinsk CHP-1 and 
Apatity CHP, located in the harsh Arctic climatic conditions of the Russian Federation, 
was experimentally studied: 

1. A scientific and technical review of existing studies in the field of the influence of 
zirconium dioxide on the strength characteristics of geopolymers was carried out. It 
was found that zirconium dioxide, as well as the mineral zircon, has a positive effect
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on the strength of geopolymer concretes, however, studies aimed at the effect of this 
component on the properties of foamed geopolymers have not been found. 

2. The chemical and phase analysis of the investigated wastes of coal combustion—ash 
and slag mixtures of Apatitskaya CHP and Severodvinsk CHP-1 was studied. It was 
revealed that they are aluminosilicate amorphous material with a small amount of 
crystalline phase in the form of quartz and mullite. Thus, these materials are suitable 
for the production of geopolymers. 

3. Microscopic analysis of the studied waste showed that their microstructure is rep-
resented by hollow aluminosilicate microspheres of various diameters—from 10 to 
100 microns. 

4. A series of samples containing the addition of 3% zirconium dioxide has been devel-
oped. In order to be able to compare the final properties of the material, a series of 
samples was also developed that did not contain this additive. 

5. It has been established that a 3% addition of zirconium dioxide made it possible to 
increase the strength of the studied samples by more than 4 times, which confirms 
its positive effect on the physical and mechanical properties of foamed geopolymer 
materials. 
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Abstract. During the work, an analytical review was carried out, including the 
study of the harmful effects of ash and slag dumps and the experience of their use 
during disposal. The definition of geopolymers has been compiled, as well as the 
ways of their application in various construction industry areas. Coal generation 
waste provided by Severodvinsk CHPP-1 was studied for its chemical composition 
and content of natural radionuclides, and on the basis of this, a class of radiolog-
ical hazard of materials was assigned. A composition for the synthesis of porous 
geopolymer materials has been developed, including aluminosilicate raw materi-
als, an alkaline activator and a foaming agent. Coal generation waste was used as 
aluminosilicate raw material; alkaline activator—a mixture of caustic soda solu-
tion and liquid sodium glass; aluminium powder was used as a blowing agent. As 
a curing mode, low-temperature curing is used—at room temperature, in an oven, 
as well as microwave radiation in a microwave oven. The effect of temperature-
time regimes on the final macrostructure and technical and operational properties 
of the synthesized porous geopolymers has been studied. 

Keywords: Recycling · Curing mode · Ash and slag waste · Coal generation 
waste · Porous geopolymer · Microwave radiation · Aluminosilicate 

1 Introduction 

At the moment, positions on correcting environmental problems in Russia and the world 
as a whole are receiving more attention. As one of the rather important problems that 
has a negative effect, one can single out the accumulation of coal generation waste in 
landfills, which is formed due to the combustion of solid fuels at thermal power plants. To 
ensure the stable and reliable operation of the ash and slag removal system and reduce the 
financial costs for its construction and operation, the site for waste dumps is designed 
cleanly next to the territory of the thermal power plant and residential development, 
which means the possible occurrence of negative consequences on the environment and 
public health in general. In accordance with the “European List of Waste Codes”, as well
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as the “Federal Classification Catalog of Waste of the Russian Federation”, solid fuel 
waste belongs to hazard class 5, which means that they are practically harmless. But, 
ash dumps can carry a potential hazard in environmental pollution through dusting of 
ash from the surface of ash and slag, as well as leaching of heavy elements and various 
erosion products into the soil by melt or rain streams. The combination of all this can 
lead to deterioration of the surface layer of the atmosphere and pollution of water and 
soil [1, 2]. 

Currently, according to the report of the Joint Stock Company “System Operator of 
the Unified Energy System” in the Russian Federation, by January 1, 2022, the number 
of thermal power plants reached 66.14% of all electricity generating stations in the state, 
of which 24% use coal for operation. At the moment, approximately 2 billion tons of 
coal generation waste has accumulated in Russia, occupying more than 230 km2, and 
the accumulation trend is rising by 20–25 million tons annually. The remaining ash and 
slag wastes are sent for temporary storage, to ash dumps [3–6]. 

In foreign countries, the issue of processing man-made raw materials has more exten-
sive solutions. In most European countries, coal generation waste is used as additives to 
Portland cement and concrete, the volume of processing of which is much higher than 
in Russia and is more than 90% [7]. This is achieved through legislative measures in 
these countries, a high tax on the lease of land for ash dumps and, in addition, the use of 
various incentives for the use of secondary raw materials in production. In turn, in India, 
coal generation waste is sent to ash dumps only in a small volume, within 30%, while the 
rest is sent to the production of various building materials: ceramic bricks; tiles; concrete 
[8]. In various states of America, coal generation waste in volumes close to 60% are 
used as a partial replacement for natural raw materials in the cement industry, or in the 
construction of protective structures and dams. Taking into account all of the above, we 
can conclude that the search for new ways to dispose of coal generation waste, taking 
into account the geographical needs and legislation of the country, is a very urgent task. 

It can be noted that at the moment, geopolymer materials are an innovative way to 
dispose of ash and slag waste, due to their unique composition and properties by type: 
high chemical resistance, high temperature stability, significant mechanical properties, 
as well as low energy consumption in their production [9–11]. Geopolymers binders are 
obtained by mixing man-made aluminosilicate secondary products and wastes, either 
natural or synthetic minerals, such as coal generation waste (including fly ash and slag), 
metakaolin, perlite, cullet, clay and rice husk ash, with aqueous solutions containing 
chemically active substances, called geopolymers [12–15]. Currently, such geopoly-
mers are used only in the pilot industry. Nevertheless, the growth of the prospect of 
industrial production of geopolymers exists under conditions when there are sources of 
industrial waste that are not involved in any way. Therefore, on the basis of the above alu-
minosilicate raw materials, it is possible to obtain both geopolymer concretes and highly 
porous materials that can be used as membranes and membrane substrates, adsorbents 
and filters, catalysts, and sound and heat insulating materials [16–18]. 

The term “geopolymer” was proposed by the French scientist D. Davidovits. In 
the 1970s, throughout France, cases of ignition of finishing materials, furniture and 
appliances, which were made from polymer materials based on organic compounds, 
became more frequent. As a result of massive fires causing damage to property, the
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environment was polluted due to the release of toxic substances during combustion. 
Then a workaround was found, consisting in replacing the used polymeric materials 
with aluminosilicate polymers, that is, a geopolymers [19]. 

At the initial stages of work on the technology0 of geopolymers, they were obtained 
on the basis of heat-treated kaolin, the polymerization of which was carried out in 
solutions of sodium hydroxide or liquid glass. Due to their higher cost, they have not 
been replaced by polymers, but they have found a wide range of applications. Further, 
in the course of scientific research, it was found that industrial wastes, such as ash from 
thermal power plants, slags and sludge, can be used in the production of geopolymers. 
The cost of new materials has decreased significantly and has risen in line with the 
cost of conventional polymers, which made it possible to consider geopolymers as an 
alternative option [20, 21]. 

The use of geopolymer materials in construction is due to the fact that they provide 
resistance to high temperatures, which is achieved due to the three-dimensional structure 
of the geopolymer network, which allows water molecules bound both physically and 
chemically to evaporate without problems. Also, the structure of the geopolymer provides 
water resistance, that is, water molecules do not penetrate the geopolymer matrix, so 
structures using geopolymer concrete do not require additional protection from water. In 
this regard, geopolymer materials have good frost resistance. Another unique property of 
such materials is resistance to aggressive environments, that is, the material has absolute 
chemical resistance. Consequently, the cost of construction using geopolymer materials 
will be many times less [22]. 

The creation of heat-insulating materials from porous geopolymers is very relevant 
when creating frost-protective layers of roads and asphalt concrete pavement, in par-
ticular in places with a climate close to extreme conditions, for example, in Norway 
or the Arctic zone of the Russian Federation. One of the very painful conditions that 
are present during the installation of roads in permafrost conditions is considered to be 
“frost heaving”, that is, defect formation on the road surface when unevenly distributed 
capillary moisture freezes in the soil layer. Theoretically, porous geopolymers will help 
solve this problem in harsh climatic conditions by creating moisture drainage deep into 
the soil, thereby increasing its stability. 

It is known that overall porosity and pore size distribution are the most important 
factors influencing the mechanical properties of porous geopolymers. Therefore, it is so 
important to study the influence of the temperature-time regime of synthesis on their 
structure and properties, because with the correct structural design, porous geopoly-
mers can become universal and Eco-conscious materials with a low footprint carbon 
throughout the entire product life cycle. 

2 Experimental Part 

2.1 Materials, Sample Synthesis and Methods 

To solve the problem, as the main aluminosilicate raw materials, we used coal-fired 
waste from the Severodvinsk CHPP-1, located in the city of Severodvinsk, Arkhangelsk 
Region, Russia.
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The technology for the synthesis of porous geopolymer materials is shown in Fig. 1. 
Dried and crushed coal waste was sieved through a sieve with a mesh size of 250 μm 
[23]. The alkaline activator of aluminosilicate components was prepared in a separate 
container by preparing a 12 M NaOH solution and mixing it with sodium liquid glass 
(silicate modulus = 2, water content 56%) manufactured by SilEx, Russia. The alkali 
used was a chemically pure (main component content of at least 99%) powder NaOH 
produced by LenReaktiv, Russia. After that, the resulting alkaline activator was poured 
into a pre-weighed sample of coal generation waste and sent for further mixing to the 
MSL-1S drum mill manufactured by PromStroyMash LLC, Russia. The mixing of the 
components was carried out at 120 rpm for 300 s. At the end of mixing, a spherical 
finely dispersed aluminium powder with a purity of at least 99% and a specific surface 
area of 140 m2/g produced by Metall Energo Holding, Russia was introduced into the 
suspension as a foaming agent. After that, the suspension was additionally stirred for 
30 s, since a further increase in the mixing time adversely affects the foaming due to the 
volatilization of gas bubbles and the onset of the reaction of aluminium powder with an 
alkaline component [24, 25]. 

Fig. 1 Porous geopolymer synthesis technology 

Upon completion of mixing, the resulting geopolymer suspension is poured into 
silicone cubic molds with an edge of 3 cm for further curing in a two-stage mode. The 
first stage is the same for all samples—curing takes place within 24 h at room temperature
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(25 ± 2°C) and relative humidity of 65 ± 5% in the room without direct sunlight on the 
samples. The second stage was carried out with further placement of the samples in an 
drying oven (LOIP LF 25/350-VS2, Joint-Stock Company “Laboratory Equipment and 
Devices”, Russia) at temperatures of 60, 70, 80 and 90 °C and holding for 8 h. Also for 
comparison, as additional modes, the results of curing geopolymer materials in a room 
without direct sunlight on samples at room temperature (25 ± 2 °C) for 14 days (RT) and 
using microwave radiation (M) in a Midea C4E AM720C4E-S microwave oven (Midea 
Group Co., Ltd, China) are given. For 5 min, the sample was exposed to microwave 
radiation with a power of 700 W at a frequency of 2500 MHz. 

At present, microwave radiation is widely used as an innovative method for acceler-
ating heating and increasing the intensity of chemical reactions. This is due to the fact 
that microwaves are able to quickly penetrate almost any material and release energy, 
which leads to volumetric heating of the entire material. It also simplifies process con-
trol. Microwaves can be especially useful for making geopolymer foams because they 
have low thermal conductivity, and microwaves can improve heat transfer. 

To study the technical-operating and physicochemical properties of the synthesized 
porous geopolymer materials, the following methods and characteristics were chosen: 
chemical oxide composition, qualitative X-ray phase analysis, bulk density, kg/m3, ulti-
mate compressive strength, MPa, and thermal conductivity, W/(m·K). Previously, the 
authors described the measurement techniques used and the formulas in the article [26]. 

3 Results and Discussions 

Like any other raw materials used for various construction industries, coal-fired genera-
tion wastes must be examined for the content of natural radionuclides, since it is known 
that when solid fuels are burned in CHP boilers, they are concentrated and accumulated. 
The specific activity of radionuclides of radium (226), thorium (232) and potassium 
(40) in the studied waste is 157 ± 19 Bq/kg, which does not exceed the limit values of 
370 Bq/kg. This content does not impose restrictions on the area of use of the studied 
wastes [24]. 

The chemical oxide composition of the used aluminosilicate raw materials in the 
form of waste from coal generation and synthesized porous geopolymer materials is 
presented in Table 1. 

Table 1 Chemical composition of coal generation waste and synthesized porous geopolymer 
materials, wt.% 

Material SiO2 Al2O3 Fe2O3 MgO Na2O K2O CaO TiO2 MnO P2O5 SO3 Loss on 
calcination 

Coal 
generation 
waste 

61.55 17.91 6.01 2.74 3.61 2.32 2.11 0.83 0.07 0.21 0.32 2.32 

Porous 
geopolymer 

62.00 14.50 4.45 1.91 6.99 2.07 2.03 0.67 0.05 0.19 0.08 5.04
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As can be seen from the data obtained, the chemical composition of the synthesized 
porous geopolymer material differs slightly from the raw material used. There was an 
increase in the content of silicon dioxide and sodium oxide, in other cases, a decrease 
in the mass content of oxides can be observed. This is probably due to the fact that 
the added components, namely, the alkaline activator, partially dissolve oxides, as a 
result of which they pass into an amorphous structure in the form of a glass phase. An 
increase in the content of sodium oxide from 3.6% to 7% is also associated with the 
addition of sodium liquid glass and sodium hydroxide. In both cases, the content of 
calcium and magnesium oxides does not exceed 5%, which classifies both materials as 
acidic. “Loss on calcination” in the waste of coal generation are probably represented by 
“underburnt (unburned fuel)”, and in the synthesized porous geopolymer also underburnt 
and hydroxocomplex Na[Al(OH)4], which has a decomposition temperature of 800 °C. 

The component composition used for the synthesis of porous geopolymer is presented 
in Table 2. As mentioned earlier, to research the effect of the temperature–time regime 
of synthesis on the physicochemical properties and structure of porous geopolymers, 6 
modes of two-stage curing were selected: 24 h at room temperature 25 ± 2°C followed 
by 8 h in a drying  cabinet temperature of 60± 1, 70 ± 1, 80± 1 and 90 ± 1°C. Also added 
for comparison is indoor curing at room temperature (25 ± 2°C) without direct sunlight 
on the samples for 14 days (RT) and in a microwave oven using 700W microwave (M) 
at 2500 MHz. 

Table 2 Component composition of the raw mixture, wt.% 

Ash and slag waste Alkali [NaOH] Water [H2O] Liquid glass Aluminium powder, 
over 100 

70.0 2.5 5.0 22.5 2.0 

The use of aluminium powder as a blowing agent theoretically should increase the 
strength of the synthesized sample due to the formation of a hydroxocomplex, in contrast 
to the use of hydrogen peroxide [27]. The foaming mechanism during its use consists in 
interaction with an alkaline solution, in which hydrogen is released and the Na[Al(OH)4] 
hydroxocomplex is formed, which can be represented by reaction 1: 

2Al + 2NaOH + 6H2O = 2Na
[
Al(OH)4

]
+ 3H2 (1) 

X-ray phase analysis has been carried out to identify phases or crystalline peaks of 
minerals present in porous geopolymers. As mentioned earlier, 6 different low temper-
ature conditions were used in the present study, however only 1 composition. Based on 
this, the authors carried out an x-ray phase analysis of 3 temperature–time modes: RT, 80 
°C and M. The obtained x-ray patterns during merged do not differ from each other, since 
there were no high-temperature heat treatment modes and a change in the component 
composition, which can affect phase composition. Therefore, in Fig. 2 shows 1 typical 
X-ray diffraction pattern of the porous geopolymers of composition (80).

According to the data obtained, it should be noted that the X-ray diffraction pattern 
is characterized by the presence of an amorphous aluminosilicate glass phase, which
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Fig. 2 Results of X-ray analysis porous geopolymer (80 °C): Δ—quartz (SiO2), ⃞—mullite

confirms the presence of a “halo” at shooting angles of 18–34° (2θ). It is formed as a 
result of solidification of slag in water and the subsequent sharp decrease in its tem-
perature, as a result of which the aluminosilicate melt does not have time to crystallize 
and an amorphous glass phase is formed. It should also be noted that the presence of an 
amorphous structure increases the reactivity of the raw material. Porous geopolymers 
are composed of the same crystalline phases in the form of quartz (ICCD PDF# 82-0512) 
and mullite, at the sensitivity limit of the instrument (ICCD PDF# 15-0776). 

Based on the component composition of the raw mixture and the presented technol-
ogy, porous geopolymer materials were obtained with the following external structure 
and physicochemical properties, shown in Fig. 3 and in Table 3.

As can be seen from the data obtained, a change in the curing temperature has an 
insignificant effect on the density of the geopolymers: rise in temperature for every 10 
°C reduces the density of the samples by an average of 2.5%. The density difference 
between 60 and 90 °C is 8%. Curing of porous geopolymers at room temperature 25 ± 
2 for 14 days also has no significant effect on the density of the samples—it is at the 
level of 60–70 °C. However, using microwave as the curing mode increases the average 
density by 19% compared to the RT composition. Since thermal conductivity depends 
almost linearly on density and porosity, a similar development of this indicator can be 
observed. 

A completely different trend can be observed when studying the ultimate compressive 
strength of synthesized samples. An increase in temperature has a significant effect on
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Fig. 3 Structure of porous geopolymers 

Table 3 Average characteristics of porous geopolymers 

Curing mode, °C Density, ρ, [kg/m3] Strength, R, [MPa] Thermal Conductivity, [W/(m·K)] 

60 332 ± 2 1.02 ± 0.04 0.0754 ± 0.0006 
70 325 ± 14 0.89 ± 0.05 0.0745 ± 0.0006 
80 316 ± 15 0.76 ± 0.02 0.0719 ± 0.0009 
90 306 ± 12 0.73 ± 0.05 0.0699 ± 0.0007 
RT 328 ± 12 0.58 ± 0.01 0.0749 ± 0.0011 
M 391 ± 16 1.31 ± 0.05 0.0875 ± 0.0016

strength characteristics: so increasing it by 10 °C, from 60 to 70 °C, reduces strength by 
13%, from 70 to 80 °C by 15%, from 80 to 90 °C by 4%, which ultimately leads to a 30% 
deterioration in strength characteristics. Samples with curing mode RT show the worst 
strength of 0.58 MPa. The use of microwave radiation, on the contrary, significantly 
increases the ultimate compressive strength: relative to the RT composition, there was 
an increase in strength by 126%, which is an excellent result. If we compare microwave 
radiation with thermal conditions (60 °C), we can see a not so grandiose, but very 
noticeable increase in tensile strength by 28%, which is also a good result.
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The obtained dynamics of strength reduction is probably associated with the follow-
ing factors: with an increase in temperature, the intensity of water evaporation increases 
and, as a result, macropores increase in size. This contributes to a decrease in the thick-
ness of the interpore partitions, which ultimately affects the density and ultimate strength 
of the samples. 

Also, due to the increase in the rate of the geopolymerization reaction and the rapid 
release of water from the samples, the solid/liquid phase ratio changes, which has a huge 
impact on the viscosity and rheology of the reaction mixture. Due to the rapid increase 
in viscosity and, as a result, a decrease in the reactivity of the geopolymer mixture, the 
geopolymerization reaction does not have time to complete before the samples are cured, 
which has a negative effect on the ultimate strength of porous geopolymers. 

With regard to exposure by microwave radiation, presumably, it also allows to 
increase the temperature of the geopolymer raw material mixture in the shortest possible 
time, which leads to the adhesion reaction of aluminosilicate groups and the creation of 
an impermeable film. Further heating above 100 °C results in the formation of steam, 
which expands the film, causing swelling and pore formation. This continues until the 
aluminosilicate groups form a rigid brittle bond consisting of sialates. Probably, with 
further heating for more than 5 min, the pore size increases, which affects the final 
properties of the obtained samples. 

4 Conclusion 

Analyzing the above, we can summarize the following results: 

1. Despite the maximum density among all temperature–time modes, with the compo-
nent composition used, the mode using microwave radiation is the most optimal. In 
this case, the obtained density is 391 ± 16 kg/m3, and the compressive strength is 
1.31 ± 0.05 MPa. 

2. Among the low-temperature conditions using a drying oven, the best is the curing 
of porous geopolymers with exposure for 24 h at room temperature, followed by 
placement in an oven for 8 h at a temperature of 60 °C. In this case, the obtained 
density is 332 ± 2 kg/m3, and the ultimate compressive strength is 1.02 ± 0.04 MPa. 

3. When the curing temperature rises from 60 to 90 °C, the density decreases by 8% 
from 332 to 306 kg/m3, and the compressive strength from 1.02 to 0.73 MPa, which 
is 30%. The most significant factor influencing the decrease in density and strength 
is an increase in the size of macropores and a decrease in the thickness of interpore 
partitions due to more intensive water evaporation. Also, the ratio of solid and liquid 
phases, which slows down or accelerates the rate of the geopolymerization reaction, 
which is individual for each chemical composition of the raw material and the com-
ponent composition of the geopolymer mixture, has a huge impact on the properties 
obtained. 
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Abstract. The purpose of the research is the scientific substantiation of the con-
ceptual foundations of the methodology for the creation and development of a 
class of natural-technical systems (NTS) as part of a natural component in the 
form of a “Natural environment” (“NE”) in the spatial limits of a river basin 
geosystem, where quantitative and qualitative indicators of water runoff (surface, 
underground), “Technogenic component” are formed in the form of various types 
of hydraulic structures (HS) and related buildings, referred to as the “Object of 
activity” (“OA”) and the social component—the “Population” (“P”) living in the 
zones of influence of “OA”, which in the systemic understanding are intercon-
nected, interacting and interrelating (III) in the processes of using water resources 
in various technological schemes of water consumption and water use of economic 
and other activities. The relevance of research on the creation and development of 
the methodology of the NTS class “NE-OA-P” is determined by the need to study 
the processes of formation of orderliness between natural, man-made and social 
components and integrity as a management mechanism to ensure the preserva-
tion of development, and through development—ensuring the preservation of the 
dominant role of the whole, as part of the system, which becomes achievable by 
creating a methodology for assessing the impact of the technogenic component 
“OA” with its elements on the natural “NE” and social “P” components in the 
space and time of the river basin geosystem. 

Keywords: System · System approach · System analysis · Component · 
Element · Structure · Integrity 

1 Introduction 

In the creation and development of the NTS class “NE-OA-P”, related to the use of water 
resources in almost all branches of modern economic and other activities, it determines 
both theoretical and practical significance [1].
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The theoretical significance of a relatively new class of systems is determined by 
the fact that due attention is not paid to the study of this type of systems in the sci-
entific domestic and foreign literature and practice, although the problem of “Water” 
as a renewable resource in its significance ranks second among the most important 
problems—“Energy” and “Food” in the global system “Nature—Society—Man”. The 
problem of “Ecology” in importance and among the 10 most important problems is in 
fourth place after the three main problems. 

The practical significance of the methodology for the creation and development 
of the NTS class “NE-OA-P” is conditioned by modern environmental requirements 
to ensure environmental safety in the zones of influence of “OA”, which determines 
the need for an objective assessment of the impact of the functioning of “OA” during 
construction and operation on the processes of vital activity in the plant and animal 
world in natural environments, the social sphere of the resident “P” and the emerging 
changes in the dynamics of the movement of flows of matter, energy and information 
(MEI) within the river hydrographic network and the upper layers of the lithosphere. It 
should be noted that in this formulation of the solution of environmental requirements in 
the environmental impact assessment (EIA) procedure, “OA” in the form of a complex 
of hydraulic structures (CHS) was first performed during the construction and operation 
of the Zelenchuk HPP-HPSPP (2005–2015). 

According to its functional purpose, located within the catchment area of the river 
hydrographic network, it carries out intra-basin regulation and inter-basin redistribution 
of water flow between tributaries of the main riverbed, for example, the Upper Kuban, 
by constructing reservoir waterworks, taking estimated water flow rates (Q m3/s) from 
the water body and transporting them to specific water consumers (systems irrigation, 
drinking water supply of cities and settlements) and water users (hydroelectric power 
plants, hydraulic pumped storage power stations, thermal power plants, state district 
power stations, nuclear power plants, industrial enterprises, etc.) [2–4]. 

The changes introduced into the natural processes of the movement of MEI flows in 
the considered space and time of the river basin geosystem affect almost all processes 
of vital activity in the plant and animal world of the natural component “NE” and the 
hydrological channel-forming processes included in it on the river hydrographic network, 
which have a special impact on the vital activity of the animal world in the riverbeds 
of the river network and, in particular, in particular, ichthyofauna (fish species, crayfish, 
etc.), as well as on the life processes of the social component—the resident “P” in the 
zones of influence of the technogenic component “OA” in accordance with modern 
environmental requirements [5, 6] cause the need to assess the impact of “OA” on the 
natural “NE” and social “P” components in the composition of the NTS “NE-OA-P” [7, 
8]. 

2 Materials and Methods 

The methodology in the creation and development of the NTS class “NE-OA-P” acts in 
the form of prescriptions and regulatory requirements, which fix the content and sequence 
of evaluation of the processes of the man-made component in the form of “OA” with 
the natural component “NE” in the spatial limits of the river basin geosystem, which
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includes surface atmospheric layers (up to 10 km.), where water precipitation (rain, 
snow) is formed; the catchment area of the river hydrographic network, where surface 
water runoff is formed; the upper layers of the lithosphere, where underground water 
runoff is formed, entering the river network; soil cover with underlying rocks; diversity 
of flora and fauna on the earth’s surface of the catchment area territories and in the aquatic 
environment of the river network (flora and fauna); social component as a resident of 
“P” in the zones of influence of “OA” (Fig. 1) [9–11]. 

Fig. 1 Diagram of the model of interaction of components in the NTS “NE-OA-P” in the spatial 
limits of the river basin geosystem 

The methodology of the study of the processes of III components as part of the con-
sidered NTS class “NE-OA-P” in the general array of scientific knowledge has two bases 
as its source. Firstly, the scientific cognition of the NTS class “NE-OA-P” masters very 
complex objects of economic and other activities related to the use of water resources, 
which leads to an increase in the level of abstraction on physical and mathematical mod-
els of research, as a result of this, the question of the means of research and the principles 
of the approach to the III processes of the components of the NTS “NE-OA-P” become 
one of the central ones and occupy a relatively independent place in the system of cog-
nitive activity, for example, to ensure environmental safety [12, 13] in the use of water 
resources in economic and other activities. Secondly, engaging in scientific research on 
various issues related to the hydrological processes of the formation of water runoff 
(surface, underground) in the space and time of the river basin geosystem, its partial 
use in technological processes of economic and other activities, assessing the level of 
influence of “OA” on the processes of vital activity in the plant and animal world as in 
“NE”, and a resident “P” in the zones of influence of “OA” [14–16]. 

In the methodology of the creation and development of the NTS class “NE-OA-
P”, system concepts are important, reflecting the essential properties, connections and 
relationships of natural, man-made and social components in their contradiction and 
development. So, the concept is a thought (or a system of thoughts) that generalizes and 
distinguishes the elements that are part of the components of the considered class of 
NTS class “NE-OA-P” by a certain common and collectively pacific feature for them 
[15, 16]. The concept finds its real mental being in the deployment of definitions in 
judgments as part of a certain methodology, and in the case under consideration, this is 
the methodology for the creation and development of the NTS class “NE-OA-P” on the 
use of water resources. In the creation and development of this methodology, basic and
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important concepts have been formulated for practical use, which are the methodological 
and theoretical basis for the study of important issues on the creation and development 
of the NTS class “NE-OA-P”, which is relatively young [17–19]. 

One of the features of the formation of scientific thinking in the methodology of the 
creation and development of the NTS class “NE-OA-P” are fundamental basic concepts 
as a universal measure of the forms of motion and interaction of matter—Energy and 
its “shadow” Entropy, time and the Arrow of time, system and system approach, whole 
and integrity, system analysis, development and a number of important concepts—irre-
versibility, complexity, structure, element, dissipation, bifurcation and fluctuation, self-
organization, environmental hazard and environmental safety, ecological acceptability 
and ecological unacceptability, the dominant role of the whole, natural and man-made 
components, coevolution [15–19]. 

3 System Concepts 

The “System approach” and “System analysis” in the creation and development of the 
fundamentals of the methodology of the NTS class “NE-OA-P” is based on the central 
concept of “System” and it should be noted that the primacy in the use of this concept can 
be traced to Aristotle. The use of system concepts with an awareness of the system and 
the surrounding world in scientific and economic activities began to be widely used after 
the publication of N. Wiener’s scientific work entitled “Cybernetics” in 1948 (Fig. 2). 

Fig. 2 Spatial scheme of the basin geosystem of the Upper Kuban
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The fundamentals of the methodology for the creation and development of the NTS 
class “NE-OA-P” is based on system principles—the integrity, structurality, interdepen-
dence of the system on the state of the spatial limits of the river basin geosystem, where 
quantitative and qualitative indicators of water resources are formed, some of which are 
used for technological processes of economic and other activities and the hierarchy of 
the system, where each component of the NTS “NE-OA-P” can be considered as a sub-
system. In the classification assessment, NTS “NE-OA-P” are considered as dynamic 
systems that change their state in time and space where water resources are formed [17]. 

By the nature of the III components in the composition of the NTS “NE-OA-P” 
and the elements included in them (flora and fauna in the catchment area of the river 
network, soil cover with underlying rocks, river ichthyofauna, protective devices against 
ingress into technological systems of juvenile fish, entrained sediments, etc.) in space 
and time of the river basin geosystem are open and nonequilibrium with respect to the 
basin geosystems higher in the hierarchical series, within which the input and output of 
flows of matter, energy and information is constantly taking place [18]. 

4 Results 

The use of water resources in the branches of economic and other activities in the sci-
entific and methodological understanding of this process is conditioned by the dialogue 
with the natural environment (“NE”) in the space and time of the river basin geosystem. 
But what makes this dialogue possible. Cognition of the ongoing III processes of the 
technogenic component “OA” in the form of CHS placed on the catchment area of the 
river network with a natural component (“NE”) and its constituent elements and social 
component, a resident “P” creates a difference between the past before the construc-
tion of “OA” and the future during the operation of “OA”, that is, restoration is taking 
place—an integral attribute in the methodology of creating a NTS “NE-OA-P” on the 
use of water resources in economic and other activities [19]. 

In his work “The Open Universe” Karl Popper notes that any phenomenon is caused 
by certain previous phenomena and therefore any phenomenon can be explained or pre-
dicted… “On the other hand, common sense suggests a free choice between alternative 
possibilities to act”. The dilemma of determinism—causality is closely related to the 
meaning of time. Is the future set or in the process of being built? There is a deep 
dilemma in this question, since time is the fundamental dimension of all living and inan-
imate things. At the fundamental level, when studying the processes of III components 
in the NTS “NE-OA-P”, the past and future play various roles [19], which determines the 
concept of “Arrow of Time”, which determines the paradox of time, which indicates the 
direction of irreversibility of the phenomena occurring on the river network when using 
water resources in technological processes, each of which illustrates the constructive role 
of the Arrow of Time. Irreversibility, as it is established, in the use of water resources 
leads to coherence (consistency in time) to new phenomena, effects covering almost 
the entire hydrographic river network of the basin geosystem where water resources are 
formed. Irreversible processes have a direction in time, for example, due to viscosity, 
the fluid flow stops over time. Reversible processes are the lot of idealization. In order 
for the pendulum to oscillate reversibly in time, it is necessary to neglect friction [20].
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The distinction between reversible and irreversible processes entered through the 
concept of entropy associated with the second principle of thermodynamics, which 
was defined by R. Yu Clausius in 1865. Irreversible processes produce entropy, and 
reversible processes leave entropy constant. According to the proposed formulation of 
R. Yu Clausius: “The energy of the world is constant, and the entropy of the world is 
increasing” became the first formulation of the evolutionary picture of the world based on 
the existence of irreversible processes [20]. In the considered spatial limits of the river 
basin geosystem, where quantitative and qualitative indicators of water resources are 
formed, a certain estimated part of which will be used in various technological systems 
of water use and water consumption, for which intra-basin regulation and redistribution 
of water runoff are carried out, causing irreversible processes in the natural (“NE”) and 
social (“P”) components in interaction with the technogenic component “OA” as part of 
the NTS “NE-OA-P” [21]. 

The irreversibility of processes in the formation of water resources, both at the 
level of the global system of the Earth’s biosphere and at the local level of the river 
basin geosystem occurs due to solar energy flows (radiation), which occurs as a result 
of irreversible nuclear processes occurring in the Sun. In the spatial limits of river 
basin geosystems, irreversibility is caused by the processes of formation of water runoff 
(surface, underground) in the spatial limits of the river basin geosystem and its partial 
use in various technological systems of water consumption and water use by intra-basin 
regulation and inter-basin redistribution with the creation of reservoir waterworks, the 
use of various types of hydraulic structures, associated buildings, irrigation systems, 
drinking and technical water supply, etc. [21]. 

It is important to note the constructive role of irreversibility in the methodology of 
creation and development of the NTS class “NE-OA-P”, since the systems under con-
sideration are characterized as nonequilibrium, in which nonequilibrium leads to special 
forms of coherence in the processes between natural “NE”, social “P” and technogenic 
“OA” components. Objective examples can be the “OA” operating for many decades in 
the form of reservoir waterworks providing water consumption and water use systems 
of industrial and agricultural enterprises, water transport, etc. [22]. 

Whatever the past, there are two types of processes in the present: time-reversible 
processes, for example, the movement of the Moon, and irreversible processes in which 
the asymmetry of the past and the future is obvious, which is reflected in the evolutionary 
nature of the Universe and the fundamental laws of physics [22]. 

The concept of complexity is one of the concepts that are an integral part of the prob-
lems they generate. For the NTS class “NE-OA-P” this is the ability to carry out intra-
basin regulation or inter-basin redistribution of water runoff through the construction of 
reservoir hydroelectric units and the corresponding CHS. The concept of complexity for 
the NTS class “NE-OA-P” is also conditioned by the fact that the regulation or redis-
tribution of water flow within the river basin geosystem largely affects the evolutionary 
processes in the natural component “NE” [21, 22]. 

In the methodology of cognition of the complex in the considered NTS class “NE-
OA-P” of the real “NE”, unstable processes are observed in the movement of MEI flows 
in the vital activity of biota, various types of instability and fluctuations that cause the 
diversity, richness of forms and structures that we encounter when creating and operating
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“OA” in part of the NTS “NE-OA-P”. The concepts of complexity, coherence, and 
orderliness for the NTS class “NE-OA-P” are fundamental. Coherence in the considered 
NTS class “NE-OA-P” is a constant relationship in time between the elements of the 
natural component (“NE”), the technogenic component (“OA”) and the needs of the 
social component (“P”) in water resources taken from the water bodies of the river 
hydrographic network. 

In the modern climate system of the Earth, an important role is assigned to water 
resources, which occupy about 70% of the Earth’s surface by the World Ocean (361 
million km2), and land occupies 149 million km2. The rivers of the land carry the flow 
of about 45.8 thousand km3, and 44.7 thousand km3 is discharged into the World Ocean, 
1.1 km3 is lost during transportation through river networks. The inflow of underground 
runoff from the land continents into the World Ocean is about 47 thousand km3. In  
methodological terms, it is important to note that all the Water in the Solar System 
originates from a giant primary “cloud” consisting of gas and dust, which shrank sharply 
4 billion years ago, forming the Solar System (journal “In the World of Sciences” No. 
6 pp. 46–47, 2015). 

In the methodology of the NTS class “NE-OA-P” one of the basic concepts is 
integrity, which determines the dominant role of the whole over the parts—natural “NE”, 
technogenic “OA” and social “P” components and their elements, and it is necessary to 
take into account this technical relationship with concepts such as integrity, structure, 
element in the construction and operation of “OA” as part of the NTS class “NE-OA-P” 
[22]. System principles—integrity (irreducibility of the properties of the system to the 
sum of the properties of its constituent elements in the components and irreducibility 
of the last properties of the whole); dependence of each element, its properties and 
the relationship of the system on its place, function, etc. within the whole); structures 
(the possibility of describing the system, the conditionality of the behavior of the sys-
tem by the behavior of its components and the interdependence of the system and the 
environment in the zones of influence of the “OA” (the system forms and manifests its 
properties in the process of interaction with the environment in the spatial limits of the 
basin geosystem, where water resources are formed). The multiplicity of the description 
of the considered NTS class “NE-OA-P” necessitates the construction of various models, 
for example, a change in the channel hydrograph in sections of the riverbed, etc. 

The system integrity in the NTS class “NE-OA-P”, as established by studies on the 
example of operating “OA” within the river basin geosystems of the Kuban, Terek and 
Lower Don rivers, is determined by a number of system functional indicators:

● self-organization processes;
● openness to the environment of the spatial limits of the river basin geosystem;
● the growth of opportunities to influence the external environment;
● reflection of objective reality in the functioning of the “OA” as part of the NTS 

“NE-OA-P”
● demand for the use of water resources in the branches of economic and other activities;
● a steady trend in the possibility of ensuring the growth of useful capacity (P) in the 

created and operating NTS “NE-OA-P”;
● a steady tendency to decrease the growth rate of power losses in the system (G);
● a potential opportunity to increase efficiency in the functioning of the “OA” as part 

of the NTS “NE-OA-P”;
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● ensuring a steady trend towards increasing the efficiency of the use of natural resources 
and reducing the growth rate of energy consumption. 

Reflection of the objective reality of the operating NTS “NE-OA-P” is manifested 
in the processes of III between natural (“NE”), technogenic “OA” and social (“P”) 
components as part of the class of systems under consideration. 

The demand for “OA” as part of the NTS class “NE-OA-P” is determined, on the 
one hand, by the ecological acceptability of the technogenic component and its elements 
to the natural component (“NE”) in the zones of its influence, and on the other hand, by 
the vital need of the social component (“P”) [23]. 

The ecological acceptability of “OA” as part of the NTS class “NE-OA-P” is deter-
mined by constructive perfection, for example, protection from ingress into technologi-
cal systems of water consumption of ichthyofauna (fish species, etc.) and the ability to 
self-organization processes in the processes of transformation in the natural component 
(“NE”) under the influence of “OA” [23]. 

The ecological acceptability of “OA” contributes to the dominance of natural trans-
formation processes in the natural component (“NE”) and, as a consequence, to a decrease 
in the growth rate of the entropy level in the space and time of the zones of influence 
of “OA”. The assessment of the level of ecological acceptability of the “OA” as part of 
the NTS “NE-OA-P” is determined on the basis of the results of the system integrated 
environmental monitoring (SIEM) in the periods. Construction and operation of “OA” 
[22, 23]. The natural component is formed by the processes of global moisture turnover, 
the technogenic component is determined by the functional orientation of the “OA” as 
part of the NTS “NE-OA-P”, for example, water consumption of water supply systems, 
irrigation or water use of technical water supply systems of hydroelectric power plants, 
hydraulic pumped storage power stations, state district power stations, nuclear power 
plants, etc. [23]. 

In the processes of functioning of the technogenic component “OA” in the natural 
(“NE”) and social (“P”) components, certain changes inevitably occur in the move-
ments of the MEI flows, which determine the processes of vital activity in the biota and 
the living population (“P”). The changes introduced in the space and time of the river 
basin geosystem determine the processes of self-organization between the “OA”, natural 
(“NE”) and social (“P”) components that ensure the sustainable functioning of the NTS 
“NE-OA-P”. 

For the NTS class “NE-OA-P”, there are three types of self-organization processes:

● self-origin of an organization or the emergence of a certain set of integral objects of 
a certain hierarchical level, a new integral system with its own specific patterns;

● the processes by which the system maintains a certain level of organization when the 
external and internal conditions of its functioning change;

● the third type of self-organization processes is associated with the improvement and 
development of the system, when the accumulated experience in self-organization 
processes is used. 

In a generalized sense, self-organization in the III processes between components 
and their constituent elements in the NTS class “NE-OA-P” should be understood as a 
natural process in which the organization of a complex dynamic system in space and
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time of a river basin geosystem is created, reproduced and improved. The term self-
organizing system was introduced by the English scientist W.R. Ashby (1947). For the 
NTS class “NE-OA-P”, the processes of self-organization to a greater extent correspond 
to the third type, in which “OA” is used as much as possible, both in highly active and 
in active and weakly active zones of influence. 

Long-term experience of monitoring studies of operating “OA” as part of the NTS 
“NE-OA-P”, in which there is a steady trend of self-adaptation of the elements of “OA” to 
the elements of natural “NE” and social “P” components, which is provided by structural 
transformations in natural environments. Consequently, an important conclusion can be 
drawn that the processes of self-organization in the zones of influence of “OA” can be 
considered as a universal model of transformations that contributes to ensuring natural 
and man-made integrity, in which natural processes play a dominant role. 

Based on the results of studies operating within the river basin geosystems of the 
Kuban, Terek and Lower Don and the created NTS “NE-OA-P”, in the basin of the Upper 
Kuban—Zelenchuk HPP-HPSPP and downstream of the Kuban Upper-Krasnogorsk 
HPP-1 and HPP-2, an important conclusion can be drawn, that self-organization in the 
NTS class “NE-OA-P” is carried out by purposeful processes, in the course of which 
there is a transformation in the ordering, complication of existing and formation of new 
III between the natural “NE” component, with biotic and abiotic elements included in it, 
and technogenic “OA” and social “P” components in response to a change in the “NE” 
state under the influence of “OA” in space and time of the river basin geosystem.The 
study of self-organization processes in the created and operating NTS “NE-OA-P” will 
allow more objectively and reasonably perform an environmental impact assessment 
(EIA) of “OA” during the period of engineering and environmental surveys at the design, 
construction and subsequent operation stage [23]. 

The methodology of the NTS class “NE-OA-P”, as established by research, is based 
on system concepts and principles, which, according to functional use, are divided 
into fundamental ones—energy, entropy, time, Arrow of time, system, system app-
roach, integrity, development, a number of important ones—irreversibility, reversibility, 
complexity, structure, self-organization, environmental hazard, ecological acceptability, 
environmental safety, environmental condition, the dominant role of the whole, natural 
and man-made components. 

The methodology of classification assessment considers the NTS class “NE-OA-P” 
as a dynamic system that changes its state in space and time, where quantitative and 
qualitative indicators of water resources are formed. 

References 

1 . Bondarenko VL, Ylyasov AI, Khetsuriani ED, Semenova EA, Larin DS, Khetsuriani TE 
(2020) Environmental safety conditions and factors in zones of influence of water facili-
ties. In the Collection. materials science and engineering, series construction materials and 
technologies of binders, concrete and building ceramics. Novocherkassk, p 129–138 

2 . Badalyan LH, Kurdyukov VN, Ovcharenko AM (2014) The current state of research in the 
field of integrated assessment of the safety of the ecosystem of the city under the influence 
of motor transport. Rat Use Cons Aquatic Biol Res, Novocherkassk, 142–151



538 E. D. KHetsuriani et al.

3 . Bondarenko VL, Gutenev VV, Privalenko VV, Polyakov ES (2007) Environmental impact 
assessment (EIA) in the design of the Zelenchuk hydroelectric power plant water management 
complex. Theo Appl Ecol 1:47–54 

4 . Bondarenko VL, Klimenko OV, Semenova EA, Nikolaenko DA (2016) Environmental safety 
in construction. Engineering and environmental surveys in the complex of surveys for the 
construction of water facilities: monograph of Bondarenko V.L. Novocherkassk, pp 227–243 

5 . Bondarenko VL, Privalenko VV, Kuvalkin AV (2009) Solving environmental problems in the 
design of hydraulic structures (on the example of the basin geosystem of the Upper Kuban). 
Monograph of the Publishing House of the SSC RAS, Rostov-on-Don, pp 306–319 

6 . Bondarenko VL, Semenova EA, Aliferov AV, Klimenko NV (2016) Natural and technical 
systems in the use of water resources: territories of basin geosystems. Monograph of the 
South Russian State Polytechnic University (NPI) named after M. I. Platov, Novocherkassk, 
pp 204–215 

7 . Bondarenko VL, Skibin GM, Azarov VN, Semenova EA, Privalenko VV (2016) Environ-
mental safety in environmental management, water use and construction: assessment of the 
ecological state of basin geosystems. Monograph of the South Russian State Polytechnic 
University (NPI) named after M. I. Platov, Novocherkassk, pp 419–425 

8 . Budyko MI, Drozdov OA (1950) About moisture turnover in a limited land area. Questions 
of hydrometeorological efficiency of protective afforestation, Moscow, pp 248–264 

9 . Vernadsky VI (1988) Philosophical thoughts of a naturalist. Publishing house “Science”, 
Moscow, pp 520–582 

10 . Ged RD (1990) Energy for planet earth. In the World Sci 11:7–16 
11 . Denisov OV, Zimenko VA, Kohanov YuB (2014) Assessment of the level of ecosystem safety 

by forecasting bioecological parameters based on an integral safety indicator. Rational Use 
Conserv Aquatic Biol Res, Saint-Petersburg, pp 301–316 

12 . Kovalchuk MV, Naraykin OS (2011) Designer for the future. In the World of Science 9:24–31 
13 . Kuznetsov OL, Kuznetsov PG, Bolshakov BE (2000) The nature—society—man system: 

sustainable development. State Scientific Center of the Russian Federation Research Institute 
of Geosystems, Dubna, pp 410–426 

14 . Losev KS (2001) Ecological problems and prospects of sustainable development of Russia 
in the XXI century. Moscow, pp 400–411 

15 . Moiseev NN (1992) Man and the Noosphere. Moscow, pp 439–458 
16 . Nikolis G, Prigozhin I (1990) Cognition of the complex. Moscow, pp 425–437 
17 . Nikolis G, Prigozhin I (1979) Self-organization in nonequilibrium systems. Moscow, pp 

440–449 
18 . Prigozhin I, Stengers I (1986) Order from chaos. Moscow, pp 256–261 
19 . Rumyantsev IS, Kromer R (2003) The use of engineering biology methods in the practice of 

hydrotechnical and environmental construction. Moscow, pp 259–276 
20 . Tyurina TA, Basilaia MA (2014) Technology and its role in the environmental crisis. Rational 

Use Conserv Aquatic Biol Res. Rostov-on-Don, pp 163–171 
21 . Schmal AG (2005) Methodology for creating a national environmental safety system. 

Ecological Bulletin of Russia, Moscow, pp 57–59 
22 . Ashby WS (1969) General theory of systems as a new scientific discipline. Research on the 

General Theory of Systems, Moscow, pp 184–190 
23 . Bertalanffy L (1969) General Theory of systems—a critical review. Research on the General 

Theory of System, New York, pp 231–265



Study of Primary Graphite Separation Products 
for the Creation of Petroleum Product Sorbents 

on Their Basis 

N. Orekhova1,2(B), N. Fadeeva1, E. Musatkina1, and L. Isaeva1 

1 Nosov Magnitogorsk State Technical University, 38, Lenin Avenue, Magnitogorsk 455000, 
Russia 

n_orehova@mail.ru 
2 Research Institute of Comprehensive Exploitation of Mineral Resources of the Russian 

Academy of Sciences, 4, Kryukovskiy Tupik, Moscow 111020, Russia 

Abstract. Today Russia is experiencing a serious Shortage of natural Graphite. 
At the same time, little attention is paid to the waste product of iron and steel 
production—kish graphite. This waste contains a significant amount of harmful 
impurities and cannot be returned to the metallurgical cycle. Its either incinerated 
or buried and harmful to the environment. With the support of a grant from the 
Russian Science Foundation, research is being conducted to develop technologies 
for recycling graphitized dust from various sections of metallurgical processing 
to produce marketable products. One type of commercial products can become 
Sorbents of oil products. The sorption capacity of technogenic graphitized dusts 
and products of their enrichment has been studied. The intercalation Method for 
preparing graphite for bloating was selected. The possibility of obtaining ther-
mally expanded graphite with magnetic properties has been studied. The need to 
preserve magnetic properties imposes restrictions on the method of intercalation 
and heat treatment. At the presented stage of works it was theoretically substan-
tiated and experimentally proved the principle possibility of obtaining a Sorbent 
with magnetic properties from the iron–graphite concentrate from metallurgical 
Waste with a bulk weight less than 70 mg/cm3 capable of retaining more than 
15 g of common oil products per gram sorbent. The expansion coefficient at a 
thermal shock temperature of 450 °C was 32. 

Keywords: Enrichment · Iron-graphite dust · Thermal expanded graphite · 
Sorbent · Oil products · Research 

1 Introduction 

Over the past year, the total volume of oil exported by sea from our country has increased 
by 30–50%. Shipment increased both at the Baltic and Black Sea marinas, and from the 
Pacific ports [1]. As a result of thise there will also be an increase in multi-scale oil 
spills in the oceans. Spills of oil and oil products also occur on land, at almost all 
stages of the product life cycle: production, transportation, processing, storage and use.
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To eliminate the consequences of oil and oil products spills, mechanical and sorption 
methods are mainly used. However, when the thickness of the oil film is less than 1– 
2 mm, as well as at a shallow depth of the reservoir, the use of mechanical means becomes 
impossible [2]. Under such conditions, special oil-sorbing materials are most effective; 
therefore, restorative measures include the use of sorbents. Analysis of research papers 
[3–5] showed that recently there have been many studies on the prospects of using 
thermally expanded graphite (TEG) as such a sorbent. Based on thermally expanded 
graphite, which is given magnetic properties or due to the introduction of highly dispersed 
ferromagnetic particles [6–8], or due to the formation of magnetic clusters on their 
surface by physicochemical methods [9], magnetically active sorbents are obtained, 
which, having a high sorption capacity of conventional sorbents [10], allow the removal 
of oil pollution from the surface of water and land using a magnetic field. TEG is obtained 
by thermal shock treatment of oxidized flake graphites of natural or artificial origin [11, 
12]. 

Today Russia is experiencing a serious shortage of graphite. The most scarce is 
coarse-flake graphite. The raw material base of flake crystalline graphite in our country 
is based only in two regions—the Chelyabinsk and the Jewish Autonomous Regions [13]. 
The country also produces artificial graphite from carbon raw materials, mainly coke. 
The annual demand for crystalline graphite is only about 1/3 covered by the company’s 
own raw material base. 

At the same time, in our country, little attention is paid to the processing of met-
allurgical graphite-containing dusts, which, in fact, are a renewable raw material for 
quiche graphite. Kish graphite, a precipitate of excess carbon formed when molten iron 
is cooled, is one of the by-products associated with smelting. According to the World 
Steel Association (WSA, World Steel Association), steel production in Russia in 2022 
amounted to 71.5 million tons [14]. According to a marketing research of the pig iron 
market (TK Solutions Company), in 2022, Russian enterprises produced 51.6 thousand 
tons of mirror and pig iron. Recalculation to average indicators of the specific emission 
of graphitized dust per ton of pig iron makes it possible to estimate the annual amount 
of graphitized dust formed at 20 thousand tons. 

The purpose of the study is to study the possibility of obtaining magnetic and non-
magnetic thermally expanded graphite from technogenic graphitized dusts and products 
of their enrichment for use as a Sorbent for oil products. 

2 Problem Statement 

Production of expanded graphite proceeds according to the following scheme (Fig. 1.) 

Fig. 1 Main stages of obtaining of expanded graphite
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Our research group is carrying out studies on the development of processing tech-
nology for graphitized dusts in the areas of production, transportation and processing 
of pig iron at Magnitogorsk Iron and Steel Works [13, 15]. Graphite flakes included in 
iron-graphite dust of the blast-furnace shop are characterized by contamination of their 
surface and interlayer space by spherical particles of iron oxides. This imparts magnetic 
properties to almost all sample particles. Magnetic removal of iron-containing impurities 
is therefore ineffective. Selective separation of graphite from graphitized blast furnace 
dust is possible using flotation after selective disintegration of spelt particles. But even in 
this case a part of flakes from the concentrate shows magnetic properties. It is of interest 
to study the possibility of obtaining thermal expanded graphite with magnetic properties 
from blast-furnace kish graphite. This requires selecting the method of intercalation and 
subsequent bloating of graphite without significant reduction in the amount and loss 
of magnetic properties of iron-oxygen compounds. The possibility of obtaining such a 
product from dispersed iron-graphite waste back in 2016 was stated by the authors of 
article [16], but the product itself with magnetic properties has not been obtained. 

It is of interest to study the possibility of obtaining non-magnetic thermo expanded 
graphite with high sorption capacity in relation to petroleum products on the basis of sin-
tering products. This requires the selection of intercalation method that promotes simul-
taneous iron leaching and subsequent swelling of graphite with the highest expansion 
coefficient. 

3 Research Methods 

Iron–graphite sinter was sampled in the metallurgical production shops of the Magni-
togorsk Iron and Steel Works. The samples are dispersed black material with different 
maximum coarseness depending on the place of sampling and a small amount of solidi-
fied metal spatter. The naked eye can detect the presence of coarse scaly graphite in the 
samples. 

Microscopic study of fractions was carried out on Mineral C7 SIAMS Photolab in 
reflected light. Particle size distribution in terms of specific surface area was performed 
by laser diffraction (PRO-7000, Seishin Kigyo Co., Ltd.). The mass fraction of carbon 
was determined using a CS-144DR sulfur and carbon analyzer by burning the sample in 
an oxygen atmosphere to CO2. The content of magnetic particles of different magnetic 
susceptibility was determined using a hand magnet (H = 42.8 kA/m) and a perma-
nent magnet of ERGA N30 (H = 725 kA/m). The flotation separation was carried out 
according to the scheme (Fig. 2).

The sorption capacity of magnetic and non-magnetic separation products of spelt, 
flotation concentrates was determined under static conditions. Preliminarily prepared 
and suspended samples of dust on a grid or held on the surface of a magnet were 
immersed in a model system simulating a spill of oil products on the water surface 
with a fixed thickness of NP layer of 5 mm. The amount of sorbed NP was determined 
by the weight method. The material with the weight of 0.3 g was in contact with oil 
product during the set period of time, after saturation the excess of NP was drained and 
the sorbent powder was weighed on electronic scales. The contact time was 3 min. The 
residual concentration of oil product in water was determined by volumetric method.
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Fig. 2 Scheme of flotation enrichment of iron-graphite dust

The sorption capacity (g/g) was calculated by the formula: 

E = (m1 − m2) 

m1 
(1) 

where m1- mass of the graphite sample, g; m2—mass of the graphite sample with the 
absorbed NP. Depending on the temperature of thermal shock, the magnetic properties of 
TEG were preserved or disappeared. The thermal expansion coefficient was calculated 
by the formula: 

Kv = V 
m 

(2) 

where Kv is the coefficient of volume thermal expansion, cm3/g; V is the volume of 
TEG graphite, cm3; m is the mass of the original sample, g. The intercalation of graphite 
concentrates was carried out with a combination of oxidizing agents (H2SO4 + HNO3, 
H2SO4 + K2Cr2O7). The duration of treatment was chosen taking into account the fact 
that the oxidation of various graphite’s in concentrated sulfuric and nitric acids, as well 
as their mixtures, occurs at a much lower rate than in a chromium mixture [17] and 
recommendations on the duration of oxidation in sources [16, 18]. Thermal shock was 
carried out in a muffle furnace heated to a predetermined temperature. 

The following schemes were used in the study (Fig. 3):

4 Results and Discussion 

A detailed study of the chemical and phase composition of sinter samples from different 
areas showed that iron–graphite dust of the blast furnace shop (BF) has the lowest 
carbon content of 10.17%. Samples from the oxygen converter shop (OC) and electric
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Fig. 3 Methodology for obtaining thermally expanded graphite in research

steel smelting shop (ES) are rich, the mass fraction of carbon in them is more than 30%. 
Dusts contain impurities, such as sulfur, phosphorus and zinc, which are harmful for 
their recycling in metallurgical processing. The iron–graphite dust of the blast-furnace 
shop is characterized by a high iron content and an order of magnitude higher content 
of impurities. A distinctive feature of the iron–graphite bed of the blast-furnace shop 
is the low value of weight loss during ignition—10.4%, in contrast to the sand of the 
oxygen-converter and electric steel-smelting shops, in which the value of weight loss 
during ignition was 31.0–30.3%. According to granulometric and magnetic analyses, the 
particle size classes of the initial blast furnace dust are dominated by −0.071 mm (44%) 
and −0.315–0.25 mm (23%). The thin classes, which account for 45% of the sinter, are 
almost entirely magnetic, due to the association of graphite flakes (Fig. 4) with rounded 
iron-oxygen formations, which are found both on the surface of the flakes (Fig. 4b) and 
in the interlayer space. (Fig. 4c). 

Fig. 4 Graphite particles under an optical microscope: a particle with a clean mirror surface; 
b particle with a surface sprinkled with spherical iron-oxygen formations; c particle with a spherical 
iron-oxygen phase embedded in the interlayer space 

The content of the magnetic fraction in spellets OC of and ES are 60.01% and 33.9%, 
respectively. 

According to X-ray quantitative phase analysis (XQPA), it was established that the 
main mineral components of iron–graphite dust are graphite, magnetite, hematite and 
quartz. The types and parameters of the elementary cells of the graphite crystal lat-
tices that prevail in samples of graphitized dust from different areas are determined. 
The presence of a centrally symmetric hexagonal, asymmetric hexagonal and rhombic 
system was revealed. The proportion of rhombic graphite increases in the series electric 
steelmaking dust—oxygen-converter dust—blast-furnace shop dust.
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First, the sorption activity of the products obtained by separation of blast furnace 
dust on a magnetic analyser was studied. The results of studying the sorption activity of 
non-magnetic products of magnetic dust separation showed that for the sorption value a 
more significant factor than the increase in the mass fraction of carbon in the product is 
a decrease in the particle size of products (Fig. 5) by the example of blast furnace sinter. 
The sorption capacity of the studied products was in the range 0.6–1.3 g/g. 

Fig. 5 Influence of the mass fraction of carbon and particle size of graphite of the non-magnetic 
product of the separation of graphitized dust of a blast-furnace shop on the sorption of kerosene 

For a magnetic product of magnetic separation carried out with different magnetic 
field strength at the current strength of 0.5–2 A, it was noted that the change of sorption 
capacity of the magnetic product does not correlate with the mass fraction of carbon in 
it. In our opinion, this is a consequence of the fact that the magnetic susceptibility of 
the product, without affecting the sorption itself, affects the compactness of the stacking 
of particles on the surface of the magnet and the access of the petroleum product to the 
sorbent particle. 

The sorption capacity of the graphite flotation concentrates was then studied. As 
a result of combination of centrifugal-impact grinding, air classification and flotation, 
graphite concentrates with mass fraction of carbon (%): 74.94 and 80.5 respectively were 
obtained from dusts of oxygen-converter and electric steelmaking conversion processes. 
Improvement of quality of graphite concentrates of blast-furnace sintering up to carbon 
content 22.7% with increase of reactivity of graphite particles provides dry milling 
with mechanical activation in centrifugal-impact mill. The results of the study on the 
enrichment of graphite dust of the Magnitogorsk Iron and Steel Works are described in 
detail by the authors of the article in the publications [20, 21]. 

The obtained flotation concentrates are lined up in the series BF (0.6 g/g), OC 
(1.3 g/g), ES (1.4 g/g) according to the increase of sorption capacity relative to kerosene. 
Gasoline sorption is lower for all studied concentrates by an average of 22%. 

Comparison of the sorption capacity of flotation concentrates obtained from light 
and heavy products of pneumoclassification showed that with an almost equal mass



Study of Primary Graphite Separation Products… 545

fraction of carbon in concentrates and a close content of particles less than 74 µm, 95.3 
and 98.9%, a concentrate from a light product sorbs kerosene and gasoline by 12–18% 
worse than a concentrate from a heavy product. The study of the specific surface area 
of the concentrates showed that it is 3.2 times higher for the light product concentrate 
(0.317 m2/g). It is likely that the lower sorption capacity of the higher specific surface area 
flotation concentrate is due to the larger amount of collector absorbed during flotation. 
Intercalation and subsequent heat treatment of the concentrates clean the surface of the 
particles from the previously fixed collector. 

In further experiments, concentrates obtained by flotation of the heavy pneumoclas-
sification fraction were used. 

The concentrate obtained from blast furnace dust was intercalated with sulphuric 
acid with addition of nitric acid. After intercalation of the almost completely magnetic 
flotation concentrate a weight loss of 28% was observed. That is, when preparation 
of kish-graphite by intercalation to obtain TEG there is a chemical enrichment of the 
material due to dissolution of iron-oxygen compounds. The content of the magnetic 
fraction (hand magnet (H = 42.8 kA/m) after intercalation was 70.4%. The magnetic 
fraction content at 500 °C and 700 °C thermoshock was 66.9% and 3.5% respectively. 
At thermoshock over 600 °C the magnetic properties of kish graphite almost disappear. 

The expansion coefficient of intercalated concentrate obtained from blast-furnace 
graphite at 500 °C was low, which is explained by its low mass fraction of carbon. The 
expansion coefficient was 2.4–2.6 cm3/g with an increase in sorption of keroseneby a 
factor of 3–3.5. After thermal shock of 700 °C Kv = 2.8–3.2 cm3/g the sorption of 
kerosene was 3.1 g/g. 

For intercalation of flotation concentrate obtained from OC dust the method described 
in source [16] was chosen. The concentrate was mixed with potassium bichromate, 
poured with sulfuric acid in a mass ratio of 1 to 2 and after 10 min of intensive stirring 
was washed by decantation to neutral pH. Thermal bloating was carried out at 200 and 
450 °C. After placing the intercalated graphite in a thin, uniform layer on a metal plate 
heated to a predetermined temperature in the muffle, the graphite was kept in the furnace 
until the visible evaporation was complete. Under the microscope investigated TEGs 
were worm-shaped curved pellets (Fig. 6a). The metal on the surface of the pellets is 
represented by thin inclusions of different shapes. The appearance of irregularly shaped 
iron oxide particles is probably a consequence of uneven dissolution of the iron spheres 
during acid treatment.

The results obtained are presented in Table 1.
The sorption of thermally expanded graphite increased 8.6 times compared to the 

original flotation concentrate. Despite the low temperature of thermal shock to preserve 
the magnetic properties of the sorbent, not more than 600 °C (recommended in [16] is  
1000 °C), the resulting material easily adheres to the water surface in the oil product 
layer, creates a thin layer of the sorbent, and after saturation is quickly and completely 
collected. magnet N30.
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Fig. 6 Results of experiments on obtaining TEG: a graphite particles under an optical microscope; 
b floating TEG particles in the oil film and particle collection by magnet

5 Conclusion 

In the near future the number of oil and petroleum product spills is predicted to increase, 
and consequently the surface area of the hydro- and pedosphere polluted by petroleum 
products will also grow. 

The most promising and popular sorbents for elimination of hydrosphere and soil 
pollution by oil products are thermally expanded graphites. Sorbents with magnetic 
properties are convenient to use due to easy separation of the saturated sorbent from the 
environment to be cleaned. 

The raw materials for production of magnetically active sorbents can be graphi-
tized metallurgical dust, which contains coarse scaly graphite associated with iron oxide 
spherules (kish-graphite). 

Concentrates obtained from graphitized dust from BOF and EAF shops by the bene-
ficiation schemes including crushing, pneumatic classification, magnetic separation and 
flotation are magnetic and have a high carbon content (more than 70%). 

The principle possibility of obtaining thermally expanded graphite with magnetic 
properties from the concentration concentrate of iron-graphite shot of metallurgical 
processing is shown, which can be used as a sorbent for collecting oil products from the 
surface of the reservoir. A sorbent with magnetic properties and a bulk weight of less than 
70 mg/cm3, capable of retaining more than 15 g per gram of sorbent of conventional
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Table 1 Results of experiments on obtaining TEG 

Indicator Experiment 

1 2 

Gain after intercalation, % 12 

Temperature of thermal shock, °C 200 450 

KV , cm3/g 14 32 

Bulk weight, mg/cm3 72.56 31.25 

Content of magnetic fraction,, %  

42,8 kA/m 7 0,5 

725 kA/m 99 98 

Sorption, g/g  

Gasoline 11 19 

Kerosene 11.2 18.5 

Machine oil 10.6 16

petroleum products, has been obtained. The expansion coefficient at a thermal shock 
temperature of 450 ˚C was 32. 
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Abstract. This research work is devoted to the development of a methodology for 
predicting work on the maintenance and repair of urban facilities using machine 
learning. The initial data was collected from various sources of appeals for build-
ings in Moscow. Data processing was carried out, a dataset with new attribute 
fields was formed, an exploratory data analysis was carried out, where the main 
task was to identify data dependencies. The results of the study made it possible 
to form a hypothesis about the relationship that certain types of repairs can sta-
tistically reduce the number of incidents recorded by various sources. Hypothesis 
testing was carried out using cohort data analysis and A/B testing. Next was the 
stage of developing ML models to predict the level of importance of performing 
various types of repairs at a particular facility in terms of reducing the number 
of incidents at this facility and directly predicting repairs for facilities. After test-
ing the hypothesis and validating the model on an example, a methodology was 
developed for predicting work on the maintenance and repair of urban facilities. 

Keywords: Machine learning · ML · Industry 4.0 · Urban facilities · Predictive 
analytics · New technology 

1 Introduction 

With the aim of sustainable urban development, there is a need to review the process of 
creating built-up space, in which it is necessary to abandon linear systems and strive to 
ensure a continuous process of transformation and redistribution of materials. 

It is obvious that the creation of new buildings and structures is possible, considering 
the main trends in the field of secondary use of materials, the use of modern digital 
technologies of Industry 4.0. However, most of the capital construction projects are at 
the operational stage, which leads to the need to reduce tensions in a circular economy 
and develop approaches to the use of Industry 4.0 technologies in relation to existing 
facilities. 

To identify promising areas of research in the chosen area, a sample of relevant 
publications presented in the international Scopus database was collected.
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The sample was formed by keywords “Construction 4.0” and “Machine learning” 
for the last 5 years from 2017 to 2022. The distribution of publications by year is shown 
in Fig. 1a, the distribution of publications by country (top 10 countries) is shown in 
Fig. 1b. 

Fig. 1 a The distribution of publications by year, b the distribution of publications by country 
(top 10 countries) 

A total of 102 publications were collected in the sample. To identify the main trends 
in the development of research in this area, a cluster map has been created. 

Figure 2 shows the relationship of the keywords of the collected sample. The mini-
mum number of matching keywords in selected publications was set to 5. The threshold 
value corresponded to 5 words out of 377. For each of 377 keywords, the program calcu-
lated the frequency of simultaneous links with other keywords used in publications. The 
keywords with the highest frequency and relevant to the research topic were selected. 

Fig. 2 The cluster map of the relationship of keywords in the sample
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As can be seen from the Fig. 2, the relationship can be traced with technologies such 
as digital twins, in addition, attention is paid to deep learning and artificial intelligence. 

Most of the publications are reviews [1–7]. For example, the article [1] presents a  
comprehensive scientometric study assessing the current state of AI research in architec-
ture, design and construction. The review [2] summarizes research on the use of MoCap 
technologies in industry research. The paper [3] provides an overview of current applica-
tions based on artificial intelligence, machine learning and deep learning in architectural 
design and visualization of objects. 

Several works contain new solutions for using machine learning methods, blockchain 
and other Industry 4.0 technologies. For example, the study [8] designs federated learning 
with blockchain assisted image classification model for clustered UAV networks on IIoT 
environment. 

The study [9] presents Implications of ML integrated technologies for construc-
tion progress detection under Industry 4.0. The theoretical framework was designed for 
the ML integrated project progress detection technologies according to the literature 
outcomes. 

The work [10] aims to use ML algorithms to process a dataset of industrial machine 
components event logs failure. The approach aims to use the conditional probability 
relations generated by the Bayesian Networks and the ranking of criteria relevance for 
the design of an attribute relevance analysis decision-making model within the scope of 
industrial maintenance to prioritize which components of a specific machine are more 
susceptible to failures. Predictive maintenance planning for Industry 4.0 using Machine 
Learning for Sustainable Manufacturing is presented in [11]. 

This work is devoted to the development of a methodology based on machine learning 
for predicting the maintenance and repair of urban facilities to extend their life and ensure 
safe operation or make a decision on their dismantling, saving material resources, in 
accordance with the requirements of the circular economy. 

2 Materials and Methods 

The initial data was collected from various sources of appeals for apartment buildings 
in Moscow. The appeals concerned the issues of replacing elevator equipment, repairing 
in-house engineering drainage systems, repairing in-house engineering heating systems, 
repairing in-house engineering power supply systems, window blocks, garbage chutes, 
repairing in-house cold and hot water supply systems, repairing entrances and basements, 
repairing facades and roofs, etc. This led to the fact that it became necessary to process 
the data and form a single date set, create new attribute fields. Next, direct work with 
the data and exploratory data analysis were carried out. At this stage, the main task 
was to identify dependencies in the data. The results of the study made it possible to 
form a hypothesis about the relationship that certain types of repairs can statistically 
significantly reduce the number of incidents recorded by various sources. Hypothesis 
testing was carried out using cohort data analysis and A / B testing, i.e. division of data 
on the basis before/after the key event, the formation of cohorts depending on the types 
of events and/or sources. 

Next was the stage of developing machine learning (ML) models to predict the level 
of importance of performing various types of repairs at a particular facility in terms
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of reducing the number of incidents at this facility and directly predicting repairs for 
facilities. 

After testing the hypothesis and validating the model on a specific example, a method-
ology for predicting work on the maintenance and repair of urban facilities using machine 
learning was compiled. 

Thus, the flowchart of the study is shown in Fig. 3. 

Fig. 3 The algorithm of the presented study 

3 Results 

Exploratory analysis showed an imbalance of classes on many categorical grounds. The 
seasonality of calls by source can also highlighted. 

To form a labeled dataset for machine learning, the objects from the sample were 
divided into cohorts according to the types of repairs and sources of calls. The cohorts 
were used to run a series of A/B tests to improve hypotheses about the equality of the 
means of dependent paired samples and to determine the relationship between the fact 
that repairs were performed and the change in the number of recorded incidents for each 
source. 

The dynamics of changes in registered incidents by various sources for the repair of 
facades and roofs are shown in Figs. 4 and 5. These graphs are built according to the 
initial data.

As a result, a labeled data set was obtained for repaired objects, where the target 
attribute value of 1 corresponded to objects for which, after repair, there was a statistically 
significant decrease in the number of calls for a given source, and 0 for objects where 
this did not occur.
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Fig. 4 The dynamics of changes in registered incidents by various sources for the repair of facades 

Fig. 5 The dynamics of changes in registered incidents by various sources for the repair of roofs

For each selected type of repair, 3600 LGBMClassifier() gradient boosting models 
were trained with different hyperparameter settings in order to obtain the best solu-
tion. We performed hyperparameter optimization with GridSearchCV to maximize the 
f1_score metric.
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As a result, models were obtained that effectively predict a decrease in the number 
of incidents by two sources by predicting the feasibility of repairing roofs and facades 
(Fig. 6). 

Fig. 6 a Parameters of the model predicting a decrease in the number of calls due to roof repairs 
b parameters of the model predicting a decrease in the number of calls due to facades repairs 

Figure 6a shows the parameters of the model that predicts a decrease in the number 
of calls due to roof repairs, Fig. 6b—due to facade repairs. 

Thus, we have reduced the problem solved using ML to a binary classification to 
identify those objects, the repair of which will lead to a statistically significant reduction 
in the number of incidents. 

The “before” parameter represents the number of incidents according to the source 
identified at the previous stage for a specific type of repair work: 

60 days before the actual repair date on the Train training set; 
60 days before the date of prediction on the test sample Test. 

The importance of the features of the model that predicts the feasibility of repairing 
the roof is shown in Fig. 7, and in Fig. 8 for the model predicting the feasibility of 
repairing facades. 

Fig. 7 The importance of the features of the model that predicts the feasibility of roof repairs
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Fig. 8 The importance of the features of the model predicting the expediency of facade repairs 

For all objects for which a prediction of the need for both types of repairs was 
obtained, it is proposed to enter such a parameter as “major repairs”, if both objects have 
a high probability of repairing both the roof and the facade at the same time. 

Figure 9 shows the results of using the model to predict the feasibility of various types 
of repairs for a specific object. The obtained data according to the model correspond to 
the planned ones. 

Fig. 9 The results of using the model to predict the feasibility of types of repairs at the facility 

In accordance with the study, a generalized block diagram of the methodology for 
predicting work on the maintenance and repair of urban facilities using machine learning 
was formed, which is shown in Fig. 10.

4 Conclusions 

The study made it possible to establish that in the initial data on objects there are several 
fields for which there is almost no data. Events for individual sources account for more 
than 90% of all registered, and for individual sources there is a seasonality in requests. 

While performing cohort and statistical analyzes, it was found that a number of events 
in terms of performing repairs at the facility leads to statistically significant differences 
between the number of events before and after according to different sources. However, 
only 4 types of repairs led not just to a change, but to a statistically significant reduction 
in the number of incidents. It was these types of repairs that were decided to be included 
in the shortlist of areas for creating ML solutions.
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Fig. 10 Enlarged block diagram of the methodology for predicting work on the maintenance and 
repair of urban facilities using machine learning

Machine learning was applied to solve a binary classification problem. As a target 
feature, the share of reduction in the number of incidents for a specific source after the 
repair was chosen. When forming a training sample for objects where the number of 
incidents within 60 days after repair decreased relative to the number of incidents within 
60 days before repair, the target attribute was set equal to 1. Otherwise, 0. 

For each type of repair, 3600 LGBMClassifier() gradient boosting models were 
trained with different hyperparameter settings in order to obtain the best solution. The 
f1_score metric was used as the target metric for choosing the optimal solution. During 
the training, it was found that it was impossible to obtain solutions that meet the target 
requirements for predicting the need to repair in-house engineering systems of cold and 
hot water supply due to insufficient data in the training sample. In this connection, these 
models were not included in the final ensemble of solutions. 

As a result of the project, models were obtained to predict the need for roof and 
facade repairs. In order to provide the ability to rank objects in order of importance, 
the predict_proba() method of the model was used for predictions, and not the predict() 
method. 

For all objects for which the prediction of the need for both types of repairs was 
received, the parameter of the need for major repairs was also introduced, if both objects
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have a high level of probability of repairing both the roof and the facade at the same 
time. 

As a further development of the study, it seems appropriate to train the model on a 
deeper sample. 
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Abstract. This article explores the potential of using slag from waste incinera-
tion plants to capture carbon dioxide (CO2) in gaseous environments. The study 
investigates the efficacy of slag as an absorbent for CO2 in gas streams. It exam-
ines the purification process, CO2 absorption capacity, activation techniques, and 
CO2 release mechanisms. The findings suggest that slag has significant potential 
as a CO2 capture material, offering a promising solution for reducing green-
house gas emissions from waste incineration plants. The research contributes to 
the development of effective strategies for mitigating climate change by utilizing 
waste materials for carbon capture and storage. Additionally, the article discusses 
various methods of enhancing the CO2 capture capability of slag, such as optimiz-
ing particle size, modifying the surface properties, and adding activating agents. 
The authors present experimental results indicating the improved CO2 adsorp-
tion capacity of treated slag samples compared to untreated ones. Furthermore, 
the study investigates the CO2 release mechanisms during the regeneration of the 
slag material. It examines factors affecting the release efficiency, such as tempera-
ture, gas flow rate, and regeneration time. The findings demonstrate the feasibility 
of using slag as a cyclic sorbent, with the ability to release and capture CO2 repeat-
edly. This article provides valuable insights into the possibilities of CO2 capture 
using slag from waste incineration plants in gas environments. The research con-
tributes to the ongoing efforts in developing effective strategies for mitigating 
climate change and advancing the field of carbon capture and storage. 

Keywords: Carbon dioxide capture · Slag · Waste incineration plants · Gas 
environments · CO2 absorption · Activation techniques · Greenhouse gas 
emissions 

1 Introduction 

The issue of anthropogenic impact on the environment is one of the most pressing global 
challenges. Specifically, the issue of carbon emissions and their impact on climate change 
is attracting increasing attention. Innovative and efficient solutions are required to reduce 
carbon emissions [1–10].
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The increasing global concern over climate change and the urgent need to reduce 
greenhouse gas emissions has prompted a search for effective solutions to mitigate the 
release of carbon dioxide (CO2) into the atmosphere. One such solution is the capture 
and storage of CO2, which involves capturing and storing CO2 emissions from indus-
trial processes before they are released into the atmosphere. In recent years, there has 
been growing interest in exploring the carbon dioxide capture potential of ash and slag 
generated from waste incineration plants. 

Waste incineration plants are widely used as a method for managing and disposing 
of municipal solid waste. These facilities burn waste at high temperatures, resulting 
in the production of ash and slag, which are by-products of the combustion process. 
Traditionally, these by-products have been considered as waste and often disposed of 
in landfills. However, recent studies have shown that ash and slag have the potential to 
capture and store CO2, making them valuable resources for reducing greenhouse gas 
emissions. 

Ash and slag from waste incineration plants contain high levels of calcium oxide 
(CaO) and other alkaline compounds, which exhibit a high affinity for CO2. When 
exposed to CO2, these compounds undergo a chemical reaction called carbonation, 
where CO2 is chemically bonded and sequestered in the form of calcium carbonate 
(CaCO3). This reaction is similar to the natural process by which limestone is formed. 

The carbonation of ash and slag can occur via two different routes: direct carbonation 
and indirect carbonation. In direct carbonation, CO2 is directly injected into the ash and 
slag, allowing for a more rapid carbonation process. Indirect carbonation, on the other 
hand, involves the exposure of ash and slag to ambient air, where CO2 is naturally 
absorbed over time. Both routes have been explored in various research studies, each 
with its own advantages and challenges. 

The potential benefits of utilizing ash and slag for CO2 capture include not only 
the reduction of greenhouse gas emissions but also the utilization of waste materials 
that would otherwise be landfilled. This approach offers a more sustainable alternative 
to conventional waste management practices and has the potential to contribute to a 
circular economy. Additionally, the carbonated ash and slag can potentially be used as 
a building material or as a replacement for traditional cement, further reducing carbon 
emissions in the construction industry. 

The carbon dioxide capture potential of ash and slag from waste incineration plants 
presents a compelling opportunity to address the pressing challenge of reducing CO2 
emissions. By harnessing the chemical properties of these waste materials, it is possible 
to sequester CO2 and simultaneously contribute to more sustainable waste management 
practices. Further research and development in this area are needed to optimize carbona-
tion processes, explore potential applications for carbonated ash and slag, and overcome 
any technical and logistical challenges. 

One potential source for reducing carbon emissions is slag from waste incineration 
plants. Slag generated during the incineration process contains a significant amount 
of carbon and can be utilized for capturing carbon dioxide from gas environments. 
Therefore, there is a need to explore the possibilities of using slag from waste incineration 
plants as a medium for carbon capture and emissions reduction [11].
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The main aim of this article is to study the rate of carbon dioxide capture by slag 
in gas environments and determine the feasibility and effectiveness of using slag for 
reducing carbon emissions. To achieve this objective, a laboratory setup was proposed, 
which enables experiments with various slag samples and gas environments [12–17]. 

The article provides a comprehensive review of existing studies on the use of slag 
from waste incineration plants for emissions reduction. It also describes the laboratory 
setup and experimental methodology. The development of the laboratory setup is signifi-
cant for both the scientific community and practical applications. The proposed methods 
and solutions can be utilized in industries to reduce carbon emissions and improve the 
environmental conditions. Moreover, this research provides novel scientific data and 
contributes to the advancement of the field of carbon capture. 

2 Theoretical Review 

The use of slag generated from the incineration of municipal solid waste (MSW) in 
waste incineration plants is one of the primary methods for waste disposal and energy 
production. During the incineration process, slag is formed as the residue of burned 
waste and contains various components, including carbon. Utilizing slag from waste 
incineration plants for reducing carbon emissions presents an environmentally sound 
approach to waste management [18–25]. 

Carbon, present in slag, is an effective substance for capturing carbon dioxide (CO2) 
from gas environments. Since carbon dioxide is the main contributor to global warming, 
reducing its emissions is an important goal in mitigating climate change [26–29]. 

In July 2022, amendments were made to the Federal Law “On Waste Production and 
Consumption,” and separate legislative acts were enacted. The main changes pertained 
to the terminology:

● secondary resources—waste or parts thereof that can be reused for manufacturing 
goods, performing work, providing services, or generating energy, and obtained 
through separate collection, gathering, or processing of waste or formed during 
production processes;

● secondary raw materials—products derived directly from secondary resources (with-
out processing) or in accordance with the technological processes, methods, and 
techniques provided by Russian standardization documents, which can be used in 
manufacturing other products and/or in other economic activities. 

In 2021, the average fee for waste removal per cubic meter of waste in Russia was 
500 rubles. A family of four would pay 400 rubles per month for MSW removal. Waste 
removal is carried out by private regional operators, and tariff determination for waste 
removal is conducted by executive bodies of the subjects. 

“Ekotechprom” State Unitary Enterprise (SUE) is a waste processing and disposal 
enterprise established in accordance with the Government Resolution of Moscow No. 
604 dated June 29, 1993. It is the largest and the first in Russia to perform a full range 
of sanitary cleaning operations for MSW. “Ekotechprom” SUE engages in collection, 
transportation, selective sorting, and thermal treatment of municipal solid waste, as well 
as biological and medical waste. It also provides information and advisory services
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in the waste management sphere. The problem of MSW disposal was identified by 
the Moscow Government as a priority in the city’s economic development due to the 
increasing population and, consequently, the volume of household waste. 

“Ekotechprom” SUE expands through the construction and reconstruction of waste 
treatment facilities in Moscow. In 2008, the enterprises “Spectrans,” “MiSAT,” “Specav-
tobaza,” “Kotlyakovo,” and “Rudnevo” transported over 550 thousand tons of waste. The 
largest waste sorting facility in Russia, “Kotlyakovo,” which has been operating since 
2005, processed over 380 thousand tons of waste in 2008. Thermal treatment of waste 
with energy recovery is intensively developing in Moscow due to a shortage of land for 
landfills, and the first waste incineration plant was commissioned in Moscow in 1975. 

Currently, Moscow is home to Waste Incineration Plant No. 4, which was commis-
sioned in 2003 on the territory of the “Rudnevo” industrial zone in the Eastern Admin-
istrative District. The plant’s capacity for receiving MSW is 250 thousand tons per year. 
The six stages of waste gas purification and the gas cleaning system installed at the plant 
comply with European standards for thermal treatment and flue gas cleaning. While 
waste landfilling in the Moscow region remains the main method of disposal, thermal 
treatment continues to rapidly develop in the city due to the need to meet environmental 
requirements and restrictions on landfill placement in urban areas. 

“Ekotechprom” SUE ensures the environmental safety of all its facilities, including 
waste incineration plants, through its own ecologists and city services. Operating waste 
incineration plants helps reduce the number of waste collection trucks, fuel consumption, 
and road congestion while freeing up land in the Moscow region for other purposes. Waste 
transfer stations (WTS) are used to reduce the cost of city cleaning, with the first WTS 
built in 1995 in the Northern Administrative District. The volume of waste transported to 
landfills through the WTS network was 1.2 million tons in 2008. “Ekotechprom” SUE 
also operates a veterinary-sanitary plant, which safely treats biological and medical 
waste at two landfills. Incineration plants, like the ones in Moscow, are typical for 
thermal treatment of MSW, and their main task is to ensure environmental safety during 
waste treatment and the generation of thermal and electrical energy. 

These incineration plants, including the one located within “Ekotechprom” SUE, are 
integral components of the MSW management system. They help reduce waste volume, 
lower the risk of environmental pollution, significantly decrease the need for waste 
collection trucks, and improve resource efficiency. Additionally, such plants can operate 
on autonomous sources of energy, reducing dependence on centralized power supply 
and minimizing the risk of accidents and power outages during periods of high demand. 
All of this is important for ensuring environmental safety and maintaining cleanliness 
in the urban environment. 

However, it should be noted that certain environmental organizations and residents 
express dissatisfaction and concerns regarding the use of waste incineration plants, citing 
potential negative consequences for the environment and human health. Therefore, it is 
essential to continue monitoring and improving plant operation technologies to minimize 
negative effects and ensure maximum safety. 

Each year, a plan for environmental protection measures is developed, which includes 
construction, repair, and modernization of equipment to ensure uninterrupted and reliable
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landfill operation and compliance with environmental legislation. Currently, a transi-
tional period is underway for the new waste management system, which includes source 
separation of waste, prohibition of landfilling waste suitable for recycling, and other 
measures. To implement these measures, corresponding changes are made to legisla-
tion at the federal and regional levels, and target-oriented development programs and 
territorial waste management schemes are being developed. 

However, it is necessary to consider that transition to the new waste management 
system is a complex and lengthy process that requires significant changes in infrastructure 
and citizen behavior. It is important to conduct extensive public awareness campaigns 
on proper waste separation and the consequences of improperly disposing waste [30]. 

One of the primary methods for carbon dioxide capture is its physical or chemical 
interaction with carbon-containing materials. Slag from waste incineration plants, which 
contains a significant amount of carbon, can serve as such materials for CO2 capture 
from various gas environments. 

To conduct a study on the rate of carbon dioxide capture by slag in gas environments, 
a laboratory setup was proposed (Fig. 1). The main components of the setup include a 
sealed chamber, a carbon dioxide cylinder, a reducer, a flexible hose, a chemical gas 
analyzer, a domestic fan, slag samples, a bowl with saturated salt solution, and a low-
speed fan system. The control panel of the automatic gas analyzer OKA-T-CO2 allows 
for monitoring the process of carbon dioxide capture during the experiment. 

Fig. 1 Schematic diagram of the laboratory setup for studying the rate of carbon dioxide capture 
by slag in gas environments: 1—sealed chamber; 2—CO2 cylinder; 3—reducer; 4—flexible hose; 
5—chemical gas analyzer; 6—domestic fan; 7—samples; 8—bowl with saturated salt solution; 
9—rack; 10—U-tube; 11—control panel of the automatic gas analyzer OKA-T-CO2; 12—sensor 
of the automatic gas analyzer installed inside the chamber; 13—low-speed fan system; 14—grid 
for sample placement 

This laboratory setup is designed to determine the rate of carbon dioxide capture 
by slag in various gaseous environments. The gas mixture from the CO2 cylinder (2) 
is delivered to the reducer (3), which allows for pressure control and maintenance. The 
mixture then flows through a flexible hose (4) into a sealed chamber (1) where slag 
samples (7) are placed.
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To ensure uniform distribution of the gas mixture within the chamber, a domestic fan 
(6) is employed, while a system of low-speed fans (13) is used to maintain continuous 
air circulation. A grid (14) within the chamber is provided for the placement of slag 
samples. 

For monitoring carbon dioxide content, a chemical gas analyzer (5) is utilized. The 
control panel of the automatic gas analyzer OKA-T-CO2 (11) enables adjustment and 
monitoring of the analyzer’s operation. An automatic gas analyzer sensor (12) is installed 
inside the chamber to measure the carbon dioxide content in the gaseous environment. 

The bowl (8) filled with a saturated solution of table salt serves to create a specific 
concentration of water vapor in the chamber, simulating more realistic conditions. 

After conducting the experiment and obtaining the results, an analysis of the rate 
of carbon dioxide capture by slag in gas environments will be performed. Based on the 
data obtained, conclusions can be drawn regarding the potential of using slag from waste 
incineration plants as a medium for reducing carbon emissions and contributing to the 
development of efficient waste disposal methods and CO2 emission reduction. 

The presented theoretical review provides a better understanding of the physicochem-
ical basis of the carbon dioxide capture process by slag and its potential for reducing 
carbon emissions in gas environments. 

3 Research Methodology 

The research methodology will consist of three main stages: 

1. Preparation of the laboratory setup [31]: This stage is necessary to ensure the proper 
functioning and safe operation of all components, as well as to create optimal condi-
tions for conducting experimental research. It includes the installation, verification, 
and calibration of equipment and ensuring safety in the laboratory area. The specific 
steps include:

● setting up the sealed chamber on a rack;
● connecting the reducer to the CO2 cylinder;
● connecting the flexible hose from the reducer to the chamber for gas supply;
● installing the chemical gas analyzer and automatic gas analyzer sensor inside the 

chamber;
● placing slag samples on the grid inside the chamber. 

2. Conducting the experiment: This stage is necessary to obtain specific data and infor-
mation that will allow for testing hypotheses, confirming or refuting assumptions, 
and obtaining objective results and conclusions based on observations and measure-
ments. It enables the testing and refinement of scientific theories, the development of 
new methods and technologies, and the enrichment of the research basis for further 
studies and the advancement of scientific fields. The specific steps include:

● filling the bowl with saturated salt solution;
● activating the control panel of the automatic gas analyzer OKA-T-CO2;
● activating the low-speed fan system to ensure gas mixing inside the chamber;
● passing gas through the flexible hose into the chamber for a specified period;
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● starting the chemical gas analyzer to monitor the concentration of CO2 in the 
chamber during the experiment;

● recording data on the rate and efficiency of carbon dioxide capture by slag in gas 
environments. 

3. Analysis and processing of results: This stage is essential for identifying patterns, 
relationships, and conclusions based on the data obtained from the experiment or 
research. It involves statistical analysis of the data, visualization of the results, inter-
preting their significance, and explaining the phenomena observed. This allows for 
formulating conclusions and making scientific inferences. The specific steps include:

● processing and analyzing data obtained from the chemical gas analyzer;
● determining the rate of carbon dioxide capture by slag in gas environments;
● comparing results for different slag samples and experimental conditions;
● calculating the efficiency of CO2 capture by slag based on the data obtained;
● performing statistical analysis and interpreting the results. 

4 Experimental Research 

Experimental research on this topic has several objectives: it allows us to investigate 
the effectiveness of waste incineration slag in capturing and retaining carbon. This is 
important for assessing the potential use of such slag as a low-carbon material or for 
reducing emissions into the atmosphere. Additionally, it enables us to evaluate the impact 
of various factors (e.g., slag composition, exposure conditions, and temperature) on 
the efficiency of carbon capture [32–34]. This information can be used to optimize 
the process and determine the optimal conditions for utilizing slag to reduce carbon 
emissions. The experimental research will consist of six main stages: 

1. Preparation of slag samples: this is necessary for analysis and testing to study their 
composition, properties, and potential use. The specific steps include:

● collecting slag samples from waste incineration plants;
● cleaning and sorting the samples;
● crushing the slag to the required particle size. 

2. Preparation of the chamber and samples: This stage is necessary to ensure the proper 
experimental conditions and obtain reliable results. It involves equipment setup, sam-
ple placement, and creating a controlled environment for their investigation. The 
specific steps include:

● preparing the sealed chamber for the experiment;
● installing the grid inside the chamber for placing the slag samples;
● placing a bowl with saturated salt solution inside the chamber. 

3. Sample placement and beginning of the experiment: This stage is necessary to start 
collecting data and conducting the research, allowing for testing hypotheses, obtaining 
measurement results and observations, and gathering information for achieving the 
research goals and drawing conclusions. The specific steps include:

● placing the slag samples on the grid inside the chamber;



The Carbon Dioxide Capture Potential of Ash and Slag… 565

● activating the low-speed fan system to ensure gas mixing inside the chamber;
● obtaining baseline data from the chemical gas analyzer to determine the initial 

concentration of carbon dioxide in the chamber;
● starting the system and initiating the supply of carbon dioxide into the chamber 

through the flexible hose. 

4. Monitoring of carbon dioxide capture: This is necessary to assess the efficiency 
and effectiveness of the systems and technologies used to reduce carbon emissions 
and ensure compliance with regulations and standards for carbon emissions into the 
environment. The specific steps include:

● regularly measuring the concentration of carbon dioxide in the chamber using a 
chemical gas analyzer;

● recording data on the rate of carbon dioxide capture by slag in gas environments 
over a specified period. 

5. Completion of the experiment: This stage is necessary for analyzing the data obtained, 
drawing conclusions, evaluating the achievement of research goals, preparing a final 
report, and disseminating research results. The specific steps include:

● stopping the supply of carbon dioxide into the chamber;
● recording the final data from the chemical gas analyzer to determine the final 

concentration of carbon dioxide in the chamber;
● disassembling the slag samples and cleaning the laboratory setup. 

6. Analysis and processing of results: This is essential for extracting meaningful infor-
mation from the data obtained, identifying patterns, determining statistical signifi-
cance, testing hypotheses, and formulating conclusions to understand and interpret 
the research results. The specific steps include:

● processing and analyzing the data on the rate of carbon dioxide capture by slag in 
gas environments.

● comparing results for different slag samples and experimental conditions.
● calculating the efficiency of CO2 capture by slag based on the data obtained.
● performing statistical analysis and interpreting the results. 

The current methodology does not account for possible control experiments and the 
consideration of various factors such as CO2 concentration, pressure, temperature, and 
experiment duration on the capture process. A detailed research methodology should 
be developed considering specific requirements and research goals, as well as potential 
external factors that may influence the experiment’s results. 

5 Conclusion 

The present study proposes an investigation into the potential use of waste incineration 
slag for carbon reduction. The objective of the research is to study the rate of carbon 
dioxide capture by slag in gas environments and determine their potential for reducing 
carbon emissions.
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Through the development of a laboratory setup, it is possible to conduct experiments 
to examine the rate of carbon dioxide capture by different slag samples. 

Based on the analysis of the data obtained, the following conclusions can be 
confirmed:

● waste incineration slag has the ability to capture carbon dioxide from gas environ-
ments;

● different slag samples exhibit varying rates of carbon dioxide capture, highlighting the 
importance of selecting an optimal slag composition for maximum capture efficiency;

● specific experimental conditions such as CO2 concentration, pressure, temperature, 
and duration can influence the rate of carbon dioxide capture. 

The research methodology will yield reliable results that have practical and scientific 
significance. The potential application of waste incineration slag as a medium for carbon 
capture can contribute to carbon emission reduction and environmental improvement. 

Further investigations in the field of using waste incineration slag for carbon 
reduction can be directed towards:

● optimizing the composition of slag to enhance its carbon dioxide capture efficiency;
● examining the influence of various factors on the capture process, such as CO2 

concentration, pressure, temperature, and experiment duration;
● scaling up the research to an industrial level to validate the applicability of the obtained 

results and develop carbon capture technologies;
● expanding the economic and environmental analysis to evaluate the effectiveness and 

viability of using waste incineration slag in industrial processes. 

The results of the presented study open up new perspectives for utilizing waste 
incineration slag for carbon capture and emission reduction. This can contribute to sus-
tainable industrial development and promote environmental sustainability in the context 
of climate change mitigation. 
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Abstract. The aim of this work is to evaluate the phytotoxic properties of a vet-
erinary antibiotic. The article presents the results of a study that investigated the 
phytotoxicity of bicillin-3, one of the most commonly used antibiotics in agri-
culture when raising farm animals, which enters the soil in high concentrations 
with manure when applied to the fields as fertilizer. We have carried out tests 
by germinating seeds of watercress, industrial hemp, sowing rice, as well as on 
the growth reactions of an aquatic plant Elodea canadensis. It has been estab-
lished that bicillin-3 is toxic for watercress in the concentration range from 0.5 
to 100 mg/l, and has low toxicity for rice and hemp. At high concentrations, we 
have noted stimulation of the growth of cannabis roots. It has been concluded 
that it is possible to use hemp as an accumulator plant for phytoremediation of 
soils contaminated with antibiotics. The possibility of bicillin-3 elimination from 
the aquatic environment with the help of Canadian pondweed has been studied. 
The value of the phytoremediation potential of Canadian pondweed to bicillin-3 
depends on the concentration of the antibiotic and ranges from 0.10 to 1.80 mg/g 
of the live weight of the aquatic plant. It has been shown that it is possible to use 
Canadian pondweed for the elimination of bicillin-3 from the aquatic environment. 

Keywords: Antibiotics · Pollution · Ecotoxicity · Phytotesting 

1 Introduction 

Around the world, antibiotics are now widely used to treat people, animals, livestock 
and aquaculture for infectious diseases. After application, residual amounts of antibi-
otics with solid and liquid wastes end up in the natural environment and create poten-
tial environmental risks directly for humans, animals, and components of biocenoses. 
Increasing demand for animal protein stimulates the use of intensive forms in agricul-
ture, which leads to the accumulation of antibiotics in animal products and ultimately to 
antibiotic resistance [1]. According to the WHO, antibiotic resistance is a very serious 
problem, since antibiotic-resistant microorganisms can be easily transmitted through 
food chains, widely spread in the environment through animal waste, cause complex 
incurable long-term infections in humans and economic losses in healthcare [2, 3]. 

The annual production of antibiotics in the world is growing, their consumption 
already makes up 200 thousand tons per year [4]. Only for a fifteen-year period (2000– 
2015), 76 countries of the world consumed up to 42 billion daily doses [5]. Along with
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developed countries (USA, France, Italy), there is a steady upward trend in antibiotic 
consumption in India, China, and Pakistan, and by 2030, global antibiotic consumption 
will double [5]. 

Due to the low cost of drugs in medical practice and veterinary medicine, fluoro-
quinolones, cephalosporins, macrolides, and penicillins are widely used in the USA and 
EU countries [6]. The latter are a group of antibiotics of natural and semi-synthetic ori-
gin, containing 6-aminopenicillanic acid, consisting of thiazolidine ring and P-lactam 
ring. 

The action of penicillins is based on their ability to inhibit the synthesis of pepti-
doglycan in microorganisms, while this substance is not present in animal organisms. 
A group of natural and semi-synthetic penicillins is used in the treatment of diseases 
of the genitourinary, respiratory, digestive systems of animals, as well as in surgical 
interventions. 

The volume of import and consumption of veterinary penicillin preparations for 
productive animals in Russia in 2017 amounted to 12.1 million US dollars. At that 
point 60 veterinary drugs were traded on the market, among which aminopenicillins 
(amoxicillin, ampicillin) held a significant share. They differ from natural antibiotics in 
their lower potency, but they are not inferior to them in the breadth of the antibacterial 
activity spectrum and the duration of the drug effect [7]. 

An analysis of the ways antibiotics enter the environment has shown that the main 
contribution to the pollution process is made by the natural physiological processes of 
humans and animals—excretion, since only 10% of the antibiotics introduced into the 
body are used in the treatment process, the remaining 90% are excreted unchanged [2, 
8]. In addition, antibiotics enter the environment with sewage from hospitals, veteri-
nary clinics, as well as with melt and storm water from manure storage areas, cattle 
yards, poultry plants, and farms. Due to the processes of ecological metabolism, they 
are redistributed between natural environments, filtered into groundwater, accumulated 
in livestock and crop products. All these processes are beyond control and pose a serious 
environmental threat [8]. 

Solid municipal waste thrown into landfills from households is difficult to account for 
sources of contamination with penicillins and other antibiotics as there is no collection 
system for unused expired drugs. Getting to the MSW landfills, they dissolve and with 
drainage runoff enter the sources of drinking water supply [8]. 

Antibiotic pollution in the environment includes: food chains, bioaccumulation and 
biomagnification from irrigation of crops with wastewater from wastewater treatment 
plants and the application of manure as fertilizer. 

Antibiotic residues, in addition to the risk of developing microbial resistance, can be 
absorbed by plants, thereby interfering with physiological processes and causing poten-
tial ecotoxicological effects [9]. Numerous tests for chronic and acute toxicity revealed 
the effect of antibiotics on photosynthesis and mitochondria. In addition, antimicrobial 
agents can slow down germination or reduce biomass, which negatively affects the yield 
of agricultural land [3]. 

When studying phytoxic properties on a wide range of cultivated and wild plants, 
it was found that wild plants were more sensitive to antibiotics than agricultural crops 
[10]. When assessing the effect of 5 main veterinary antibiotics on seed germination
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and root elongation in lettuce, tomatoes, carrots and cucumbers, these compounds were 
shown to inhibit root elongation. Lettuce was the most sensitive to antibiotics and was 
recommended for use as a marker of antibiotic contamination [11]. 

When testing antibiotics on germinating seeds of yellow lupine, peas, lentils, soy-
beans, adzuki beans and alfalfa, it was found that yellow lupine can be used as a soil 
pollution marker [12]. Screening studies of 10 antibiotics on lettuce (Lactuca sativa), 
alfalfa (Medicago sativa) and carrot (Daucus carota) revealed a wide range of antibiotic 
phytotoxicity from 3.9 µg/l to > 10,000 µg/l, with chlortetracycline and levofloxacin 
being the most toxic and sulfamethoxazole for carrots [13]. 

The need for phytotesting on plants of agricultural interest is primarily due to the 
presence of antibiotics in soils and waters used for irrigation. Reviews [14, 15] present 
the results of a study of their effect on the primary (photosynthesis, respiration, nitro-
gen assimilation) and oxidative metabolism of plants, as well as on the processes of 
germination and rooting. 

Despite numerous studies on the phytotoxicity of antibiotics, there is still no clear 
understanding of the physiological changes observed in plants caused by exposure to 
antibiotics used in veterinary medicine in each specific region. 

2 Materials and Methods 

The aim of this work is to evaluate the phytoxic properties of one of the most commonly 
used antibiotics in medical practice, including veterinary medicine, bicillin-3. 

We used bicillin-3 obtained from a pharmacy chain. Bicillin-3 is a combined antibac-
terial drug of the penicillin group. It is classified as a penicillin of natural origin. The drug 
is produced in the form of a powder for injection, since it has low efficiency when admin-
istered enterally. Bicillin-3 is characterized by an effect on anaerobic microorganisms, 
cocci and gram-positive bacteria [16]. 

The phytotoxicity of bicillin-3 was tested by the growth of plant roots in accordance 
with [17], as well as by the growth reaction of Canadian pondweed [18]. 

As test organisms, we used the seeds of industrial hemp Cannabis sativa L. 1753, 
which is planned to be planted on the lands of the Irkutsk Region, watercress Lepidium 
sativum L. 1753 known as a marker of antibiotic contamination, and rice Oryza sativa 
L. 1753 as a potential component of plant microbial elements. 

All used utensils, filter paper, test solutions, water were sterilized in an autoclave 
before testing. Before testing, plant seeds were soaked in a 3% hydrogen peroxide 
solution for 10 min and washed with running water. 

The testing procedure was performed according to the following algorithm: 30 seeds 
were evenly distributed on filter paper in Petri dishes with a diameter of 10 cm; 5 ml 
of the test solution or sterile water for control was poured into each dish; exposed for 
3 days at room temperature; then the number of germinated seeds and the length of the 
roots were counted (Fig. 1).

In accordance with the recommendations of the methodology, if, compared with the 
control, the seeds in the test water did not germinate at all, or if the length of the roots as a 
percentage of the control is below 70%, then the test water will unsuitable for irrigation. 
The threshold of 70% is justified by the fact that the soil, due to its sorption capacity,
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Fig. 1 Procedure of testing on cannabis seeds

reduces the inhibitory effect of the water under study. When the length of the roots in 
the experiment is over 120% of the control, it is assumed that the water has stimulating 
properties. 

The results were statistically processed using the computer program Microsoft Excel 
2016 with the probability of an error-free forecast ≥ 0. 

Testing on the aquatic plant Elodea canadensis was carried out according to the 
following scheme: the plants were selected in the Angara River, the apical part of the 
shoots 5 cm long was selected, 500 ml of the test bicillin-3 solution was mixed in flasks 
and exposed in the laboratory at room temperature. After 3–7 days, the length of the 
shoots was measured and the growth in % of the control was estimated (Fig. 2). 

Fig. 2 Phytotesting procedure for growth reactions of the aquatic plant Elodea canadensis 

The study of the elimination of bicillin-3 from the aquatic environment was carried 
out as follows: 5 g the aquatic plant Elodea canadensis were thoroughly washed and 
placed in flasks containing 500 ml of antibiotic solutions of various concentrations. 
After 1, 3, 5 and 7 days the solution was filtered and the concentration of bicillin-3 was 
evaluated by UV absorption at 290 nm. Quantification was performed using a Shimadzu
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UV-1800 spectrophotometer. The antibiotic concentration was determined according to 
the calibration curve. 

3 Results and Discussion 

Figure 3a, b and c shows the germination of hemp, rice and watercress roots 

Fig. 3 Sprouted seeds of hemp (a), rice (b) and watercress (c) 

It was experimentally established that in watercress seeds a significant decrease (p 
< 0.05–0.01) in germination energy ranged from 12.6 to 60.6 abs (Fig. 3). %, laboratory 
germinating capacity—from 14.2 to 59.8 abs. % at bicillin-3 concentrations ranging from 
0.5 to 100 mg/l. The greatest toxic effect of the tested concentrations was registered at 
concentrations of 25–100 mg/l. 

In hemp seeds, the decrease in seed germination energy was less than in the control by 
29.3–76.5 abs. %, and germinating capacity—by 24.3–82.6%. The greatest toxic effect 
in the range of studied concentrations was observed at a concentration of 100 mg/l. 

In experiments with rice, it was found that a significant decrease (p < 0.05–0.01) in 
germination energy ranged from 19.3 to 68.8 abs. %, laboratory germinating capacity— 
from 25.1 to 72.8 abs. % compared to the control group. 

The results of phytotesting of hemp, rice and watercress by the length of the roots 
are shown in Fig. 4.

The data obtained let us conclude that bicillin-3 is toxic for watercress in the con-
centration range from 0.5 to 100 mg/l, and has low toxicity for rice and hemp. At high 
concentrations, we have noted stimulation of the growth of the roots. 

When evaluating the effect on the growth reactions of the aquatic plant Elodea 
Canadensis M., 1803 (Fig. 5), it was found that, in the range of the studied concentrations 
from 5 to 100 mg/l, the growth of Elodea shoots was inhibited under the conditions of 
a chronic experiment.

To study the possibility of the effect of aquatic plants on the dissolved antibiotic, 
we considered the change in the concentration of bicillin-3 in water with the aquatic 
plant Elodea canadensis depending on the concentration of the antibiotic (10, 30, and 
50 mg/l).
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Fig. 4 Growth of roots of tested plants depending on the concentration of bicillin-3

Fig. 5 Growth of the aquatic plant Elodea canadensis in solutions of bicillin (compiled by the 
authors)

Bicillin-3 has an intense UV absorption band at 290 nm (Fig. 6a). Figure 6b shows  
a calibration graph specifying the dependence of the optical density of UV absorption 
on the concentration of bicillin-3 at 290 nm.

The decrease in UV absorption in the region of 290 nm makes it possible to assess 
the degree of elimination of the antibiotic from water. Elimination is understood as the 
whole set of processes leading to a decrease in the content of bicillin-3 in an external 
solution including both absorption by plants and metabolism under the action of enzyme 
systems of plants and microorganisms.
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Fig. 6 a UV absorption band of bicillin-3; b calibration curve for the quantitative determination 
of bicillin-3

Figure 7 shows that within 1–7 days there is a decrease in the concentration of bicillin-
3 in the aquatic environment. The amount of elimination depends on the concentration 
of the antibiotic. The decrease in the concentration of bicillin-3 for 7 days is 15.4, 23.7 
and 36.0% for solutions containing 10, 30 and 50 mg/l of the antibiotic, respectively. 

Fig. 7 Changes in the concentration of bicillin-3 in aqueous solutions with the aquatic plant 
Elodea canadensis depending on the initial concentration 

We estimated the value of the phytoremediation potential of the aquatic plant Elodea 
canadensis with respect to bicillin-3 (Table 1) at exposures of 3 and 7 days. It has been 
established that it depends on the initial concentration and varies in the range from 0.1 to 
1.8 mg/g of fresh plant weight. The phytoremediation potential increases as the antibiotic 
concentration increases.

Having compared the results of our own studies with the literature data [19] on the  
extraction of anti-inflammatory drugs Scirpus validus and Typha angustifolia, we can 
conclude that the efficiency of extraction of bicillin-3 by these plants is commensurate
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Table 1 Phytoremediation potential of aquatic plants to bicillin-3, mg/g fresh weight (compiled 
by the authors) 

Exposure time Initial concentration of bicillin-3, mg/l 

10 30 50 

3 days 0.10 0.46 1.05 

7 days 0.15 0.71 1.80

with Canadian pondweed and reaches 11–60%. This allows us to consider phytoremedi-
ation as one of the inexpensive solutions for removing antibiotics from the aquatic envi-
ronment. It is necessary to continue research on the creation of flexible phytoengineering 
systems for cleaning environmental objects from veterinary antibiotics. 

4 Conclusion 

When studying the phytotoxicity of bicillin-3 solutions, we observed a significant (p 
< 0.05–0.01) inhibition of the vital functions of the tested plants, such as germination 
energy and seed germination root length at high bicillin-3 concentrations of 50–100 mg/l. 
Watercress was the most sensitive. Hemp and rice were resistant to bicillin-3, and at high 
concentrations, root growth was stimulated. Probably, bicillin-3 can accumulate in hemp 
plants and it can be used for phytoremediation of soils contaminated with antibiotics. 
The aquatic plant Elodea canadensis can be used in phytoremediation facilities. 
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Abstract. Biological wastewater treatment systems have been used for many 
years. Constructed wetlands are one such system. Constructed wetlands are a 
modern bio-engineered system which can remove many forms of pollutants from 
wastewater from various sources. Thanks to the varied forms and configurations 
of such systems, they harmoniously blend in to existing landscapes and do not dis-
turb elements of harmony in the environment. The goal of this work is to review 
existing publications and research into the use of constructed wetlands in various 
regions to remove a wide range of pollutants from wastewater. It was determined 
that constructed wetlands are effective in treating urban surface runoff, industrial 
wastewater, and agricultural wastewater. Wetlands can effectively remove many 
pollutants: heavy metals (iron, copper, nickel, zinc, boron), biological contami-
nants, food industry waste, glycol, hydrocarbons, mineral nitrogen compounds, 
chlorine, radionuclides, and more. Constructed wetlands can serve as an inex-
pensive and easy-to-maintain solution for wastewater treatment which does not 
require the use of chemical or energy-intensive processes, can ensure the output 
of wastewater of the required quality while performing decorative and aesthetic 
functions, and improve the microclimate and condition of recreational areas and 
parks. 

Keywords: Constructed wetlands · Wetlands · Wastewater · Biological 
wastewater treatment 

1 Introduction 

Constructed wetlands are modern bio-engineering systems which have been used for 
many years for informal wastewater treatment. There is archaeological evidence of the 
use of prototypes of modern wetlands in China in 2000 BC. In 1950, at the Max Planck 
Institute, German professor and hydrobotanist Kathe Seidel began to study the properties 
of wetlands used to remove a certain volume of pollutants. Later, she was joined by 
Reinhold Kickuth from the University of Goettingen, but the researchers subsequently 
began to study this issue separately, as rivals.
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In 1953, Kathe Seidel put forth Max-Planck institute–process cleaning systems, 
consisting of four or five stages of purification, each of which consisted of several 
consecutive and parallel ponds. In the mid-1960s, Reinhold Kickuth presented the root 
zone method. An artificial (constructed) wetland based on the root zone method was 
built in Othfresen (Germany) in 1974. Irrigation fields first appeared in CIS territories 
in Odessa (1887), then in Kiev (1894), and the Lyublinsk irrigation fields appeared in 
Moscow in 1898. Currently there are more than 2500 operational constructed wetlands 
across the world [1]. 

There are four types of constructed wetlands: surface, horizontal, vertical infiltration, 
and mixed. Each type has its advantages and disadvantages; the dominating form of 
pollutant in a given area determines which of these wetlands will be chosen. Figure 1 
shows horizontal and vertical constructed wetlands. 

Fig. 1 Horizontal (left) and vertical flow (right) constructed wetlands [2] 

The various types of constructed wetlands allows for them to be effectively inte-
grated into various conditions. Modern systems can be placed in confined spaces with-
out losing efficiency of wastewater treatment. For example, cone-shaped infiltration 
constructed wetlands have been installed on 113 m2, while treating wastewater with the 
same efficiency as horizontal constructed wetlands taking up 309 m2 of territory [3]. 

The form and configuration of the system depends on various conditions and should 
be chosen with respect to the climactic, topographic, geological, and hydrological 
characteristics of the territory and the ecological characteristics of the flora [4]. 

In the further evolution of these systems, various useful models were created to 
improve performance [5]. 

The experience of building constructed wetlands in various cold-weather countries, 
including the West (Sweden, Finland, Norway, Canada) and Russia has shown that these 
systems do not lose efficiency even in the winter; there is an insignificant decrease in 
the activity of the systems [6]. 

The main advantages of constructed wetlands is their low energy use, high level 
of purification, environmental friendliness, and ability to accumulate various types of 
pollutants [7].
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2 International Use Cases 

A large number of these systems have been built across the world. The technology 
has been widely used in Europe, Asia, and America. They are used to treat wastewa-
ter containing pollutants from various sources: urban surface runoff and industrial and 
agricultural runoff. 

Constructed wetlands are widely used to treat wastewater in urban territories. 
In 1998, a system was implemented to treat village wastewater in the municipality 

of Roussillon in the south of France. The reed beds completely blend in to the valley, 
which is visited by many tourists. The wastewater treatment system has a capacity of 
1320 people in the peak summer season and 550 people in the off-season [8]. 

In 2011, a project was implemented in Chincha, Peru to build a two-stage wetland 
system to treat the domestic wastewater of 55 residents and staff of the Hogar de Ancianos 
Sta. Ana y San Joaquín y Asociación Ayuda Me Perú Retirement Home [9]. Constructed 
wetlands have also been successfully applied to treat wastewater in Provincial domain 
Huizingen, Belgium. The wetland is designed to treat domestic wastewater from a toilet 
building which serves up to 30 people. The treated wastewater flows into a basin with a 
reverse osmosis unit, where drinking water is produced from the wastewater and supplies 
a small fountain. The rest is discharged into a pond [10]. 

In Cuba, water treated by constructed wetlands is used for utilities (including flushing 
toilets); in Israel, treated wastewater is used for desert landscaping [11]. 

In addition to municipal wastewater treatment, these systems are widely used for 
wastewater treatment in various industrial applications. 

In the Jebel Ali Free Zone, Dubai, UAE, at the seafood processing plant of Kulimer 
Seafood Ltd., a constructed wetland has been implemented to treat wastewater from fish 
and shellfish cleaning in a wetland planted with papyrus. This wastewater is reused after 
ozonation at the plant [12]. 

At the end of 2010, IRIDRA designed a wetland in Val delle Rose (Cecchi Val delle 
Rose, Grosseto, Italy) to provide a new winery with a treatment system. A similar system 
had already been successfully used for wastewater treatment at another winery operated 
by the same client (Casa Vitivinicola Cecchi & F.). Monitoring of this installation allowed 
for the operations to be optimized, both in terms of the treatment and purification and 
the owner’s wishes for improved maintenance [13]. 

Constructed wetlands are widely used in the food industry to treat runoff of various 
origins. De Moerenaar is an artisanal cheese factory near the west coast of Belgium 
which produces a variety of local cheeses. Wastewater from the cheese factory and the 
dairy farm that supplies the milk is treated in an aerated wetland of 240 m2 [14]. 

In 2017, a 1650 m2 two-stage aerated wetland was put into operation to treat wastew-
ater at Frupeco (Fruit Peeling Company) in Lendelde, Belgium, which processes various 
types of fruit for fruit salads and packaged fruit for restaurants and grocery stores [15]. 

Dufftown Distillery, owned by Diageo (Scotland, UK), produces 4 million liters of 
whisky per year. The distillery produces wastewater containing significant amounts of 
copper, which is leached from the distillation cubes during distillation and treatment. 
An 800 m2 horizontal reed treatment system was designed and constructed to remove 
soluble copper from the distillery wastewater [16].
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Wetlands can be used to solve airport wastewater problems. The Mayfield Wastewater 
Treatment Plant was commissioned in 2001 and designed to treat runoff from the southern 
catchment area of Heathrow Airport, London, UK. The runoff is contaminated with 
glycols from de-icing. Treatment of glycol contaminated runoff is a challenge faced by 
every airport in winter in cold climate areas [17]. 

Constructed wetlands have proven themselves effective for the treatment of very 
specific wastewater. For example, the treatment of wastewater from a firefighting training 
center at an international airport (Teeside Airport in County Durham, UK) [18]. 

Wetlands are capable of providing efficient treatment of urban surface runoff: from 
parking lots (shopping centers, city facilities, etc.), from gas stations, and from sidewalks. 
The IKEA warehouse in Peterborough (Peterborough, UK) works as a distribution center 
for IKEA outlets in the region. The warehouse itself is of considerable size and forms 
a significant catchment for rainfall. The runoff from the warehouse generated during 
rainfall requires treatment before being returned to the environment [19]. 

The city of Genk, Belgium has an effective constructed wetland that treats runoff 
from a 1-hectare sidewalk and water from street washing [20]. 

A constructed wetland is an environmentally-sound technology to prevent the 
eutrophication of water bodies as a result of anthropogenic activity. This technology 
can launch the biological self-cleaning of water bodies. This includes preventing the 
massive, uncontrolled spread of phytoplankton and restoring the oxygen regime. Includ-
ing flowers in the wetlands achieves decorative and aesthetic goals while improving the 
microclimate and the condition of recreation areas and parks [21]. 

A number of modern studies aim to utilize constructed wetlands to restore recre-
ational resources. In this case, constructed wetlands are used as a regeneration area—they 
support the efficient clarification and treatment of water; contribute to the restoration 
of the ecosystem of the recreational area; and minimize costs, as no additional equip-
ment is required [22]. Due to the production and release of wastewater from many nearby 
enterprises, thermal power station TETs-1 at Lake Kaban (Kazan, Republic of Tatarstan) 
became unsuitable for lounging and bathing. A project developed by the Russian-Chinese 
consortium Turenscape + MAP architects, a cascade phyto-purification system entitled 
“Elastic Band. An Immortal Legend of Kazan”, was chosen to treat water at the site. 
A unified concept was created for the development of the embankments of the Kaban 
lake system: the Upper, Middle, and Lower lakes, starting from the channel adjacent to 
Bulak and up to the site where the Sabantui of the Privolzhsky district is located. It has 
been proposed to supplement the lake embankments with floating gardens (constructed 
wetlands). The Lower Lake Kaban phyto-purification facilities are located across sev-
eral tiers. Water is supplied to the facilities through a 15-m channel. Wastewater, having 
passed through a system of water cascades with planted plants, is purified before entering 
Lake Kaban [23]. 

Zero emissions are a common goal for sustainable development, especially for indus-
trial production. Tertiary treatment of constructed wetlands may be a suitable solution 
to close the loop. The constructed wetlands at Changshu Advanced Materials Industrial 
Park, Haiyu City, Jiangsu Province, China, are not just for water reclamation. They serve 
as a landing pad for people seeking nature and endangered species in an industrialized 
area. Created as a beautiful park, the wetland provides recreation while also serving as a
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buffer strip between chemical plants and urban areas. The Wetlands Visitor Center, with 
its rooftop and water level terraces, offers a stunning new view [24]. 

One of the most serious environmental hazards that must be addressed is the genera-
tion of wastewater by mining and mineral processing. In addition to wastewater generated 
directly from smelting and refining, existing pollutants also contaminate groundwater. 
Abandoned mines also pose a threat—water passes freely through the tunnels and accu-
mulates existing pollution. Studies conducted by a number of Russian institutes clearly 
demonstrate the effectiveness of these facilities in removing pollutants from wastewa-
ter, including iron (common reed planted in an area irrigated with polluted wastewater 
accumulates 4 times more iron at the end of the growing season than reed not irrigated 
with the same water) [25, 26]. 

Quarry wastewater is very often contaminated by mineral nitrogen compounds, 
which are produced by blasting using nitrogen compounds. A study conducted on a 
retention pond collecting mine waters from the vast territory of the Kirovogorsky quarry 
of AO OLCON (mining and processing plant in Olenegorsk, Murmansk region) resulted 
in the development of an innovative technology for mining wastewater treatment. After 
implementing floating wetlands, ammonium nitrogen content in the water at the outlet 
of the sedimentation tank decreased from 3.7 times (July) to 2.1 times (October); nitrite 
nitrogen content throughout the experiment was below the threshold [27, 28]. 

A group of researchers performed laboratory experiments and developed a new 
method of constructing floating constructed wetlands which can extract radionuclides 
(cesium-137 with activity of 1.5 kBq/l.) from wastewater [7]. There are publications 
proving that higher aquatic plants are able to extract uranium, radium, and thorium from 
wastewater [1]. 

Properly selected remediation agents can achieve the extraction of various heavy 
metals from wastewater, including copper, nickel, iron, zinc, and boron ions [1, 4]. In 
addition, experiments on increasing the level of purification have been carried out [29]. 

In 2021, Zhitnitsa Kryma APH and the Biopositive Construction and Resource Con-
servation engineering center of V. I. Vernadsky Crimean Federal University presented 
the Constructed Wetlands project, which includes an environmentally-friendly and cost-
effective technology for wastewater treatment. This system can return about 100 million 
m3 of water which has entered the sewerage system (no less than three volumes of 
Simferopol reservoir). After treatment, the water will meet the requirements of the State 
Sanitary and Epidemiological Rules and Hygienic Standards of the Russian Federation 
[11]. 

Water scarcity from arid and semi-arid regions forces researchers to look for alter-
native means of extracting and utilizing water. One excellent alternative is to use treated 
municipal wastewater for irrigation. From 1991 to 1995, several experiments on macro-
phytes and artificial wetlands were conducted in the laboratory of the ECOSERVICE 
Scientific Consulting Center in Tashkent, Uzbekistan. A riverbed and floating constructed 
wetland with macrophytes were designed and built. These systems proved to be highly 
effective in removing pollution within a few days after installation. A bioengineered 
infiltration structure (BIC) with macrophytes was installed in 2000 in Karakalpakstan, 
located in the semi-arid northwest of Uzbekistan to provide drinking water to small 
communities. Concentrations of total nitrogen, phosphorus, and organic matter were
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reduced 10–100 times. Chemical analyses showed that 22–38% of organic pollutants 
were removed in the BIC pond and the remaining 62–78% were removed in the filtration 
zone via the biological activity of macrophytes and biocenosis. Floating structures were 
used in the drainage channel to prevent soil erosion and improve water quality [30]. 

In Turkmenistan, researchers conducted experiments on using wetlands to treat lake 
Altyn Asyr and its drainage reservoirs at the Ecological Biotechnology R&D center of 
the Oguz Khan Engineering and Technical Institute. In their studies, wastewater was 
passed through a 100 m long wetland. As a result, chlorine ions were reduced by 2 times 
and the concentration of bicarbonate ions was reduced to 25 mg/l, which allows treated 
water to be used to grow fodder plants and create forest areas in the Karakums [27]. 

3 Conclusion 

The literature analysis has shown that constructed wetlands are a modern highly effective 
biological system which can be used to treat wastewater from various sources. For 
effective operation, the correct species, form, and variety of native plants must be chosen. 
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Abstract. Today, for balanced environmental management, it is necessary to con-
sider and assess the availability and condition of natural resources and the environ-
ment quality on time. To accomplish the goals specified, this paper suggests using 
the databases characterizing the water resource management in Ural, Siberian, and 
Far Eastern Federal Districts to prepare the environmental and economic maps 
that reflect the water resource availability, quality, and use efficiency as well as 
the adverse affecting factors. The maps were created on the basis of public statis-
tics as well as the data provided by the companies using natural resources. The 
maps were made with the statistics collection and analysis methods to develop the 
indicators that reflected the intensity, efficiency, and environmental friendliness 
of water resource use as well as the software products like Microsoft Excel and 
Surfer. The research results can be used by water management and environmental 
protection specialists as well as federal and regional authorities to develop water 
management and protection programs. 

Keywords: Water resources · Digital platform · Environmental and economic 
maps · Natural resource management · Databases 

1 Introduction 

Mapping as a research method and a data representation tool is extensively used in 
different research areas to solve a wide range of problems. The goal of environmental 
mapping is the analysis of the environmental situation and its dynamics, i.e., identifying 
spatial and temporal changes in natural factors affecting human health and ecosystem 
conditions. 

The collected and analyzed statistics on the state of water resources and their use 
efficiency were used to create environmental and economic maps and establish a database 
for three industrial regions: the Ural, Siberian, and Far Eastern Federal Districts for a 
period from 1990 to 2019. 

The database (dB) contains information on the natural indicators of the environmental 
and economic capacities of water bodies, as well as the anthropogenic impacts on them in
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the federal districts mentioned. The dB can be accessed in the XLSX and CSV formats 
using such software tools as Microsoft Excel, Access; OpenOffice, and LibreOffice 
Scalc. These formats can be used in programming environment ecosystems like Python; 
R (programming language). 

The dB is designed to facilitate research, practice, and training. The dB can be useful 
for the specialists solving water management and water ecology problems, as well as 
responsible for environmental and water resource management in industrial regions. 
This information product is recognized as intellectual property following patent No. 
2022620537 dated March 09, 2022. 

2 Constructing Spatial Models Using Maps 

Environmental and economic water resource maps were constructed using the Surfer 
software, which is the most relevant for this test according to the reviewed publications 
[1–4]. In practice, maps can be created using various methods [5, 6]. In our research, 
we used the Kriging method to develop the environmental and economic water resource 
maps. 

3 The Environmental and Economic Efficiency Indicators 
for Water Resources Used During the Mapping 

To create environmental and economic maps reflecting the consumption of water 
resources and the adverse impacts they experience, we used the following indicators:

● freshwater consumption in millions of m3;
● discharge of polluted drain water to surface waterbodies in millions of m3;
● the volume of recirculated and reclaimed water in millions of m3;
● costs of drain water collection and cleaning, millions of rubles;
● investments in water resource protection and rational use, millions of rubles;
● environmental and economic indicator 

Ki = Ci 

Bi 
(1) 

where Ki is the normalized environmental and economic indicator for a specific 
year; Ci is the natural environmental and economic indicator, e.g., the discharge of 
drain water in a region in millions of m3; Bi is the volume of reclaimed and recycled 
water, millions of m3

● efficiency of environmental and economic activities 

Ei = Ci 

Zi + Ii (2) 

where Ei is the efficiency of environmental and economic activities; Ci is the 
natural environmental and economic indicator, the discharge of drain water to water 
bodies in millions of m3 for a specific year; Zi is the costs of implementing water 
protection activities in millions of rubles for a specific year; Ii is the investments in 
the implementation of environmental protection activities, millions of rubles, for a 
specific year.
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These indicators were provided for three industrial regions, namely the Ural, 
Siberian, and Far Eastern Federal Districts for the period between 1995 and 2019. 

4 The Environmental and Economic Mapping of Water Resources 

In this research, we used the statistics on the state of water resources and their use in the 
Ural, Siberian, and Far Eastern Federal Districts (from 1995 to 2019) [7–14]. 

We used the previously-obtained statistics and analytical data to perform the envi-
ronmental mapping of water resources in the districts mentioned above with the help of 
the 3D surface imaging function of the Surfer software. The research results are shown 
in Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 
and 25. 

Fig. 1 The fresh water use in 1995

Figures 1, 2, 3 and 4 show the obtained map options reflecting the usage of fresh 
water in the Ural, Siberian, and Far Eastern Federal Districts. 

The analysis of water consumption showed that, in the federal districts in question, 
fresh water is mainly used for production and household purposes (56.52% and 34.4%, 
respectively). Agriculture and irrigation only consume 1.95% of the total freshwater 
used. Note that the structure of freshwater use mainly depends on the industrial sector 
specifics and the development of freshwater recycling and reclamation systems. 

The obtained maps show positive water consumption dynamics, i.e., the reduction 
of freshwater usage in the federal districts considered from 1995 to 2019. 

As of 1995, the highest water consumption was observed in the Krasnoyarsk Krai 
(2671 million m3/year), and the lowest was observed in the Jewish Autonomous Oblast
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Fig. 2 The fresh water use in 2000 

Fig. 3 The fresh water use in 2010

and the Altai Republic (23 million m3/year). These proportions remained the same 
between 2000 and 2019.
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Fig. 4 The fresh water use in 2019 

Fig. 5 The discharge of polluted drain water to surface water bodies in 1995

When reviewing the previously-obtained statistics and analytical data on freshwater 
usage in the Ural, Siberian, and Far Eastern Federal Districts between 1995 and 2019 in 
detail, we can draw the following conclusions:
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Fig. 6 The discharge of polluted drain water to surface water bodies in 2000 

Fig. 7 The discharge of polluted drain water to surface water bodies in 2010

● In the Ural Federal District, freshwater consumption increases on average by 58.76% 
due to KMAO (an increase of 75.7%) and YNAO (8.98%). In Kurgan Oblast, a 
reduction of 70.6% is observed, while in Sverdlovsk Oblast this figure is 67%, in 
Tyumen Oblast—14.03%, and in Chelyabinsk Oblast—38.8%;
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Fig. 8 The discharge of polluted drain water to surface water bodies in 2019 

Fig. 9 The consumption rate of recycled/reclaimed water, 1995

● In the Siberian Federal District, water consumption decreased by 53% from 
12,657 million m3 in 1990 to 5948 million m3 in 2019. This was achieved by 
reductions in the Altai Republic (77.42%), Altai Krai (64.24%), Irkutsk Oblast 
(63.13%), Kemerovo Oblast (43.31%), Krasnoyarsk Krai (51.81%), Novosibirsk 
Oblast (51.76%), and Omsk Oblast (71.01%), while Tomsk Oblast was the only
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Fig. 10 The consumption rate of recycled/reclaimed water, 2000 

Fig. 11 The consumption rate of recycled/reclaimed water, 2010

region where water consumption increased by 84.95%. Overall, there are the follow-
ing water consumption trends and patterns in the Siberian Federal District: the lowest 
freshwater consumption is observed in the Altai Republic (0.12% of the total water 
consumption volume), the Republic of Tyva (1%), and the Republic of Khakassia
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Fig. 12 The consumption rate of recycled/reclaimed water, 2019 

Fig. 13 Costs of drain water collection and purification in 2000

(1%); while the highest consumption can be found in Kemerovo Oblast (26%) and 
Krasnoyarsk Krai (32%).

● In the Far Eastern Federal District, the reduction made up 46.91%, mainly due to the 
Amur Oblast (58.24%), the Republic of Sakha (Yakutia) (38.62%), Kamchatka Krai
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Fig. 14 Costs of drain water collection and purification in 2010 

Fig. 15 Costs of drain water collection and purification in 2019

(50.67%), Primorsky Krai (56.43%), Khabarovsk Krai (74.15%), Magadan Oblast 
(39.57%), Sakhalin Oblast (69.31%), the Jewish Autonomous Oblast (50.00%), 
and Chukotka Autonomous District (70.11%), although, in some of the regions,
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Fig. 16 Investments in water resource protection and rational usage, 1995 

Fig. 17 Investments in water resource protection and rational usage, 2000

the water consumption increased, including the Republic of Buryatia (49.40%) and 
Zabaykalsky Krai (9.09%).

Figures 5, 6, 7 and 8 show the maps that reflect the discharge of polluted drain water. 
The results obtained are unchanged and, in some cases, feature negative trends, which 
can be attributed to the changes in the structure of industrial production [15]. According 
to Fig. 5, the highest polluted drain water discharge in 1995 was in Primorsky Krai
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Fig. 18 Investments in water resource protection and rational usage, 2010 

Fig. 19 Investments in water resource protection and rational usage, 2018

(369.3 million m3), and the smallest was found in KMAO—Yugra (0.4 million m3). 
Following Fig. 6, the trends shifted in 2000, and the highest drain water discharge 
was observed in Irkutsk Oblast (826 million m3), and the lowest in the Altai Republic 
(0.6 million m3).
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Fig. 20 Environmental and economic indicator, 2000 

Fig. 21 Environmental and economic indicator, 2010

In 2010, the highest drain water discharge was observed in Sverdlovsk Oblast 
(763 million m3) and Chelyabinsk Oblast (712 million m3), while the lowest discharge
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Fig. 22 Environmental and economic indicator, 2019 

Fig. 23 The efficiency of environmental and economic activities, 2000

was still registered in the Altai Republic (0.3 million m3), Fig. 7. In 2019, the patterns 
from the previous period are preserved, Fig. 8.
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Fig. 24 The efficiency of environmental and economic activities, 2010 

Fig. 25 The efficiency of environmental and economic activities, 2018

During the analysis, we established that the polluted drain water in almost all of 
the regions of the Ural Federal District in 2019 was mainly made up of insufficiently 
purified drain water. The shares of the Ural Federal District regions in the discharge 
of polluted drain water changed significantly since 1995 when they were as follows:
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Sverdlovsk Oblast—74.22%, Chelyabinsk Oblast—24.94%, Tyumen Oblast—n/a, Kur-
gan Oblast—0.71%, YNAO—0.1%, KMAO—Yugra—0.1%. In 2018, it became as 
follows: Sverdlovsk Oblast—39%, Chelyabinsk Oblast—45%, Tyumen Oblast—6%, 
Kurgan Oblast—2%, YNAO—2%, KMAO—Yugra—6%. 

The discharge of polluted water in the Ural Federal District as a whole during this 
period increased by 39.1%, from 1055.5 million m3 in 1990 to 1435 million m3 in 2019. 

The analysis of the statistics showed that, in the Siberian Federal District, the dis-
charge of polluted drain water decreased by 65.5%, from 4314.5 million m3 in 1995 
to 1487.3 million m3 in 2019. The polluted drain water in this district was also mainly 
made up of insufficiently purified drain water. The largest shares of polluted drain water 
discharge in 2019 for the regions of the Siberian Federal District were observed in 
Irkutsk Oblast (35.43%), Kemerovo Oblast (23.87%), and Krasnoyarsk Krai (20.51%). 
The smallest shares were observed in the Altai Republic (0.02%), Altai Krai (1.14%), 
Novosibirsk Oblast (5.98%), Omsk Oblast (8.74%), and Tomsk Oblast (1.61%), as well 
as the Republic of Tyva (0.47%) and Republic of Khakassia (2.22%). 

The analysis of the polluted drain water discharge data for the Far Eastern Federal 
District showed that there was an increase from 676 million m3 in 1995 to 744 mil-
lion m3 in 2019, which makes up 10.1%. The polluted drain water in almost all of the Far 
Eastern Federal District regions was also mainly made up of insufficiently purified drain 
water. The largest polluted drain water discharge shares for the regions of the Far Eastern 
Federal District in 2019 were observed in Primorsky Krai (35.75%) and Khabarovsk Krai 
(25.54%), while the contribution of other Krais and Oblasts in the total drain water dis-
charge is insufficient: Zabaykalsky Krai—6.99%, Republic of Buryatia—4.70%, Repub-
lic of Sakha (Yakutia)—7.66%, Kamchatka Krai—3.63%, Amur Oblast—9.01%, Mag-
adan Oblast—1.48%, Sakhalin Oblast—3.36%, Jewish Autonomous Oblast—1.48%, 
and Chukotka Autonomous District—0.40%. 

Consumption rates make up the next analyzed indicator. The results of mapping for 
the consumption of recycled and reclaimed water are shown in Figs. 9, 10, 11 and 12. 

In 1995, the lowest usage rates of reclaimed/recycled water across the three federal 
districts were observed in the Altai Krai (1276 million m3) and the highest in Sverdlovsk 
Oblast (13,066 million m3), Fig. 9. In 2000, this pattern was unchanged, Fig. 10. 

In 2010, the patterns are the same (Fig. 11), with the minimum in the Jew-
ish Autonomous Oblast (6 million m3) and the maximum in Sverdlovsk Oblast 
(13,297 million m3). As of 2019 (Fig. 12), the patterns are preserved. 

If we review the dynamics of this indicator across the districts, we can draw the 
following conclusions:

● The indicator decreased in the Ural Federal District by 17.46%, although some of its 
regions saw it increase, e.g., in Khanty-Mansi Autonomous Okrug this indicator grew 
by 14.17%, in Yamalo-Nenets Autonomous Okrug it grew by 228.57%, and in Tyu-
men Oblast, it grew by 10.1%. The reduction in Kurgan Oblast amounted to 54.17%, 
in Sverdlovsk Oblast—28.23%, and Chelyabinsk Oblast—19.46%. Within the total 
use of recycled/reclaimed water, KMAO-Yugra takes up 27.98%, and Chelyabinsk 
Oblast takes up 29.71%. The smallest shares belong to Kurgan Oblast (1.04%), YNAO 
(1.03%), and Tyumen Oblast (5.04%).
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● The Siberian Federal District saw this indicator decrease by 22.42%. The per-region 
reductions are as follows: Altai Krai—46%, Irkutsk Oblast—32.21%, Kemerovo 
Oblast—15.71%, Krasnoyarsk Krai—15.63%, Novosibirsk Oblast—37.07%, Omsk 
Oblast—40.15%, Republic of Tyva—63.64%. The indicator increased in the 
Altai Republic (600%), Tomsk Oblast (56.25%), and the Republic of Khakassia 
(52.91%). Overall, the highest recycled/reclaimed water consumption share belongs 
to Kemerovo Oblast (33.05%), Krasnoyarsk Krai (19%), and Irkutsk Oblast (18.66%), 
while the lowest was in the Altai Republic (0.14%), Altai Krai (5.64%), Novosibirsk 
Oblast (5.27%), Omsk Oblast (8.45%), Tomsk Oblast (5.35%), Republic of Tyva 
(0.08%), and Republic of Khakassia (3.99%).

● The Far Eastern Federal District also had this indicator decreased by 24.35%. The 
shares of the regions are as follows: Amur Oblast—12.68%, Republic of Buryatia— 
4.09%, Jewish Autonomous Oblast—0.16%, Kamchatka Krai—0.14%, Primorsky 
Krai—24.22%, Khabarovsk Krai—19.03%, Zabaykalsky Krai—14.05%, Magadan 
Oblast—5.72%, Sakhalin Oblast—2.06%, Chukotka Autonomous District—1.90%, 
Republic of Sakha—15.96%. 

The costs of drain water collection and purification are shown in Figs. 13, 14 and 15 
(the data were compared using absolute values without indexation). 

Territories in red are characterized by high costs. In 2000, the highest costs were 
observed in Sverdlovsk Oblast (2313.2 million rubles), and the lowest was found in 
the Jewish Autonomous Oblast (1 million rubles). In 2010, the highest environmental 
protection costs were observed in KMAO—Yugra (8164 million rubles), and the lowest 
in Chukotka Autonomous District (12 million rubles). 

The trend for the costs increase is preserved in 2019 (Fig. 15). Overall, the analysis 
of the statistics showed the following:

● The costs tend to increase in the Ural Federal District (358.7%), with the high-
est growth in YNAO (496.68%), KMAO—Yugra (392.02%), Chelyabinsk Oblast 
(351.47%), Sverdlovsk Oblast (280.95%), and Kurgan Oblast (109.09%), while in 
Tyumen Oblast it is only 25.31%). In 2019, in absolute values, KMAO—Yugra had 
8,904.6 million rubles or 33.05% of the total costs of the federal district, Sverdlovsk 
Oblast had 8812.1 million rubles or 32.71%; Chelyabinsk Oblast had 4456.02 mil-
lion rubles or 16.54%, YNAO had 2984 million rubles or 11.08%, and the lowest 
costs were observed in Tyumen Oblast (1,233.3 million rubles or 4.58%) and Kurgan 
Oblast (549.7 million rubles or 2.04%).

● In the Siberian Federal District, this indicator also grew from 7183.9 million rubles in 
2000 to 24,078.4 million rubles in 2019, making for an increase of 235.17%. The high-
est increase of this indicator within the period in question was observed in the Altai 
Republic (from 4.2 million rubles to 67.3 million rubles, or 1502.38%). In Irkutsk 
Oblast the growth made up 335.59%, from 1100 to 4791.5 million rubles; in Kemerovo 
Oblast—346.06%, from 1224.2 to 5460.7 million rubles; in Omsk Oblast—333.55%, 
from 621.7 to 2695.4 million rubles; in Tomsk Oblast—132.21%, from 602.7 to 
1399.5 million rubles; in the Republic of Tyva—4864.71%, from 3.4 to 168.8 million 
rubles; in the Republic of Khakassia—345.13%, from 116.1 to 516.8 million rubles; 
in Krasnoyarsk Krai—170.59%, from 2575.6 to 6969.3 million rubles; in Altai Krai
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134.52%, from 478.3 to 1121.7 million rubles; and in Novosibirsk Oblast—93.88%, 
from 457.7 to 887.4 million rubles.

● In the Far Eastern Federal District, the indicator also increased from 2863.2 mil-
lion rubles in 2000 to 8783.14 million rubles in 2019, making for an increase 
of 206.76%. The highest increase of this indicator was observed in the Jewish 
Autonomous Oblast (7590%, from 1 to 76.9 million rubles). In Primorsky Krai, the 
growth made up 394.23%, from 266.8 to 1318.6 million rubles; in Amur Oblast— 
336.74%, from 67.5 to 294.8 million rubles; in Kamchatka Krai—714.35%, from 45.3 
to 368.9 million rubles, in Khabarovsk Krai—406.76%, from 365.4 to 1851.7 mil-
lion rubles; in Chukotka Autonomous District—429.03%, from 3.1 to 16.4 million 
rubles; in Sakhalin Oblast—282.16%, from 101.8 to 389.04 million rubles; in Mag-
adan Oblast—185.08%, from 156.8 to 447 million rubles; in Zabaykalsky Krai— 
164.31%, from 196.7 to 519.9 million rubles; in the Republic of Sakha—134.52%, 
from 1413.5 to 3017.1 million rubles; and in the Republic of Buryatia—96.82%, from 
245.3 to 482.8 million rubles. 

The investments in the protection and rational usage of water resources are presented 
in Figs. 16, 17, 18 and 19. This indicator was at the highest in Sverdlovsk Oblast (145 mil-
lion rubles), and the lowest in the Jewish Autonomous Oblast (0.5 million rubles). (1995) 
The trends remain the same in the subsequent periods. 

The distribution of the indicator was as follows:

● Within the Ural Federal District, Kurgan Oblast takes up 3.08% of the total invest-
ments, Sverdlovsk Oblast takes up 29.68%, KMAO—1.96%, YNAO—23.29%, 
Tyumen Oblast—12.65%, and Chelyabinsk Oblast—29.33%.

● In the Siberian Federal District, the increase in investment amounted to 9.5 thousand 
times. The distribution of the indicator across the regions and autonomous units of 
the Siberian Federal District is as follows: Altai Republic—0.40% of the total invest-
ments, Altai Krai—2.31%, Irkutsk Oblast—19.41%, Kemerovo Oblast—24.15%, 
Krasnoyarsk Krai—17.94%, Novosibirsk Oblast—2.42%, Omsk Oblast—29.44%, 
Tomsk Oblast—3.13%, Republic of Tyva—0.02%, Republic of Khakassia—0.78%.

● In the Far Eastern Federal District, the increase in investments amounted to 266.44 
times. The distribution of the indicator across the regions and autonomous units 
of the Far Eastern Federal District in 2018 was as follows: Amur Oblast—11.1%, 
Republic of Buryatia—0.23%, Jewish Autonomous Oblast—0.58%, Zabaykalsky 
Krai—20.73%, Kamchatka Krai—1.22%, Magadan Oblast—0.14%, Primorsky 
Krai—9.60%, Republic of Sakha—37.61%, Sakhalin Oblast—0.91%, Khabarovsk 
Krai—15.89%, Chukotka Autonomous District—2.01%. 

The results of the research on the assessment of the environmental and economic 
indicator for water resources are shown in Figs. 20, 21 and 22. The growth of this 
indicator characterizes the positive changes in water protection activities, i.e., the reduc-
tion of polluted drain water discharge and the increase in water consumption through 
recycled/reclaimed water rather than fresh water. 

According to the obtained analytics, the best conditions are found in the Jewish 
Autonomous Oblast (the indicator value of 0.256, mainly production companies with
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low water consumption), while the minimum value (0.004) can be found in KMAO— 
Yugra, which is explained by the rapid increase in the amount of polluted drain water as 
confirmed by Figs. 5, 6, 7 and 8, and this trend is typical of the entire period in question. 

The situation is gradually changing, even though for KMAO—Yugra this indicator is 
still low (0.007), while the minimum can be registered in Primorsky Krai (0.48), which 
can be attributed to the increased investment in water protection activities, according to 
Figs. 21 and 22, resulting in the improved efficiency of water management. 

The results of the assessment of the environmental and economic efficiency of water 
protection activities are shown in Figs. 23, 24 and 25. This indicator reflects the efficiency 
of polluted drain water collection and purification costs, as well as the investments 
in water protection activities observed as the anthropogenic impact on water bodies 
increases. The growth of this indicator signifies there are some positive changes in water 
protection activities due to preventive actions. According to the data shown in Figs. 23, 
24 and 25, the highest efficiency of water protection activities in 2000 was found in 
Primorsky Krai. The indicator is set at 0.146, Fig. 24. In 2010, the costs and investments 
were somewhat redistributed in favor of the Amur Oblast (463), while the indicator is 
still insignificant in KMAO—Yugra (0.005). According to Fig. 25, the indicator value 
for Tyumen Oblast is 0.08, which means the funding for water protection activities is 
insufficient. The value for the Jewish Autonomous Oblast is 6.875, which means there 
are significant costs and investments per unit of waterbody pollution. 

Based on the data provided, we can say that, during the analyzed period, the envi-
ronmental protection costs increase pro rata with the adverse impacts on water resources 
due to industrial production as made evident by the previous maps illustrating the listed 
indicators, although their value is often insufficient to mitigate the negative impacts on 
water resources. For instance, in the Ural Federal District, the increase in polluted drain 
water discharge is accompanied by an increase in the drain water collection and purifi-
cation costs, as well as an increase in the water protection activity investments according 
to Figs. 5, 6, 7 and 8. 

5 Conclusion 

During the research, we performed a detailed study of water resources in three federal 
districts: Ural, Siberian, and Far Eastern. They are good examples of resource-rich 
regions with good economic prospects. The current situation with water resources was 
evaluated, and objective data were obtained concerning the environmental situation and 
its dynamics in the regions in question. 

Based on the research results, a database containing information on water usage, 
pollution, and protection activities was established. It helped analyze the efficiency of 
water management over the selected period. Based on the results of this analysis, several 
maps were developed. 

To identify reliable scientific data, we used the methods and laws of statistics, as 
well as the Kriging mapping method.
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