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STUDY OF "SARALSK" DEPOSIT FOR
PRACTICAL APPLICATIONS IN CONSTRUCTION
In article the results of research of structural features and technical properties of andesite - basalt stone
rock of the “Saralsk” deposit are given. The material is estimated by its mineral - petrographic composition,
and the cuts/refinements of stone materials have been made for the microscopic study of mineral-petrographic
composition. Researches are conducted according to requirements of acting standards and as a result, it
became clear, that the rock consists basically of minerals opacitized hornblende and plagioclase, it doesn't
contain any no secondary minerals such as hydroxides of iron, chlorites, epidote, quartz, saricite, etc.
Petrographic researches have allowed to determine the species of stone rock. The density, strength, water
resistance and frost resistance of stone rock are studied. The suitability of the material for practical application
in construction, including for external works, is revealed.
Keywords: structure, texture, density, strength, water resistance, frost resistance.
Introduction
The main features by which a natural stone species can be determined are, as is known, position, structure,
mineral and chemical compositions. The Geological phenomena to which rocks owe their origin define: being
in nature; position and its association with other rocks; mineral and chemical compositions; structure and
texture of the material [1].
The article contains the results of petrographic and technological research of stone rock of the "Saralsk"
deposit. Preliminary the material is visually defined as a rock belonging to andesite - basalts. The
differentiation of basalts and andesites is the important problem of systematizing igneous rock, as both these
groups of rocks are closely connected by continuous transitions between themselves. The difficulty of defining
the boundaries between them is that it is difficult to determine the exact quantitative mineral composition. As,
they contain an uncrystallized base mass of glass and its devitrification or decomposition products, which
makes it absolutely impossible to accurately define the composition under a microscope. Therefore at
establishing boundaries the chemical analysis of rock is necessary.
For successful application of natural stone, as an architectural-construction product especially in external
works, experimental study of its main qualitative indicators is necessary, among which, research aimed at
detection of resistance of material to various external influences is most significant.
Materials and methods
The stone rock of the "Saralsk" deposit for the purpose of establishment of suitability of the material for
external application in the form of architectural-construction products is investigated.
According to the technical requirements of the relevant standards, the material is estimated by its mineral petrographic composition, and also resistance to environmental influence, mainly water and frost resistance.
For microscopic study of mineral-petrographic composition, sections of stone material have been made; based
on analysis of powder from crushed rock, chemical composition of stone is revealed; density, strength, water
and frost resistance are studied on samples-cubes with a rib size of 100 mm.
Researches are spent according to requirements of operating standards [2].
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Literary review
The questions of geological-tectonic, petroleum-chemical and geochemical features of the magmatism of
the tectonic zone of the Aleverdy ore area of Armenia, where the "Saralsk" deposit is located, are dealt with
by numerous researches, on which quaternary emissions of pyroclastic material have a type of areal or multioutlet eruptions. On relatively strong areas of earth crust of the Debed's rock sets arose faults from which the
basalt lava streamed. Numerous crossed cracks were weak places, especially in crossing places where the
message with the magmatic pocket was established, and arose craters of volcanoes. Craters of volcanoes
existed short time. After eruption the fault cicatrised, at further revival of volcanic activity on the same crack
or in new crossing of cracks there was a new center of propagation of basalt lavas, in some cases changing
during volcanic history its composition. Basalt and andesite lavas of this region of Armenia, streaming on the
surface of the earth and cooling in the form of streams and covers, mainly formed a blocky crust. The upper
solidifying layer was broken off on angular blocks with sharp ribs and stretched crosspieces between them.
With the lapse of time, these crosspieces were broken off, creating an original completed blocky surface. In
the quaternary lavas of the Armenian volcanoes, owing to weathering and frost action, the blocky lavas were
subjected to disintegration, creating scatterings of blocks of the andesite-basalt, which has already lost the
characteristic features of the real blocky lavas [3].
Many petrographs consider basalt magma to be the "parent" primary, from which all other eruptive rocks
could occur by differentiation and also by contamination the more silicate-rich material of earth crust. Together
with basalts, andesites, as is known, are the most widespread stone rocks. Basalts consist approximately
equally of plagioclase and iron-magnesial minerals. Basalt structure is often zonal or sand-glass, medium and
macro-crystalline and porphyritic. The microstructure of base mass is most often intersertal, microdoleritic is
also quite common, ophitic is less common, and little-crystallized types with hyalopilitic and hyaloophytic
structure are less extended.
Andesites are characterized by a macroscopically aphanitic base mass essentially consisting of lime-sodium
plagioclase together with subordinated amount of pyroxene and some amount of glass. Such a base mass
sometimes entirely builds up the whole rock, but is more often the base mass containing phenocrystals of limesodium plagioclase. More acidic plagioclases are characteristic for corniferous and mica andesites, more basic
- for augitic. Phenocrysts, as a rule, are with the developed zonal structure and have common tablitic
appearance. The zonal structure of plagioclase for andesites is characteristically more than for basalts [4].
Results
On the basis of microscopic study of rock sections, it is revealed that the rock consists basically of minerals
opacitized hornblende and plagioclase (up to 30% of the rock). The hornblende pleochroes in red-brown tones,
from ash-light-green to red-orange and yellow-red and is surrounded by an opacitic edge consisting of opaque
small grains of magnetite. This mineral is represented by two generations of elongated narrow prismatic
crystals: the first - with the sizes of 1.5... 4.5 mm, the second - less than 1.5 mm. Plagioclases are also
represented by two generations, the first of which is porphyritic phenocrystals, in the form of short thick
impregnations with the sizes 1.0... 2.0 mm, and the second generation - microlites with the sizes less than
1.0 mm.
The texture of the rock concerns type "massive". The rock structure is microporphyritic and porphyritic
with the microlitic structure of the base mass. The relation of fine impregnations and fine-grained base mass
is approximately the same and is 48% and 52%, respectively. Visually, the rock has no macrocracks, macrocrosses, and macrocracks are not found by microscopic studies on either opacitized prismatic phenocrystals
hornblendeс or on the surface of watery-transparent phenocrystals of plagioclase.
There are no secondary minerals in the rock, such as hydroxides of iron, chlorites, epidote, quartz, saricite,
etc., xenoliths, xenocrysts and accessory minerals are also not found. There are no impurities of solid and loose
minerals, there are no inclusions of quartz, silicon nodules, clay and other harmful rocks.
4
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Table 1 shows the chemical composition of the stone, the content of which components is average value
of the analysis of three samples of powder of ground rock.
Table 1. Results of the chemical analysis
The content of components, %
SiO2

Al2O3

TiО2

Fe2O3

CaO

MgO

K2O+Na2O

SO3

60.18

17,49

0.61

5.78

5.63

2.55

6.29

0.29

Table 2 shows the results of the study of the main qualitative indicators of stone rock. Average values of
density and strength were determined by testing 20 stone samples. Coefficients of water saturation, softening
and frost resistance are average values of the corresponding indicators of three tests. In experiments on frost
resistance, six control and nine basic cubes were used for each cycle of alternate freezing in the climate
chamber and thawing in room conditions.
Table 2. Results of study of the main qualitative indicators of stone rock
Average
density,
kg/m3

Average strength
at compression,
MPa

Coefficient of water
saturation

2192

76.4

0.46

Coefficient of
Coefficient of
softening,
frost resistance
Кsoftening,= R'av./ Rav. at 100 cycles of tests
0.869

0.96

Discussion
On the basis of petrographic researches, chemical and mineralogical compositions, structural and textural
features of the material are revealed, analysis of which results has allowed to define that the studied stone rock
is corniferous andesite.
Corniferous andesites, as is known, are characterised by a combination of the phenocrystals of plagioclase
and hornblende, plagioclase with the impregnated biotite. In addition, pyroxen, mainly hyperstene, can be
found, and to this sign andesites receive the name corniferous. The corniferous andesite, as a rule, is richer in
silicate, that is visible on chemical composition of the material and has affected the microlite structure of the
base mass. There are clearly expressed traces of opacitization of the hornblende, which explains the colour of
the material. It is necessary to underline, that it is not connected with superficial low-temperature changes,
with weathering. The phenomenon of hornblende opacitization can be explained as follows. At contact with
air oxygen, the bivalent iron is oxidized to trivalent, the reaction causes the temperature of the andesite lava
poured out on the surface to rise. At the same time around phenocrystals of hornblende there is formed opacitic
edge, as a result of which green hornblende is painted in orange-red and brown colors.
The analysis of results of technological researches has shown that stone rock has density of 2.200 kg/m3
and strength of 76.4MPa, which corresponds to the rocks of the andesite species. Coefficients of softening
(0.869), water resistance (0.46) and frost resistance (0.96) testify to sufficiently high quality of stone rock, that
allows to recommend the studied material for wide application in construction practice, including for external
works.
Conclusion
The investigated natural stone material of the "Saralsk" deposit on its mineralogical and chemical
composition is hornblende andesite. It consists of impregnated hornblende and plagioclase in the form of
tablitic porphyritic phenocrystals, smaller sheets and microlites. Rock-forming minerals of andesite are not
subject to secondary changes, traces of weathering of the material are absent.
5
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The hornblende andesite has a "massive" texture, the structure of the rock is microporphyritic and
porphyritic with the microlite structure of the base mass. In rock are absent macro- and microcracks, are not
found out impurities of secondary and harmful minerals.
The revealed basic technical characteristics of a stone testify to high quality of the material and sufficiently
resistant to negative influences of environment.
The complex analysis of the results of petrographic and technological researches of stone rock of the
"Saralsk" deposit has shown the suitability of hornblende andesite for practical application in construction,
including for external works.
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POSSIBILITY OF TUFF WASTE APPLICATION IN THE PRODUCTION
OF THERMAL INSULATION MATERIALS
Possible methods of dust, sand and gravel waste involvement during tuff mining for production of modern
thermal-insulating construction materials using energy-efficient technologies are presented. The possibility
of using the valuable properties of these wastes for the production of modern competitive materials and
products, particularly clinkerless binders, artificial porous fillers, foam concrete, etc is described. The
volcanic rocks, which have a glass-like structure, i.e. easily modified, give the system sufficient energy
potential, which is accumulated in the rock, allowing work to be performed through chemical reaction. The
possibility of increasing rock reactivity both by mechanical (crushing, grinding) and chemical methods
(creation of basic, sulfate environments) is presented.
It has been theoretically substantiated and practically confirmed that by using the waste materials it is
possible to obtain artificial construction conglomerates of various structures using resource-saving
technologies and the activities of rocks endowed with nature. The composition of concrete with a cellular
structure has been developed and its physical and mechanical characteristics have been brought forth.
Keywords: tuff waste, energy-efficiency, rock activity, inner energy, specific surface, lime-sand binder,
environmental issues, low-basic hydrosilicates and hydroaluminates, heat resistance.
Introduction
Armenia has large resources of different types of mountain rocks, which, however, are limited; it is
necessary to look for ways to use them rationally and effectively. Mining and processing of mountain rocks
generate large amounts of waste, which creates serious environmental problems that are constantly
intensifying. In particular, the mining and processing of tuff rock generate a large amount of waste, the disposal
of which is of great economic and environmental importance [1].
About 60-80% of the mined tuff mass turns into waste, which is due to the cracks of natural tuffs. As a
result, a large amount of waste, such as dust, sand and gravel accumulates around the mine, which pollutes the
environment and causes serious environmental problems. These wastes are subjected to alkalinization under
the influence of atmospheric factors and become a constant pollution source for air, underground water and
surface water. Irrigation of land by these waters leads to salinization of land, the regeneration of which requires
considerable costs. This wastes are very cheap, but valuable raw materials for the production of modern
competitive materials and products, especially clinkerless binders, foam concrete of solid and cellular
structure, artificial porous fillers, etc. [2-4].
Main Part
The complex use of mineral raw materials, particularly tuffs, has been and remains a very relevant problem,
which is connected with the large amounts of waste generated.
Our republic has a rich raw material base for the production of effective thermal insulation materials, but
up to this day such materials are imported from abroad, resulting in a significant increase in their cost.
Moreover, the properties of thermal insulation materials and products deteriorate during transportation due to
their low strength or fragile structure, and the load-carrying capacity of the vehicle is not fully utilized, as these
7
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materials have low average density. Therefore, it is necessary to find ways to organize the production using
material and energy-efficient technologies involving various types of industrial waste, which are available in
the country in millions of cubic meters and are dangerous in their nature. By involving this waste as the main
raw material for the production of thermal-insulating materials and products, it will be possible to reduce the
mining of precious mountain rocks, by making the use of natural resources more rational. Thermal-insulating
materials are used not only in construction, but also in various areas - for insulation of pipelines, chemical
machinery, thermal units, which increases their productivity.
It should be noted that special attention should be paid to the thermal insulation of refrigerators, since the
cost of a refrigeration unit is approximately 20 times more expensive than the cost of the corresponding thermal
unit [5,6].
Thus, the one effective way of scientific and technological progress is to involve wastes into circulation,
which are one of the sources of environmental pollution.
The use of industrial wastes and secondary materials as the main raw material in the production of various
construction materials and products contributes to the creation of low-waste or waste–free technologies and at
the same time solves social problems, particularly of environmental protection.
On the basis of the above mentioned, the task was set to study the possibility of obtaining effective
competitive thermal-insulating materials and products from tuff waste by energy-efficient technological
schemes.
The tuff rocks have a glass-like structure, that is, there are crystalline enclosures in the amorphous body,
and when these enclosures leave the center, the regular structure is gradually disrupted, giving the rock
sufficient energy potential. Thus, rocks with volcanic glass structures are mutable (amorphous), i.e. they can
be easily changed, which gives the system sufficient energy potential to work through chemical reactions.
Mechanical methods (crushing, grinding) and chemical methods (creating basic sulfate environments) can be
used to increase the reactivity of the rocks.
Mountain rock crushing severely disrupts the surface of the particles, resulting in a large number of
unsaturated surface bonds. These surface disruptions significantly increase the activity of the materials
compared to the original. As the specific surface of the material increases, surface energy also increases, but
over time the surface charges neutralize, which leads to a decrease in surface energy and an increase in the
inertia of the rock.
Although, according to the Gibbs-Curie principle, an increase in the degree of the material grinding leads
to an increase of its solubility and chemical activity [1, 2, 7], the energy potentials increase so much from a
certain index of grinding fineness, that a spontaneous aggregation of particles takes place, which leads to a
reduction in the specific surface area of the original material. Similar phenomena have been observed in the
study of disperse systems based on volcanic rocks [1, 2, 8], and those phenomena have been explained by the
fact that with a high degree of grinding fineness, the regulation degree of the volcanic glass structure increases:
the mutable state shifts to a metastable (changing-stable) and to a more stable crystalline form (Table 1).
Limitations must therefore be imposed on rock grinding and to determine the fineness of grinding each type
of volcanic rock experimentally. The optimum grinding rate depends on the chemical activity of the rock: the
higher the activity index, the lower the rate of optimum grinding degree of the powder-like material, that is, in
the case of a smaller specific surface area of a material, the aggregation of its particles begins.
Under certain conditions, rock energy can be used to synthesize waterproof conglomerates at relatively low
temperatures. The criterion of reaction heat is enthalpy, and in case of exothermic reaction the reduction the
enthalpy of the system, i.e. free energy is the driving force of the chemical reactions, and entropy increases,
i.e., the disorder in the system decreases, which requires additional energy consumption. During the reactions
in volcanic aluminosilicate rocks such disorders occur to some extent, which contribute to the production of
silicate construction materials by energy-efficient technology.
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The specific surface of the original materials together with the hydrothermal treatment regime can have a
decisive impact on the phase composition of the new formations, which are crystallizing at the first phase of
the synthesis. In the case of small dispersions of original material, low basic hydrosilicate of C-S-H (I) type is
formed in two stages. In the first stage, bibasic calcium hydrosilicates are crystallized, which synthesize until
all lime is bound, followed by the second stage, during which bibasic calcium hydrosilicates are dissolved and
stable low-basic calcium hydrosilicate crystals are formed. At high dispersion rates of the silica-soil
component, due to the high activity of its surface, high-basic hydrosilicate is not synthesized even at the stage
of temperature increase.
Table 1. Evaluation of tuff rock activity by the amount of absorbed lime (mg/g)
Types of tuffs
Ա Ani
Ա Artik
Ա Aghavnatun
Կ Kosh
Ջ Jrvezh
Հ Armavir

Specific surface, m2/kg
200
74.6
54.5
78.1
79.4
80.2
70.8

400
140.4
73.8
155.4
146.4
153.3
136.6

700
57.3
56.1
56.5
55.7
55.2
52.5

The kinetics of silicate formation and the phase composition of new formations are strongly influenced by
various additives, for example, mixtures containing aluminium. In this case, there is an increase in strength,
which is explained by an increase in the density of the monolith and in the number of new formations. If there
is clay soil in the system, the mechanism of silica formation changes. In this case, first hydroaluminates are
synthesized, then calcium hydrosilicates [2, 8].
The synthesis of calcium hydrosilicates by the CaO-SiO2-H2O system is well covered in the reference.
Scientific works by Yu.M. Butt, A.N. Rashkovich, Yu.P. Gorlov and Armenian scientists M.H. Badalyan, L.G.
Kalashyan and others are dedicated to it. Similar systems are R2O-SiO2-H2O slug-alkaline systems, which were
developed in Ukraine by Glukhovsky V.D. [5, 6, 9, 10].
On the basis of all the developed scientific concepts it has been established that synthetic processes in the
earth’s crust are similar to processes in industrial conditions, but differ in activation of output components,
which, without changing the essence of mineral formation, affects only the duration.
During structural operation, energy efficiency should be taken into account as well. One of the biggest
consumers of fuel and energy resources is the utility-household sector. In Armenia, from 2 to 3 times [2] more
conventional fuel is spent on heating buildings than for the same purposes in developed countries, and the
reason is the non-strict thermal physical requirements for wall materials. Even in new buildings wall materials
do not meet strict requirements for thermal resistance.
The traditional wall materials used in Armenia were blocks of mountain tuff rocks for decades, which are
not expedient for use as wall material today, as the requirements for thermal resistance have become stricter
in modern building standards - HHShN II-7.02-95 [11]. The normative indicators of thermal resistance can be
provided only in case of 0.9… 1.2 m thick tuff wall. The triple increase in the wall mass, together with the
drastic increase in the construction cost, will lead to a significant deterioration of the seismic resistance of the
objects under construction.
Products and structures made of autoclaved aerated concrete meet these requirements most. Thanks to the
long-term hard work of the Armenian scientists, the technologies for obtaining autoclaved aerated concrete
from local raw materials have been developed [12]. Since Armenia is located in a seismically active zone,
products made of light autoclaved aerated concrete will increase the seismic resistance of structures by
reducing the weight of buildings and structures.
9
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In addition to the technical and economic indicators, wall materials are also evaluated on other indicators,
for example, comfort. According to the classification of wall materials in terms of comfort, wooden walls are
in the first place, houses with autoclaved aerated concrete walls are in third place, walls of silicate and ceramic
brick are in 6-9 places, and reinforced concrete is in last place [4]. Autoclaved aerated concrete house is very
close to a wooden house in its operation, but does not burn. It is a material with a great perspective, as it has
sufficient strength (5MPa), is easily processed and it is possible to get products of any geometric shape and
size [13].
The cellular structure improves the sound insulation properties, which is very important for residential
building construction. Besides these important parameters, autoclaved aerated concrete “breathes”, it can be
sawn, it is able to regulate humidity in the apartment, eliminates the possibility of fungus growth, does not rot,
because it is produced from mineral raw material, is environmentally friendly and does not contain dangerous
chemical compounds. All these characteristics give reason to consider aerated concrete as one of the best
building materials of the 21st century [13]. Aerated concrete is widely used in the West and CIS, where most
of them are produced with German equipment [4, 5].
Raw material for the production of building materials should be widespread and environmentally friendly.
In nature it is water, carbonate rocks (limestone, chalk, marl) and products of their processing - lime concrete,
etc. Comprehensive analysis of radiation safety of raw materials and construction products showed the
advantages of using silicate products in residential construction.
Aerated concrete blocks are often produced of lime-sand binder (such as quartz sand) and are reinforced in
autoclaves. If the aluminosilicate component is active, the reinforcement process can be performed using
energy efficient technology in a heat-moisture processing chamber [2, 8]. Taking into account the requirements
for the strength of the blocks and the fact that the Portland cement blocks still have higher strength, during the
study it was envisaged to use a mixed lime-cement binder, i.e., partially replace the expensive Portland cement
with less energy-consuming lime-sand binding (240 kg of conventional fuel is used to obtain 1 ton of Portland
cement, and 160 kg of conventional fuel for 1 ton of lime) [2, 14].
The binding powder obtained as a result of joint grinding of crystalline silicate component and lime, with
a certain ratio is considered clinkerless, because without an aluminosilicate component, lime is an air-binder.
Kosh mine tuff wastes have been used for studies, as this type of tuff is highly active (Table 1). Mixed binder
compositions have been developed, where the ratio of binder-aluminosilicate component is 1:3, not taking into
account that the fraction of sand dust is in the composition of the lime-sand binder. The obtained results are
presented in Table 2.
The heat-moisture treatment was carried out with steam heating up to 95 °С in the following mode: 3 hours
of temperature increase, 8 hours of isothermal treatment and 3 hours of temperature decrease. After heatmoisture treatment, the samples were dried in laboratory conditions and tested.
Table 2. Physical and mechanical parameters of autoclaved aerated concrete
based on quicklime and Kosh mine tuff
Quicklime,
%
10
10
15
15
10
10
15
15

Cement,
%

10

Gypsum,
%
2.5
2.5
5.0
2.5
2.5
5.0

Aluminium
powder,
%
0.02

0.03

10

Physical and mechanical properties
density, kg/m3
Compressive strength limit,
MPa (class)
916
2.2 (B1.5)
940
7.2 (B 5)
938
7.8 (B 5)
944
8.4 (B 5)
876
1.9 (B1.5)
890
6.2 (B 5)
894
6.5 (B 5)
895
7.1 (B 5)
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Gypsum in the system is an additive or sulphate activator, the presence of which sharply increases
the process of hydrolysis of volcanic rock, alkaline extraction of the soluble alkali component, which
leads to a drastic increase in condensation of the system.
The alkali, being electrolytes, increase the ionic potential of the solution, enriching it with OHions, thereby increasing the solubility of the system’s original materials, contributing to the formation
of silica gel.
Conclusion

The high strength of lime-aluminosilicate binding material is conditioned by physical and chemical
processes that occur in the system and lead to the formation of cement stone. The composition of
these new formations depends on the CaO and SiO2 ratio, the fineness of the grinding, the structure
of the aluminosilicate component and the temperature of reinforcing.
Low basic calcium hydrosilicates and hydroaluminates are mainly formed by heat-moisture
treatment. Calcium hydrosilicate from hydrolysis of cement alite mineral - Ca(OH)2, can also be
involved in the formation process of structure-forming by chemically binding to the active silica soil
and alumina soil in the system, bringing forth new formations of tobermorite and hydrogranate type.
The structure of the aluminosilicate component is very important, because the temperature of the
chemical binding capacity of lime depends on the structure.
Autoclaved aerated concrete is one of the wall materials with the best properties of the 21st century,
which can meet the requirements of thermal resistance, reducing the mass of the structure. It can be
produced with various binders, including clinkerless, mixed, cement, which can be produced with the
involvement of tuff waste as the main component, present in large quantities in our country. In
addition, the cellular structure contributes to the improvement of sound insulation properties, which
is very important for residential construction.
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FORMATION OF STIFFNESS MATRICES OF PLANE ELEMENTS BASED ON
HIGH-ORDER DEGREE POLYNOMIALS
In this paper, the method for forming the stiffness matrix of a plane element in a plane stress-strain state
using functions approximating the displacements of the points of the element in the form of high-order degree
polynomials is considered.
Keywords: stiffness matrix, Ritz method, stress-strain state, potential strain energy.
Introduction
When calculating structures using the finite element method, a solid area is represented as an area consisting
of a number of smaller areas, called finite elements. To approximate the point displacements of the finite
rectangular or triangular element, linear functions are usually used to ensure the continuity of deformations in
the nodes and along the edges of the junction of finite elements. In order to increase the accuracy of the
solution, the number of finite elements into which a solid area is divided increases, resulting in a significant
increase in the order of the system of solving equations.
When calculating a lamellar structure, for example a large-panel building, the main structural elements of
which are plane rectangular elements (wall panels, partition panels, floor and roof slabs), a typical structural
element of a large-panel building can be taken as a finite element.
Since during the assembly of a large-panel building the main docking of its elements is carried out at nodal
points, when selecting functions approximating the displacement of points of the element, it is not necessary
to ensure conditions of continuity of deformations along the edges of structure element dockings. This allows
using nonlinear functions as approximating functions, for example, high-order degree polynomials. The basic
provisions of this methodology are described in [1-3].
Stiffness Matrix of a Plane Element Based on High-Order Polynomials
In the work [4], the stiffness matrix of a plane rectangular plate was obtained, operating according to the
beam-wall scheme, loaded with concentrated forces applied at the nodal points of the plate free from bonds.
The problem was solved by the Ritz variation-energy method. To approximate the displacement functions of
an arbitrary point, degree polynomials of the following type were taken:
К

K



u1 = ƒ1 (x,y) m0 n0
К

I
mn

xmyn;

K



u2 = ƒ2 (x,y) m0 n0

II
mn

xmyn,

(1)

where
K = (m+1)·(n+1) – number of members of the series to be retained;
ƒ1 (x,y) and ƒ2 (x,y) – functions that meet kinematical boundary conditions (conditions for fixing the plate
as a completely solid body).
The accuracy of the solution was achieved by increasing the number of retained members of series. In this
case, the dimension of the obtained stiffness matrix remained constant.
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In the finite element method, the elements into which the structure is divided are outwardly kinematically
free. In order to use the considered plate as a finite element of the system, we will free it from bonds and allow
it to move in its plane, as an absolutely stiff body (Fig. 1).

Fig 1.

Here
u - displacements of the arbitrary point caused by elastic deformations;
Δ - additional displacements of the arbitrary point caused by the displacement of an element as an absolutely
solid body;
v - full displacements of the arbitrary point;
w1, w2, w3 - components of the "rigid" displacement of the plate.
During small displacements
tgφ = φ = (w3 – w2) / а.
The total displacements of the arbitrary point A (x1, x2) inside the plate will consist of displacements caused
by elastic deformation and additional displacements caused by the displacement of the plate as an absolutely
solid body:
{v} = {u} + {Δ}.
(2×1) (2×1) (2×1)
14

(2)
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The vector of elastic displacements {u} was obtained in [4].
Additional displacements Δ are expressed through w displacements according to the known ratios of
analytical geometry (Fig. 2).

Fig. 2.
The displacement of the considered point A after displacement of the plate as an absolutely solid body will
be equal to:

Δ1 = х1𝐼𝐼 – x1 = w1 + x1cosφ –x2 sinφ – x1 = w1–x2sinφ – x12sin2φ/2;
2
Δ2 = х𝐼𝐼
2 – x2 = w2 + x1sinφ +x2 cosφ – x2 = w2–x1sinφ – x22sin φ/2.

(3)

Taking into account the smallness of the angle φ, it is possible to neglect the sizes of the second order of
smallness in expression (2) and, besides, to accept
sinφ ⁓ tgφ = (w3 – w2) / 2.
Then the expressions for the displacement of point A can be recorded as follows:
Δ1= w1 + х2·w2 / a - х2·w3 / a;
Δ2 = (1-x1 / a) w2 + х1·w3 / a.

(4)

Let us represent the resulting equations in matrix form:
{Δ} = [ZD] · {w}.

(5)

Here the matrix [ZD] of dimension (2 × 3) has the following form:
[ZD] =

1
х2 /а
- х2 /а
0 1- х1 /а х1 /а

Put the obtained expressions for {u} and {Δ} in formula (1):
v} = [Z]·{U} + [ZV]·{w}.
15
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(2×1) (2×3) (5×1) (2×3) (3×1)
After a simple transformation, expression (5) is represented as:
{v} = [Zd]·{р},

(7)

(2×1) (2×8)(8×1)
where {р} - a vector, the elements of which are "elastic" displacements of unfixed nodes of the plate and
three independent displacements of this plate as an absolutely solid body.
{р} = {u21 u31 u32 u41 u42 w1 w2 w3}т.

(8)

By setting the coordinates of the nodal points in formula (4), the total nodal displacements are expressed
through the vector {p}:
{V0} = [M]·{р}.
(9)
(8×1) (8×8)(8×1)
Matrix [M] is obtained from consideration of the geometric scheme of displacements. The vector {p} is
determined from expression (8):
{р} = [ M ]-1{ V0 }.

(10)

By putting the expression (9) into formula (6), we will obtain the value of the displacements of the arbitrary
point of the plate through the displacements of its nodes:
{v} = [ Zп ] [ M ]-1{ V0 } or {v} =[ Z0 ]{ V0 },

(11)

(8×1) (8×8) (8×1)
where [ Z0 ] = [ Zп ] [ M ]-1 is the so-called coordinate matrix.
Expressing all the components of the stress-strain state of the arbitrary point of the plate through the
displacements of its nodes, we make up the functional of the total potential energy of the deformation of a
rectangular flat plate having 8 degrees of freedom and loaded with a system of nodal concentrated forces.
Minimizing the functional of the potential deformation energy through nodal displacements, we come to a
system of algebraic equilibrium equations:
𝐸ℎ
2[
1−𝜈

T ]·{U} ={ F }.

(12)

(8×8) (8×1) (8×1)
Here
E and ν – elastic constants of the material;
h –plate thickness;
{ F } – vector of nodal concentrated forces.
Rectangular symmetric matrix [T] is the stiffness matrix of the standard element:
[ T ] = ∬[𝑆]T [ μ]·[ S ]dx1dx2 .

(13)

Here [S] and [μ] - matrices obtained by forming an expression for the potential energy of deformations in
matrix form.
The general algorithm for calculating the elements of the stiffness matrix is represented by the formula:
tij = ∬[(𝑠 1i + μs2i)s1j + (μs1i + s2i)s2j +
Conclusion

16

1−𝜇
s3is3j]dx1dx2 .
2

(14)
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The stiffness matrix of the element obtained by the given algorithm depends on the degree of approximation
of the displacement functions. The desire to obtain a more accurate solution will require the preservation of a
larger number of members of the series (1).
In traditional FEM, the refinement of the solution is achieved by dividing the solid area into smaller parts
or by assigning a greater number of node points to the finite element. But if in the FEM this leads to an increase
in the size of the stiffness matrices, then they have a constant dimension regardless of the number of retained
members of the series in the displacement functions.
This allows taking relatively large structural elements of large-panel buildings and other prefabricated
structures as basic finite elements, which makes it possible to significantly reduce the order of the resolving
system of equations formulated for the entire structure.
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ON NATURAL OSCILLATIONS OF A THIN ELASTIC WAVY SHELL OF AN OPEN PROFILE
The article touches upon the problem of natural oscillations of a thin elastic wavy shell of an open profile.
The proposed method for determining the numerical values of the lowest frequencies and the corresponding
forms of natural oscillations of shells of a complicated shape is based on the Rayleigh-Ritz energy method.
The results of numerical calculation of this thin wavy shell with a hinge-fixed attachment along the lower
contour along the generatrix are presented.
Keywords: wavy thin elastic shell, the frequency and form of natural oscillations, the energy method.
Introduction
The experience of construction in our country and abroad increasingly points to prospects of using shells
with a complicated form, including wavy shells, as coatings of public, industrial, warehouse and agricultural
buildings and structures.
The creation of new, more advanced engineering structures led to the necessity to develop the theory of
calculation of shells with a complex shape: layered and corrugated, wavy and supported by a rod set.
The theory of thin shell calculation is well developed, so it is possible to calculate and then design the
installations and structures in the form of shells of rather complex outlines.
However, in many cases they are exposed to periodic and impulsive loads, especially in seismic areas, so
it is practically very important to have a simple mathematical apparatus to determine own frequencies of shells
with complex geometry and natural oscillation forms corresponding to them.
By analyzing scientific works on the dynamics of shells, it is easy to notice the presence of a relatively
small number of studies on calculation of natural oscillations of shells of nonclassic form.
The method of determination of numerical values of the lowest frequencies and natural oscillations of thin
shells of complex shape corresponding to them by the energy method is proposed, which is acceptable for use
in design practice.
This method allows replacing the differential equations with a uniform system of linear algebraic equations,
which greatly simplifies the dynamic calculation of a shell of complex structure. As a particular case, this
technique is applied for calculating smooth shells with any boundary conditions.
Task Setting
The problem of determination of numerical values of the lowest frequencies and natural oscillations of thin
elastic wavy shell rectangular in plan with hinge-fixed attachment along the lower contour along the generatrix
is considered (Fig.1).
Cross - section of the medial surface of the shell (by crest) is outlined by a curve, the equation of which is:

х2 y3

1
а 2 b3
.

(1)

Medial surface of the shell is formed by curve movement

z


    (1  cos  )
(2)
along two adjacent crests of the shell and located in the normal flatness towards them. Here  is the cosine
wave amplitude.
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Fig. 1.
Geometric Characteristics (shell sizes)
Span - 2a = 18
Height in cross-section passing through the crest of the shell – h = 5m.
Wavelength - 2ℓ = 3m.
Wave amplitude -  = 0.225m.
Pole distance - Во = 9m.
Shell thickness - 2h = 0.05m.
Physical Characteristics:
Shell material elasticity module - E = 28HPa
Poisson’s ratio -  =

1

.

6

Shell material density -  = 2500kg/m3.
Goal of the Paper
Obtaining numerical values of the lowest frequencies and natural oscillations of thin elastic wavy shell
rectangular in plan corresponding to them (Fig. 1), with hinge-fixed attachment along the lower contour along
the generatrix with coordinate ⍺2 = ±1 (Fig.2).
The energy method of Ritz-Relay is the basis of the proposed methodology for determining the lowest
frequencies and natural oscillation forms of complex shells corresponding to them. This method allows to
obtain sufficiently precise values of the lowest frequencies and natural oscillations of complex shells
corresponding to them under arbitrary conditions of fixation and under any law of changes in its geometric
and physical characteristics. The main provisions of this methodology are outlined in [1-12].
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Fig. 2.

Calculation is based on geometric and physical linearity using Kirchhoff-Love hypothesis. It is assumed
that the length of the shell along the Ƶ axis (Fig.1) is rather large, so it is possible to limit the examination to
the middle parts of it, without taking into account the influence of the shell parts adjacent to its ends.
Vector equation of the median surface of this wavy shell is obtained. Formulas for calculating parameters
of Lamé and Christoffel symbols of this shell are displayed [6].
Functions approximating amplitudes of movement of points of the median surface of the shell along
curvilinear axes of coordinates, in the form of double trigonometric rows, satisfying the conditions of hingefixed attachment of the shell along the lower contour along the generatrix are selected,
0
0
0
as ⍺2 = ±1: и1 = и 2 = и 3 = 0 (Fig.2).
According to the formulas given in [7], matrices necessary for determination of numerical values of lower
frequencies and natural oscillations of the given wavy shell are obtained.

Numeric Example Solution
The control of numerical convergence of the proposed algorithm calculation of the wavy shell is shown in
Fig. 1, was carried out by the method of successive approximations, by stepwise increasing the number of
members of the row approximating the solution.
In the first approximation in double trigonometric rows approximating the movement, four members have
been left (m=n=2), in the second approximation – nine (m=n=3), then sixteen (m=n=4), twenty five (m=n=5)
and finally thirty six members in the row (m=n=6). Comparing the last three approximations in m=n=4;5;6,
we will get convergence of results sufficient for engineering calculations.
The results of calculating the first two frequencies and forms of natural oscillations of the wavy shell with
hinge-fixed attachment along the lower contour corresponding to them are shown in graphs 1-14.
First Frequency
𝜔1 = 49.2Hz
First Form of Natural Oscillations

Graph 1. Amplitude values of non-dimensional movements
𝑢30 in cross sections of a shell with coordinates ⍺1= 0
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Graph 2. Amplitude values of non-dimensional movements
𝑢2 in cross – sections of the shell with coordinates ⍺1 = 0

Graph 3. Amplitude values of non-dimensional movements
𝑢30 in cross- sections of a shell with coordinates ⍺1= ± 0.5

Graph 4. Amplitude values of non-dimensional movements
𝑢20 in cross -sections of a shell with coordinates ⍺1= ± 0.5

Graph 5. Amplitude values of non-dimensional movements
𝑢10 in cross- sections of a shell with coordinates ⍺1= ± 0.5

Graph 6. Amplitude values of non-dimensional movements
𝑢10 in cross -sections of a shell with coordinates ⍺1= ± 0.5
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Graph 7. Amplitude values of non-dimensional movements
𝑢2 in cross- sections of a shell with coordinates ⍺1= ± 1

Amplitude values of non-dimensional movements 𝑢10 in sections of a shell with coordinates ⍺1 = 0 and
⍺1 = ±1 are equal to zero.
Second part
𝜔 2 = 58.4 Hz.
Second Form of Natural Oscillations

𝑢 03 (𝑎1 = 0).
Graph 8. Amplitude values of non-dimensional movements
𝑢30 in cross- sections of a shell with coordinates ⍺1= 0.

Graph 9. Amplitude values of non-dimensional movements 𝑢2
in cross- sections of a shell with coordinates ⍺1= 0

Graph 10. Amplitude values of non-dimensional movements 𝑢30
in cross- sections of a shell with coordinates ⍺1= ± 0.5
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Graph 11. Amplitude values of non-dimensional movements 𝑢20
in cross- sections of a shell with coordinates ⍺1= ± 0.5

Graph 12. Amplitude values of non-dimensional movements 𝑢10
in cross- sections of a shell with coordinates ⍺1= 0.5

Graph 13. Amplitude values of non-dimensional movements 𝑢2
in cross - sections of a shell with coordinates ⍺1= ± 1

Graph 14. Amplitude values of non-dimensional movements 𝑢30
in cross - sections of a shell with coordinates ⍺1= ± 1
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Amplitude values of non-dimensional movements 𝑢10 in cross-section of the shell with coordinates ⍺1 = 0
and ⍺1 = ±1 are equal to zero.
0
0
0
On this graphs ω1, ω2 are the frequencies of natural oscillations of thin wavy shells, и1 , и 2 , и 3 are the
amplitudes of non-dimensional movements of the points of shell median surface along the axes of coordinate

1 ,  2 and  3 accordingly.
Conclusion
Analyzing the obtained values of the first three frequencies of natural oscillations of the thin wavy shell
with hinge-fixed attachment of the shell along the lower contour along the generatrix, it can be noted that in
this case also the fifth approach (36 members of the row) with sufficient engineering accuracy allows
determining the values of the lowest frequencies. The difference between the fourth and fifth approximations
by the first frequency is 2.2%, by the second is 3.4%, by the third is 4.0%. The obtained values of the lowest
frequencies of the natural oscillations of the given thin wavy shell confirm good convergence of the algorithm
in this case as well.
Comparison of the obtained results of calculation of these wavy shells for two options of its fixation with
the rigidly caught lower contour [11] and hinge-fixed attachments shows that in the case of hinge-fixed
attachment of the shell its lowest frequencies of natural oscillations have decreased by 10-16%.
In both cases, two transverse half-waves correspond to the main tone of the natural oscillations thin wavy
shell.
The results of numerical calculation of this shell allow recommending the application of the proposed
methodology for determination of the lowest frequencies and forms of natural oscillations of shells of complex
form corresponding to them.
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CONSTRUCTION FEATURES OF THE HIGH-PRECISION LASER
RANGEFINDER LIGHT MODULATOR
The issues related to the development of a light modulator operating on the electro-optical effect of laser
rangefinders by the modulation method are considered. To reduce the modulation power, it is proposed to
lower the modulation frequency to 750-800 MHz, while simultaneously increasing the modulation quality to
Q = 1000. The study of the phase determination error of a high-precision laser rangefinder depending on
temperature showed that it is rational to construct the light modulator by radial installation of the KDP
electro-optical crystal, with separated modulation and demodulation channels, while on combined resonators.
Keywords: Modulation power, modulator quality, longitudinal and transverse electro-optical effects,
coaxial resonator.
Introduction
The use of optical radiation for distance measurement has long been known, and the first high-precision
measurements were implemented by the interference method. The development of laser technology has further
enhanced the role of interference measurement method. However, interference measurements are extremely
laborious, are difficult technically and organizationally and require detailed preliminary works [1]. Therefore,
such measurements are still used for solving special issues. It should also be noted that the certification and
operation of an interferometer is a complex technical issue.
This has led to using other methods to perform high-precision linear measurements. The modulation method
has become the primary method for high-precision linear measurements and the light modulators in highprecision laser rangefinders operate on the linear electro-optical effect [2]. In this regard, the study of the
specificity of modulator operation and the discovery of ways to effectively use light modulators constructed
on KDP electro-optical crystal allows wider application of laser rangefinders in various fields of science and
technology.
Further development of UHF (ultra-high frequency) rangefinders is related not only to the development of
new measurement principles and methods, but also the improvement of different units of light rangefinders,
which will allow to implement the potential opportunities of this or that method. For the construction of a highprecision light rangefinder with measurement error in the range of (0.05… 0.2) mm, it is necessary to solve
several problems, the main of which are the choice of optical radiation modulation and phase-detection
methods.
Main Part
After certification and testing of CD-1200 model [4] modernized on the basis of the DVCD-1200 [3] laser
rangefinder, a number of questions arose, which are considered in the present paper.
Multiple measurements taken at different comparators aimed at the determination of the device phase - mk
and device constant - mk errors, showed that for compensation rangefinder m= mk =0.07 mm was obtained. It
was also confirmed that to implement biphasic mode of the modulation method, the potential accuracy of the
phase measurement may be m= 0.01…0.03 mm and such device is capable of self-certification.
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All this shows the possibility to build a reference rangefinder, which is necessary for studying the
movements of the Earth’s crust and controlling the length of national bases and comparators. It is possible to
build a reference rangefinder under the following conditions:
 Reduction of modulation power, to decrease the heating of the light modulator-demodulator (modem)
crystal, which causes phase emissions in frontal part of the modulated light, installation of receiver
optics which not only increases the intensity of light coming from the area, but also averages the modular
phase emissions.
 It is necessary to exclude the imposition of a transverse electro-optical effect (EOE) to longitudinal
electro-optical effect in the electro-optical KDP crystal during the modulation-demodulation process,
which is caused by the curvature of the electric field lines passing through the crystal. The longitudinal
electro-optical effect takes place when the direction of light propagation coincides with the direction of
the electric field, and the transverse electro-optical effect happens when their directions are
perpendicular to each other.
 To maintain the optimum parameters of the dimensional resonator of light modem with a KDP crystal,
the scale frequency UHF auto generator should not be combined with the light modem in the same
resonator.
Consider the peculiarities of the above-mentioned conditions, focusing primarily on the reduction of
modulation power, using the well-known expression [5]

𝑃𝑚 =

𝑈 2 ∙𝐺𝑚
2

=

𝑈 2 ∙𝜔𝑚 𝑐𝑚 𝑡𝑔𝛿
2

=

𝑈 2 ∙𝜔𝑚 𝑐𝑚
2𝑄𝑚

,

(1)

where U is the voltage applied on the crystal, Q is the modulation quality, c is the capacity, ω = 2πf, where
f is the modulation frequency.
Qm is presented as the result of the parallel connection of an electro-optical crystal Qkp and resonator Qp
𝑄

∙𝑄𝑝

𝑄𝑚 = 𝑄 𝑘𝑝+𝑄 .
𝑘𝑝

𝑝

During the calculation of the light modulator, the output data is the modulation frequency, the reduction of
which leads to a significant decrease in the modulation power. At the same time, the phase determination error
is conditioned by the magnitude of the modulation frequency with the following regularity: 𝑚𝜑 =
(10−3 … 10−4 )𝜆, according to which an increase in frequency leads to the decrease of phase determination
error.
The problem solution can be provided with the application of a new biphasic modulation method, in which
two signals deviated from each other by 180° are generated optically and the position of the equality of their
amplitudes is recorded. That is, the record of the measurement result is implemented in the average linear area
of the demodulation characteristics (the dependence of the relative intensity of light coming from the area on
distance). In this case, the phase determination error - mϕ is significantly reduced and there is an opportunity
to reduce the frequency f. At this stage, the application of the biphasic method allows to reduce the frequency
from 1200 MHz to 800… 1000 MHz [6,7].
According to [3], the voltage U on the light modulator crystals in case of low powers can be provided under
the conditions of high quality Q modulator.
At frequencies below 800 MHz, the coaxial resonator sizes are considerably larger, which reduces the
quality of the light modulator. At high frequencies (1200 MHz and more) the resonance resistance of the
modulator decreases due to losses in the electro-optical crystal and the quality is in the range of Q = 800. At
800… 1000 MHz frequencies the sizes of the resonator are not large and the modulator quality is within the
limit of half of the KDP crystal (QKDP = 2000) quality, Q = 1000.
In a coaxial resonator, according to Fig. 1, depending on the D/d ratio, there is a certain gap size  where
the KDP crystal is placed, in case of which the electric power lines of the TEM field reach the end of the
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resonator without curving. The  gap size is equal to crystal length

 kp

, and is determined from the condition

of the crystal optimal length  kp  M / 5.5n0 .
opt
However, the concept of the optimal length
of the crystal should not be used for obtaining
longitudinal electro-optical effect, but the nature
of the E electric field power lines should be
taken into account.
The E field power lines in  gap are closed
on the resonator cylinder, as shown in Fig. 2 (the
given dimensions correspond to the DVCD1200 light modem). In this case, for a coaxial
Dd


resonator, starting from the
2 condition,
the expected decrease in length H from /4 does
not depend on the  gap size and the /4 length
Fig. 1. The main dimensions of the coaxial resonator
of the resonator can be equal or greater than as
for the modem in Fig. 2., where /4= 250 mm (fm = 1200 MHz). In the DVCD -1200 modulator, a 35 mm
electro-optical KDP crystal placed in a =35 mm gap, which is 10 mm larger than the (D-d)/2 gap.
This results in the simultaneous operation of
longitudinal and transverse electro-optical effects. The
presence of a longitudinal electro-optical effect leads to
an increase in the thermal dependence of the light
modulation phase, which causes phase emissions in the
frontal part of the modulated light. This is one of the
main reasons for the high value of phase determination
error - m = 0.25…0.3 of the DVCD -1200 rangefinder.
The nature of the distribution of power lines of the
electric field E in a coaxial resonator is also confirmed
Fig. 2. The image of E field, when  >(D – d) /2
by a photo taken by a thermal imager (Fig. 3) at the
Scientific Research Institute in Kharkov (Ukraine),
which shows the distribution of the thermal field in the
crystal.The difference in temperature along the 35 mm
electro-optical crystal is T1- T3= 6°C, which is the reason
for the spread of the modulation phase of  0.25 mm in
the cross section of the modulated light.
This photo proves that the power lines of the Eax field
do not reach the end of the resonator, i.e. the E field is
not applied along the entire length of the crystal. In
addition, E field is applied in both axial and radial
Fig. 3. Thermal field distribution in the crystal
directions. Although the calculation efficiency of the
modulation is preserved, according to which the optimal length of the crystal is determined, a part of the
modulation efficiency is formed by the transverse electro-optical effect, which is not desirable in phase
measurements. To implement only a longitudinal electro-optical effect in the light modulator, it is necessary
to place it in the resonator in the radial direction, because distortion of the power lines of Erad electric field
does not occur in this direction, reducing the crystal length (Fig. 2). Thus, the crystal length on the longitudinal
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electro-optical effect must be determined taking into account the minimum losses of the light modulator, which
is primarily conditioned by the D/d ratio of the resonator for the selected modulation frequency.
Taking into account the fact, that less heating of
the crystal reduces the phase emissions of the light
received from the area to the front part, a 35 mm long
crystal with a groove was used in the CD-1200 light
rangefinder, Fig. 4 [9]. The implementation of the
longitudinal groove along the crystal center allows
to form receiver-transmitter channels in the crystal,
at the same time maintaining the uniformity of light
modulation and demodulation, by separating
modulation-demodulation channels optically, as a
result of which the penetration of internal reflections
from the crystal output front into the analyzer exit as
Fig. 4. KDP crystal form
the laser beam passes through the crystal is completely excluded. The groove length 𝑙2 is related to the 𝑙1 crystal
length with the following ratio ℓ2 ⁄ℓ1 = 0.7 … 0.8.
Although 5… 7% modulation efficiency loss takes place in the crystal, the phase error decreases to the
value m = 0.07 mm. The study of this issue showed that the size of the coaxial resonator gap  should be
determined according to the /D curve presented in Fig. 5 [5].
For the resonator shown in Fig. 1, D/d ≈ 4.7, or d/D = 0.215 and respectively /D = 0.15 or
 = 0.15 • 65 = 10 mm. In this case, the capacity of the gap, according to the curve shown in Fig. 5 will be

𝐶∆ = 𝐹𝐷 = 0.05 ∙ 6.5 = 0.325𝑝𝐹.
Since in coaxial resonators the direction of the power lines of Erad electric field does not depend on the size
of the gap  and according to the magnitude of the voltage the radial and axial components of the electric field
E are equal to each other - Erad = Eax, and the concentration of the power lines in the axial direction is higher,
for light modulation-demodulation it is rational to place the crystals radially, because in case of the same
modulation efficiency the radial crystal heats up less, i.e. it consumes less UHF power than in the case of axial
installation of a KDP electro-optical crystal. If the modulation efficiencies are equal in case of axial and radial
installations of the crystals during the experimental measurements, it will be possible for the high-precision
rangefinder to build a light modulator with separated modulation and demodulation channels on connected
resonators, which will allow to connect the transmitter-receiver optics directly to the light modem. The length
of the radially installed crystal should be determined from the condition of the optimal resonator capacity, the
size of which for the given gap is determined by the curves shown in Fig. 5.
Focus on the issues of the light
modulator structure. The first results of
the light modulator study led to the
conclusion that by dividing the resonator
into 2 parts, where the gaps are
proportional to the half of the crystal
length

𝑙𝑘𝑝
2

, it is possible to combine 2

resonators with radially installed crystals.
We will get a light modem with split
channels
of
modulation
and
demodulation (Fig. 6) on the combined
resonators. To excite the modulator, a

Fig. 5. Curves for modulator calculation
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large-scale UHF generator can be connected to
the "aa" attachment line. The peculiarity of the
two-side coaxial resonator is that the modulator
can be excited in 2 modes – synchronous and
antiphase. A strong electric field in the gap of the
resonator allows to carry out modulation
frequency addition in a significant range by
introducing V volume dielectric. The distance Davr
between electro-optical crystals is Davr = 30 mm,
which is the average diameter of the receivertransmitter optics.
Estimate the modulation power reduction for
the new modulator. For a KDP crystal when the
light wavelength is  = 0,6328μm, the half-wave
𝜆

voltage is 𝑈𝜆/2 = 2𝑛3 𝑟

0 63

Fig. 6. Light modem with separate light
modulation-demodulation channels

[10], where n0 is the refractive index of the KDP crystal for a regular wave and

n0 = 1.47,r63 is the electro-optical coefficient, r63 =10.5•10-10cm/V, which results in U/2 = 9500V. According
to the expression (1), the 𝑃𝜋 𝑐𝑎𝑙𝑐. calculation half-wave power for a frequency of 1200 MHz will be:

𝑃𝜋

𝑐𝑎𝑙𝑐.

=

(9500)2 ∙2∙3,14∙12∙108 ∙0,95∙10−12
2∙800

= 410 𝑊 .

𝐼

The ratio 𝐼 of modulated and demodulated light intensities is determined experimentally in the case of Pm
0

of certain modulation powers. Then from the equation

𝐼
𝑃
𝐼0 =0,5[1−𝐽0 (√ 𝑚 )]

the value of Pexp.= 450 W is

𝑃𝜋

determined. The difference in powers Pexp. - Pcalc. = 40 W is due to losses of stable wave coefficient.
Among the well-known solutions that reduce the light rangefinder modulation power, let us point out the
biphasic mode of accurate linear measurement, where the optimal ratio U/U = 0.54 takes place and the
modulation power at the 𝑃𝑚𝜑 1200 MHz frequency is 𝑃𝑚𝜑 = (0.54)2 ∙ 𝑃𝜋𝑒𝑥. = 131 𝑊.
If the modulation frequency is reduced to 800 MHz, i.e., electro-optical crystal capacity is reduced by 1.5
times and the modulator quality is raised to Q = 1000, the magnitude of the half-wave power will be:

𝑃𝜋 𝑐𝑎𝑙𝑐=

(950)2 ∙2∙3,14∙8∙108 ∙0,65∙10−12
2∙1000

= 150 𝑊 .
𝑈 2

Taking into account the losses, we can assume that 𝑃𝜋 =180 W. Since 𝑃𝑚 = 𝑃𝜋 ∙ (𝑈 ) , in compensation
𝜋

mode it will be 𝑃𝑚 = 180 ∙ (0.61)2 = 67 𝑊. In the biphasic operation mode we will have:
𝑃𝑚 = 180 ∙ (0.54)2 = 53 𝑊.
Conclusion
Thus, the construction scheme of a high-precision light rangefinder should be based on light modulationdemodulation in biphasic mode, and the electro-optical crystal KDP should be placed in the radial direction in
the resonator excited by the TEM wave.
As a result of studies, a new type of light modulator is proposed, which will allow to create a high-precision
laser rangefinder, providing a phase error of m = 0.03…0.05 mm. If modulators with axial and radial
installation of crystals have equal modulation efficiency, it is rational to build the light modem for laser
rangefinder on resonators combined with separated modulation-demodulation channels, which will allow to
directly connect the receiver-transmitter optics with the light modem.
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In a high-precision light rangefinder, it is preferable to perform laser light modulation-demodulation on the
electro-optical effect in the frequency range of 750… 800 MHz, increasing the modulator quality up to
Q = 1000, which will allow to significantly reduce the modulation power.
The study of the temperature-dependent phase error showed that the size of the coaxial resonator  gap
should be determined according to the curves shown in Fig. 5.
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WATER ABSORPTION CAPACITY OF IRIND MINE PUMICE
Water absorption capacity of Irind mine pumice depending on the particle size and absorption time is
presented in the paper. Irind pumice is an aluminosilicate rock, with well-developed porosity, mechanical
strength, high buoyancy, chemically inert, eco-friendly and exhibits sufficient water absorption capacities.
The examination of the pumice by X-ray diffractometry has shown that it is a volcanic rock and is composed
of cristobalite and coesite. The following particle sizes were selected for the study: 1.5… 2.0 mm, 2.5 ... 5.0
mm. Water absorption capacity of pumice was determined depending on the absorption period. The maximum
water absorption was observed for particle sizes ranging from 2.5 to 5.0 mm.
Keywords: absorbent, pumice, water absorption, particle sizes, porosity.
Introduction
Water pollution is becoming a major concern, because of the increasing numbers and concentrations of
persistent and toxic anthropogenic pollutants in water resources. Many recent studies have considered new
absorbents to remove these emerging contaminants from water resources.
There are number of water purification methods, but the adsorption is the simplest and effective. The
development of low-cost absorbents has led to the rapid growth of research interests in this field. Many
absorbents based on natural and waste materials and requiring minimal processing have been proposed. In this
article solid absorbents such as Irind pumice has been discussed. Pumice is a type of extrusive volcanic rock,
produced when lava with a very high content of water and gases is discharged from a volcano. As the gas
bubbles escape, the lava becomes frothy. When this lava cools and hardens, the result is a very light rock
material filled with tiny bubbles of gas. Commonly it is light-colored, indicating that it is a volcanic rock high
in silica content.
The Republic of Armenia takes a lead in the world with abundance and diversity of non-metallic minerals.
Nearly all types of mineral rocks well known all over the world exist in the territory of the country.
Mountainous rocks formed as a result of volcanic processes in the territory of Armenia are of special value
and significance, the most important of which are light rocks (tuffs, perlite, pumice-stone, zeolite, scoria, etc.).
In this article the properties of Irind mine pumice is considered (Fig. 1).

a)

b)

Fig. 1. Sizes of Irind mine pumice grains. a) 1.5 to 2.0 mm, b) 2.5 to 5.0 mm
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Irind is located in Talin region. It is 46 km away from the regional center. There are perlite and pumice
resources in the village, which are of industrial importance. In the Republic of Armenia pumices according to
their physical-mechanical characteristics are divided into two types: Ani type and lithoid pumices.
The Irind mine pumice is one of the Ani type varieties. Ani-type pumice is mainly composed of glass noncrystalline (amorphous) particles: plagioclase, pyroxene and mineral crystals, pieces of old lava. The color is
yellowish, somewhere yellow-brown, pink-yellow, the porosity is 35…44%. It has quite high thermal
insulation properties. The bulk density of the pumice is 0.3…0.6 g/cm3 [1,2].
Chemical composition of Irind pumice is presented in Table 1 [1].
Table 1. Chemical composition of Irind pumice, %
Region

SiO2

Irind
mine 61.54
pumice

MgO

TiO2

Fe2O3

K2O +Na2O

Al2O3

SO3

CaO

loss on
Ignition

8.18

16.58…17.49

-

3.78… 4.20

2.37

0.43…1.00 3.99…4.99

1.13

In Table 2 physical and mechanical properties of Irind mine pumice is presented.
Table 2. Physical and mechanical properties of Irind mine pumice
N

Bulk density,
g/cm3

Specific weight,
g/m3

Porosity,
%

Tensile strength,
kg/cm2

Irind mine
pumice

382…749

2.43…2.46

69.3…84.3

14…19

The examination of the pumice by X-ray diffractometry have shown that it is a volcanic rock and is
composed of cristobalite and coesite (Fig. 2).

Fig. 2. X-ray diffraction analysis

Coesite and cristobalite are high-pressure polymorph (crystal form) of silica, silicon dioxide (SiO2). They
have the same composition but possess a different crystal structure.
In Table 3 the crystal structure of pumice is presented.
Table 3. Identified Patterns List
Visible

Ref. code

Score

Compound name

Displ. [°2θ]

Scale fac.

Chem. formula

*
*

98…009-1737
98…019-3159

20
26

Cristobalite
Coesite

0.222
- 0.217

0.498
0.630

SiO2
SiO2
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The presented data show that Irind mine pumice is an aluminosilicate rock, with well-developed
porosity, mechanical strength, high buoyancy, chemically inert and eco-friendly. Due to the above
mentioned properties, the Irind pumice can be used as an oil absorbent, therefore it must exhibit
certain water - and oil absorption capacities [3].
In this article the water absorption capacity of pumice is observed. Particles with sizes 1.5… 2.0 mm and
2.5…5.0 mm were selected for the study. In the beaker filling with 50 ml of the absorbate (oil and water) were
put about 2 grams of the absorbents. The sorption process was calculated after 1, 2, 3, 5, 8, 10, 15, 20, 30, 60,
90, 120 minutes of the sorption time [3] and the absorbed amount of water was detected. The maximum water
absorption was detected by particles with sizes ranging from 2.5 to 5.0 mm. The obtained water absorption
values clearly suggest that the pores can be saturated with water under standard barometric pressure [4].
Fig. 3 shows the water absorption capacities of two different particles.

Fig. 3. Water absorption capacity of 1.5…2.0 mm and 2.5…5.0 mm particles

Conclusion
Studies have shown that the pumice has improved porosity and exhibits sufficient water absorption
capacities. The results of the experimental runs for the adsorption of water on Irind pumice of two particle
sizes are thus presented. The amount adsorbed on 2.5 … 5.0 mm particles was the highest, followed by
1.5…2.0 mm particles.
Water absorption has been studied for 2 hours. It can be seen from the graph that the maximum water
absorption capacity is observed for 2.5…5.0 mm particles, which is 0.75 g/g after 2 hours. It is planned to
carry out sorbent oil absorption capacities and sorbent surface modification in order to decrease water sorption
and increase oil sorption capacities.
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STUDY OF METHODS FOR ASSESSING THE LEVEL OF
ENERGY SECURITY AND THE WAYS TO IMPROVE
The most common methods of energy security assessment have been studied, and possible deviations of
results in the condition of their application have been estimated. The ways of their improvement as a result
of the implementation of these methods in the conditions of the Republic of Armenia have been identified.
Keywords: Energy security, electricity, method, managerial influence, weight of importance.

Introduction
As is well known, the choice of method for assessing the level of energy security (ES) has a significant
impact on the accuracy of the result obtained. Examining the work related to the assessment of the level of ES
by a number of international and domestic experts and specialists, one can confirm that opinion, that depending
on the infrastructural features of the state, the method of security assessment can be differentiated from the
results obtained at the ES level. That is why we will consider the most common methods of assessing the level
of ES.
The concept of ES level zones has become widespread in the scientific community, which allows to
characterize the ES level as ES - situations in normal (N), pre-crisis (PC) or crisis (C) zones [1].
Materials and methods
The ES level assessment process is based on the following basic provisions [2]:
1. If one of the ES level assessment indicators is considered to be in a crisis situation, then regardless of the
status of the other indicators in the system, the ES level of the country is evaluated as critical.
2. If two ES level assessment indicators are considered to be in a pre-crisis situation, then regardless of the
status of other indicators in the system, the ES level of the country is assessed as critical.
3. If one of the ES level assessment indicators is considered pre-crisis, and other indicators are assessed as
being within the normal zone, then regardless of the status of other indicators, ES level of the country is
assessed as pre-crisis.
4. Each indicator used for ES level assessment has a minimum value threshold for descriptive situations,
5. The more the number of indicators below the value threshold defining the crisis situation, the deeper the
crisis of the country’s energy system.
Research methods
The most common methods of ES level assessment are [3]:
Scalar method,
Intersecting planes method,
Discriminant analysis method,
The method of fuzzy sets.
The scalar method is based on the principle of the point assessment, the purpose of which is to assess the
country’s ES level and to determine the situation zone as a result of point assessments and system of ES
indicators.
The application of the scalar method makes it possible to consider the multidimensional function of ES
level assessment indicators as one-dimensional [4]. To classify situations describing the ES level and to include
them in situational zones, a point assessment system must be applied. When carrying out indicator analysis, it
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is important for the scalar indicators to have the same direction of influence on the ES level. When choosing a
direction, we can consider the conditional direction of the influence, and carry out scaling of the indicators
examining the direction of the unit change of the indicator on the ES level.
The schematic structure of the scalar method application for the assessment of ES level is presented in
Fig.1.

Fig. 1. Schematic Diagram of the Scalar Method Application

Using the scalar method, we can formulate a set of characteristic indicators of ES level and based on their
calculation, assess the state ES level in different calculation periods.
With the aforementioned method, the following sets were formed: Electricity supply security for consumers
(X1), Resource (fuel-energy) provision for the power supply system (X2), Reliability of fuel and power supply
(X3), Depreciation of main production funds of the power system, provision of depreciation funds (X4),
Environmental security of energy system (X5), Security of power supply and energy-efficient systems (X6),
Education level for energy professionals (X7) [6].
The weight of the influence of the indicators characterizing the ES level, being in the range of 1 ≤ 𝑟𝑖𝑟 ≤ m,
where m and 𝑟𝑖𝑟 - are the number and order of the indicators, respectively, is important in the application of the
scalar method [7].
The weight of the influence of the indicators characterizing the ES level is determined as follows:
𝐶𝑖𝑟 =1-(m)-1(𝑟𝑖𝑟 -1),

(1)

and the weight of the i indicator will be determined as follows:
𝐵𝑖𝑟 = 𝐶𝑖𝑟 /(∑𝑚
𝑖=1 𝐶𝑖𝑟 ),

(2)

𝐵𝑖 = (R)-1∑𝑅𝑟=1(𝐶𝑖𝑟 / ∑𝑚
𝑖=1 𝐶𝑖𝑟 ):

(3)

Consider the above-mentioned indicators characterizing the country’s ES level, and the application of the
scalar method (Table) for 7 sets based on them.
Table. Determination of the order of importance of the indicators, characterizing
the ES level for the country by scalar method
The set characterizing
the ES level
K1
K2
K3
K4
K5
K6
K7
∑

|Order
1
2
4
3
5
7
3
2
6
4
1
1
2
5
7
6
-
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𝐶𝑖1

𝐶𝑖2

𝐵𝑖1

𝐵𝑖2

𝐵𝑖

0.57
0.43
0.71
0.29
1
0.86
0.14
4

0.71
0.14
0.86
0.57
1
0.43
0.29
4

0.142
0.108
0.178
0.072
0.25
0.215
0.035
1

0.178
0.035
0.215
0.142
0.25
0.108
0.072
1

0.16
0.072
0.197
0.107
0.25
0.161
0.051
1
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The accuracy of the capacity calculation can be checked as follows:
̅̅̅̅, ∑𝑛𝑖=1 𝐵𝑖 =1 .
∑𝑛𝑖=1 𝐵𝑖𝑟 = 1, r=1,7

(4)

Having obtained the order of importance of the sets of indicators characterizing the ES level, the following
system of equations can be formulated [8].
𝑑𝐾1
𝑑𝑡
𝑑𝐾2
𝑑𝑡
𝑑𝐾3
𝑑𝑡
𝑑𝐾4
𝑑𝑡
𝑑𝐾5
𝑑𝑡
𝑑𝐾6
𝑑𝑡
𝑑𝐾7
{ 𝑑𝑡

= 𝑎11 + 𝑎12 𝐾2 (𝑡) + 𝑎13 𝐾3 (𝑡) + 𝑎14 𝐾4 (𝑡) + 𝑎15 𝐾5 (𝑡) + 𝑎16 𝐾6 (𝑡) + 𝑎17 𝐾7 (𝑡)
= 𝑎21 𝐾1 (𝑡) + 𝑎22 + 𝑎23 𝐾3 (𝑡) + 𝑎24 𝐾4 (𝑡) + 𝑎25 𝐾5 (𝑡) + 𝑎26 𝐾6 (𝑡) + 𝑎27 𝐾7 (𝑡)
= 𝑎31 𝐾1 (𝑡) + 𝑎32 𝐾2 (𝑡) + 𝑎33 + 𝑎34 𝐾4 (𝑡) + 𝑎35 𝐾5 (𝑡) + 𝑎36 𝐾6 (𝑡) + 𝑎37 𝐾7 (𝑡)
= 𝑎41 𝐾1 (𝑡) + 𝑎42 𝐾2 (𝑡) + 𝑎43 𝐾3 (𝑡) + 𝑎44 + 𝑎45 𝐾5 (𝑡) + 𝑎46 𝐾6 (𝑡) + 𝑎47 𝐾7 (𝑡) ։

(5)

= 𝑎51 𝐾1 (𝑡) + 𝑎52 𝐾2 (𝑡) + 𝑎53 𝐾3 (𝑡) + 𝑎54 𝐾4 (𝑡) + 𝑎55 + 𝑎56 𝐾6 (𝑡) + 𝑎57 𝐾7 (𝑡)
= 𝑎61 𝐾1 (𝑡) + 𝑎62 𝐾2 (𝑡) + 𝑎63 𝐾3 (𝑡) + 𝑎64 𝐾4 (𝑡) + 𝑎65 𝐾5 (𝑡) + 𝑎66 + 𝑎67 𝐾7 (𝑡)
= 𝑎71 𝐾1 (𝑡) + 𝑎72 𝐾2 (𝑡) + 𝑎73 𝐾3 (𝑡) + 𝑎74 𝐾4 (𝑡) + 𝑎75 𝐾5 (𝑡) + 𝑎76 𝐾6 (𝑡) + 𝑎77

The system of 5 equations makes it possible to assess the ES level taking as a basis the value of the
indicators characterizing the ES level and the weight of their importance.
7

𝐸𝑆𝐼 = √∏7𝑖=1

𝑑𝐾𝑖
𝑑𝑡

։

(6)

The intersecting planes method is based on indicator analysis and allows to present the obtained results
through a two-dimensional plane.
As we have already mentioned, based on the calculations, the ES level is characterized by its situational
zones, according to which we will have 3 zones of ES on two-dimensional planes for situations N, PC and C,
respectively.
In plane building process, we are guided by the baselines underlying the ES level assessment.
Consider the two-dimensional image of ES level assessment with the method of intersecting planes
2
𝑅 = {X1,X2 }, the graphical view of the country’s ES level is presented in Fig. 2 [9].

Fig. 2. Graphic Image of the Method of Intersecting Planes for ES Level Assessment
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where ∆0 , ∆1 , ∆2 𝑎𝑛𝑑 ∆3 are respectively the levels of N in ES, but there are significant risks of situational
change in normal (N), pre-crisis (PC) and crisis (C) situations.
If we separate the N, PC and C zones of the ES level from each other by planes, then the situational zone
for the indicator will be described at a distance from the S point, and up to the next dividing plane will describe
the current state of the indicator.
Guided by the principle of ensuring a stable level of country’s ES, the fluctuation in the level of indicators
should be restricted to surface limited with lines C'BB1D' and C''B''B1''D'' [10].
In case of crisis situation, the following restrictions are applied:
𝑋𝑖 ≤ 𝑋𝑃𝐶,𝑖 , i=1,…,m, W(𝑋1 , 𝑋2 , … 𝑋𝑚 ) ≤ 0.

(7)

In case of pre-crisis situation the following restrictions are applied:
𝑋𝐶,𝑖 ≤ 𝑋𝑖 ≤ 𝑋𝑃𝐶,𝑖 , i=1,…,m, W(𝑋1 , 𝑋2 , … 𝑋𝑚 ) >0, W1(𝑋1 , 𝑋2 , … 𝑋𝑚 ) ≤ 0.

(8)

In case of normal situation, the following restrictions are applied:
𝑋𝑖 > 𝑋𝑃𝐶,𝑖 , i=1,…,m, W1(𝑋1 , 𝑋2 , … 𝑋𝑚 ) > 0.

(9)

To assess the country’s ES level, a system of intersecting planes for indicators characterizing the situation
must be created and mathematical addition or division for each of the two indicators must be performed.
𝑋1 𝑋𝑃𝐶,2 + 𝑋2 𝑋𝑃𝐶,1 =𝑋𝑃𝐶,1 𝑋𝑃𝐶,2 .

(10)

Since the line KAA0A1K1 is parallel to the line O'O '' and passes through the point A0(𝑋𝑃𝐶,1 , 𝑋𝑃𝐶,2 ), thus
O''K=𝑋𝑝𝑐,1 , and O'K=𝑋𝑝𝑐,2 . To determine the coordinates of the points A and 𝐴1 , it is necessary to consider
the fact that point A1 lies on the line KAA0A1K1, so the following expressions are correct:
𝐴

(2𝑋𝑃𝐶,1 )-1 𝑋1 1 +(2𝑋𝑃𝐶,2 )-1𝑋𝐶,2 = 1.

(11)

The coordinates of point A can be determined in the same way.
𝐴

Now considering the following 3 points on the same line A(𝑋𝑐,1 ,𝑋2𝐴 ), A0(𝑋𝑝𝑐,1 , 𝑋𝑝𝑐,2 ), A1(𝑋1 1 , 𝑋𝑐,2 ), the
following connection can be made for them:
X C,1 X A
2
X
[ 𝑃𝐶,1 X 𝑃𝐶,2 ] = 1.
A
X1 1 X C,2

(12)

As it is known in multidimensional space the planes W(X) = 0 and W 1(X) = 0 are parallel if
(A'/A'') = (B'/B'') = … = (C'/C''). If the parameters of the plane W 1(X) = 0 are the same as the plane W(X),
they will differ from each other only by a free term of an equation, which characterizes the distance of the
plane from the coordinate axis, and the distance between the two planes can be determined as follows [11]:
d = |𝐻 ′′ − 𝐻′|/((A')2+(B')2+…(C')2)1/2.

(13)

In order to fully analyze the indicators characterizing the ES level, it is also necessary to introduce crisis
values (𝑋𝑐,𝑖 , i = 1 … m) and pre-crisis limit values (𝑋𝑃𝐶,𝑖 , i = 1 … m) in the presented methodology.
The discriminant analysis method is based on the theory of image recognition, in the ES level study, if
the calculation value of describing indicators is known but their limit values are unknown, then the country’s
ES level can be classified based on the statistics.
If the function of the classified indicators is denoted E(X) and if E (𝑋1 , 𝑋2 …𝑋𝑚 ) = 0 then there is a plane
dividing crisis and pre-crisis situations, and if 𝐸1 (𝑋1 , 𝑋2 …𝑋𝑚 ) = 0 then there is a plane dividing pre-crisis and
normal situations and the following can be given:
𝐴𝐶 , 𝑖𝑓 E(X) ≥ 0, 𝑋𝑖 ≥ 𝑋𝐶,𝑖
𝐴
K∈{ 𝑃𝐶 , 𝑖𝑓 𝐸1 (X) ≥ 0, E(X) ≥ 0, 𝑋𝐶,𝑖 > 𝑋𝑖 ≥ 𝑋𝑃𝐶,𝑖 .
𝐴𝑁 , 𝑖𝑓 𝐸1 (X) < 0, 𝑋𝑖 < 𝑋𝑃𝐶,𝑖
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In order to determine the ES level, it is necessary to use a probabilistic method, which corresponds to the
situation when the dividing planes coincide.
If for the situation A(𝑋ℎ ) the Xh forms h = C, PC, N are known, then the recognition of the unknown a(𝑋0 )
situation with the parameters 𝑋0 is performed as follows:
𝑋0 ∈ 𝑋ℎ => a(𝑋0 ) ∈ A(𝑋ℎ ), h = C, PC, N.

(15)

Two types of errors are possible during the study - (𝑃1 (K)) is the absence of response and (𝑃2 (K)) is false
response.
To reduce these errors, formulate the reduction function F(K) under the given 𝑞ℎ (h=1,2) conditions, which
will be called the Bayesian method, which is the following:
F(K) = 𝑐1 𝑞1 𝑃1(K) + 𝑐2 𝑞2 𝑃2 (K),

(16)

where 𝑞ℎ (h=1,2) is the probability of two situations occurring together, 𝑐1 and 𝑐2 is the value "paid" as a
result of the error.
The rule K of determining the function F(K) has the following form:
𝑃 (X)

𝑐 𝑞

𝑋 ∈ 𝑅 𝑚 , 𝑃1 (X) ≥ 𝑐2 𝑞2
2
1 1
𝐾1 {
,
𝑐2 𝑞2
𝑚 𝑃1 (X)
𝑋 ∈ 𝑅 , 𝑃 (X) < 𝑐 𝑞
2

(17)

1 1

The Gj functionals will be determined as follows:
𝐺𝑗 = lg(𝑐𝑗 𝑞𝑗 )-1/2(X-𝑀𝑗 )T𝑆𝑗−1 (X-𝑀𝑗 )-1/2lg|𝑆𝑗 | .

(18)

Under normal distribution conditions, situation X can be considered as a part of the set of situations A(X1)
if:
(lg(𝑐1 𝑞1)-1/2(X-𝑀1 )T𝑆1−1(X-𝑀1 )-1/2lg|𝑆1 |- lg(𝑐2 𝑞2 )-1/2(X-𝑀2 )T𝑆2−1 (X-𝑀2 )-1/2lg|𝑆2 | ≥ 0

(19)

where Mh and Sh are the mathematical expectation of the parameters of order h and the covariance matrix,
respectively.
M and S assessments are determined as follows:
1
𝑁

M= ∑𝑁
𝑗=1 𝑋𝑗 ,

(20)

1

𝑇
S=𝑁−1 ∑𝑁
𝑗=1(𝑋𝑗 − 𝑀𝑗𝑖 )(𝑋𝑗 − 𝑀𝑗 ) .

(21)

Taking into account the equation (9) we can write the linear discriminant function of G j that has the
following form:
E(X)=𝑋 𝑇 𝑆 −1 (𝑀1 − 𝑀2 ) − 1/2(𝑀1 + 𝑀2 )𝑇 𝑆 −1 (𝑀1 − 𝑀2 ) − 𝑙𝑔(𝑐2 𝑞2 /𝑐1 𝑞1 ) = 0,

(22)

where E(X) is the linear discriminant function, and B=𝑆 −1 (𝑀1 − 𝑀2 ) is the discriminant vector, which is the
normal of the H hyper plane.
The linear discriminant function is determined as follows:
E(X) = 𝐵𝑇 𝑋 − 𝐺 = 0 .

(23)

If the actual distribution does not have a normal form, a linear discriminant function can be defined as the
Fisher function minimizing the distance between two wholes.
F=

(𝑀1 −𝑀2 )
𝜎2

,

(24)

where 𝑀𝑖 = 𝐵𝑇 𝑀𝑗 is the projection of the j whole on the vector B, 𝜎 2 = 𝐵𝑇 𝑆𝐵 is the dispersion of the projected
wholes.
As a result, differentiating the function F according to B, we will get the same vector.
40

Journal of Architectural and Engineering Research 1(1) 2021
Using the discriminant method to characterize the ES situation, it can be presented as an equation of the
plane passing through the intersections describing the situation and the hyperplane of the existing situation
perpendicular to it.
(𝑀1 − 𝑀2 )𝑇 𝑋 − 1/2(|𝑀2 |2 − |𝑀1 |2 ) = 0.
(25)
Since the indicators characterizing ES can have different measurement units that are in some cases
incompatible, we will present the indicators in a standardized form [12].
𝑋𝑖0 =

𝑋𝑖 −𝑀(𝑋𝑖 )
,
𝜎(𝑋𝑖 )

(26)

where M (Xi) and σ(Xi) are the mathematical expectation of the indicators and average squared deviations,
respectively.
Thus, it can be said that the characteristic of the ES situation are the importance coefficients of the indicators
that form this situation, as a result of which the ES level and its characteristic situation will be determined as
follows:
𝑀𝐸𝑆𝐼 = 𝑁 −1 ∑𝑁
𝑖=1 𝑋𝑖 , ∀𝑋𝑖 ∈ 𝐴ℎ .

(27)

The method of fuzzy sets is based on the principle of continuity of situations characterizing the ES level,
and an exponential function is used to solve the problem.
f(x) = exp[b(x-c)2],

(28)

where b and c are the parameters that determine the image of the function.
The recognition of the given situation is carried out by the continuation of the situations characterizing the
levels of indicators characterizing ES based on the following equation:
𝛾𝑠 = 𝑚𝑎𝑥𝑘 {𝑚𝑖𝑛𝑖 {𝑆𝑢𝑝𝑥∈𝑋, (𝑚𝑖𝑛{ 𝜇𝑖 (𝑥), 𝑉𝑠𝑖𝑘 (𝑥)})}},

(29)

where γs is the continuity of the observed situation s, X is the range of values of the indicators i, 𝜇𝑖 (𝑥) is
the function of the continuity of observed situation i, 𝑉𝑠𝑖𝑘 is a function of the continuity of k assumption
presented by the professional group in relation to the observed situation s of i indicator.
Results and discussions
Examining the most common methods of ES level assessment, it can be noticed that they are mostly based
on a system of indicator determination, which aims to develop a reliable schedule-program for the provision
of the country’s energy resources and for increasing their management efficiency and consumption continuity.
The principle of individual analysis of indicators is mostly applied in methodologies for estimating the
observed ES level, at the same time the conclusion about the country’s ES level is made on the basis of absolute
or relative differences of the values obtained in the calculation and base periods.
Conclusion
Four methodologies for assessing the level of ES were considered, which are based on the principle of
indicator analysis. For the purpose of assessing the level of ES, as a result of the research, in order to assess
the level of energy security of the Republic of Armenia with the mentioned models, it was proposed to improve
the methodologies of assessing the level of ES in the following directions:
1. In the case of the scaling method, the methodology used to assess the level of ES is based on the weight
of the capacity, it was suggested to use in addition to the principles of scaling the relationship between
the indicators characterizing the level of ES, which is presented in the form of a system of equations, the
sum of the free members of which is limited with the ∑𝑛𝑖=1 𝐾𝑖 = 1 expression. The values of the free
members are formed based on the results of the carried out capacity calculations.
2. In the case of applying the method of intersecting planes, the methodology used to assess the level of ES
is carried out based on the situational analysis of the indicators characterizing the level of ES. At the same
41
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time, there is significant complexity in the application of the method, which becomes more obvious when
the problem under consideration is not meet the requirements of the two-dimensional plane, it is
recommended to use this method after determining the weight of the indicators characterizing the level of
ES, using higher efficiency as a primary indicator which are more significantly correlated with other
indicators, at the same time creating the opportunity to solve the given problem more quickly.
3. Discriminatory analysis and methods of indeterminate multitude are based on an artificial intelligence
software system endowed with the feature of individual decision making, հ owever, the main
disadvantage of these methods is that the decision is made on the basis of the continuity of the ES level
situation or the process of their recognition based on statistical data. It is proposed to assess the level of
EA as a result of the joint application of the methods based on statistical data and their continuity, as a
result of which it will be possible to clearly distinguish the situation zone of the ES level and to make an
operative decision.
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USE OF VARIOUS THIN-LAYER SETTLING SCHEMES
FOR INDUSTRIAL WASTEWATER TREATMENT
In this paper, the theoretical preconditions in favor of the use of thin-layer settling tanks for industrial
wastewater treatment are substantiated by the corresponding laboratory studies. The data from the results of
studies of wastewater treatment of the textile, knitwear and silk industries conducted on laboratory thin-layer
settling tanks according to the basic schemes of wastewater supply and precipitating sediment are given. As
stated by these data, according to the generally accepted criteria for the effectiveness of suspended solids
retention for wastewater of the above-mentioned industries, it is more preferable to use thin-layer
sedimentation in a cross-sectional scheme.
Keywords: suspended matter, laminar flow, inter-shelf distance, flow velocity.
Introduction
The relative simplicity of the settling facilities and the settling process itself, low energy intensity and
availability precondition their widespread use at various stages of wastewater treatment and sediment
processing. In our case, the sedimentation is used for preliminary industrial wastewater treatment and is carried
out in thin-layer settling tanks. Despite the fact that a lot of researchers have studied the issues of thin-layer
settling [1…9, etc.], to this day there are no definite recommendations for identifying the optimal scheme for
industrial wastewater treatment in a particular sector of the national economy. Therefore, the studies to
determine the optimal structural parameters of thin-layer settling tanks and the optimal technological
parameters of the settling process are relevant both from the point of view of choosing the appropriate type of
structure and its operation scheme, as well as from the possibility of preliminary classification of characteristics
of suspended matter (shape and size of particles, density, rate of their sedimentation and the ability to
agglomerate, etc.) of wastewater of the industries under study.
Main Part
In order to improve the operation of the settling tanks by constructive methods, Hazen A. developed a
theory [1], according to which the division of the general settling zone into a number of elementary zones with
a lower depth simultaneously increases the sedimentation area (up to 0.80) according to the data of the works
[2…8], and also allows significant increase in the hydraulic load per unit area, thereby providing more effective
clarification, the productivity of which increases proportionally to the sedimentation area on average 2 ... 4
times [9]. Thin-layer settling tanks, like the regular ones, have water distribution, settling and catchment zones,
as well as a sedimentary zone. The settling zone is divided by parallel shelves (or pipes) and settling is carried
out in the space between the shelves with a height of 2 ... 15 cm. As a result of reducing the path for the
sedimentation of suspended matter, the settling process in thin-layer settling tanks occurs very quickly in 15
... 30 minutes, the sizes of thin-layer settling tanks are reduced 4 ... 6 times, which makes it possible to construct
them even in enclosed spaces [9, 10]. The temperature within the layer is more uniform, the turbulence of flow
is minimized, and the hydraulic conditions of settling and separation of sediments are improved.
The hydrodynamic stability of suspended matter is also increased in thin layer settling tanks, and the
influence of density and convection flows on the process of settling the suspended matter is minimized. In
addition to creeping forces, additional forces of suspension drift on thin-layer elements appear. As a result of
dividing the flow by separate elements, the amplitude and frequency of the flow velocity pulsation of the
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treated wastewater also attenuate, the wetted perimeter significantly increases, and conditions that will
contribute to the maximum laminar flow of liquid in thin-layer elements are created.
It is known that non-pressure flows can be characterized by the ratio of inertial forces to gravity forces,
which is the Froude number (Fr):
Fr  V 2 g  h  105 ,

(1)

where V is the average flow velocity, m/s; g is the acceleration of gravity, m/s2; h is the average flow depth
(in our case, the inter-shelf height), m.
Flow stabilization is possible if the energy of water particles movement prevails over the gravity forces.
5

Flow stability is always ensured at Fr  10 . The values of Froude number give us reason to believe that the
flow structure in the settling tanks cannot be formally described only by Reynolds numbers (Re):
Re  V  R   500,

(2)

where R is the hydraulic radius, m; and v is the kinematic coefficient of viscosity, m2/s.
Equations (1) and (2) are presented for the laminar fluid movements in thin-layer elements, at which the
optimal operation mode of thin-layer settling tanks is achieved. Despite the more rigid structure of the tubular
elements, which ensures dimensional consistency over the entire length and can operate at higher speeds, they
are quicker to fill up with sediments, more difficult to clean and require higher material consumption.
Therefore, in the studies carried out, preference was given to shelves, which are mounted from flat or wavy
plates convenient in operation.
For shelf settling tanks Re  h and dependence (2) takes the form

Re  V  h   500.

(3)

The maximum available velocity of fluid movement in thin-layer elements, based on condition (2) and at

Re  500 should be:
Vмакс  500 h .

(4)

The study was carried out on two laboratory units of rectangular and circular cross-sections designed and
mounted by the author of the paper, for application of flat plates made of galvanized sheet and plastic,
providing easy sliding and removal of sediment from the surface.
The laboratory unit of thin-layer rectangular cross-section is a plexiglass prism open from the top with
dimensions of 100  200  500 mm. From above this prism is immersed in rectangular prismatic frame, in
which sets of shelving elements made of a galvanized sheet (0.8 mm thick) and from plastics (1.0 and 1.2 mm
thick) were applied. Galvanized sheets assembled in a rectangular prismatic frame are shown in Fig. 1, and
sets of plastic plates are shown beside. Plate sets made of these materials are designed for studies of settling
of suspended matter from wastewater at an angle of 55 ... 65° relative to the bottom of the laboratory settling
tank. There is also a rectangular prismatic frame made of plastic with flat elements of galvanized sheet
assembled at an angle of 45…55° relative to the bottom of the laboratory settling tank.
Installation of a thin-layer rectangular settling tank is shown in Fig. 2.
The feed rate is controlled by a valve located on the pipe just in front of the inlet to the thin-layer settling
tank. A branch pipe with a valve for periodic sediment discharge and emptying of the thin-layered settling tank
into a bucket is located on the right side next to the sewage pipe. Occasionally, the experiments were performed



https://stowater.com/katalog-oborudovaniya/otstojnik-tonkoslojnyij.html
https://prom-water.ru/catalog/ochistka_stochnyh_vod/otstojniki/
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with a perforated panel (shown in the image below on the left side before the measuring cylinder), which was
placed vertically near the frame of the shelf elements in order to maximize the laminarization of the wastewater
supply. The clarified wastewater is drawn off from the surface through a 15 mm hose. Three other hoses having
clamps at the end with a diameter of respectively 12; 8 and 5 mm, immersed in liquid, are designed for taking
samples from different heights of the laboratory settling tank.
In the cross - flow scheme study,
the wastewater is supplied through a
12 mm lateral central connecting
pipe with a plug, which is connected
to a transparent hose of the same
diameter (the longest in the image).
Wastewater is also supplied through
a 50 mm metal pipe displayed on
the foreground, with a 10 mm
connecting pipe mounted to it. At
the end of the connecting pipe, a
connected piece of a submerged
hose of the same diameter directs
the wastewater stream to the left
Fig. 1. Prismatic frames with thin-layer elements
lateral side of the unit. In both cases,
the stream under study will flow from the top of a container with a volume of 42.5 liters with dimensions of

500 340 250 mm. The frame of the circular section unit is a steel cylinder with an inner diameter of 140 mm
and a height of 500 mm. At a height of 360 mm on the left side, there is a branch pipe with a clamp at the end
of the hose, through which it is also possible to supply the treated wastewater thus conducting part of the
experiments of thin-layer settling in a cross-scheme. But in general, this unit is designed to carry out
experiments of thin-layer settling tanks in a countercurrent scheme. To do this, the treated wastewater is
supplied by a hose (10 mm) from a cylindrical container located on the top, with a volume of 42.5 liters
(diameter 300 mm and height 600 mm) through the central bottom pipe branch to the laboratory settling tank.
The clarified wastewater is discharged from the top
through a 10 mm hose on the right side, from where
periodically a sample is taken to determine the effectiveness
of the treatment according to the main indicators. The located
upper central branch pipe with a hose and a clamp can also
be used for supplying treated wastewater. In this case, if the
lower central pipe is disconnected, the laboratory unit will
work according to a direct flow scheme of wastewater and
sediment removal. The recurrent sediment is removed
through the brown hose with a clamp, the beginning of which
is located 30 mm above the level of the unit bottom. The
dynamics of the sediment accumulation and the whole
process of wastewater clarification can be monitored through
a cutout transparent window with a diameter
of 55 mm.
Fig. 3 shows two sets of oval shelf elements made of
Fig. 2. Laboratory unit of a thin-layer
galvanized sheets and plastic. Each set of flat elements has
settling tank (rectangular section)
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been mounted at angles from 45 ° to 65 ° (as in the case of the rectangular prism) with a gap in order to avoid
obstacles to the settling process itself. At the same time, this distance contributed in part to the laminarization
of the flow in the thin-layer elements as a distribution zone. Thin-layer oval elements were installed into the
unit, starting from a level just above the transparent window to a level of 5 cm below the clarified wastewater
at a distance of 2 ... 10 cm between themselves.
From above, the height of the entire thin-layer settling tank can be extended by a flanged connection,
thereby providing more accurate technical data on the sedimentation of suspended matter. Fig. 3b shows the
general appearance of a thin-layer settling tank extended by additional 550 mm.
The basic schemes of reciprocal movement of wastewater and released sediment are the following: crosssectional scheme - when the selected sediment moves perpendicularly to the movement of the fluid flow;
countercurrent scheme – the discharged sediment is removed in the direction opposite to the movement of the
fluid flow; direct-flow scheme - direction of the sediment movement coincides with the direction of water
flow. In fact, two laboratory units could be used for cross-sectional studies (prism unit) and for direct or
countercurrent scheme (cylindrical unit) of thin-layer settling.
All experiments were carried out at optimal values of the wastewater flow velocity of ( V  5...10 mm/s)
o
and the inclination angle of the plate elements (   55 ) obtained by the author in advance for the observable

wastewater. The inter-shelf distance was taken h  2...10 cm, at which, according to conditions of (1) and (3)
(or (4)), a laminar flow in thin-layer elements was theoretically ensured.

a

b
Fig. 3. Laboratory unit for thin-layer settling

a - circular cross-section; b - elongated version of circular cross-section

In general, thin-layer settling tanks are effective in extracting finely dispersed impurities from wastewater,
which is typical for wastewater from silk, textile and knitwear industries. The data from the cross sectional
scheme studies are shown in Table. 1, while the data from direct and countercurrent scheme studies are shown
in Table. 2, where the maximum treatment efficiency values are presented.
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Table 1. Indicators of wastewater treatment after thin – layer settling
by direct-flow scheme and countercurrent scheme
Industrial wastewater
Main
characteristics

suspended
matter, mg/l

before
treatment
120…180

textile
after thin-layer settling/ effect, %
direct flow
countercurrent
scheme
scheme
54...81
55

450…900
COD, mg/l

337...674
25

160…340
BOD, mgO2/l
pH

8.5…10.0

125...265
22
9.1

before
treatment

knitwear
after thin-layer settling/ effect, %
direct flow
countercurrent
scheme
scheme

48...72
60

32…320

14...140
56

13...130
62

315...630
30

880…2600

642...1898
27

581...1716
34

120...255
25

200…500

152...380
24

146...365
27

9.2

6.5…9.0

7.8

7.9

According to the Table. 1, it can be confirmed that the effectiveness of suspended solids retention is from
5 to 7% higher in the countercurrent scheme compared to the direct-flow sedimentation scheme. This is due to
the fact that favorable conditions are created for suspended solids settling in shorter trajectories when the
wastewater moves up in inclined plates from the bottom.
Table 2. Indicators of industrial wastewater treatment after thin-layer settling in a cross-section scheme

Main
characteristics

Suspended
matter, mg/l

textile
before
after thin-layer
treatment settling / effect,
%
150
67

COD, mg/l

610

BOD, mgO2/l

220

pH

8.6…9.8

58
439
28
165
25
9.2

Industrial wastewater
knitwear
before
after thin-layer
treatment settling / effect,
%
290
104
1100
340
6.8…9.1

64
726
34
148
27
7.9

silk
before
treatment
260
850
365
7.6…9.0

after thin-layer
settling / effect, %

96
63
578
32
266
27
8.2

Comparison of the data in Table. 1 and Table 2 shows that wastewater treatment in the aforementioned
industries by thin-layer sedimentation is preferable to be performed using a cross-sectional scheme, in which
the effectiveness of the retention of suspended solids is on average increased by additional 1 ... 2%.
Outcomes
From the above-mentioned it follows that:
1. The treatment of wastewater from textile, knitwear and silk industries by thin-layer settling is almost the
same, and high efficiency is provided by cross-section flow and countercurrent flow schemes,
2. The tendency of higher effectiveness of retention of suspended substances at their proportionally high
initial values was confirmed for all three thin-layer settling schemes.
Conclusion
The cross-section flow scheme primarily implies the realization of the process in horizontal, thin-layer
settling tanks with a detailed calculation of the distribution zone length of the structure.
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It should be noted that the effectiveness of thin-layer sedimentation depends not only on the adopted scheme
but also on other structural parameters [11, 12]. In particular, it is also important that the flow is distributed
evenly among all thin layer elements. For this purpose appropriate proportional distribution should be provided
in the laboratory units, similar to Fig. 4 and additional studies should be conducted for wastewater of the
industries under study.

a

b
Fig. 4. Proportional distribution devices

a - in a cross-section scheme; b - in a countercurrent scheme based on the principle of flow differentiation;
1 - disc annular; 2 - the same, solid; 3 - radial directing baffles

Among the technological parameters, we may note the need to use various reagents for the discoloration
and retention of surfactants of the wastewaters under study, as well as the possibility of some increase in the
flow velocity [13, 14] in order to identify the optimal combination of values between duration and efficiency
of settling for suspended substances.
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