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Preface

The III International Conference “BUILDINTECHBIT2022. INNOVATIONSAND
TECHNOLOGIES IN CONSTRUCTION” was held during March 9–10, 2022,
in Belgorod (Russian Federation), on the basis of Belgorod State Technological
University named after V. G. Shukhov, Belgorod, Russia.

The III International Scientific Conference “BUILDINGTECH BIT 2022”
contains advanced achievements in the field of improving methods for calculating
the strength, stiffness, crack resistance of structures, taking into account the features
of their structure and optimizing the composition. It is also devoted to strengthening
building structures and assessing their suitability for use, monitoring buildings,
improving building technologies, energy efficiency of building envelopes, intro-
ducing new structures and materials, and economic assessment of construction.
It also consists of test data for load-bearing building structures. This volume will
prove to be a valuable resource for those in academia and industry.

As a result, there is a real opportunity among a wide range of scientists, teachers,
industry representatives, and students in various fields related tomaterial engineering,
science, to exchange ideas, share knowledge, and establish close cooperation. The
successful organization and holding of the conference are evidenced by the wide
geography of the participants, as well as the high level of the reports presented. With
its high quality, it provides an exceptional value for students, academics, and industry
researchers. It also provides a premier interdisciplinary platform for researchers,
practitioners, and educators to present anddiscuss themost recent innovations, trends,
and concerns as well as practical challenges encountered and solutions adopted in
the fields of building construction and materials sciences.

The conference has an active participation of more than 150 scientists and experts
from different Russian regions (up to 32) and 10 countries (Australia, Armenia,
China, Iraq, Morocco, Egypt, Syria, Kazakhstan, Tajikistan, and Uzbekistan).

A major part of theoretical information and experimental data is the results of
studies, which were realized within the framework of implementation of state and
national programs in the scientific field as a grant, federal targeted programs, decrees
of the Government of the Russian Federation, and other programs.
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High-Efficiency Wall Materials Based
on Technogenic Aluminosilicate Raw Materials

A. A. Volodchenko(B) , V. S. Lesovik , A. N. Volodchenko , and V. V. Voronov

Belgorod State Technological University Named After V.G. Shukhov, Belgorod, Russia
Alex-0904@mail.ru

Abstract. At the present time the development of new generation building com-
posites, distinguished not only by high performance characteristics, but also con-
tributing to the optimization of the system“human-material-living environment” is
actual. In construction, sand-lime bricks are widely used as wall material. Accord-
ing to the normative documentation in its production pure quartz sand with a min-
imum content of clay impurities are used. However, there is a large proportion
of quartz sands containing clay impurities. Such rocks do not satisfy the require-
ments of normative documents to sands for silicate materials. The urgent task is
to conduct researches on development of building composites of new generation
with the use of this type of raw materials. As a result of this research it is shown
that fine sands characterized by the presence of clay impurities, represented by
miscible clay minerals can be used as raw materials for the production of sil-
icate materials. The use of such raw materials can optimize the microstructure
and accelerate the synthesis of new formations represented by low-base calcium
hydrosilicates. Increase of strength characteristics of products is caused by forma-
tion of new formations of increased degree of crystallinity, and also at the expense
of optimization of granulometric composition. The content of the required per-
centage of used raw materials in the raw mix of sand-lime bricks contributes to an
increase in strength characteristics of raw bricks by 2 times, the finished product
by 1.8 times, which simplifies the production of products of complex shape.

Keywords: Construction materials ·Wall materials · Silicate materials · Clay
rocks

1 Introduction

At the present time the development of new generation building composites, distin-
guished not only by high performance characteristics, but also contributing to the opti-
mization of the system “human-material-living environment” is actual [1–3]. Develop-
ment of such composites is possible with the use of theoretical provisions of the new
transdisciplinary scientific direction of research of geonics (geomimetics). Also at design
of new kinds of building composites it is necessary to use new kinds of raw materials
which are not used now [4–6].

In construction, sand-lime bricks are widely used as wall material [7–10]. According
to the normative documentation, pure quartz sands with a minimum content of clay
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impurities are used in its production. However, there is a large proportion of quartz
sands containing clay impurities. Such rocks have a minimum number of plasticity and
are characterized as sandy loam.

Such siliceous raw materials, characterized by an increased content of clay impuri-
ties, are widespread in Russia, including those that fall into the zone ofmining operations
in the region of the Kursk Magnetic Anomaly. Such rocks do not meet the requirements
of normative documents for sands for silicate materials [9, 10]. The task of research on
development of building composites of new generation, in particular silicate materials,
with the use of this type of raw materials is actual [11–14].

2 Methods and Materials

In these studies, building lime (see Table 1) produced by JSC “Stroymaterialy” (Russia)
and corresponding to the requirements of GOST 22,688-2018 was used as an active
binder component.

Table 1 Characteristics of the used construction lime

Name of indicator Content, wt%

Content of active CaO +MgO 70

Content of active MgO 5

Content of CO2 7

Slake time, min 8

To develop compositions of lime-silica binder, to obtain on its basis wall materials,
we used fine-dispersed sand (Russia, Kursk Magnetic Anomaly region) with specific
surface area of 80–100m2/kg and the content of clay impurities 15–20wt%. The number
of plasticity is 5, which allows us to attribute this rock to sandy loam. Bulk density is
1590 kg/m3.

Sand (Russia, Kursk Magnetic Anomaly region) with a specific surface area of 30–
40 m2/kg and content of dusty, silty and clayey particles less than 0.05 mm in size, not
more than 5 wt% was used as an aggregate.

Raw mix for the production of wall materials is prepared in two stages. In the first
stage by grinding construction lime and fine sand together, a lime-silica binder with
a specific surface area of 800 m2/kg is produced. The resulting lime-silica binder is
mixed in a laboratory mixer with aggregate sand, followed by moistening with water
and holding the mixture to slake the lime in the raw mix. The samples are formed by
hydraulic pressing at a pressing pressure of 20 MPa. Curing of specimens is carried out
in autoclave at pressure of 6–12 bar. Duration of isothermal soaking was 8 h.

The following performance parameters were determined in the obtained speci-
mens: compressive strength, average density, water resistance. The microstructure of
the samples, as well as the composition of the formed neoplasms were studied by X-ray
diffraction and differential-thermal analysis and scanning electron microscopy.
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3 Results and Discussion

The mineralogical composition of the fine sand was investigated using thermographic
(see Fig. 1) and radiographic (see Fig. 2) methods of analysis. The rock was found to
contain fine-dispersed quartz, mixed clay minerals, and other minerals.

Fig. 1 Differential thermal curve of fine sand with clay impurities

Fig. 2 Radiograph of fine sand containing clay impurities

In themicrostructure of fine sand (see Fig. 3a) containing clay impurities, quartz sand
particles with a corroded surface and covered with clay mineral particles are identified.
The total mass of aggregate sand is dominated by particles of a rounded shape (see
Fig. 3b).

In the studies on the production of sand-lime bricks in the first phase was carried
out to determine the rational moisture content of the raw mix in order to maximize the
strength characteristics of products (see Table 2).

The content of active CaO was 8 wt%. The amount of fine sand with clay impuri-
ties varied in the range 20–40 wt%, molding moisture varied in the range 6–16 wt%.
Specimens were steamed at 1.5 + 6 + 1.5 h at a saturated steam pressure of 1.0 bar.

It was found that increasing the content of liquid in the mixture of raw materials
increases the strength of the specimens. So the moisture content of the raw mixture in
the range of 8–12 wt% is optimum.
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Fig. 3 Microstructure of the used sands: a fine sand with clay impurities, b aggregate sand

Table 2 Effect of molding moisture on specimen properties

Content of fine sand, wt% Compressive strength (MPa) at molding moisture, %

6 8 10 12 14 16

20 12.4 23.5 27.1 25.1 22.5 13.9

30 12.4 22.8 26.4 23.5 20.86 19.8

40 12.4 24.1 26.1 25.1 19.8 19.5

The important characteristic in the technology of sand-lime bricks is the strength
of raw bricks. In the study the effect of fine sand characterized by the content of clay
impurities on the strength of raw bricks was determined (see Table 3). It is found that
the use of fine sand characterized by the content of clay impurities in the manufacture of
sand-lime brick will improve the formability of the rawmixture and increase the strength
of the raw brick.

Table 3 Effect of fine sand content on the strength of raw bricks

Compressive strength (MPa) at fine sand content, wt%

0 5 10 20 30 40 50

0.43 0.47 0.5 0.79 0.93 0.96 1.08

Based on physical and mechanical tests (see Table 4) of the specimens obtained it
was found that with increasing the proportion of fine sand in the raw mix strength of
specimens increases from 11 to 18 MPa at the content of CaO—4 wt% and from 16
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to 20.8 MPa at the content of CaO—6 wt%. An increase in the content of fine sand,
along with an increase in the content of building lime, leads to a decrease in strength
characteristics.

Table 4 Physical and mechanical characteristics of specimens

Physical and mechanical characteristics Content of fine sand, wt%

0 10 30 60

Content of building lime—4 wt%

Compressive strength, MPa 11 13 19,1 18

Average density, g/cm3 1.77 1.78 1.79 1.79

Content of building lime—6 wt%

Compressive strength, MPa 16 15 22 20,8

Average density, g/cm3 1.81 1.81 1.85 1.85

Content of building lime—8 wt%

Compressive strength, MPa 30 22 27 26

Average density, g/cm3 1.82 1.81 1.82 1.81

In order to determine the rational compositions of raw mixes to obtain the opti-
mal strength characteristics, studies were conducted using the method of mathematical
planning of the experiment (see Table 5).

Table 5 Mathematical planning of the experiment

Factors Levels of variation Variation interval

Natural view Coded view −1 0 +1

Fine sand, wt% x1 10 35 60 25

Isothermal exposure, h x2 2 5 8 3

Hydrothermal treatment pressure,
bar

x3 0.6 0.9 1.2 0.3

Building lime, wt% x4 4 7 10 3

On the basis of the obtained data the regression Eq. (1) of the compressive strength
dependence was obtained and graphical nomograms were plotted (see Fig. 4).

R = 21.8+ 1.3 · x1 + 4.2 · x2 + 3.7 · x3 + 4.4 · x2 − 2.6 · x21 + 2.8 · x22
−−3.5 · x23 − 1.2 · x24−−0.73 · x1 · x2 + 0.4 · x1 · x3 − 0.4 · x1 · x4
+ 0.22 x2 · x3 + 1.9 · x2 · x4 + 1.5 · x3 · x4 (1)
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Fig. 4 Dependence of compressive strength on the content of fine sand, isothermal exposure time
and building lime: a content of building lime—4 wt%; b content of building lime—10 wt%

It was found that the increase in the proportion of the studied fine sand up to 42%
allows increasing the index of the compressive strength. Such a composition of the
raw mix contributes to the formation of the strongest crystalline framework of new
formations, which is confirmed by the results of the X-ray method of research (see
Fig. 5).

Fig. 5 Radiograph of a specimen with a fine sand content of 40 wt% and CaO—7 wt%
(hydrothermal treatment pressure—9 bar;isothermal exposure—5 h)

The results of the analysis show that almost the entire clay component in the fine
sand interacted with the building lime. At the same time, low-base hydrosilicates (d =
3.048 Å), two-base hydrosilicates (d = 3.2, 2.28 Å) are formed in the composition of
new formations.

If the content of fine sand in the raw mix of more than 42 wt%, it remains in a free
form, which deteriorates the strength properties of products.

With the increase in the content of fine sand in the rawmix the increase in the average
density of silicate products is noted. Probably, increase of average density of specimens
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is connected with introduction of fine-grained sand increasing density of packing of a
material. This can also explain the reduction of water absorption of products by 5%.
With increasing the input of fine sand up to 30 wt% the softening coefficient of silicate
products increases, and over 30 wt% leads to a decrease in the softening coefficient.
Increasing the pressure of hydrothermal treatment increases the softening coefficient of
silicate products.

4 Conclusion

Thus, as a result of studies it is shown that the fine sands characterized by the presence
of clay impurities in the amount of 15–20 wt%, represented by mixed clay minerals can
be used as raw materials for the production of silicate materials. The use of such raw
materials allows optimizing the microstructure and accelerating the synthesis of new
formations represented by low-base calcium hydrosilicates.

Fine sand is introduced into the raw mass as part of the lime-silica binder with a
specific surface area of 800m2/kg. This provides a uniformdistribution of clay impurities
in the raw mix.

The increase in the strength characteristics of the products is due to the forma-
tion of new formations with an increased degree of crystallinity, as well as due to the
optimization of the granulometric composition.

The content of the required percentage of used raw materials in the raw mix of
sand-lime bricks contributes to increase in strength characteristics of raw bricks by 2
times, the finished product by 1.8 times, which simplifies the production of products of
complex shapes.

Acknowledgements. The work is realized in the framework of the grant Russian Science
Foundation (project № 22-79-00274).
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Abstract. The article represents a method for calculating the structural elements
of surfacing on the working bodies of an impact-vortex mill. The method enables
to calculate the geometric dimensions of the grid cell, taking into account the
properties of the crushed materials and the method of applying to the working
surface of the beater. It contributes to pressing the crushed material into the cell,
and reduces the wear rate of the beater, due to the absence of full contact with the
working surface. The dimensions of the cell are selected in such a way that the
resulting pushing force is equal to or less than the holding force, but it remains
sufficient for surfacing the impact-vortex mill beaters on the working surface. It
is proved that the pressing and retention of crushed material particles in the cells
is largely determined by its geometric dimensions, as well as the physical and
mechanical characteristics of crushed rocks. The design of the beater is proposed,
which increases its durability by reducing the contact area of the crushed material
with its working surface.

Keywords: Working bodies (beaters) · Wear resistance · Impact-Vortex mills ·
Wear · Surfacing

1 Introduction

Dry building mixes are widely used in the construction industry, while the consumption
of building mixes per year per person can reach up to 30 kg, as for example it is in
Germany or Finland [1–4]. Large companies that are engaged in construction and repair
use about 75% of the total sales of building mixes.

Various designs of vortex mills have been created for grinding materials, where the
material is crushed under the action of rapidly rotating working bodies and turbulent
air currents. An aggregate of this class is the RVM-3000 mill of Izhevsk production
Enterprise LLC PC ADAMANT, which provides the fine grinding of various materials
in the construction, road, chemical, metallurgical and food industries. Industries where
the productivity is 3–5 tons per hour, depending on the processed material, the particle
size of the source material is no more than 5 mm, while the finished product reaches
100microns, the rotor rotation speed is 3000min1, and the power consumption is 90 kW
[5].
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The design of the VM-3000 rotary vortex mill is made vertically with two-rotor
housing with belt drive and two electric motors (see Fig. 1).

Fig. 1 Rotary-vortex mill

One of the problems of these units is the rapid wear of their working bodies, which
currently amounts to 150–250 h depending on the production technology. Many indus-
trial companies are working to create reliable structures of working bodies. Beaters are
usually made of high-cost wear-resistant metal.

It is necessary to conduct research aimed at reducing the cost of production of
working bodies that maintain operability to the limit state with the necessary breaks for
repairs [6, 7].

2 Methods and Materials

The practical use of impact-vortex mills shows that their operation conditions have a
significant impact on the durability of working bodies and the rate of their wear. For
example, the high temperature of the source material can be a serious danger to drill
beaters with a solid work surface, and the use of such a technique leads to a significant
consumption of expensive materials.

When manufacturing the working bodies of mills, it is necessary to take into account
the physical and mechanical properties of the materials being crushed and the wear fac-
tors caused by their destruction. It is also important to make the working bodies of the
units from a material that reduces this wear type. However, this is economically imprac-
tical or difficult to implement. Therefore, many manufacturers are trying to develop
effective methods to increase the durability of the working bodies of mills, taking into
account the properties of the material being crushed. Theoretical analysis of the results
obtained and formulation of conclusions about the most effective form of GA for its use
in the compositions of filling mixtures.
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Scientists of the BSTU named after V. G. Shukhov have proposed a method in order
to increase the durability of the working bodies of impact-vortex mills. This is a method
of applying a special mesh to the working surface in the form of a rectangular cell, which
presses the crushed material into the cell, and reduces the rate of their wear, due to the
absence of full contact with the working surface [8].

In addition, this method enables to reduce the consumption of expensive material,
since it is applied not by continuous surfacing on the working surface of the beaters, but
in the form of a grid.

The use of this method of surfacing enables to protect the working surface of the
beaters from intense wear by pressing the crushed material in the cells. However, it is
worth noting that the geometric dimensions of the cell are essential for retaining the
pressed material inside it.

As a rule, the surfacingmaterial is chosen based on the method of application and the
chemical composition of the base material, taking into account the method of applying
the protective mesh and the properties of the crushed material.

To protect the working bodies from abrasive wear, the followingwear-resistant mate-
rials are widely used: Powdered Stalinite, used for welding by electric arc of rapidly
wearing steel and cast iron parts; Vocar is a granular mixture of crushed tungsten and
carbon; Relites are tubular- grain alloys based on tungsten; Vishom is a cheap granular
alloy that does not contain tungsten, as well as cast wear-resistant alloys, which are a
solid solution of chromium carbides in cobalt (stellites) or in nickel and iron (sormites).

Three standard samples of impact-vortex mill beaters made of 45 steel were selected
for experimental tests. Sormite was chosen as a wear-resistant alloy for surfacing on the
working top of the impact elements of the mill. The hardness of the surface layer of the
sormite surfacing is 73–74 HRA or 48–50 HRC, and the chemical composition is 25%
chromium, 2.5% carbon, 3% silicon, 5% nickel, about 2% manganese.

3 Results and Discussion

The dimensions of the cell must be selected in such a way that the resulting pushing
force is equal to or less than the holding force, but its dimensions remain sufficient to
implement the method of surfacing wear-resistant material on the working surface of
the parts.

It follows from the above that the pressing conditions largely depend on the size of
the cell and the physical and mechanical properties of the crushed material.

On the surface of the second experimental sample, a continuous surfacing of the
working surface with a wear-resistant material is applied, while on the surface of the
third sample, the surfacing is in the form of a grid with cells, according to the method
of BSTU scientists.

The technical solution of the scientists of the BSTU named after V. G. Shukhov was
used on the working surface of the RVM-3000 mill of the Izhevsk production enterprise
LLC PC ADAMANT (see Fig. 2). The surfacing on the working top of the beaters has a
rectangular shape, with the dimensions of the sides m, n, height c, as well as the radius
of rounding in the corners of the cell [9].
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Fig. 2 A sample with surfacing on the working surface of the beaters in the form of a grid

It is established that at the moment of collision with a part, the crushed material is
pressed into the cell under the force of impact, at the moment of balancing the velocities
in the cell, an elastic expansion occurs, which is aimed at pushing the pressed particles
out of the cell. If the total pushing forces are less than or equal to the friction forces of
the particles against the side surface of the cell of the applied mesh, then the particles of
the crushed material will be held inside the cell, otherwise it will fall out of the cell.

Let us consider the scheme of force action in a cell, making assumptions that the
elastic expansion force F is distributed over its entire lateral surface sideways (see Fig. 3).

Fig. 3 The scheme of force action in the cell: dF—the magnitude of the force acting on the
elementary area of the side surface of the cell of the parts, dF0(z), dF0(x) and dF0(y)—elastic
expansion forces acting on the side surface on the corresponding axis coordinates

Based on the above assumption and based on the condition that ensures the retention
of the volume of particles in the cell

∑
Ffric. ≥ ∑

F we get that:

2r2(n + m) · F · sin α + F · n · m · r2 + π · r2 · F ≤ f · 2r2(n + m) · F · cosα

+ f · π · r2 · F + f · r · c(n + m) · F (1)
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where

r—the radius of rounding in the corners of the cell;
α—the average angle of the direction of the resulting pushing force;
F—the elastic expansion force;
n—the width of the mesh cell made of wear-resistant material, mm;
m—the length of the mesh cell made of wear-resistant material, mm;
c—the height of the mesh cell made of wear-resistant material, mm;
f—the coefficient of external friction.

Thus, from the obtained expression (1), it is possible to determine the coefficient of
external friction:

f ≤ 2r · ((n + m) · sin α + ((n · m)/2)) + π/2)

2r · (n + m) · cosα + π · r + c · (n + m)
(2)

As a result of analytical studies, the dimensions of the cell were selected in such a
way that the resulting pushing force was equal to or less than the holding force, which in
turn is provided by the coefficient of external friction f , which depends on the properties
of the material and the surface of the parts.

The coefficient of external friction of the crushed materials to increase the durability
of the working surface of the parts and pressing it into the mesh cell should be f ≤ 0.5.
In this case, the following dimensions of the sides of the grid cell will be optimal: m =
6 mm, n = 5 mm, c = 3 mm, r = 2 mm, which are interconnected.

Substituting the optimal dimensions in expression (2), we obtain that the coefficient
of external friction will be:

f ≤ 2 · 2 · ((5 + 6) · sin 43 + ((5 · 6)/2)) + π/2)

2 · 2 · (5 + 6) · cos 43 + π · 2 + 3 · (5 + 6)
= 0.466 (3)

At the moment of impact of the rotor-vortex mill, the crushed material is pressed
into the cell, and the resulting pushing force is equal to or less than the holding force,
the durability of the working surface of the drill increases, which in turn is provided by
an external friction coefficient f equal to 0.466 according to the calculation results [10].

In order to confirm the expediency and effectiveness of the proposed technical
solution we conducted comparative tests.

As mentioned earlier, three standard samples of impact-vortex mill parts made of 45
steel were selected for experimental tests.

A continuous surfacing with a wear-resistant material was applied to the surface
of the second experimental sample, and a surfacing in the form of a grid with cells
was applied to the surface of the third sample, according to the methodology of BSTU
scientists. Based on the results of the study, a graphical dependence was constructed
showing the percentage of wear of each sample from the operating time in hours, which
is presented in Table 1 (see Fig. 4).

The analysis of the graphical dependence allowed us to establish that the most rapid
wear of the tested samples is subject to a part made of 45 steel, without hardening its
working surface, that is, without surfacing. The wear value of the samples where a solid
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Table 1 Research results

Wear amount, % Operating hours

Steel 45 Surfacing mesh (sormite) Solid surfacing (sormite)

5 50 70 100

10 65 120 150

15 75 150 175

20 80 165 195

25 90 170 215

30 100 190 230

35 110 205 240

40 120 215 260

45 130 225 275

50 140 240 285

Fig. 4 Influence of the surface protection method on the wear resistance of the parts

surfacing or in the form of a mesh was applied is much smaller compared to the first
sample, while a solid surfacing gives a higher percentage of durability, but leads to
increased consumption of expensive materials. Therefore, the application of a grid is the
most appropriate. This confirmed the effectiveness of the method of hardening the parts
by applying a mesh with cells made of wear-resistant material on their working surfaces.

The use of this method helps to increase the durability and reduce the cost of the
parts, by reducing the amount of expensive material deposited on their working surface.

After analyzing the obtained results of experimental studies, it was found that the
parts with surfacing have a higher durability compared to the working bodies made
without surfacing; this is due to the different hardness of their working surfaces.

As a result of an analytical study of the computational scheme of force interaction in
a cell, an equation was obtained to determine its coefficient of external friction f , which
depends on the properties of the material and the surface of the part.
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The differences for wear of the parts made by solid surfacing and mesh with cells are
insignificant; this is because the crushed material is held in the mesh cells and thereby
prevents the wear of the surface of the part at the bottom of the cell.

4 Conclusion

The developed technical solution for surfacing the working top of the parts in the form
of a grid with cells of a certain size increases the durability of the parts, but at the same
time reduces their cost by reducing the amount of expensive material deposited on the
work surface.

As a result of the analysis of the force interaction in the cell deposited on the surface
of the working body, it was found that the coefficient of external friction f to increase
the durability and pressing of the crushed material into the mesh cell should be f ≤ 0.5.

It is established that the pressing conditions largely depend on the size of the cell
and the physico-mechanical properties of the crushed material. The cell dimensions are
selected in such a way that the resulting pushing forces is equal to or less than the holding
force, which in turn is provided by the coefficient of external friction f , which depends
on the properties of the material and the surface of the parts.

Acknowledgements. This work was realized in the framework of the Program «Scholarships of
the President of theRussian Federation to young scientists and postgraduates engaged in promising
research and development in priority areas of modernization of the Russian economy for 2021–
2023 (№ SP-2021)» on the base of the Belgorod State Technological University named after V.
G. Shukhov. The work was realized using equipment of BSTU named after V. G. Shukhov.

References

1. Kochkonbaev, M.A.: A review of modern rotary vortex mills for fine grinding. Sci. Innovative
Technol. 4(21), 72–78 (2021). https://doi.org/10.33942/sit2015

2. Kochkonbaev, M.A.: Perspective directions of fine grinding mills. Sci. Innovative Technol.
4(21), 79–84 (2021). https://doi.org/10.33942/sit2016

3. Yinwei, Y., Kai, F., Jing, X.: A novel control method for roll gap of roller crusher based on
Fuzzy-PID with decision factor self-correction. IOP Conf. Ser. Mater. Sci. Eng. 892, 12–19
(2020)

4. Xuemin, L., Man, Z., Nan, H.: Calculation model of coal comminution energy consumption.
Miner. Eng. 92, 21–27 (2016)

5. Romanovich, A.A., Glagolev, S.N., Babaevskiy, A.N.: Methods to improve efficiency of
production technologyof the innovative composite cementingmaterials. IOPConf. Ser.Mater.
Sci. Eng. 327(3), 2009 (2018)

6. Egorov, S.N., Sirotin, P.V., Tamadaev, V.G.: Analysis of the surface layer of the grinding
element of a rotary vortex mill. North Caucasian region. Tech. Sci. 81–85 (2020). https://doi.
org/10.17213/1560-3644-2020-1-81-85

7. Zhang, X., et al.: Effect of route on tensile anisotropy in equal channel angular pressing.
Mater. Sci. Eng. 676, 65–72 (2016)

8. Romanovich, A.A., Dukhanin, S.A., Romanovich, M.A., Zakeri, A.: Improving the wear
resistance of rotary-vortex mill hammers. Environ. Constr. Eng. Reality Future 1, 277–284
(2021)

https://doi.org/10.33942/sit2015
https://doi.org/10.33942/sit2016
https://doi.org/10.17213/1560-3644-2020-1-81-85


16 A. A. Romanovich et al.

9. Impact crusher [text]: utility model patent 208012 U1 Russian Federation: IPC B02C 13/06.
2021120119

10. Romanovich, A.A., Dukhanin, S.A., Romanovich, M.A.: Methods for increasing the wear
resistance of the working bodies of a rotary vortex mill. Bulletin of the Belgorod State Tech-
nological University. V. G. Shukhov, 4 116–123 (2022). https://doi.org/10.34031/2071-7318-
2021-7-4-116-123

https://doi.org/10.34031/2071-7318-2021-7-4-116-123


Using of Citrogypsum in Alkali Activated
Systems

N. I. Kozhukhova1,4(B) , I. M. Shurakov1 , N. I. Alfimova1,2 ,
I. V. Zhernovskaya1 , and M. I. Kozhukhova1,3

1 Belgorod State Technological University Named After V.G. Shukhov, Kostyukov St., 46,
Belgorod 308012, Russia

kozhuhovanata@yandex.ru
2 National Research Tomsk State University, 36, Lenin Ave, Tomsk 634050, Russia

3 Department of Civil&Environmental Engineering, University of Wisconsin Milwaukee, P.O.
Box 413, Milwaukee, WI 53201, USA

4 Laboratory of Advanced Materials and Technologies, Belgorod National Research University,
Pobeda 85, Belgorod 308015, Russia

Abstract. A large amount of research and previously obtained experimental data
allows us to conclude with a high degree of confidence that one of the key roles in
the synthesis of alkali-activated binders, cement, concretes, etc. plays an alkaline
component or activator, which, in fact, is the initiator of all structure-forming
processes during the hardening of the system. In this study, we studied the features
of the synthesis of alkali-activated binders with different component compositions
using a complex of industrial waste “citrogypsum—electrometallurgical slag” as
a solid-phase component. Based on the obtained experimental results, it was found
that the addition of 10% citrogypsum promotes an increase in strength by 13%
(from 4.9 to 5.54 MPa), i.e., a synergistic effect is observed. A similar trend:
higher density values are provided with the combined action of the components
(compaction up to 3–5%) versus similar values for the components that form a
solid structure separately. The study of the effect of the type of alkaline activating
agent showed that both activators used in the work (NaOH and Na2SiO3) do not
have a significant effect on the strength indicators of synthesized alkaline-activated
binders with citrogypsum. Moreover, the dosage of the introduced alkaline agent
up to 5% reduces the compressive strength from 19% (for NaOH) to 43% (for
Na2SiO3).

Keywords: Citrogypsum · Electrometallurgical slag · Alkali-Activated binder ·
Physical and mechanical characteristics

1 Introduction

Currently, quite awide range of binders andmaterials for construction purposes is known,
distinguished by their high efficiency in use and found their field of practical application.
As a rule, a significant proportion of binders is occupied by multicomponent systems or
composite binders/materials. It is important to note that the effectiveness of advanced
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materials is due not only to their basic performance characteristics. Environmental and
economic components are also very important [1–9]. Increasingly widespread use of
multicomponent or composite systems is often due to the need to improve the operational
characteristics of the resulting composite. In most cases, this is achieved through the
mechanical action of the introduction in the form of grinding, mechanical activation, or
mechanochemistry, as well as through the introduction of additional additives, modifiers,
active fillers, etc. into the binder system [10–14].

Among the promising composite systems for the construction industry, it is neces-
sary to highlight the binding systems of alkaline activation. Also, the literature review
confirms that waste from the production of phosphoric acid and phosphoric fertilizers
acts as one of the valuable modifiers in these systems [15]. Previously, Rashad [16] stud-
ied the possibility of processing calcined phosphogypsum as a partial replacement for
fly ash in alkali-activated binders based on it. The results showed that the compressive
strength increases with dosages of calcined phosphogypsum up to 10%. At the same
time, an increase of this additive in the binder system up to 15% leads to a decrease in
strength values. The effect of a complex additive of gypsum and phosphoric acid on the
properties of an alkali-activated slag using sodium silicate (water glass) as an activator
was studied in earlier works [17]. Phosphoric acid was used as a set time retarder and
gypsum was used as a shrink-resistant component when drying the system. Bakharev
et al. [18] presented the results of a study of concrete consisting of alkali-activated slag
and gypsum additives (6% of the slag mass), which confirmed the shrink-resistant effect
of gypsum.

Guo et al. [19] used a complex alkaline activator: sodium hydroxide and sodium
silicate solution—for the synthesis of binders based on high-calcium (class C) fly ash
and other Ca-containing additives such as Portland cement and gypsum-containingwaste
obtained during desulfurization of flue gases and water treatment. Due to their high
strength values (up to 80.0 MPa), these alkali-activated binders can be used in various
fields, in particular, for the production of building materials, as well as for hardening and
“conservation” of hazardous waste, which allows us to speak about the environmental
friendliness of these materials. Chinese scientists have established the possibility of the
production of building materials using semi-aqueous phosphogypsum, the joint use of
which provides both an environmental and economic effect. At the same time, a close
analog of phosphogypsum, citrogypsum, is formed in the Russian Federation as a waste
product. Citrogypsum is a waste product from citric acid production. This work aims
to study the behavior of cytogypsum in alkali-activated binders of different component
compositions.

2 Materials and Methods

Methods. In the work, electrometallurgical slag (OEMK slag), (Russia) was used as an
aluminosilicate component. The chemical composition of the raw solid-phase compo-
nents: slag and cytogypsum, was determined by X-ray analysis (XRF) using an ARL
9900 X-ray WorkStation diffractometer (Termo Scientific). X-ray diffraction spectra
were obtained with an ARLX ’tra diffractometer using CuK 1,2 radiation. Drying of raw
materials was carried out in a laboratory oven BINDER FD-53 (Memmert, Germany).
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Compressive strength tests were carried out using a PGM 100 hydraulic press
machine (SKB Stroypribor, Russia).

Materials. In this study, two types of solid-phase components were used: OEMK
slag and citrogypsum waste, the physicochemical characteristics of which are presented
in Tables 1, 2 and 3.

Table 1 Chemical composition of OEMK slag and citrogypsum

Oxides content (wt%)

CaO SiO2 Fe2O3 MgO Al2O3 MnO Na2O Cr2O3 TiO2 P2O5 SO3 K2O

40.78 24.55 15.03 12.51 4.18 0.92 0.49 0.3 0.2 0.18 0.17 0.11

30.6 0.75 – 0.25 – – – – – – 44.7 –

Table 2 Mineral composition of OEMK slag

№ Mineral Concentration, wt%

1 Ca2SiH2O5 20.42

2 γ-C2S 17.65

3 Okermanite 2CaO·MgO·2SiO2 10.13

4 Merwinite 3CaO·MgO·2SiO2 8.26

5 α-quartz 2.4

6 Calcite 4.88

7 Wustite FeO 25.98

8 Magnetite FeO· Fe2O3 10.26

Table 3 Compositions and properties of the «OEMK slag—citrogypsum» system

Compopsition Components, % Citrogypsum

OEMK slag Water Citrogypsum Yield compressive
strength, MPa

Average density,
g/cm3

1 85.7 14.3 – 4.9 2.25

2 – 14.3 85.7 3.1 2.3

3 81.4 14.3 4.3 5.54 2.37

Preliminary treatment by additional drying is required for both wastes: OEMK slag
and citrogypsum. This is justified by the fact that waste is, normally, stored in open
landfills and, as a result, has excess moisture, which can complicate research, as well as
adversely affect the properties of the synthesized compounds.

The drying procedure was carried out until the materials reached a constant mass,
after which the materials were stored under laboratory humidity (35%).
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3 Results and Discussions

Effect of the component composition on the physical and mechanical properties of
the binder. To study the physical and mechanical characteristics of the binding sys-
tem “OEMK slag—citrogypsum”, experimental compositions were molded (Table 3).
The experimental mixtures were molded into cubes of 20 × 20 × 20 mm and left for
hardening in ambient laboratory conditions (temperature 23± 2 °C; relative humidity—
33 ± 2%). Compression strength and average density tests of the hardened specimens
were carried out at the age of 9 days.

The results of the compressive strength given in Table 3 showed that the addition of
10% citrogypsum to the “OEMK slag—water” system leads to an increase in strength by
13% (from4.9 to 5.54MPa). Thus, there is amanifestation of a synergistic effect in struc-
ture formation during the interaction of these two wastes. This is confirmed by the fact
that the hardening of slag and citrogypsum components separately demonstrates lower
strength characteristics (3.1 MPa—for cement paste containing citrogypsum). Speak-
ing about the average density of the composite system “OEMK slag—citrogypsum”,
a similar tendency is observed: higher density values are achieved with the combined
action of the components (compaction up to 3–5%) compared to the same values for the
separately hardened components.

Effect of the type of alkaline activator on the physical and mechanical properties of
the binder. Also, various additives, modifiers, fillers contained in the binder matrix are
very important (if they have a reactive or chemical activity to the rest of the system). In
this regard, at this stage of the work, the effect of two types of alkaline activators, such
as liquid glass Na2SiO3 and sodium hydroxide NaOH, on the physical and mechanical
properties of synthesized binders containing citrogypsum waste was studied (Fig. 1).
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Fig. 1 Effect of the type and concentration of the alkaline activator on the physical andmechanical
properties of, citrogypsum-containing binders: a compressive strength, b average density

The analysis of the results obtained, which are presented in Fig. 1, showed that
both used alkaline activators (NaOH and Na2SiO3) do not have a significant effect
on the strength characteristics of the synthesized alkaline-activated binders containing
citrogypsum. Moreover, the dosage of the introduced alkali up to 5% leads to a decrease
in the compressive strength from 19% (for NaOH) to 43% (for Na2SiO3). On the other
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hand, the strength values of the experimental compositions at 5%-concentration of an
alkaline activator of both types are comparable (1.9 and 2.3 MPa) with an alkali-free
analogue (2.1 MPa). At the same time, for compositions with an alkali concentration of
more than 5%, significant leaching is observed at the surface of the samples, and a longer
period of hardening of mixtures and their transition to a consolidated state is observed,
as well. Thus, a further increase in the alkaline component is technically in-efficient.

4 Conclusion

Based on the research presented in the article, the following conclusions can be formu-
lated:—introduction of 10% citrogypsum additive into the “OEMK slag—water” system
increases the strength of the cement paste by 13%, which indicates the manifestation of
a synergistic effect when the interaction of these two types of waste. For density val-
ues, a similar tendency is observed: compaction is observed up to 3–5%);—Studies of
physical and mechanical properties of the “OEMK slag—water—citrogypsum” system
with various types and concentrations of alkaline activators showed that the dosage of
the introduced alkali up to 5% causes a decrease in compressive strength from 19% (for
NaOH) to 43% (for Na2SiO3).
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Abstract. The study was aimed at evaluating the effectiveness of using polymer-
colloidal complexes based on acrylic and styrene as well as traditional ionogenic
surfactants based on silicone compounds to stabilize soils in the preparation of
materials based on sandy, coarse clastic and technogenic soils for the construc-
tion of load-bearing and additional base layers of motor road pavement. It has
been established that the use of polymer-colloidal complex based on acrylic acid
butyl ester copolymer and styrene has high efficiency in the development of com-
posite material from coarse clastic soils, while the use of stabilizing additives
for soils does not provide a significant increase in the physical and mechanical
characteristics of samples based on sandy, coarse clastic and technogenic (gran-
ulated asphalt concrete) mixtures in complex with cement. The results indicate
that the particle size composition of the mineral part has a significant impact on
the efficiency of the use of additives for various functional purposes. Polymeric
styrene-acrylic dispersions have a more significant effect on the composite mate-
rial with coarse-grained particle size composition (C-6). It is connected with a
more complete polymerization of the film on the surface of internal pores of the
composite, which affects the level of structure formation of the whole system. It
has been established that the removal of water from polymeric dispersions leads
to the formation of its supramolecular structure at the boundary of the mineral
binder (cement) and stone material, which contributes, as a rule, to increasing the
adhesive interaction between them.

Keywords: Polymer-Colloid complexes · Ionogenic surfactants · Silicone
compounds · Sandy · Coarse clastic and technogenic soils · Structural layers of
road pavement · Life cycle

1 Introduction

The constant increase in traffic volume and intensity brings new requirements for pave-
ment structures, especially for the strength characteristics of materials and reliability.
The constantly expanding network and intensive operation of roads leads to an increase
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in the volume of construction, as well as medium and major repairs. In this regard, it is
necessary to optimize the construction of structural layers of rigid type pavement in order
to extend the life cycle of roads by developing special additives of cumulative action and
their adaptation to local materials and technology of cold recycling. At present, there
are numerous different modifiers to increase the physical and mechanical characteris-
tics of the base layers of pavement on the basis of crushed rock-gravel and granulated
asphalt concrete mixtures [1–6]. Special types of surfactants with hydrophobic effect,
designed to stabilize and strengthen soils, are beginning to gain wide popularity for these
materials.

According to the manufacturers of stabilizers, their composition includes superplas-
ticizers, water repellent agents, and complex organic compounds, added to the basis of
silicone compounds and ionogenic complexes. Their mechanism of action in ground
systems is based on the exchange of electric charges between ionized water and ground
particles.As a result, natural connections of groundparticleswith capillary andfilmwater
are broken, water is easily separated from ground particles, thereby creating favorable
conditions for soil compaction, and a thin hydrophobic film is formed on the capillary
walls. However, the effectiveness of their use in order to strengthen the load-bearing and
additional layers of the base of the road pavement on the basis of sandy, coarse clas-
tic and technogenic (including granulated asphalt) soils has not been studied. Colloidal
systems based on various polymeric compounds can act as an alternative for these types
of additives [7–10].

It is known [7] that polymeric additives based on acrylic, styrene, butadiene or their
complex compounds can significantly improve the performance properties (strength
characteristics, water resistance and corrosion resistance) of traditional building materi-
als such as concrete. However, there are no studies on their use in the field of strengthen-
ing sand-gravel and granulated asphalt concrete mixtures using cement-based inorganic
binder.

The study was aimed at evaluating the effectiveness of using traditional ionogenic
surfactants based on silicone compounds for stabilizing soils and polymer-colloidal
complexes based on acrylic and styrene in the preparation of materials based on sandy,
coarse clastic and technogenic soils for the construction of load-bearing and additional
base layers of motor road pavement.

2 Materials and Methods

In this work, we investigated stabilizing additives for soils, themain component of which
are silicone compounds. Stabilizer-1 is an additive based on silicone polymer (siloxane),
which is a translucent liquid (pH of aqueous solution: 4–7), contributing to the process of
ionic exchange, polarizing the clay particles of the soil. It is used together with inorganic
binders to strengthen the soil of the working layer and the structural layers of the base.
Stabilizer-2 is a surfactant based on sodium methylsiliconate. It is a colorless liquid
with an alkaline reaction, comprising the basis of a wide range of stabilizing additives
for soils, and used in combination with mineral binders to strengthen cohesive soils,
including technogenic soils.

The following additives were used as polymer-colloid complexes (PCCs), the prop-
erties of which are presented in the Table 1: PCC-103 is an aqueous dispersion of acrylic
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acid and styrene butyl ester copolymer, and PCC-111 is an aqueous dispersion of acrylic
acid butyl ester copolymer, acrylic acid, acrylic acid amide and styrene.

Table 1 Physical and chemical properties of PCC

Additive name Density, g/cm3 Solid content, % pH Mean particle size, µm

PCC-103 1.04 29–31 7.5–9.0 0.06–0.065

PCC-111 1.05 49–51 7.5–9.0 0.15

The following were used as stone materials for organic-mineral compositions of
structural layers of the road base: crushed sand of 0–5 mm fraction per GOST 32,730-
2014, C-7 crushed rock-sand mixture (0–10 mm fraction) and C-6 crushed rock-sand
mixture (0–20mm fraction) perGOST 25,607-2009, aswell asmilled dense fine-grained
asphalt concrete mixture with maximum grain size up to 20 mm. The maximum density
of sand was 1.49 g/cm3 at an optimum moisture content of 8.2%; for crushed rock-sand
mixture C-7—1.37 g/cm3 at an optimum moisture content of 5.7%; C-6—1.41 g/cm3 at
an optimum moisture content of 4.5%. Inorganic binder—cement CEM I 42.5 accord-
ing to GOST 31,108-2016 and bituminous emulsion EBDC M according to GOST R
58,952.1-2020 were used.

The study was conducted in accordance with the following regulatory documents:
GOST 23,558-94 “Crushed rock-gravel-sand mixtures and soils treated with inor-
ganic binders for road and airfield construction,” the methodological guidelines for the
restoration of asphalt concrete pavements and bases of roads (os 568 p).

3 Results and Discussions

The research work consisted of two stages. The task of the first stage was to study the
effect of FCC additives and stabilizing additives on the properties of stone (mineral)
materials with different particle size composition based on crushed sand of fraction 0–
5 mm, and crushed rock-sand mixtures C-7 and C-6 with inorganic binder. The amount
of binder was 9%, PCC—0.13%, stabilizing additives—0.007% of the weight of the
stone materials. The specified amount of additives provided the minimum value of the
water saturation index for samples of all compositions. In order to obtain the maximum
density of the composite material, the necessary amount of water was introduced into
its composition to obtain the maximum density of the samples. The samples of compos-
ites based on sandy and coarse clastic soils were tested for the following physical and
mechanical characteristics: compressive strength at the age of 7 and 28 days (Rcompr.
(7 days), Rcompr. (28 days) respectively), cracking strength at the age of 28 days (Rcrack.),
as well as frost resistance. The results are presented in diagrams (Fig. 1) and Table 2.

The results indicate that the particle size composition of the mineral part has a sig-
nificant impact on the efficiency of the use of additives for various functional purposes.
Polymeric styrene-acrylic dispersions have a more significant effect on the composite
material with coarse-grained particle size composition (C-6). It is connected with a more
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Fig. 1 Strength characteristics of samples of composites based on sandy and coarse clastic soils:
crushed rock-sandmixC-6 (a), crushed rock-sandmixC-7 (b), crushed sand (c), ultimate cracking
strength (at 28 days), MPa (d)

complete polymerization of the film on the surface of internal pores of the composite,
which affects the level of structure formation of the whole system. It has been estab-
lished that the removal of water from polymeric dispersions leads to the formation of
its supramolecular structure at the boundary of the mineral binder (cement) and stone
material, which contributes, as a rule, to increasing the adhesive interaction between
them. If the packing density of grains is high, when using a fine-grained stone material,
the dispersed particles of PCCmay not coagulate with each other into a thin film, that is,
its integrity is violated, which contributes to the penetration of moisture in the system,
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Table 2 Frost resistance grade of samples of composites based on sandy and coarse clastic soils

Composite material Without additives Stab.-1 Stab.-2 PCC-103 PCC-111

C-6 (fraction 0–20 mm) F10 F 50 F 50 F 50 F 15

C-7 (fraction 0–10 mm) F 15 F 50 F 50 F 50 F 25

Sand (fraction 0–5 mm) F 15 F 50 F 50 F 50 F 25

similar to a composite material without polymeric additives. In this regard, a significant
increase in physical and mechanical properties may not be observed. Moreover, the PCC
polymerization process in such a system may not occur completely or may be stretched
over time, which reduces the hydraulic activity of the cement.

Thus, it was found that the highest effectiveness in coarse-grained (highly porous)
systems occurs with the use of the additive PCC-103, and a slightly smaller increase
in the physical and mechanical characteristics of the composite samples is observed
with the introduction of additive PCC-111. A higher effectiveness of using an additive
based on PCC-103 is due to the small size of the polymer particle diameter (up to 0.08
microns) and its content not exceeding 30%. This promotes high adsorption of polymer
particles on the surface of the cement, forming a thin elastic film that does not interfere
with the hydration of the inorganic binder. Using the additive PCC-103 can increase the
ultimate compression strength of C-6 samples by 3 times, and in case of PCC-111—by
2 times; ultimate strength at cracking—by 93 and 75% respectively. However, the use
of the additive PCC-111 increases frost resistance only by 5 cycles, which makes this
additive not effective for the structural layers of the base of motor road pavement.

When introducing PCC into a finer-grained system (C-7), a decrease in the efficiency
of PCC is observed compared to their use for composition materials based on C-6. It
should be noted that for this type of mixture the most effective additive is also PCC-103.
The increase in the compressive and cracking strength of samples at the age of 28 days
with its use is from 36 and 29% respectively, while at the same time high frost resistance
of the composition material is observed.

Considering the sand type of composition material, we can note the increase in the
effectiveness of the use of stabilizing additives based on silicone compounds developed
specifically for fine-grained soil systems (sandy loam, loam and clay). For this type
of mixture (fraction 0–5 mm), which has a higher density and small diameter pores,
unlike the other two compositions of stone materials, we can note a significant increase
in the cracking strength of samples at the age of 28 days (by 40 and 35% respectively
when using additives stabilizer-1 and 2). High values of the ultimate cracking strength of
samples modified with stabilizer-1 and 2 additives characterize the stable resistance of
the material to small plastic deformations typical of the base layers of road pavements,
and contribute to an increase in the carrying capacity of the entire road structure. The
use of the researched stabilizing additives helps to increase the frost resistance of the
materials up to grade F50. However, when using them, the increase in compression
strength of the sand mixture samples is insignificant (up to 5%).

At the second stage, we evaluated the effectiveness of additives for restoration of
asphalt concrete pavement by cold regeneration based on granulated asphalt concrete
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mixture in combination with inorganic and organic binders (cement and bituminous
emulsion) in the amount of 3% of each type of binder. The amount of water in the
composition of the organomineral composite was 2%. The second stage of the study
was conducted using a PCC: PCC-103 and PCC-111. The choice of additives was due
to the fact that PCC demonstrated the highest efficacy according to the first phase of
the study. At the same time, the amount of additives introduced varied from 1 to 6%
of the weight of the granulated asphalt concrete mixture. Granulated asphalt concrete
samples were examined in terms of the following physical and mechanical properties:
compressive strength at 20 and 50 °C (Rcompr. (20 °C) and Rcompr. (50 °C) respectively),
water resistance (Kw), water saturation (W), frost resistance (F), and the results are
presented in the diagrams (Fig. 2).

Based on the data presented, the optimal amount of additives in the composition of
granulated asphalt concrete can be determined. Thus, the highest physical and mechani-
cal properties were obtained by adding PCC-103 in an amount of 3%, or PCC-111—1%,
to the granulated asphalt concrete mixture. The effectiveness of additives in the granu-
lated asphalt concrete composition, compared with the control composition, is due only
to an increase in the strength characteristics of the samples and a slight decrease in water
saturation. Increase in frost resistance by 5 cycles is observed in the case of the additive
PCC-103. All this indicates insignificant effectiveness of the use of PCC in granulated
asphalt concrete.

It is known [7] that the effectiveness of dispersed polymer solutions is due to emul-
sion decomposition (water evaporation) and polymer curing. However, when using PCC
in granulated asphalt concrete mixtures based on cement in combination with bitumen
emulsion (BE), we can note the fact that the presence of an organic binder (BE) hin-
ders the decomposition of PCC and the formation of a polymer film on the surface of
inorganic binder and stone particles of granulated asphalt concrete mixture, which also
contains bitumen. With the use of PCC additives in question, it is possible to increase
the compression strength of granulated asphalt concrete samples at 20 °C up to 10%,
at 50 °C—by 4% and 20% respectively for additives PCC-103 and PCC-111, frost
resistance—no more than 5 cycles when using additive PCC-103, an increase in water
resistance is not observed.

4 Conclusions

The influence of traditional ionogenic surfactants for stabilization of soils based on
silicone compounds and polymer-colloidal complexes based on acrylic acid and styrene
butyl ether copolymer on physical andmechanical characteristics of sandy, coarse clastic
and technogenic soils in combination with inorganic binder for the construction of load-
bearing and additional base layers of motor road pavement has been established, the
properties of which are presented in the Table 3.

When constructing base layers on the basis of coarse clastic soils (mixtures C-6
and C-7), the additive PCC-103 shows high effectiveness by all the studied criteria,
while complex stabilizers of soil systems based on silicone compounds and ionogenic
surfactants show effectiveness by cracking strength and frost resistance of the sandy
soil-based composite.
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Fig. 2 Physical and mechanical characteristics of granulated asphalt concrete samples: PCC-103
(a), PCC-111 (b), physical and mechanical characteristics of the control composition (c), frost
resistance grade, F (d)
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Table 3 Physical and mechanical characteristics of samples of composites based on sandy and
coarse clastic soils, with maximum efficiency

Physical and
mechanical
characteristics

Samples of
composites based
on coarse clastic
soils (mixtures C-6)

Samples of
composites based
on coarse clastic
soils (mixtures C-7)

Samples of composites based on
sandy soils

w/o
additives

PCC-103 w/o
additives

PCC-103 w/o
additives

Stabilizer-1 PCC-103

Ultimate
compression
strength
(7 days),
MPa, Rcompr

1.75 7.88 2.85 5.14 5.46 6,38 9.56

Ultimate
compression
strength
(28 days),
MPa, Rcompr

3.81 15.28 8.36 11.36 14.46 15.1 16.94

Ultimate
cracking
strength,
MPa, Rpac
(28 cyt)

0.81 1.56 2.03 2.62 2,0.5 3 2.19

Frost
resistance
grade, F

10 50 15 50 15 50 50

Acknowledgements. This work was realized in the framework of the Program “Priority 2030”
on the base of the Belgorod State Technological University named after V. G. Shukhov. The work
was realized using equipment of High Technology Center at BSTU named after V. G. Shukhov.

References

1. Sergeeva, A.M., Polyakova, T.A.: Improving the performance of dirt road surfaces by
using additives (stabilizers). Economy: yesterday, today, tomorrow 11(2–1), 179–185 (2021).
https://doi.org/10.34670/AR.2021.28.89.022

2. Trautvain,A.I., Akimov,A.E., Grichanikov,V.A.: Stabilization of the clay soil of the increased
humidity for road construction. Lect. Notes Civil Eng. 95, 66–72 (2021). https://doi.org/10.
1007/978-3-030-54652-6_10

3. Sabri, M.M., Shashkin, K.G., Zakharin, E., Ulybin, A.V.: Soil stabilization and foundation
restoration using an expandable polyurethane resin. Mag. Civil Eng. 6(82), 68–80 (2018).
https://doi.org/10.18720/MCE.82.7

4. Trautvain, A., Akimov, A., Yakovlev, E.: Improvement of properties of the argillaceous soils
when using additives “chimston” in combination with inorganic astringent. Mater. Sci. Forum
945, 136–140 (2019). https://doi.org/10.4028/www.scientific.net/MSF.945.136

https://doi.org/10.34670/AR.2021.28.89.022
https://doi.org/10.1007/978-3-030-54652-6_10
https://doi.org/10.18720/MCE.82.7
https://doi.org/10.4028/www.scientific.net/MSF.945.136


Efficiency of Stabilization of Sandy, Coarse-Grained… 31

5. Gridchin, A.M., Zolotykh, S.N.: PMCNicoflok research effect as mechanochemical activator
on the cement characteristic used in the soil stabilization. Bulletin of BSTU named after V.G.
Shukhov 3(5), 5–10 (2018). https://doi.org/10.12737/article_5af5a72640c9f7.36216170

6. Saha, M.C. et al.: Effect of density microstructure and strain rate on compression behavior of
polymeric foams. Mater. Sci. Eng. J. A406(1–2), 328–336 (2005). https://doi.org/10.1016/j.
msea.2005.07.006

7. Mrdak, I. et al:. Analysis of the influence of dynamic properties of structures on seismic
response according to montenegrin and european regulations. Appl. Mech. Mater. 633–634,
1069–1076 (2014). https://doi.org/10.4028/www.scientific.net/AMM.633-634.1069

8. Usmanov, R., Vatin, N., Murgul, V.: Experimental research of a highly compacted soil beds.
Appl. Mech. Mater. 633–634, 1082–1085 (2014). https://doi.org/10.4028/www.scientific.net/
AMM.633-634.1082

9. Usmanov, R., Vatin, N., Murgul, V.: Reinforced soil beds on weak soils. Appl. Mech. Mater.
633–634, 932–935 (2014). https://doi.org/10.4028/www.scientific.net/AMM.633-634.932

10. Novoskoltseva, O.A. et al.: Polyelectrolytes and polycomplexes for stabilization of sandy
soils. High Mol. Weight Compd. 63(5), 317–325 (2021). https://doi.org/10.31857/S23081
13921050090

https://doi.org/10.12737/article_5af5a72640c9f7.36216170
https://doi.org/10.1016/j.msea.2005.07.006
https://doi.org/10.4028/www.scientific.net/AMM.633-634.1069
https://doi.org/10.4028/www.scientific.net/AMM.633-634.1082
https://doi.org/10.4028/www.scientific.net/AMM.633-634.932
https://doi.org/10.31857/S2308113921050090


Investigation of Gas Release Processes
in a Polymer Composite Filled with Amorphous
Boron Under Thermal and Radiation Exposure

R. N. Yastrebinsky(B) , E. O. Pilavidou , A. V. Yastrebinskaya ,
and A. V. Akimenko

Belgorod State Technological University Named After V.G. Shukhov, Belgorod, Russia
yrndo@mail.ru

Abstract. The composition and level of outgassing of a protection material based
on a polymer composite filled with amorphous boron at temperature and radiation
exposure has been studied. An assessment of the danger of gas emissions under
conditions of overheating of the material in an emergency situation is given. The
sanitary-chemical characteristics of the protection material have been obtained. It
has been established that the level of air pollution when the material is overheated
to 180 °C for 1–2 days does not exceed the maximum allowable concentration
of harmful substances in the air of the working area established for industrial
premises. The specified temperature can be tolerated under conditions of over-
heating of the material in an emergency situation. As a result of overheating of the
material in the temperature range of 190–200 °C, a sharp increase in gas emissions
was found with an excess of the MPC level provided for by the toxicological and
hygienic requirements for protection materials for class V premises. The over-
heating temperature of the material allowed in an emergency situation should not
exceed 180 °C.

Keywords: Polymer composite · Amorphous boron · Temperature effect ·
Radiation effect · Outgassing · Radiation resistance

1 Introduction

The use of polymer composite materials for protection against ionizing cosmic radiation
is currently one of the most important areas due to their increased radiation resistance
and the possibility of using biological protection of astronauts and radiation protection
of spacecraft under conditions of mass and overall dimensions [1, 2]. At the same time,
polymeric materials are able to quite significantly withstand the processes of thermal
cycling in spacewhen they are on the shady and sunny side of the spacecraft, respectively,
at temperatures from −180 to +180 °C [3, 4]. The search for and implementation of
polymeric materials with higher thermal and radiation resistance is of great practical
importance for new space projects, including interplanetary flights and the use of nuclear
power propulsion systems in space [5–7].
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This work is devoted to the study of the composition and level of outgassing of a
polymer composite based on polysulfone and amorphous boron under temperature and
radiation exposure exceeding operating conditions. An assessment of the danger of gas
emissions under conditions of overheating of the material in an emergency situation
is given. The use of amorphous boron is technologically justified due to the possible
occurrence of neutron radiation inside the spacecraft during the interaction of protons
and electrons with structural elements [8–10].

2 Methods and Materials

A thermoplastic composite material based on polysulfone and amorphous boron grade
PSF-1.5B is considered as the startingmaterial. The composition of thematerial includes:
binder—polysulfone grade PSF-150 (aromatic polysulfone oxide) in the amount of
98.5 wt%, and filler—amorphous boron in the amount of 1.5 wt%. The sample for
research was presented in the form of a plate 200 × 200 × 50 mm.

The composite material was obtained by extrusion mixing of the indicated com-
ponents at a temperature of 300 °C. The plates are made by direct pressing with the
following technological parameters:

• heating at a temperature of 290–295 °C for 4 min/mm plate thickness;
• cooling up to 275–280 °C and pressure supply 120 kgf/cm2;
• cooling under pressure to ambient temperature.

Qualitative analysis of the composition of gas emissions:
When preparing samples of the required size, their deformation under conditions of

overheating of the material and the transition of the polymer to the amorphous state was
taken into account. The samples were made in the form of rods 42 × 10 × 5 mm in
size. In each experiment, the rod was placed in a glass ampoule, which is part of the
installation for the study of gas emissions.

To obtain a gas extract to be analyzed, the sample was placed in an ampoule and kept
for 2 h at a saturation 8 times higher than the specified one. The studies were carried out
at temperatures of 180 °C, 190 °C and 200 °C and an absorbed radiation dose of 5 MGy.

Samples of the gas extract were analyzed by chromatography using a PE-624 capil-
lary column 60 m long. Identification of gas emission components was carried out on a
3700 series chromatograph.

The list of gas emission components of the PSF-1.5B material is systematized in
Table 1.

Table 1 shows that the qualitative composition of gas emissions did not change
with increasing temperature from 180 °C to 200 °C. At the same time, a preliminary
assessment (according to the peak values of the chromatograms) showed a noticeable
increase in gas emissions, especially at a temperature of 200 °C.

Quantitative analysis of gas emissions:
At temperatures of 180, 190 and 200 °C, three tests lasting 1–2 days were carried out.

Organic substances released from the material were analyzed by the chromatographic
method on a «Tsvet-110» instrument with a flame ionization detector. The components
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Table 1 Components of outgassing of material PSF-1.5B

Substances Presence in gas emissions at temperature
(absorbed dose 5 MGy)

180 °C 190 °C 200 °C

Hydrocarbons limit and unsaturated + + +

Acetaldehyde + + +

Methanol + + +

Ethanol + + +

Ppopanal� + + +

Acetone + + +

Iso-propanol + + +

Oil Aldehyde + + +

2-butanol + + +

Benzene Traces + +

N-butanol + + +

Pentanal + + +

Toluene + + +

Nylon aldehyde + + +

Xylols + + +

Heptanal + + +

Methylfinyl ether + + +

Pseudocumol + +

Benzaldehyde Traces + +

Octanal Traces + +

Sulfur dioxide Traces + +

Carbon monoxide + + +

of gas emissions were separated and identified on a column with polyethylene glycol
adipate. The length of the column is 3 m, the temperature is 70 °C. To identify and
quantify methanol, ethanol, isopropanol, and methyl ethyl ketone, we used the data of
chromatographic analysis on a PE-624 capillary column.

Inorganic substances were also controlled during the tests. Instead of indicator tubes,
electrochemical gas analyzers MGL-19 for carbon monoxide and ANKAT were used to
determine carbon monoxide and sulfur dioxide.

3 Results and Discussion

At a given saturation of 0.45 m2 per 1 m3 and selected heating temperatures of material
samples, three chamber tests were carried out. The accumulation of harmful substances
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in the volume of the chamber was traced at the exposure time of the material for 1–
2 days, and for carbon monoxide ~ about 3 days. To assess the growth dynamics of the
concentration of gas emission components, a number of measurements were performed
in the first hours of the sealing regime.

The heating temperature of the material samples in the first, second, and third tests
was maintained at 180 ± 0.6 °C, 190 ± 0.6 °C, and 200 °C ± 0.6 °C, respectively.

The obtained data on the composition of organic substances released from the mate-
rial and the dynamics of their accumulation in a closed volume are presented in Tables 2,
3 and 4. The dynamics of the accumulation of inorganic substances—carbon monoxide
and sulfur dioxide is shown in Tables 5, 6 and 7.

Table 2 Concentration of organic substances, mg/m3, in the volume of the chamber when testing
a sample of material PSF-1.5B. Saturation 0.45 m2 per 1 m3. Temperature 180 ± 0.6 °C

Substances Exposure time, hour

24 45

Acetaldehyde 0.45 0.60

Acetone 0.35 0.50

Methylethylketone 0.26 0.28

Methanol 0.38 0.41

Ethanol 0.45 0.48

Iso-propanol 0.30 0.32

The sum of oxygen-containing compounds 2.20 2.06

Table 3 Concentration of organic substances, mg/m3, in the volume of the chamber when testing
a sample of material PSF-1.5B. Saturation 0.45 m2 per 1 m3. Temperature 190 ± 0.6 °C

Substances Exposure time, hour

1 2 4 28 46

Acetaldehyde 0.25 0.35 0.40 0.80 1.10

Acetone 0.20 0.34 0.35 0.60 0.90

Methylethylketone 0.11 0.19 0.22 0.56 0.64

Methanol 0.10 0.18 0.20 0.51 0.58

Ethanol 0.07 0.12 0.14 0.35 0.41

Iso-propanol 0.12 0.20 0.20 0.60 0.67

The sum of oxygen-containing compounds 0.90 1.40 1.50 3.40 4.30

Tables 2, 3 and 4 show that oxygen-containing organic compounds were constantly
found in the gas emissions. Acetaldehyde, acetone, methanol, ethanol, and isopropanol
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Table 4 Concentration of organic substances, mg/m3, in the volume of the chamber when testing
a sample of material PSF-1.5B. Saturation 0.45 m2 per 1 m3. Temperature 200 ± 0.6 °C

Substances Exposure time, hour

0.5 1.5 24 45

Acetaldehyde 0.50 0.60 2.00 2.20

Acetone 0.35 0.40 1.80 2.30

Methylethylketone 0.59 1.40 9.70 7.90

Methanol 0.71 1.70 11.60 9.50

Ethanol 0.45 1.10 7.30 5.90

Iso-propanol 0.75 1.80 12.3 10.10

Hexanal 2.50 3.90 9.200 6.40

The sum of oxygen-containing compounds 5.90 10.90 53.90 44.40

Table 5 Concentration of inorganic substances, mg/m3, in the volume of the chamber when
testing a sample of material PSF-1.5B. Saturation 0.45 m2 per 1 m3. Temperature 180 ± 0.6 °C

Substances Exposure time, hour

24 45 69

Carbon monoxide 5.0 9.0 11.0

Sulfur dioxide – – –

Table 6 Concentration of inorganic substances, mg/m3, in the volume of the chamber when
testing a sample of material PSF-1.5B. Saturation 0.45 m2 per 1 m3. Temperature 190 ± 0.6 °C

Substances Exposure time, hour

1 2 4 28 46

Carbon monoxide 1.0 2.0 3.0 12.0 17.0

Sulfur dioxide – – 0.9 1.0 1.9

were isolated from the material. At higher temperatures of 180–200 °C, methyl ethyl
ketone was also detected; and at 200 °C—caproic aldehyde. Characteristic for the entire
temperature range under study was the release of carbon monoxide, and at temperatures
of 190–200 °C, also sulfur dioxide.

The above results of the analysis of the air environment under conditions of over-
heating of the PSF-1.5B material are summarized in Tables 8 and 9. To characterize
the level of air pollution with harmful chemicals, the values of the ratio of the detected
concentration to the maximum allowable concentration in the air of the working area of
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Table 7 Concentration of inorganic substances, mg/m3, in the volume of the chamber when
testing a sample of material PSF-1.5B. Saturation 0.45 m2 per 1 m3. Temperature 200 ± 0.6 °C

Substances Exposure time, hour

0.5 1.5 24 45

Carbon monoxide 2.5 3.0 21.0 29.0

Sulfur dioxide – – 3.1 5.2

industrial premises are given. For each temperature, the total indicator of air pollution
is calculated.

Table 8 Levels of air pollution after 1 day of testing a sample of material PSF-1.5B

Substances MPCr.z., mg/m3 C, mg/m3 C/MPCr.z

180 190 200 180 190 200

Acetaldehyde 5 0.45 0.80 2.00 0.09 0.16 0.40

Acetone 200 0.35 0.60 1.80 1.8·10–3 3.0·10–3 9.0·10–3

Methylethylketone 200 0.26 0.56 9.70 1.3·10–3 2.8·10–3 5.0·10–2

Methanol 5 0.38 0.51 11.60 0.08 0.10 2.30

Ethanol 1000 0.45 0.35 7.30 4.5·10–4 3.5·10–4 7.3·10–3

Iso-propanol 10 0.30 0.60 12.30 0.03 0.06 1.20

Hexanal 10 – – 9.20 – – 0.92

Carbon monoxide 20 5.00 12.00 21.0 0.25 0.60 1.10

Sulfur dioxide 10 – 1.00 3.10 – 0.10 0.31
∑

( C/ MPCr.z.) 0.45 1.0 6.32

The tables show that the main contribution to air pollution was made by: methanol,
isopropanol, caproic aldehyde, carbon monoxide, acetaldehyde, sulfur dioxide.

The total indicator of air pollution at material heating temperatures of 180, 190 and
200 °C reached, respectively, 0.7; 1.4 and 6.3 units. Thus,when thematerial is overheated
to 200 °C, a significant excess of the level provided for by the toxicological and hygienic
requirements for classVpremises is expected.When thematerial is overheated to 190 °C,
a relatively lower level is expected: 1 and 1.4 units. for 1 and 2 days, respectively. It seems
inappropriate to evaluate the PSF-1.5B material at the level of the maximum allowable
concentrations for the air of uninhabited premises of group 1-A. Upon overheating to
200 °C, a strong deformation of the sample was observed, caused by the melting of the
material and its leakage from the holder. At 190 °C, the shape of the sample was retained,
but a noticeable melting of the surface was detected. In this case, the limitation of the
superheat temperature should be determined not by the level of outgassing, but by other
criteria.
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Table 9 Levels of air pollution after 2 days of testing a sample of material PSF-1.5B

Substances MPCr.z., mg/m3 C, mg/m3 C/MPCr.z

180 190 200 180 190 200

Acetaldehyde 5 0.60 1.10 2.20 0.12 0.22 0.40

Acetone 200 0.50 0.90 2.30 2.5·10–3 4.5·10–3 9.0·10–3

Methylethylketone 200 0.28 0.64 7.90 1.4·10–3 3.2·10–3 5.0·10–2

Methanol 5 0.41 0.58 9.50 0.08 0.12 2.30

Ethanol 1000 0.48 0.41 5.90 4.8·10–4 4.1·10–4 7.3·10–3

Iso-propanol 10 0.32 0.67 10.0 0.03 0.07 1.20

Hexanal 10 – – 6.40 – – 0.92

Carbon monoxide 20 9.0 17.0 29.0 0.45 0.83 1.10

Sulfur dioxide 10 – 1.90 5.25 – 0.19 0.31
∑

(C/ MPCr.z.) 0.68 1.44 6.00

At a temperature of 180 °C, no change in the shape of the sample was found, as in
previous tests of less heated samples. The level of air pollution when the material was
overheated to 180 °C for 1–2 days approached unity. The specified temperature can be
tolerated under conditions of overheating of the material in an emergency situation.

4 Conclusion

Thus, as a result of the work, the sanitary-chemical characteristics of the PSF-1.5B pro-
tection material were obtained in a wide temperature range—from +180 to +200 °C.
It has been established that the level of air pollution when the material is overheated to
180 °C for 1–2 days does not exceed the maximum permissible concentration of harmful
substances in the air of the working area of industrial premises. The specified temper-
ature can be tolerated under conditions of overheating of the material in an emergency
situation.

As a result of overheating of the material in the temperature range of 190–200 °C,
a sharp increase in gas emissions was found with an excess of the MPC level provided
for by the toxicological and hygienic requirements for protection materials for class V
premises.

The overheating temperature of the PSF-1.5B material allowed in an emergency
situation should not exceed 180 °C.
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Abstract. New requirements for the operational reliability of highways lead to the
need for the expanded use of polymer-bitumen binders (PBB) in road construc-
tion. The traditional technology for the production of polymer-bitumen binder
includes very energy-consuming processes: bitumen preparation, polymer grind-
ing in a colloid mill and additional exposure in containers at temperatures above
170 °C. This leads to an increase in the consumption of electricity and fuel (most
often it is natural gas or fuel oil) and, as a result, to an increase in the cost of the
final product. In addition, the process of binder synthesis for a long time at high
temperatures leads to increased aging, which significantly reduces the service life
of this material in the pavement. The article presents the results of studies on the
effect of polymer-bitumen concentrate (PBC) on the characteristics of bitumen.
It has been established that the use of PBC in a bituminous binder leads to an
increase in the temperature range of plasticity, elasticity, cohesive strength with a
decrease in the viscosity of the modified bitumen and an increase in the softening
temperature. Thus, the expediency of using a complex additive containing a poly-
mer and surface-active substances (surfactants) that can be distributed in bitumen
without the use of a colloid mill and a plasticizer has been proven to improve the
quality of the organic binder. It is shown that the use of the PBC modifier can
significantly reduce the energy intensity of the process and reduce emissions of
volatile bitumen components.

Keywords: Polymer-Bituminous concentrate · Polymer-Modified bituminous
binder · Structure formation · Cohesion strength · Ductile temperature range ·
Waste gas reduction

1 Introduction

Nowadays, the modification of bituminous binders with polymers is one of the promis-
ing methods for the production of high quality asphalt concrete for road and airfield
construction [1–12]. Using polymer-bitumen binders is justified for several reasons [3,
4]. First, asphalt concrete pavements for PBB reduce the dependence of physical and
mechanical characteristics on temperature vs. with the use of unmodified bitumen. At
high operating temperatures during the summer period, the use of PMB provides greater
strength and less creep to the material. At low temperatures during the winter period
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of operation, the material remains elastic longer, preventing the appearance of thermal
and fatigue cracks. Second, the use of PBB makes it possible to obtain a coating that
combines high resistance to the accumulation of plastic deformations, achieved due to an
increased softening temperature and increased cohesive strength, with significant resis-
tance to fatigue failure due to high elasticity and the ability to relax internal stresses.
On the other hand, the use of polymer-bitumen binders in the creation of asphalt con-
crete pavements is associated with technological and economic difficulties [7] because
of the use of complex equipment, including colloidal mills, as well as a large fleet of
equipment for the preparation and additional curing of the binder. In addition, the pro-
cess of binder synthesis for a long time at high temperatures leads to their increased
aging, which significantly reduces the service life of such material on the road sur-
face. These difficulties severely limit the production of PBB through the activities of
road construction enterprises. The purchase of ready-to-use PBB from specialized man-
ufacturing companies also has a number of negative aspects, which include the high
price, the tendency of PBB to delaminate during transportation and storage. This leads
to the need for additional preparation of the binder, as well as variable binder quality
and complicated input control. Technological processes for the production of PBB are
highly resource-consumptive. It is required to provide preheating and maintaining the
temperature of the initial bitumen at the preparatory stages; one- or two-stage polymer
dispersion in a colloid mill; and maintaining the temperature at the stage of additional
curing of the binder. In addition, during the transition from one stage of production to
another, it is necessary to ensure multiple pumping of the polymer-bitumen binder and
its components through the pipeline system. This leads to an increase in energy costs
per unit of output, an increase in the consumption of electricity and natural gas, which,
as a result, leads to an increase in the cost of RMB. In addition, as a result of long-term
technological processes associated with maintaining a high temperature of the binder,
the emission of combustion products, carbon dioxide and evaporation of volatile bitu-
men compounds into the atmosphere increases, which is not in line with the policy of
rational environmental management. These problems can be solved by the development
and use of a polymer additive that is effectively dissolved in bitumen bymixing and does
not require complex equipment for the preparation of a binder. One of the options for
the preparation of PBB by road construction companies is the use of a polymer-bitumen
concentrate, in which the polymer is dispersed to the optimal size and stabilized. When
preparing PBB with its use, a colloid mill and containers for preparation and additional
curing of the binder are excluded from the technological process. The purpose of this
work is to analyze the effect of PBB on the properties of the binder.

2 Materials and Methods

As an object of study, a polymer-bitumen concentrate developed by Selena LLC
was used, which is a multi-component composition based on SBS-type polymers in
combination with surfactants based on a mixture of vegetable oil processing products.

PBC was introduced into bitumen BND 70/100 in the amount of 6, 8 and 10% by
wt. of the binder. The characteristics of the studied modifier are shown in Table 1.
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Table 1 Characteristics of the studied modifier

Parameter Actual value

Appearance at 20 °C Black rubbery substance

Softening temperature, °C 110

Content of styrene–butadiene–styrene rubber, at least, % 40

Content of bound styrene, % 12 ± 1

Estimated increase in the softening point of the binder, according to
KiSh, at 8% dosage, at least, %

35

Estimated elasticity of PBB at 8% dosage, at least, % 85

The PBC modifier was introduced into petroleum road bitumen grade BND 70/100
at a concentration of 6, 8 and 10%. Physical and chemical characteristics of the original
binder are shown in Table 2.

Table 2 Characteristics of binder

Parameter Specification Requirements Actual values

Needle penetration depth, 0.1 mm at 25 °C 71–100 73

Needle penetration depth, 0.1 mm at 0 °C 21 at least 26.0

Extensibility, cm at 25 °C 62 at least 87.0

Extensibility, cm at 0 °C 3.7 at least 4.5

Softening temperature, °C 47 at least 47.3

Brittleness temperature, °C up to −18 19.0

Elasticity, % – –

The dissolution of the polymer-bitumen concentrate occurs with stirring with a pad-
dle mixer. After a short aging to improve uniformity, the binder is ready for further
research. Determination of indicators of basic physical and chemical properties was
carried out according to standard tests for road bitumen. Cohesion was determined by
the value of the torque required to rotate through an angle of 90° of the cylinder in the
sample of the studied binder under load.

3 Results and Discussions

The results of determining the physical and mechanical characteristics of the studied
samples of bituminous binders, as well as the requirements of the relevant documents
for bitumen BND 70/100 and PBB 60 are shown in Table 3.

The data obtained allow us to conclude that the introduction of a minimum amount
of PBC into bitumen (6%) leads to an increase in bitumen penetration by 17.8 and
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Table 3 Physical and mechanical characteristics of the studied binders

Parameter GOST 31,133-2014 GOST 52,056-2003 Consecration of PBC in
the binder, %

0 6 8 10

Needle penetration
depth, 0.1 mm at 25 °C

71–100 60 at least 73 86.0 90 92

Needle penetration
depth, 0.1 mm at 0 °C

21 at least 32 at least 34.0 38.0 41.0

Extensibility at 25 °C,
cm

62 at least 25 at least 87.0 64.0 47.0 43.0

Extensibility at 0 °C,
cm

3.7 at least 11 at least 4.5 13.0 14.0 13.5

Softening temperature,
°C

47 at least 54 at least 47.3 48.7 53.9 55.2

Brittleness
temperature, °C

up to−18 −20 at least 19.0 19.5 20.0 22.0

Elasticity, % – 80 at least – 76 81 87

30.8% at 25 °C and 0 °C, respectively, and a slight increase in the softening temperature
and a decrease in the brittleness temperature. The appearance of elasticity in the binder
indicates that the polymer, when introduced into bitumen, creates a spatial network that
provides viscoelasticity at higher temperatures. However, the most important values for
softening and brittleness, as well as elasticity, do not meet the requirements for PBB 60
given in the technical specifications.

The results presented in Table 1 indicate that introducing concentrate into bitumen
in an amount of 8–10% contributes to a more intensive change in indicators, especially
extensibility at a temperature of 25 °C (by 46.1–57.7%), softening point (by 13.9–16.7%)
(Fig. 1), and elasticity, which can be considered as one of the indicators of achieving the
optimal polymer concentration in the binder, which allows bitumen to be structured to
the required degree.

Fig. 1 Softening temperature variation for the studied mixes
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At the same time, the bitumen becomes less viscous (Fig. 2). This may be due to the
presence of a plasticizer and surfactant in the additive. This will increase the adhesion
of the binder to the mineral components of the asphalt mix.

Fig. 2 Variations in the penetration of the studied mixes

It should be noted that the use of PBC in an amount of 8–10% led to the appearance
of binder properties that meet the requirements of Russian Standard GOST 52,056-2003
for PBB60 based on a polymer of the styrene–butadiene–styrene type, which is produced
using a colloid mill.

Based on the data obtained, the temperature ranges of plasticity of the studied binders
were calculated as follows:

T = Tr +
∣
∣Tf

∣
∣

where Tr is the softening temperature of the binder; Tf is binder the brittleness
temperature.

The data shown in Fig. 3 shows that the use of PBC in a bituminous binder results
in an increase in the plasticity temperature range by 3, 11.5 and 16.4% at concentrations
of 6, 8 and 10%, respectively.

Fig. 3 Temperature range of plasticity for the studied binders

The temperature range of plasticity is considered to be the temperature range in
which bitumen is viscoelastic, i.e. it can effectively absorb the load without causing
plastic deformations of asphalt concrete, but at the same time it does not become brittle,
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which makes it possible to relax the internal stresses arising in asphalt concrete and
prevent the appearance of cracks [5].

One of the important characteristics of an organic binder is its cohesive strength. The
determination of cohesion is based on the measurement of the shear resistance force of
a thin layer of bitumen (10 microns) at a constant rate of load increase. Figure 4 shows
that an increase in the concentration of PBC in the binder is accompanied by an increase
in cohesion. At an additive concentration of 8–10%, cohesion increases by 10–13% vs.
with original bitumen. An increase in cohesion contributes to an increase in the strength
of asphalt concrete. Thus, the introduction of the PBCmodifier into the original bitumen
leads to an increase in the cohesive strength of the resulting binder, which will positively
affect the properties of asphalt concrete.

Fig. 4 Effect of polymer content in bitumen on cohesion

The characteristics of the binder obtained using the PBC modifier show that the
resulting material fully meets the requirements of the technical specifications for
polymer-bitumen binders.

Next, it is necessary to compare the traditional and researched PBB production
technology on the environmental impact.

As the first criterion, the emission of components of the base part of bitumen during
heating and maintaining the process temperature during the entire time of PBB produc-
tion will be considered. To evaluate this parameter, the binder was held at temperatures
for a time period equal to the technological cycle of the corresponding technology. After
exposure, the mass loss of the sample was determined. The results are shown in Table 4.

Table 4 Estimation of the emission of bitumen components during the preparation of PBB
according to the traditional technology and with the use of the PBC modifier

Bitumen sample Binder curing time, min Binder curing temperature,
°C

LOI, %

Bitumen with traditional
PBB synthesis technology

240 175 0.21

Bitumen with PBC
modifier

60 155 0.04
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As noted above, the technology for producing a polymer-bitumen binder using a
PBCmodifier can significantly reduce the duration of all high-temperature technological
preparation processes: preliminary curing of the binder with a plasticizer, two-stage
mixing in a colloid mill, and subsequent additional curing. In addition, the mixing of
bitumen with PBC occurs at a lower temperature (155 °C vs. 175 °C). These features
lead to a significant reduction in the emission of volatile bitumen components during the
production process. Weight loss as a result of imitation of technological processes for
preparing a modified binder decreased by 4 times. Thus, under the conditions of mass
production of PBB, can significantly reduce the negative effect on the environment.

To assess the savings of fossil fuels and carbon dioxide emissions, an enlarged
calculation of the energy capacity of PBB production using traditional and proposed
technologies was made based on data on the average carbon intensity of obtaining 1 kW
of electrical energy [13]. The evaluation results are shown in Table 5.

Table 5 Estimation of energy costs when cooking of PBB according to traditional technology
and with the use of the PBC modifier

Technology type Total amount of energy per
1 ton of product, kW

Emission of carbon dioxide
during power generation, kg

Traditional 485 230.38

With the use of the PBC
modifier

223 105.93

The results obtained indicate a 2.17-fold decrease in carbon dioxide emissions upon
switching to the PBB production technology using the studied modifier. In addition,
saving fossil fuels contributes to better environmental management.

4 Conclusion

It has been established that the use of PBC in a bituminous binder leads to an increase
in the temperature range of plasticity, elasticity, cohesive strength with a decrease in
the viscosity of the modified bitumen and an increase in the softening temperature. At
the same time, the use of a colloid mill is not required for preparing a binder. Using
PBC in an amount of 8–10% leads to the appearance of binder properties that meet the
requirements of Russian Standard GOST for PBB 60 on a styrene–butadiene–styrene
type polymer.

The ongoing changes in the physical and mechanical characteristics indicate that
the polymer in PBC does not just mix with the modified binder, but forms an effective
spatial structure similar to PBB on SBS. At the same time, the production costs of the
modified binder using the PBC are much lower.

Introducing a minimum concentration of PBC into bitumen ensures the elasticity of
the binder, which increases with an increase in the amount of the modifier. This result
should have a positive effect on the fatigue life of asphalt concrete based on such a binder,
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because due to the increased elasticity of the binder, fatigue stresses arising under the
action of cyclic loads will be effectively extinguished.

An increase in the temperature range of binder plasticity with introducing PBC
makes it possible to ensure the resistance of asphalt concrete to the accumulation of
plastic deformations in the summer period and the appearance of thermal cracks in the
winter period, which will favorably affect the overall service life of the coating.

Reducing the time spent on production and lowering the temperature of PBB prepa-
ration using the proposed technology can significantly reduce the emission of bitumen
volatile components into the atmosphere, which contain compounds harmful to health
and the environment. Using less energy-consumptive technological processes when
producing PMB according to the proposed technology makes it possible to achieve
a reduction in carbon dioxide emissions and save fossil fuels.
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on Elastic-Strength Characteristics and Kinetics

of Damage Accumulation in Polymers

T. A. Nizina1,2(B) , D. R. Nizin1,2 , and N. S. Kanaeva1

1 National Research Mordovia State University, Saransk, Russia
nizinata@yandex.ru

2 Research Institute of Building Physics (NIISF), Moscow, Russia

Abstract. We studied the change in the elastic-strength parameters of the Etal-
247 epoxy resin polymer cured by the Etal-45 M hardener depending on the
cyclic exposure level. It was established that the increased cyclic loading from
40 to 80% of the sample tensile strength (without cyclic loading) leads to the
increased mechanical strength of samples at the failure stage by 12–23%. Cyclic
exposure corresponding to the total loading of 96 mJ/m3 leads to the increased
relative elongation under maximum load at the failure stage by 5–7%, and the
elastic modulus increase of 12–18%. The relative polymer elongation at break in
the initial state is 8.05%, decreasing to 5.74% with an increase in the cyclic stress.
We offer an algorithm for estimating the effect of cyclic loads on the kinetics of
failure accumulation in polymeric materials. We study the effect of the change in
intensity and frequency of cyclic loading on the kinetics, and specific indicator
of failure accumulation in Etal-247 epoxy resin samples cured by the Etal-45 M
hardener. We found a decrease in specific index determined for the failure stage
by 4–17% with an increase in the cyclic loading from 10 to 20 MPa compared
with the same indicator obtained for the control series of samples without cyclic
exposure.

Keywords: Epoxy polymers · Cyclic loading · Failure accumulation

1 Introduction

Resistance to cyclic influences—both mechanical loading and aggressive factors and
environments, is one of the main conditions for ensuring uninterrupted operation of
building products and structures. According to [1–3], the strength indicators of polymer
composite materials during the dynamic fatigue test differ significantly from similar
indicators determinedwhen exposed to static loads. Under variable loads, both hardening
and softening processes can occur, associatedwith the initial structural state ofmaterials,
as well as its change exposed to cyclic deformations, formation and redistribution of
residual microstresses, as well as the occurrence and development of microfailures.

The influence of cyclic action on the change in bearing capacity and durability
of composite materials is characterized by high complexity and laboriousness both in
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terms of experimental studies and variety of processes in materials. The reliability of
predicting strength and durability of structural polymeric materials exposed to cyclic
loading is complicated byvarious degradation factors, such as climatic effects, aggressive
environments, etc. [4–6]. Moreover, the joint effect of factors is often accompanied by
the synergistic effects.

Determining the fatigue failure accumulation limit and predicting the residual oper-
ating life with an acceptable level of failure are important scientific problems [7]. In
[8, 9], the team of authors proposed a technique for assessing the kinetics of failure
accumulation in the structure of polymer composites exposed to static loading under
tensile loads, based on the use of fractal analysis methods in the study of deformation
curves, with a high frequency of readings. The presented approach makes it possible to
quantitatively determine the critical level of microdefects accumulation leading to the
specimen structure decompaction and appearance of the first cracks, as well as to ana-
lyze the subsequent loading stage until the polymer fails. To quantify the change in the
kinetics of failure accumulation in polymer material samples exposed to tensile loads,
it was proposed [9, 10] to use the index ω. It is the ratio of the number of points with a
fractality index less than 0.5, to the total number of the deformation curve points (up to
the level of maximum stresses) and the specific index θ—the ratio of the total share of
accumulated failure to the ultimate strength of the polymer material sample.

This paper describes the adaptation of this technique for assessing the effect of
cyclic loads, as well as the analysis of the influence of intensity and frequency of cyclic
exposure.Main provisions of the proposed approach,whichmakes it possible to calculate
gradual failure accumulation exposed to cyclic loading, are given in [11].

2 Methods and Materials

The object of the study was samples of polymeric material made of Etal-247 epoxy
resin (TU 2257-200-18,826,195-02 amend. 1) and Etal-45 M hardener (TU 2257-045-
18,826,195-01). Eights samples were tested in accordance with GOST R 57,143-2016
“Polymer composites. Fatigue test method under cyclic tension” under soft cyclic ampli-
tude loading; stress is the control parameter. The target cycling levels are 40, 60 and 80%
of the samle tensile strength without pre-cycling. Taking into account rounding up to
a factor of 5, they correspond to internal stresses of 10, 15 and 20 MPa. The need for
this rounding is due to subsequent comparison of the results obtained for the compound
under study with the results of other compounds of polymeric materials simultaneously
tested, including after exposure to aggressive factors. The number of cycles for internal
stress levels of 10 and 15MPa is calculated based on the value of the total loading action,
equivalent to 5 cycles of tensile load for a level of 20 MPa.

Movement speed of the clamps of AGS-X series tensile testing machine with the
TRAPEZIUMXsoftwarewas 2mm/min, reading frequencywas 0.01 s. Test temperature
was 23 ± 2 °C and relative air humidity—50 ± 5%. At least 5 samples were tested at
each cyclic loading level.

The approach proposed for assessing the kinetics of damage accumulation in
polymeric materials exposed to cyclic loads included the following steps:
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(1) Determining the number of loading acts recordedwith a reading frequency of 0.01 s,
both for individual cycles N1,N2, . . . ,Nm, and for the destruction stage Ndest. (up
to the maximum tensile load point).

(2) Identifying the number of loading acts, accompanied by the failure of the structural
elements of the material under study. The values of the time series fractality index
μ(σ, ε) were used as an indicator characterizing the state of the sample at the point
of time, calculated using the least coverage method based on the change in the
increase in tensile stresses during loading. Points with a value of μ(σ, ε) less than
0.5 were taken as acts of failure of structural elements (by analogy with classical
methods of time series fractal analysis). The calculation is both for each loading
cycle (from 1 tom) and for the failure stage—respectively,Ndef .1,Ndef .2,…,Ndef .m
and Ndef .dest..

(3) Calculation of the total number of loading acts N0, leading to the limiting level of
tensile stresses:

N0 =
m∑

i=1

Ndef .i + Ndef .dest. + Ndest., (1)

where Ndest. is the number of the failure stage acts (after cyclic impact) with no
failures.

(4) Calculation of the total number of failures:

• exposed to cyclic loads separately for each stage of loading:

ωi = Ndef .i

N0
· 100, (2)

where i = 1÷ m is the loading cycle number;
• when exposed to a destructive load (up to the maximum tensile stress level)

ω = Ndef .dest.

N0
· 100, (3)

(5) Calculation of the number of failures depending on the relative elongation and
tensile stress for the cyclic loading stages and the failure stage with graphical
dependencies (Fig. 2).

(6) Calculation of the specific index (%/MPa) as the ratio of the total share of accumu-
lated failure to the ultimate strength of a polymer material sample, determined in
two versions:

• failure stage analysis

θdest. = ωdest.

σstr.
, (4)

where ωdest. is the number of accumulated failures for the destruction stage,
determined as:

ωdest. = Ndef .dest.

Ndef .dest. + Ndest.
· 100; (5)
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• analysis of the loading history (cyclic impacts and failure stage)

θ = ω

σstr.
. (6)

Specific index θ calculated as (6) compares series of samples subjected to
various combinations of cyclic loadswith subsequent failure, specific index θdest.
(4) assesses the polymer state before and after cyclic exposure.

A software package based on Python was used for calculations.

3 Results and Discussion

The process of cyclic tensile loading of a polymer sample for a 10 MPa internal stress
level is shown in Fig. 1. The complex deformation curve includes the cyclic effect stage
(25 cycles; Fig. 1b) and the stage of the final sample loading up to failure.

(a) (b) 

Fig. 1 The deformation curve of epoxy resin Etal-247 polymer cured by Etal-45 M subjected to
25 cycles of loading with a tensile load of 10 MPa, followed by stretching to complete failure (a
deformation curve (complete); b cycles Nos. 1–25)

The elastic modulus, strength, and relative elongation at tension and rupture were
determined for the samples under study, before and after cyclic loading (Table 1). It
was established that cyclic action in the stress range under study (from 10 to 20 MPa),
corresponding to the total loading of 96 MJ/m3, leads to an increase in the mechanical
strength of polymer samples in tension and rupture by 12–23%. Cyclic action leads to
an increase in relative elongation in tension at the destruction stage by 5–7%. In turn, the
dependence of the total cyclic deformations on the applied stresses is directly propor-
tional, with themain contribution beingmade during the first loading cycle. The elasticity
modulus of the polymer under study, determined at the destruction stage increases by
12–18%, which indicates an increase in the sample rigidity during the preliminary cyclic
exposure. The polymer elongation at break is 8.05%, decreasing with a level of applied
stress increasing to 5.74%. Figure 2 shows failure accumulation curves as a function of
elongation and tensile stress, calculated according to the above algorithm, after cycling
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Fig. 2 Plots of failure accumulation in the Etal-247 epoxy resin polymer cured by Etal-45 M
subjected to 25 (a, b), 10 (c, d), 5 (e, f) cycles of tensile loading of 10 (a, b), 15 (c, d), 20 (e,
f) MPa, followed by stretching until complete failure depending on relative elongation (a, c, e) and
tensile stress (b, d, f)

at three different levels (10, 15 and 20 MPa). Plots allow to trace the process of failure
accumulation rate during deformation of polymers subjected to cyclic loads of the given
intensity as well as the subsequent sample loading up to the tensile strength limit.

Plots of the change in the accumulated failure rate (ωdest., ω) and specific indices
(θdest., θ ) of a series of polymer samples calculated only for the failure stage, as well as
jointly for all loading stages, are shown in Fig. 3. It was established that a decrease in
the level of tensile cyclic stresses from 20 to 10 MPa with a simultaneous increase in the
number of loading cycles from 5 to 25 (to achieve one level of loading effect) leads to
an almost twofold increase in the total failure rate—from 16 to 30.5% (Fig. 3a). Such a
high difference can also be explained by the chosen model for describing the processes
under study, which does not imply complete or partial restoration of the polymer matrix
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Table 1 Change in the elastic-strength characteristics of Etal-247 epoxy resin polymer samples
cured by Etal-45 M, subjected to 25, 10 and 5 loading cycles exposed to tensile stresses of 10, 15,
20 MPa, respectively

Level of
cyclic
stresses,
MPa

Number
of cycles

Tensile
strength,
MPa

Breaking
strength,
MPa

Relative
elongation
after the
cyclic
loading
stage, %

Relative
tensile
elongation
(destruction
stage), %

Relative
elongation
at break, %

Tensile
modulus,
MPa

0 0 26.4 22.2 – 3.19 8.05 1672

10 25 31.1 25.3 0.21 3.38 8.04 1969

15 10 30.0 26.0 0.34 3.35 6.64 1892

20 5 33.1 28.8 0.39 3.41 5.74 2051

structure in the unloading areas during cyclic loading. At the same time, the accumulated
failure rate for the destruction stage varies within a rather narrow range (from 5.84 to
6.63%). Obviously, this is due to the elimination of some defects when removing cyclic
load.

Fig. 3 Change in accumulated failure rate (a) and specific index (b) of Etal-247 epoxy polymer
cured with Etal-45 M versus cyclic loading level

To assess the effect of the tensile load intensity, we compared total failure rate
accumulated over the first 5 cycles (Fig. 3a). We found a monotonous increase in this
index from 4.5 to 10.6% with an increase in the applied stress from 10 to 20 MPa.

Analysis of Fig. 3b indicates a decrease in specific index θdest., determined for the
destruction stage, by 3.8 ÷ 16.8% with an increase in the cyclic loading from 10 to
20 MPa compared with the same index obtained for the control series of samples before
cyclic impact. Specific index θ which describes the complete process of loading and
failure of polymeric material samples decreases by a factor of two in the range of cyclic
impacts under study.
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4 Conclusion

Basedon the results of the study, it can be concluded that the approachproposed earlier [8,
9] for assessing the kinetics of failure accumulation in the polymer composite structure
exposed to static loading under tensile loads can also be used in analyzing the effect of
cyclic loads of various intensity. At the same time, in addition to calculating the kinetics
of failure accumulation in each individual loading area, it becomes necessary to take into
account the total number of deformation acts determining a gradual failure accumulation
throughout the tests.
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Abstract. Fire protection of building structures is an integral part of the system of
measures to ensure fire safety and fire resistance of buildings and structures. The
scope of various methods of fire protection is determined taking into account the
required fire and technical characteristics of structures, the type of the protected
structure, temperature and humidity conditions of operation and production of
fire protection works, aesthetic and other requirements imposed on the structures.
Fire protection is designed to increase the actual fire resistance of structures to
the required values and to limit the spread of fire through them. This task is per-
formed through the use of heat shields and heat-absorbing screens, special design
solutions, flame retardant compositions, technological methods and operations, as
well as the use of materials of reduced flammability. The paper presents the results
of studies of flame retardant, physical and mechanical, weather-resistant proper-
ties of flame retardant foaming coatings. The most effective polymer film-forming
catalysts, flame retardants, fillers are given. The selection of components of flame
retardant foaming coatings is made. The optimum composition for a thermally
resistant foam coating layer with the introduction of mineral fillers: wollastonite
(up to 20–30%) and vermiculite (up to 10%) has been determined. Attention is
paid to the possibility of reducing the flammability of coatings by physical and
chemical methods. It is shown that in the process of shrinkage of the foaming coat-
ing layer under the influence of high temperatures, the needle fibers of wollastonite
fusing create a barrier to burnout of the remaining part of the film formation. At
the same time, as the specific gravity of perchlorvinyl resin increases from 1.0 to
1.4 g/cm3, the impact strength and adhesion increases. It has been proved, using
the capacitance-ohmic method that the protective properties of coatings increase
with the introduction of wollastonite and ammonium phosphate into the compo-
sition. As a result of studies, the possibility of partial replacement of expensive
components of flame retardant materials, with a simultaneous increase in their
weathering resistance and durability is shown.
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1 Introduction

Selection of a suitable method of fire protection of structures, a particular fire-retardant
material or composition is made taking into account structural, operational, technologi-
cal, technical and economic factors [1]. There are the following ones among them: the
value of the required limits of fire resistance of structures; types of protected structures
and orientation of protected surfaces in space; types of loads acting on the structure; tem-
perature and humidity conditions of operation and work on fire protection; the degree of
aggressiveness of the environment in relation to fire protection and the material of struc-
tures, as well as the degree of aggressiveness of the fire protection material in relation
to steel; increasing the load on the structure due to the mass of fire protection; periods
of installation of fire protection; aesthetic requirements for the structure; technical and
economic indicators, etc. [2].

Flame retardant paints, varnishes, enamels delay combustion of materials, reduce
the spread of flame on the surface of materials and perform the following functions:
they are a protective layer on the surface of combustible materials, absorb heat from
decomposition, release inhibitor gases, release water, accelerate the formation of coal
[3].

Flame retardant paint compositions are divided into two groups: non-foaming and
foaming. Non-foaming paints do not increase the thickness of the layer when heated.
Foaming paints when heated increase the thickness of the layer by 3–20 times. They are
more effective because heat causes the formation of a foamy carbon layer, which is a
caked melt of some substances.

Well-knownflame retardant compositions have two significant drawbacks: lowwater
resistance, due to the presence of water-soluble components in the compositions, and
high material consumption. The need to apply flame retardant compositions in thick
layers, in addition to increasing the cost, reduces their physical andmechanical properties
(adhesion, bending and impact strength) [4].

The main raw materials for the production of flame retardants are presented in Table
1.

Fire protection compositions are multi-component compositions containing film-
forming substances, solvents, flame retardants, pigments. The most promising direction
is the partial replacement of expensive components of fire retardant materials, as well
as simultaneous improvement of their weathering resistance and reliability [5].

Foaming paints and varnishes are one of the most intensively developing areas in the
development of compositions for fire protection ofmetal andwooden structures [6]. High
efficiency, the possibility of using traditional methods of applying compositions to the
surface of structures causes increased interest in them. The use of foaming compositions
provides an increase in the fire resistance limit of building structures from 0.5 to 2 h and
limits the limit of spread of fire on wooden structures [7].

The main characteristics of the proposed fire retardant compositions are presented
in Table 2.

According to their functions, the main components of flame retardant foaming coat-
ings are classified as follows: polymeric film formers; carbonizing materials (carbon
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Table 1 Main raw materials for the production of flame retardants

№ Name of raw material Type of flame retardant
material

Possibility of application as a
component of a flame
retardant

1 Liquid glass Varnishes, coatings Film—forming, alkaline
catalyst

2 P-646, P-647, P-4, P-5 Compositions with polymer
film-forming agents

Solvents, diluents

3 Shungite, starch Foaming coatings Polyhydrate compounds

4 Orthophosphoric acid,
ammonium phosphates,
ammonium sulfates

Varnishes, impregnations,
foaming coatings

acid catalysts

5 Wollastonite,
vermiculite, pyrophyllite,
magnesite

Foaming coatings Fillers, blowing agents

6 Titanium dioxide, zinc
white, iron oxide, ochre

Foaming coatings Pigments

frame sources); carbonization catalysts, effective flame retardants used as acid cata-
lysts; polyhydrate compounds formed by interaction with acid abundant carbon residue
(blowing agents); fillers, pigments and other additives [8].

We used polyvinyl chloride resin PSX-L as a polymer film forming agent. In addition
to the resin, the following raw materials were used:

Technical polyvinyl chloride (PVC) nCH2 is an amorphous powder of white color.
Good chemical resistance of polyvinyl chloride against many inorganic acids, alkalis
and salt solutions allows its wide use for the production of various corrosion-resistant
structures and chemical industry.

Pentaerythritol C(CH2ON)4 is obtained by the interaction of formaldehyde with
acetaldehyde in the presence of Ca(OH)2..

Vermiculite (Mg, Ca) y (Al, Fe, Mg) z (Si, Al, Fe)4 O10 (OH)2 (H2O) is a mineral of
the hydromica group, capable of swellingwhen heated. It is a product of low-temperature
hydrothermal processes and subsequent weathering of magnesian and magnesian-iron
mica, phlogopite and biotite.

Dicyandiamide (dicyanguanidine) HN = C[NH2] NHCN; melting point 209 °C;
solubility in water-3.96%, obtained by treatment with CaCN2; cyanamide dimerization
in water-alkali solutions.

Starch—the main reserve carbon of plants. It is a mixture of two polysaccharides:
linear (amylose), built from α-D-glucopyranose residues with 1–4 bonds, and branched
(amylopectin), whose molecule consists of amylose fragments.

Wollastonite (board feldspar), a mineral of the pyroxene class, subclass of chain
silicates, Ca 3[Si3 O9]. Calcium silicate (metasilicate). The chemical composition of
wollastonite ore mined by the companies of the main countries producing wollastonite
concentrates is shown in Table 3.
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Table 2 Characteristics of the proposed flame retardants

№ Name of flame
retardant

Construction surface Fire resistance rating Consumption per
square meter (kg)

1 Varnish
“Shield-1”

DK 1 group 0.8

2 OZS-MV MK 0.75–2.0 13–39

3 OZS-MV DK 1 group 1.6

4 OGRAKS-V-SK MK 0.75 h 2.2

5 OZP-1 MK 0.75 h 4

6 OZP-1 DK 1 group 0.7

7 MVPO
composition

MK 0.5–0.75 2.0–3.0

8 MVPO
composition

DK 1 group 1.0

9 Fiflex-Crylac MK 0.75 1.25

10 Fiflex-400 MK 0.75 12

11 Fiflex c-200 DK 1 group 1.5

12 Endotherm
XT-150

MK 0.5–1.0 h 2.2–4.2

13 S 605 MK 0.75–2.0 1.2–4.2

Table 3 Chemical composition of wollastonite ore

Country of origin of wollastonite Content of chemical components,%

CaO SiO2 Fe2 O3 MgO Al2 O3 P.o.i

India 47 52 0.31 0.55

China 44 48 0.2 3.00

Mexico 38.4 49.82 0.96 5.34 4.56

USA 46.9 50.9 0.61 0.1 0.25 0.9

Finland 44.5 51.8 0.3 0.8 0.6 1.7

Japan 46 50 0.3 0.4 0.3 2

Kazakhstan 47 50.5 0.8 0.2 2 1.5

2 Materials and Methods

Next we will focus on methods for determining the physical and mechanical properties
of protective coatings: adhesion tests; water resistance tests; method for determining
the bending strength; method for determining the impact strength; tests for resistance of
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flame retardant coatings in atmospheric conditions; testing of protective properties by
capacitance-ohmic method [9].

Determination of fire retardant adhesion to the surface of wood and metal is carried
out by the method of lattice incisions GOST 15,140-78.

In the water resistance test fire retardant is considered to have passed the test if in
the process of exposure to water there was no destruction of the protective layer while
maintaining the fire retardant properties of GOST 16,363-76.

The method for determining the bending strength. When using a fire retardant that
forms a film on the protected surface (varnishes, paints), it is recommended to test the
elasticity of the film at bending GOST 6806-73.

Method of determination of impact strength GOST 4765-73. The maximum height,
falling fromwhich at normal acceleration load of 1 kg does not causemechanical damage
to the film (cracking, crushing, flaking) was taken as the index of strength. Also we
determined: drying according to GOST 19,007 to degree 3; viscosity according to GOST
8420; degree of dispersion of “rubbing” according to GOST 6589.

To determine the weather resistance of flame retardants in the laboratory, complex
methods were used that simulate various climatic conditions, in which testing in arti-
ficial weather chambers is combined with additional exposure to factors such as high
humidity (humid climate), chloride deposition and industrial pollution of the atmosphere
with sulfates, subzero temperatures and temperature differences. The resistance of fire-
resistant coatings in atmospheric conditions is assessed by the decorative and protective
properties of GOST 9.407-84.

When using the capacitive-ohmic method, the coating itself is not destroyed. The
method under consideration gives an opportunity to study the kinetics of destruction of
paintwork on the metal in electrolytes and with its help to obtain information about the
mechanism of this process. By changing the capacitance and tangent of the dielectric
loss angle, and especially their frequency dependence, it is possible to judge the change
in the protective properties of the coatings, their adhesion and durability under operating
conditions.

3 Results and Discussions

Based on the study of reducing the flammability of organic coatings with flame
retardants-additives, film-forming agents, fillers, pigments, the components of flame-
retardant coatings were selected.

Obtaining flame retardant compositions can be achieved by using heat-resistant poly-
mers with a minimum content of organic part, coking when exposed to flame. The effec-
tiveness of flame retardant blowing composition for fire protection of metal structures
is shown in accordance with Fig. 1. As evidenced by the results of fire tests of metal
structures, fire resistance depends to a large extent on the thickness of the given compo-
sition. The use of flame retardant foaming composition provides fire resistance limit of
metal structures: 0.5 h at a thickness of 1.0 mm; 0.75 h at a thickness of 1.5 mm; 1 h at
a thickness of 2.2 mm. A further increase in coating thickness in accordance with Fig. 1
does not result in an increase in the fire resistance limit.
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Fig. 1 Dependence of temperature on the unheated surface of the specimen on time for the
composition No. 2. 1—1.0 mm thick; 2—1.5 mm thick; 3—2.2 mm thick; 4—3.0 mm thick

CompositionNo.2—wollastonitewasused asfiller, performing the role of a structural
additive. The developed new composition, including wollastonite, allowed obtaining
qualitatively new thermal protection properties of flame retardant foaming composition.

(1) The most promising film-forming agent for the development of flame retardant
materials is chlorinated: polyvinyl chloride resin PSX-L, because during the
carbonization of the resin the main decomposition product is nonflammable HCI.

(2) Phosphorus-containing flame retardants are almost the only compounds that prevent
smoldering and reduce the possibility of secondary combustion of the polymer, due
to the fact that the carbonized phosphorus-containing layer is very resistant to
prolonged heating. When exposed to heat, phosphorus additives readily convert to
phosphoric acid, forming a continuous glassy film of polyphosphoric acid on the
surface of the burning polymer, acting as a barrier to the transfer of heat, oxygen
and fuel.

(3) Aluminum oxide trihydrate in the composition based on polyvinyl chloride resin
behaves as a fairly effective flame retardant, but the effectiveness of this flame
retardant appears only when used in large quantities—up to 80% of the weight
of the composition, and this causes a significant deterioration in the physical and
mechanical properties of coatings.

(4) The thermal resistance of the foamed layer increaseswith the introductionofmineral
fillers: compositionswith the content ofwollastonite 20–30%, vermiculite 10%.The
compositions of the investigated FFC are shown in Table 4.

Laboratory specimens were prepared by applying the test composition on a metal
plate with subsequent testing 1—clean plate; 2—composition №2 (with wollastonite);
3—composition №1 (with vermiculite); 4—composition №3 (with asbestos). Tem-
perature change on the unheated surface of the sample from time is shown in
Fig. 2.

The mechanism of fire protection can be represented as several simultaneous and
mutually influencing processes. The greatest influence on the flame retardant properties
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Table 4 Flame retardants based on perchlorovinyl resin

№ Application as Name of component Quantity, wt. h

1 Film-forming 12% perchlorovinyl resin PSX-LS in
solvent P-4

25

Polyhydrate compound Pentaerythritol 10

Acid catalyst Ammonium phosphate 20

Foaming agent Dicyandiamide 10

Plasticizer Tricresyl phosphate 5

Filler Vermiculite 30

2 Film-forming 12% perchlorovinyl resin PSX-LS in
solvent P-4

25

Polyhydrate compound Pentaerythritol 10

Plasticizer Tricresyl phosphate 5

Foaming agent Dicyandiamide 10

Filler Wollastonite 30

3 Film-forming 12% perchlorovinyl resin PSX-LS in
solvent P-4

25

Polyhydrate compound Pentaerythritol 10

Acid catalyst Ammonium phosphate 20

Plasticizer Tricresyl phosphate 5

Foaming agent Dicyandiamide 10

Filler Asbestos 30

Fig. 2 Temperature change on the unheated surface of the specimen from time. 1—clean plate;
2—composition 2 (with wollastonite); 3—composition 1 (with vermiculite); 4—composition 3
(with asbestos)
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is heat transfer and endothermic physical and chemical effects identified by differential
thermal analysis in the heating of flame retardant compositions. Based on the above, it
should be concluded that it is possible to improve significantly the flame retardant prop-
erties by reducing the average density of the coating at the initial stage of heating. This
is possible only by introducing lightweight aggregates into the composition: vermiculite
(composition 1), wollastonite (composition 2), asbestos (composition 3).

(1) The introduction of pentaerythritol 10% as a polyol in flame retardant compositions
increases the crack resistance of the resulting foamcoke.

(2) Themost effective foaming agent for flame retardant composition is dicyandiamide,
because the fire retardant efficiency in the fire test reaches 45 min, the compositions
with melamine—32 min, compositions with urea—28 min.

(3) It should be noted that the stable foaming of coatings is accompanied by the release
of gases after the melting of the film mass, but before its solidification, before the
formation of the carbonized layer.

(4) The composition of the bloating flame retardant additive was selected with certain
melting and degradation temperatures of the polyol, catalyst, and bloating agents
so that they reacted in a given sequence.

(5) Detailing the process of polymer combustion, allows us to outline ways to reduce
combustibility by physical and chemical measures. Physical measures can include:
reduction of heat input to the material by insulating shielding of its surface; cooling
of the flame as a result of heat loss for decomposition and evaporation of com-
ponents, heat entrainment by flowing polymer melt; creating a physical barrier
between the coating and the oxidizing environment, slowing down the diffusion of
combustible ingredients.

Chemical influences can include purposeful changes in the composition and structure
of the polymer, the composition and ratio of the initial components of the coatings, which
leads to a change in the kinetics andmechanismof the chemical reaction in the condensed
and gas phases, on their interface [10].

(1) Sustainable foaming of coatings must be accompanied by the release of gases after
the melting of the film mass, but before its solidification, before the formation of
the carbonized layer. Therefore, the composition of the foaming flame retardant
additive is selected with certain melting and decomposition temperatures of the
polyol, catalyst, and foaming agents.

(2) It is possible to significantly increase the flame retardant properties of composi-
tions based on PVC resin PSX-SL by introducing light fillers into the composition:
vermiculite, wollastonite and asbestos.

(3) Tests on fire resistance showed that in the process of shrinkage of the blown coating
layer under the influence of high temperatures, only needle fibers of wollostanite
fused, create a barrier to the burnout of the remaining part of the film-forming agent.

(4) The study of physical and mechanical properties showed that with an increase
in the specific gravity of perchlorvinyl resin from 1.0 to 1.4 g/cm3, the impact
strength and adhesion increases. The introduction of wollastonite filler increases
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the hardness and strength of the flame retardant coating. However, the elasticity of
the composition deteriorates with increasing amount of fillers.

(5) The results of capacitance-ohmicmethods for evaluating the protective properties of
flame retardant compositions showed a good insulating ability of compositions with
wollastonite and ammonium phosphate. The increase in capacitance corresponds
to the moment when the coating begins to break down.

4 Conclusions

Currently, the effectiveness of flame-retardant coatings for metal structures is increased
by the use of lightweight materials and light fillers, foaming perlite and vermiculite,
mineral fiber. But flame-retardant foaming compounds are especially effective.

Ways to improve the fire protection of structures should be aimed primarily at the
reliability, durability, moisture and weather resistance of fire-resistant materials.

The choice of each method of fire protection must be made specifically for the
particular conditions, taking into account:

• values of the required fire-resistance limits of structures;
• the type of load acting on the structure;
• the type of structure to be protected and their orientation in space; temperature and
humidity conditions of operation;

• increasing the load on the structure due to the weight of the fire protection, aesthetic
requirements for structures, etc.
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Abstract. The paper presents a methodology for evaluating the convergence of
the results of composite partmodel calculations. The aim of the paper is to describe
an algorithm for optimizing the strength calculations of the composite part struc-
ture by adjusting the parameters of the finite element mesh. The convergence
is evaluated by sequentially varying the dimensions of the finite element mesh.
The paper describes the difference of nonlinear calculation and its peculiarities
relevant to the calculation of composite parts having surface contact of different
materials. NX Nastran SolidEdge ST10 is used as the solver. Calculations of a
composite specimen made of metal and metal-polymer were used to analyze the
results. The parameters of the materials used in the calculations were used both
from the built-in reference books and from themanufacturers’ data sheets. Among
the analyzed calculation data, the parameters of safety margin, deformations and
stresses were used. The results of the calculations have been systematized and
presented in the form of appropriate graphs. The influence of the finite element
mesh size on the accuracy of the results obtained and the expediency of using
a finite element mesh with minimum dimensions are evaluated. The conclusion
describes recommendations for the use of the proposed methodology for use by
design engineers in the development of composite and other component designs
in a nonlinear analysis.

Keywords: Convergence · Finite element analysis ·Metal polymer ·
Composite · Strength · Element mesh

1 Introduction

Finite element calculations arewidely used by research engineers in the design of various
products. Numerical modeling makes it possible to calculate in advance the strength of
a product, its deformations, safety margins and other parameters before launching the
designed product into production. There is a large variety of software products that allow
performing finite element calculations [1–3]. SolidEdge, NX, SolidWorks, TFlex are
some of them. Pre-calculations allow changing the design, optimizing the shape, making
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other changes to the design, reducing the material intensity using generative design of
the product shape [4–8]. Calculations require basic data. The basic data for calculations
include: availability of a digital model of the product or assembly, knowledge of physical
and mechanical material parameters of the product model under study, knowledge of
load parameters and places of its application, knowledge of restrictions of model degrees
of freedom. In addition to these parameters, other calculation settings, such as the size
and type of the finite element mesh, etc., have a great influence on obtaining adequate
calculation results. It is especially important to take into account additional settings of
calculation parameters when solving the so-called “nonlinear analysis” problems, which
include the problems of solving models in which geometrical and physical nonlinearity
should be taken into account. This means that the properties of the model, such as
plasticity, creep and other parameters change at each iteration of the calculation. Since
in reality the part experiences time-varying loads, that is, the properties of the partwithout
load and the part when loaded with half of the specified loads will be different. That
is why the problems of solving nonlinear analysis require iterative problem solving. A
legitimate question arises, but how much iteration is necessary and sufficient to obtain
adequate results of calculations. 90% of calculations performed nowadays refer to linear
analysis, because it does not take much time and computing resources. Nevertheless,
for the calculation of composite parts, such as metal–metal-polymer parts [9–11], when
there is surface interaction between the contact surfaces of different materials, geometric
nonlinearity (deformations), exactly the solution of the nonlinear problem is required.

2 Materials and Methods

The aim of the paper is to describe an algorithm for optimizing the strength calculations
of a composite part structure by adjusting the parameters of the finite element mesh. The
process of solving the problem of optimization of calculation parameters of the model,
described in the paper, is performed using the SolidEdge ST10 software product. In the
used programNXNastran is used as a solver, which since the mid 70 s of the last century
has repeatedly proved its reliability, accuracy and speed.

The solution algorithm used in nonlinear analysis differs in that the loads are applied
gradually, so the solver solves many problems iteratively, that is, the loads are applied
gradually. The input data for each step in the nonlinear analysis is the previous state of
the model at the previous step. It is necessary to take into account that energy parameters
reflecting external and internal forces should be balanced with an admissible error (see
Fig. 1), called convergence criterion. As a rule, the convergence criterion is set as a
percentage of the applied loads.

The need for a multi-iteration solution is due to the fact that when loading an elastic–
plastic structure at which the stress will be greater than the yield strength of the material,
the solver does not independently determine at what load this stress in individual model
nodes will be exceeded. Some software products allow using the “Nonlinear History”
tool in the solver. This tool allows you to see a real-time graph of the solution, keep
track of the number of repeated solutions produced and the level of achieved load. This
graph allows you to analyze the convergence rate of the solution results. It should be
noted that the NX Nastran solver used most often in SolidEdge ST10 uses the Mises
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Fig. 1 The error � balancing the external and internal forces of the model

plasticity criterion, for a plastic material. The analysis setup window in SolidEdge ST10
looks as shown in Fig. 2. Unlike earlier versions of the software, in SolidEdge ST10 the
non-linearity of the solution is specified by specifying the contacts of the two materials
that make up the composite part. The iterability of the solution and its accuracy are
adjusted by the corresponding tabs marked by positions 1, 2 and 3 in Fig. 2.

Fig. 2 Setup menu for finite element solutions in SolidEdge ST10
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At first glance it seems that all parameters in SolidEdge ST10 are easy to configure
and the convergence check of the solution results is also performed automatically. If
the results do not converge, the solver simply displays a solution error and breaks the
calculation. However, there is another condition that cannot be taken into account in
automatic mode: the size of the finite element mesh. In the case of a simple model, the
use of the computational resources of the model can be neglected. Optimizing the mesh
size will not significantly affect the computational result and the time spent.

However, if the computational model has large dimensions, includes an assembly of
different materials in contact with each other, different material properties, and complex
geometry, then the creation of the finite element mesh itself, as well as the calculations,
can take quite a long time and still not come together. This will lead to calculation errors
and calculation interruptions. Therefore, it is very important to choose the size of the
finite element mesh that will allow us to correctly calculate the model with the least
amount of computational resources.

The use of an optimally sized finite element mesh will subsequently allow, by chang-
ing thematerial parameters of themodel, to calculate quickly and accurately the compos-
ite part model in various material variations for the purpose of conducting engineering
surveys.

3 Results

The method of comparing the results of calculations on different parameters of the finite
element meshes is shown in Fig. 3. The lever arm model was chosen as the specimen
model on which the calculations were performed.

Fig. 3 Varying the finite element mesh of the lever model: level 10 (a), level 4 (b)
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Calculated data for the convenience of analyzing the convergence results, the data
were summarized in Table 1. Figure 4 shows the convergence plots for the stress, strain,
and safety margin parameters. The graphs show the calculated parameters for each
variation of the finite element mesh quality in the range from 1 to 10.

Table 1 Calculated parameters of the composite specimen

Mesh
size

Deformations
max, mm

Stress min,
MegaPa

Stress max,
MegaPa

Stress max,
MegaPa

Margin of
safety min

Margin of
safety max

1 0.91 0.048 123 0.532 1360 0.048

2 0.917 0.0558 120 0.546 1170 0.0558

3 0.918 0.0544 116 0.567 1200 0.0544

4 0.923 0.0443 124 0.528 1410 0.0443

5 0.924 0.0464 124 0.528 1480 0.0464

6 0.928 0.0551 133 0.491 1190 0.0551

7 0.93 0.0561 129 0.507 1170 0.0561

8 0.931 0.0398 135 0.486 1640 0.0398

9 0.931 0.0429 141 0.465 1530 0.0429

10 0.931 0.0275 153 0.429 2380 0.0275

4 Discussion

Despite the fact that at any size of the finite element mesh the solution was performed
without errors, the most optimal mesh size is number 7. Mesh size number 7 has the
smallest safety margin, which is preferable. The deformations at number 7 reach a
plateau. The maximum stresses in general differ insignificantly over the entire range of
mesh size variations. According to the totality of parameters, mesh size number 7 is
the most preferable. The projection relationship of the graphs on mesh size number 7 is
shown by the dashed line.

5 Conclusions

The procedure described in the paper for evaluating the convergence of the results of
the study based on varying the size of the finite element mesh in nonlinear analysis,
allows the research engineer to evaluate the influence of the mesh size on the adequacy
of the calculation results. This is most clearly shown by the convergence graph of the
deformations (see Fig. 4). Increasing the quality of the finite element mesh, that is,
decreasing the mesh size after level 7, does not lead to significant changes in calculation
results. Consequently, decreasing the size of the finite element mesh leads to increasing
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Fig. 4 Graphs of convergence of calculation results

the computational resources, increasing the computational time, but does not give any
significant results of increasing the computational accuracy.

The application of the convergence analysis of calculation results while varying the
quality of the finite element mesh construction, can have a significant impact on the
speed of calculations, which is a key factor in designing a composite product model.
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Abstract. The construction process is one of the main sources of consumption
of a lot of raw materials which causes a huge amount of waste around the world.
Finding reusable materials has become a challenge for many countries around the
world. This paper presents a literature review that includes several experimental
studies dealing with the behavior of reinforced columns using recycled aggregate
concrete. Among the most important variables that have been focused on is the
ratio of recycled aggregate concrete, centricity, and eccentricity of the applied
loads, in addition to the behavior of columns using this type of concrete. Based
on the results obtained from previous studies, it was shown that the comparison
between normal reinforced concrete and recycled aggregate concrete showed a
little difference in the performance and behavior, as concrete with recycled gravel
has a structural performance that is slightly lower than normal reinforced concrete,
which emphasizes the need to use concrete with recycled aggregate. Recycled in
construction applications. In addition, the percentage of water content in concrete
with recycled aggregates must be taken into account, as it is preferable that the
water content must be enough in purpose of the saturation of aggregates well to
provide a high resistance close to the resistance of natural concrete.

Keywords: Reinforced recycled aggregate concrete · Compressive behavior ·
Columns · Eccentricity

1 Introduction

At the beginning of the previous century, the productivity of factories doubled several
times as a result of the increase in the world population, in addition to the migration
from the countryside to the cities and the expansion of cities which calls for the need
to use reusable materials again, to preserve the environment on the one hand, and to
save the construction cost of buildings that require high costs. According to Franklin
Associates [1] in the USA, the waste generated from construction operations amounted
to 136 tons of building and demolition materials, which while this amount increased
until 2003 to 170 million tons. A total of 39% of the waste material as a result of the
residential building and 61% by the non-residential sources [2].

The amount of debris was calculated by Bossink and Brouwers [3], during which it
was found that the amount of debris resulting from building houses in the Netherlands
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is 9% of the materials purchased. This percentage is considered a high percentage,
which economists consider to be a high percentage of losses and squandering, and these
materials need to be reused in order to benefit from them. The study, which dealt with
several models, concluded that between 1 and 10%of thematerials used are finishedwith
It leads to waste that cannot be used again, which causes environmental and economic
damage. According to several previous studies, the most important study is presented by
Sáez et al. [4], Europe produced quantities of industrial and construction waste estimated
at 890 million tons. In Asia, Seo and Hwang [5] reported that the volume of C and D
debris in Seoul, South Korea’s capital, was over 8.63 million tons in 1999 and would
continue to rise in the coming years. The following statistics demonstrate how serious
the construction industry’s environmental impact is: (1) Energy consumption of building
industry accounts for 25–40% of global usage of energy. (2)Waste from the construction
industry accounts for 20–40% of overall debris. (3) One-third of all noise comes from
building projects. (4) Cement industry is responsible for 7% of total CO2 emissions.
Research on recycling constructionmaterials, notablyWaste constructionmaterials such
as concrete which began early in affluent and developed countries such as the United
States, Japan, and several European countries. The recycling rate of waste concrete in
these countries currently exceeds 90%. Despite the massive amount of building waste
generated bywar actions in Iraq, this ratio remainsmodest. Usage of recycled aggregates
concrete (RAC) has become more common, especially in normal concrete and pre-
stressed concrete, but the effect of recycled aggregate on the general behavior of concrete
needs more and extensive studies, as its presence reduces workability, shrinkage and
creep. According to the obtained outcomes from the previous studies, its found that
comparing the results between recycled aggregate concrete and normal concrete, it was
found that the structural behavior of recycled aggregate concrete is weaker than that
of normal concrete because its mechanical properties are weaker. Recycled aggregate
concrete lacks some characteristics such as the high deformability of normal concrete,
in addition to its durability and ductility, which makes some designers retract the idea of
using recycled aggregate concrete in construction projects, especially those that require
high specifications and requirements. Recycling and re-use materials will provide great
advantages and benefits for the composite building in addition to its role in protecting
the environment in the disposal of debris. Waste concrete is mostly sourced from the
following sources, according to research conducted in various countries:

(1) The largest source of concrete waste was discovered to be buildings that had
reached the end of their useful lives and had been demolished. (2) Demolition waste
concrete produced as a result of eminent domain or municipal planning changes. This
form of waste concrete is becoming more prevalent as a result of fast economic growth
and urbanization. (3) The debris generated on the construction site during the building
of a new structure [6].

2 Materials and Methods

Due to the physical properties differences between coarse recycled aggregates (CRA)
and natural coarse aggregates, the quality, performance, and behavior of concrete will be
different as a result of the above difference. The most essential mechanical characteristic
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of RAC is compressive strength, which acts as a foundation for evaluating other mechan-
ical parameters. According to researchers Buck [7], Sri and Tam [8], and Gupta [9], it
found that recycled concrete is weaker than normal concrete in term of the compressive
strength but It is possible to increase the recycled concrete trength of to the same level as
that of conventional concrete through a treatment of concrete that improves the strength
of concrete to a higher level. According to Nixon [10], the compressive strength of RAC
has been reduced by 20% when the concrete was replaced by recycled concrete. Subse-
quently, similar effects were reported in the lab tests by Bcs[11], and the compressive
strength of RAC was found to decrease from the NAC by 14–32%. When Wesche and
Schulz [12] evaluated the test findings from Buck [7] and Frondistou-Yannas [13] at
an early stage, they determined that the compressive strength of RAC was around 10%
lower than NAC. Sri and Tam [8] concluded that when RAC was compared to NAC, the
compressive strength of RAC reduced by 8–24%. Gerardu and Hendriks [14] claimed
that RAC’s compressive strength is approximately 95% that of NAC. In according to
Hansen [15], the compressive strength of RAC is usually 5–24% lower than that of NAC.
While the conclusion of researchers Mandal and Gupta [16] was similar, they concluded
that the compressive strength of RAC at any curing time is approximately 15% lower
than the compressive strength of NAC.

But some researchers had an opinion and conclusion contrary to what the previous
researchers mentioned, where they discovered that recycled concrete had an 8.5% bet-
ter compressive strength than normal concrete as presented by Yoda et al. [17], while
Ridzuan et al. [18] added a conclusion that it is higher by about 2–20% than the compres-
sive strength of ordinary concrete Hansen and Narud [19] and Salem[20] have also con-
firmed this conclusion. When the water-cement ratio (w/c) is lower, Gupta test showed
that RAC’s compressive strength is lower than the NAC. As a result of the high absorp-
tion of water by the reused aggregate, this is due to the cement mortar sticking to the
surfaces of the recycled aggregate, and this would cause the concrete mixture to lose
water content, making it less resistant than enough to complete the reaction inside the
concrete [9]. Increase of w/c leads to larger RAC’s compressive strength, and RAC’s
compressive strength does not drop when the w/c ratio rises. When the w/c ratio is 0.6,
RAC has the highest compressive strength, and when the w/c ratio is 0.55, it has the
lowest compressive strength. The replacement Proportion of RCA, the proportion of
recycled fine aggregates (RFAs), the source of RCA, the w/c ratio, and other parameters
all influence the compressive strength of RAC, according to all of the current research.

Regarding the other mechanical properties, and according to Ahmad et al. [21], the
splitting tensile strength of RAC is nearly comparable to that of NAC, however, Ikeda
et al. [22] revealed that the tensile strength of RAC is 6% less than those of NAC.
RAC has a 10% lower splitting tensile strength than NAC, according to Hansen [19],
and Ravindrarajah et al. [23]. Salem [20] showed that the mathematical approaches
of the ACI code that used to obtain the mechanical properties such as the tensile and
compressive strength can be used to obtain the mechanical properties of the RAC. In
addition to the effect of water content on the compressive strength of recycled concrete,
the tensile strength of the concrete itself is also affected by the decrease in its water
content. Lower water content causes lower the tensile strength of the reused concrete,
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according to Gupta [9]. Moreover, it was revealed that the tensile strength increase
produced by RAC curing is the same as that produced by NAC curing.

In a test conducted by Ahmad et al. [21] and Ikeda et al. [22], the flexural strength
of RAC was shown to be substantially similar to that of NAC. Ravindrarajah et al. [23],
Mandal and Gupta [16] claim that the flexural strength of RAC is 10% lower than that of
NAC. RAC’s flexural strength, was 12.5–20% of its compressive strength, according to
Bcs [11], which is nearly the result of that NAC. Salem [20] showed that the relationship
between the tensile strength and the compressive strength of NAC,when applied to RAC,
is too conservative according to ACI standards. Gupta [9] had expressed his opinion
regarding the mechanical properties of recycled concrete, where he investigated the
effect of the water-cement ratio when he found that whenever water reduction occurs,
the flexural strength also decreased when compared to ordinary concrete. Concerning
the strength of concrete towards compressive strength and axial loads, the researchers
Ajdukiewicz and Kliszczewicz [24], Choi and Yun [25], and Hao et al. [26] studied the
effect of using recycled gravel concrete on the behavior of concrete columns.

In 2012, Choi and Yun [25] investigated the behavior of 40× 40× 200 cm columns
used the pre-saturation equivalent effective water approach. The ratio of recycled aggre-
gatewas (0%, 30%, 60%, and 100%)was utilized in the tested columns.Ajdukiewicz and
Kliszczewicz [24] investigated three distinct classes of concrete compressive strength
(25, 45, and 95MPa) with a size of 15× 15× 90 cm. Tomanufacture the test specimens,
they considered three main types of RCAs, namely: rounded river sand mainly of quartz,
crushed basalt, and crushed granite. In high-strength RAC mixes basalt (w/c = 0.216)
and medium-strength granite (w/c= 0.36), Ajdukiewicz and Kliszczewicz [24] used the
equivalent total water approach, while in the rest mixes they used the equivalent effective
water approach.

Hao et al. [26] used the equivalent effective water methodology with compensating
water and w/c = 0.315 to analyze a set of concentrically and eccentrically loading
columns with diameters of 15, 20, and 140 cm, with recycled aggregate proportion (r)
50 and 70%. Figures 1 and 2 illustrate the compressive behavior of RRAC columns at
both the material and structural levels from the experiments previously reported. In the
figure’s caption, the w/c employed in various experiments is indicated. For simplicity of
comparison, it is advisable to adopt the same terminology as presented by Ajdukiewicz
and Kliszczewicz [24]. The relationship between the compressive strength ratio of RAC
mixes at the material level and r is depicted in Fig. 1. The compressive strength ratio
compares the compressive strength of an analogous NAC to the compressive strength of
a RAC with a particular r value.

It is important to note that when producing recycled aggregate, it will be noticed that
there are quantities of cement mortar stuck to the aggregate, which makes its ability to
absorbwater higher than natural concrete. It was found that keeping thewater percentage
less than 0.36, increasing the proportion of recycled aggregate becomes more effective
in increasing the concrete’s resistance, but the excessive increase in water at a rate
higher than 0.36 will reduce the concrete’s resistance. RAC mixes developed with the
equivalent total water method have compressive strength ratios greater than 1. Because
of the significant water absorption of these RACmixes, the effective w/c ratio decreases,
resulting in an increase in compressive power [27]. The ultimate axial load capacity ratio
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Fig. 1 RCA content influence on the compressive strength of recycled concrete

compares the ultimate axial load capacities of an RRAC column with a given r value to
those of an identical RNAC column. Figure 2 shows that increasing r decreases the axial
load capacity of RRAC columns. In some cases, the ultimate axial load power ratio of
RRAC columns is significantly higher than unity. The compressive strength of columns
ƒc,r/ƒc,r=0, ranges from 0.78 to 1.13 (Fig. 1), while their ultimate axial load capacity,
Pu,r /Pu,r=0, ranges from 0.85 to 1.01. (Fig. 2).

The influence of stirrups beside the longitudinal reinforcement is significant on
the behavior of the RRAC and RANC. According to Choi and Yun [25], the value
of the Poisson ratio for the recycled aggregate concrete is 0.2 which is independent
of the recycled aggregate proportion. Regarding the failure mode, Ajdukiewicz and
Kliszczewicz [24], Choi and Yun [25]; Hao et al. [26] proved that tested column under
axial concentric load revealed the same behavior regardless of the percentage of recycled
aggregates.

Despite the importance of studies on the recycling and reusing of aggregates due
to their economic and environmental benefits, there are a few studies that investigated
the compressive strength of concrete columns with recycled aggregates. One of the
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Fig. 2 RCA content influence on the axial load capacity of recycled concrete

important studies that dealt with the study of concrete columns with recycled aggregate
exposed to eccentric loads with e equal to 0, 6, 9.4, and 1.4 cm with using of recycled
aggregates ratios of (0, 50, and 70%). The effect of the used variables is illustrated in
Fig. 3. In general, as e increases, the axial load capacity decreases [26].

Fig. 3 The influence of the eccentricity’s ratio on RRAC axially loaded columns [26]

3 Results and Discussions

Regardless of the eccentricity of the load, RRACandRNACcolumns have the same axial
ultimate strength capacity. The presence of eccentricity in the loading of columns greatly
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affects the failure pattern of concrete columns, as the greater the eccentricity distance
(140 mm), the failure will occur with more brittleness, as crushing of concrete occurs
with the reach of the rebar to the yield stress, while it was not observed that the steel
reached the yield stress by reducing the eccentricity to 60–94 mm. Concerning the effect
of the proportion of recycled aggregates, it directly affects the strength of the column
against the axial loads, which increase the recycled aggregate caused a decrease in the
strength capacity of the column as shown in Fig. 2.Khelil A et al. [28] presented a study to
investigate the effect of the proportion of recycled aggregates on the behavior of concrete
columns with the manufacture of a reference column in which natural aggregates were
used, as shown in Table 1.

Table 1 Load–displacement details

Columns Formulations 0R-0R 30R-30R 0R-100R 100R-100R

Experimental Ultimate load (kN) 502.0 500.0 475.0 431.0

Maximum
displacement (mm)

2.620 4.480 2.960 4.850

Numerical
eccentricity

Ultimate load (kN) 535.0 522.0 522.0 535.0

Maximum
displacement (mm)

3.10 3.20 3.20 3.0

Numerical adapted
eccentricity

Ultimate load (kN) 535.0 524.0 524.0 417.0

Maximum
displacement (mm)

3.10 3.20 3.20 5.0

An eccentric compression loading mechanism was developed for the testing of the
columns and for determining the effects of proportions of recycled fine and coarse aggre-
gations on the compression behavior. The analysis showed good findings were achieved
for low-recycled concretes; however, the behavior law appeared to be flawed for more
extensively recycled concretes. Regardless of the recycled material ratios, the damage
mechanism of the several studied columns was the same experimentally and numeri-
cally. According to the results of the last-mentioned study, under concentric and eccentric
loads, RRAC columns respond similarly to RNAC columns in terms of crack develop-
ment and failure pattern. As r rises, themaximum axial load capacity diminishes slightly.
RRAC columns have a higher concrete strain than RNAC columns, indicating that RACs
have a lower stiffness. In terms of eccentric loading, RRAC columns perform similarly to
RNAC columns. The increase in e leads to a decrease in the maximum axial load capac-
ity. Due to the lack of suggested methods that can be used to determine the ultimate
load capacity of RRAC columns taking into account the variation of recycled aggregate
concete structural properties, specially the modulus of elasticity, it can be suggest to
use the methodology proposed by the authers in recently published article [29]. The
proposed new approach to improving the methodology for calculating the ultimate load
of eccentrically compressed reinforced concrete elements with different eccentricities
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loading cases. The developed technique is based on a modified deformation model ver-
sion for the resistance internal forces of reinforced concrete. Main feature of this model
is the energy approach to transforming reference diagrams of concrete in compression
and tension of into non-uniform deformation diagrams, identical to the stress–strain state
of concrete compressed and stretched zones in the cross section of reinforced concrete
structures subjected to eccentrical compression. Thus, by this method, no falling branch
in the obtained concrete diagrams. For steel reinforcement deformation diagram with a
physical yield point a calculation partial function was taken consisting of one linear and
two non-linear equations. Based on the suggested methodology the authors developed
design software named KOLON_1 for the personal computer registered by Russian Fed-
eral Service For Intellectual Property with a registeration number (2,020,616,266). The
advantage of the developed software that the more easier strict use the ectual testing
properties of the RCA concrete which may be different for each concrete mix used to
manufacture RRAC columns. The program is designed to calculate the strength and
crack resistance of eccentrically compressed hinged reinforced concrete elements of
rectangular cross-section at small [30] and large [29] eccentricities of application of the
longitudinal force, considering the bending of the center line. It can be seen from the
results as shown in Table 2 that calculated bearing capacity using program KOLON_1
is more accurate with comparsion to the experimental and calculation results given by
study [26], this accuracy is recommended with the use of RCA concrete due to the
variation of recycled concrete aggregate properties.

Table 2 Bearing capacity comparsion of eccentrically compressed RRAC columns

Member Experimental bearing
capacity from study [26]
[kN]

Calculated bearing
capacity from study [26]
[kN]

Calculated bearing
capacity using program
KOLON_1 [kN]

PZ-0-1 740 667.4 638.3

PZ-5-1 785 702.8 676.8

PZ-7-1 725 671.3 642.4

PZ-0-2 510 489.2 473.8

PZ-5-2 605 510.9 499.1

PZ-7-2 505 491.6 467.3

PZ-0-3 340 339.3 317.9

PZ-5-3 327 345.8 324.4

PZ-7-3 320 340.1 318.6

Similar comparsion results obtained from the analysis of other studies data using the
developed software.
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4 Conclusions

One of the most important conclusions obtained from previous studies is the value of
compressive strength. It was found that when the same percentage ofwater ismaintained,
the compressive strength of both types of concrete (normal and recycled aggregates
concrete) is approximately equal and without a noticeable difference. In addition, the
percentage of water content in concrete with recycled aggregates must be taken into
account, as it is preferable that the water content must be enough in purpose of the
saturation of aggregates well to provide a high resistance close to the resistance of
natural concrete. And the RAC compressive strength increase is nearly identical to that
of theNACover time. Factors such as the proportion of recycled aggregate,w/c, andRCA
source have been shown to have a significant impact on RAC strength. RRAC columns’
compressive behavior can be studied at thematerial level using standard specimens (such
as prisms or cylinders) or at the structural level using full-scale columns. For reinforced
RAC members, serviceability and limit state design criteria have yet to be defined. The
creation of such guidelines is essential for their implementation. Further experimental
investigation will be done by the authers to improve and proof the use the developed
software for structural analysis.
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Abstract. The paper presents data on the hydrophobization of the surface of pow-
dered particles of zirconium hydride ZrH2 with polyethylhydrosiloxane. The sur-
face morphology of ZrH2 particles was studied by scanning electron microscopy.
The particle sizes range from 1 to 5 µm; there are nanoparticles up to 100 nm in
size. The association of zirconium hydride particles into agglomerates is observed.
Data on the granulometric composition of the ZrH2 powder are presented. Accord-
ing to the granulometric analysis, the transverse particle size of zirconium hydride
does not exceed 31 µm, while most of the powder (80%) has a size not exceeding
10 µm. The specific surface of the particles is 25592 cm2/cm3, the modal particle
diameter is 7.69 µm. Schemes are presented for modifying the surface of ZrH2
particles with ethylhydrosiloxane in a solution of a nonpolar solvent. The creation
of a polyethylhydrosiloxane shell led to a significant increase in the wetting angle
of the zirconium hydride surface from 71.5 ± 1.3° to 136.2 ± 1.6°. It was estab-
lished that themodification of zirconium hydride led to a change in the hydrophilic
surface to a hydrophobic.

Keywords: Zirconium hydride · Hydrophobization · Adsorption isotherm ·
Wetting angle · Neutron radiation · Composite material

1 Introduction

When creating composite materials, special attention is paid to the compatibility of the
matrix and filler. When using highly dispersed fillers, a strong aggregation of particles
occurs, which leads to a significant decrease in the physical properties of materials [1,
2]. To exclude the aggregation of highly dispersed and nanoparticles in the synthesis of
compositematerials, various technologicalmethods are used [3, 4]. One of the promising
methods for introducing a filler powder into a polymer matrix is ultrasonic cavitation [5,
6]. The use of ultrasonic cavitation makes it possible to carry out the physicochemical
modification of the components of polymer composites, which improves the techni-
cal and operational properties of materials [7]. Despite the improved performance of
composites obtained using ultrasonic cavitation, this method can not be applied to all
polymers. Polymers such as fluoroplastic, polyimide, etc. are practically insoluble and
therefore it is impossible to use the ultrasonic dispersion method for them. To create
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composite products from sparingly soluble polymers, mixing of polymer and filler pow-
ders in dry form is most often used [8]. In [9], a new melt mixing method under a
high-pressure fluid situation was presented for the synthesis of polymer composites.

For uniform distribution of filler particles in the polymer, it is also possible to use
preliminary modification of the filler surface [10–12]. The purpose of the modification
is to transform the hydrophilic surface of the filler particles into a hydrophobic one.
An analysis of studies on the modification of the surface of highly dispersed powder
components shows that the use of particles with a hydrophobic surface makes it possible
to introduce up to 60 wt% filler into a nonpolar polymer matrix [13–15]. For surface
hydrophobization, it is possible to use organosilicon oligomers, which form a siloxane
shell on powder particles during polycondensation [16–18].

This paper presents data on surface modification of zirconium hydride. Zirconium
hydride is a promising material for protection against neutron radiation [19, 20]. The
development of polymer composite materials with zirconium hydride as a filler will
make it possible to create effective protective materials. Such materials can be used
both for biological protection at nuclear power plants and for protecting astronauts from
secondary neutron radiation in the living compartments of the spacecraft.

2 Methods and Materials

Zirconium hydride ZrH2 powder (Hebei Suoyi New Material Technology Co., Ltd,
China)was used for the study. The chemical elemental composition of zirconiumhydride
is presented in Table 1.

Table 1 Chemical elemental composition of zirconium hydride

Chemical composition Test results (%)

Fe 0.12

Si 0.023

Al 0.025

Ni 0.0071

Cu 0.014

Mg 0.012

Ca 0.014

Cr 0.0077

The powder was modified by creating a polyethylhydrosiloxane shell on the sur-
face of zirconium hydride particles. The modification was carried out by dissolving the
polyethylhydrosiloxane in a non-polar solvent. Then, powdered zirconium hydride was
added to the resulting solution, and the suspension was shaken for 60 min. at a tem-
perature of 25 °C and the precipitate was separated. The equilibrium concentration was



SurfaceModification of ZrH2 with an Organosilicon Oligomer 85

determined from the calibration curve. Optical density was measured using a SmartSpec
Plus spectrophotometer (Bio-Rad Laboratories, Inc., USA).

To study the surface morphology of zirconium hydride particles, aMIRA3 TESCAN
scanning electron microscope (Tescan, Czech Republic) was used.

Granulometric analysis of zirconium hydride powder was studied using anAnalysete
22 Nano Tec Plus diffraction analyzer (Fritsch GmbH, Germany).

The contact angle was determined by the sessile drop method using a Krüss DSA30
instrument (KrüssGmbH, Germany).

3 Results and Discussion

Figure 1 shows the SEM-image of the initial particles of zirconium hydride.

Fig. 1 SEM-image of zirconium hydride particles

According to the SEM data (Fig. 1), it can be seen that most of the particles have an
irregular shape. Sometimes there are elongated particles. The dimensions of the largest
side of the particles range from 1 to 5µm. In addition, there are nanoparticles with a size
of up to 100 nm. The association of zirconium hydride particles into agglomerates is
observed. Figure 2 presents data on the granulometric composition of zirconium hydride
powder. The measurements were carried out in distilled water using ultrasonic treatment
and Dusazin 901 dispersant.

According to the granulometric composition, the transverse particle size of zirconium
hydride does not exceed 31µm,whilemost of the powder (80%) has a size not exceeding
10 µm. The specific surface of the particles is 25,592 cm2/cm3, the modal particle
diameter is 7.69 µm.

Tomodify the surface of zirconium hydride, a polyethylsiloxane liquid dissolved in a
nonpolar solvent was used. Hexane was used as a nonpolar solvent. It is known that when
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Fig. 2 Granulometric composition of zirconium hydride

hydroxides of materials are treated with ethylhydrosiloxane, the formation of a water-
repellent hydrophobic surface film can occur as a result of the interaction of the Si–H
bond of the hydrophobizator with the (–OH) group in the hydroxide [21]. Therefore, to
create groups (–OH) on the surface of zirconium hydride, the powder was treated in a
boiling water layer. Processing in a fluidized bed leads to forced hydroxylation of the
surface according to Scheme (1):

+ZrH2 H2O
OH

OH
ZrH2

(1)

A significant role in the formation of a hydrophobic surface during the treatment of
materials with ethylhydrosiloxane is played by the ability of the Si–H bond to hydrolyze
and transform into the Si–OHbond in the presence of a catalyst. In thework,metal oxides
were used as a catalyst. Then the hydrolysis of ethylhydrosiloxane occurs according to
Scheme (2).

Si

O

Si– О

– О

C2H5

C2H5Si
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ОH
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+ H2+ H2О
(2)

It can be assumed that the adsorption of oligoethylhydrosiloxane on the surface of
zirconium hydride occurs due to the presence of (–OH) groups on its surface, obtained
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by treating the powder in a fluidized bed and interacting with the Si–OH bonds of the
oligomer. The proposed interaction scheme is shown in Scheme (3):

– H2О
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– О
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OH Si
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To confirm the hydrophobization of the surface of zirconium hydride, studies were
carried out to measure the wetting angle before and after modification. Figure 3 shows
photographs of a water drop on unmodified zirconium hydride particles (Fig. 3a) and on
modified particles (Fig. 3b). It can be noted that the creation of a polyethylhydrosiloxane
shell led to a significant increase in the wetting angle of the zirconium hydride surface
from 71.5 ± 1.3° to 136.2 ± 1.6°. Thus, the modification of zirconium hydride led to a
change in the hydrophilic surface to a hydrophobic one.

Fig. 3 Photographs of a water drop on unmodified (a) and modified particles (b) of zirconium
hydride

To determine the optimal concentration of ethylhydrosiloxane in the solvent, studies
were carried out to determine the adsorption of the modifier on the surface of zirconium
hydride particles. It was found that at an equilibrium concentration of the oligomer up to
2.5 wt% adsorption values increase, and at concentrations of more than 2.5 wt% value
is constant and amounts to 8.9 mg/g.

4 Conclusion

The possibility of modifying zirconium hydride powder with an organosilicon oligomer
has been established. Themodification leads to a significant increase in the wetting angle
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of zirconium hydride (from 71.5± 1.3° to 136.2± 1.6°) and transforms its surface from
hydrophilic to hydrophobic.

The developed method of surface modification can be used for the synthesis of
composite materials. The use of a hydrophobic zirconium hydride filler will allow it to
be evenly distributed in a nonpolar polymer matrix. Polymer composites with modified
zirconium hydride can be used for protection against neutron radiation both at nuclear
power plants and for protection against neutrons in space.

Further research should be directed to the development of compositions and
technology for the synthesis of composite materials with modified zirconium hydride.
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Abstract. Copper coating on the surface of titanium hydride shot was success-
fully obtained by quadrupole magnetron sputtering. The quadrupole magnetron
system includes 4 rectangular magnetrons with an unbalanced closed magnetic
system and a pulsed power supply. During the coating process, this system pro-
vides a significantly higher plasma homogeneity along the entire trajectory of the
substrate products and the production of high-quality coatings with good adhe-
sion. The microstructure of the copper coating was analyzed by scanning electron
microscopy (SEM) and X-ray diffraction (XRD). It has been established that the
thickness of the deposited coating is almost the same distributed over the entire
surface of the shot and is ~986 nm. The interface between the deposited copper
coating and titanium hydride shot can be traced over the entire survey area. The
XRD results show that the copper coating deposited on the titanium hydride shot
has a polycrystalline structure with a face-centered cubic lattice. The root mean
square (RMS) surface roughness of the copper coating was ~3.67 nm.

Keywords: Surface microstructure · Titanium hydride · Copper coating ·
Magnetron sputtering

1 Introduction

Coating methods using plasma sources have attracted a lot of attention in many areas of
industry. Magnetron sputtering is the main technology used for the deposition of various
types of coatings, both high-quality metallic and multi-phase nanocomposite [1–4]. This
method allows application at low temperatures, and also guarantees the reproducibility
of coating properties, uniformity of their thickness and adhesion to various substrates
[5–7].

Many types ofmagnetron systems have been developed in recent years. Each of these
magnetrons has its own specific advantages and applications. The quadruple magnetron
system is a well established coating process. The quadruple magnetron system includes
4 rectangular magnetron-cathodes with an unbalanced magnetic system (magnetic lines
of force bypass the counter electrodes to a large extent) and with a pulsed power sup-
ply (meander). This ensures significantly higher plasma uniformity during the coating
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process along the entire trajectory of the substrate products and virtually eliminates the
presence of shadow zones with a low degree of ionization and a low flux density of metal
atoms. In addition, due to a certain magnetic configuration and a special mode of syn-
chronization of the magnetrons, the quadruple system generates pulsating magnetized
plasma with a higher degree of ionization. An increased degree of ionization favors the
implementation of phase nanosegregation in the synthesis of coatings. All this leads to
the production of nanostructured coatings with unique properties and characteristics. [8,
9].

The paper presents the results of modifying the surface of titanium hydride shot by
the method of quadrupole magnetron sputtering.

2 Methods and Materials

Titanium hydride shot with a diameter of 0.2–2.5 mm developed by OAO VHTRII
(Moscow, Russia) was used as the material under study. In this work, titanium hydride
shots were modified by depositing metallic copper (Cu) on the surface. The Cu coating
was deposited in a QUADRA 500 TM vacuum unit (ElanPraktik, Dzerzhinsk, Russia)
equipped with an unbalanced quadruple magnetron sputtering system. The installation
diagram is shown in Fig. 1. A planetarymechanism is located in the center of the vacuum
chamber, and four magnetron plasma sources are installed along its perimeter.

Fig. 1 Scheme of the formation of magnetron coatings on a titanium hydride shot

Before coating, the titanium hydride shot was carefully cleaned of contamination
with acetone in ultrasound, thenwashedwith deionizedwater anddriedwith drynitrogen.

The formation of a uniform coating on titanium hydride shots used the technical
solution published in the article [10]. A bowl with titanium hydride shot was installed
in the vacuum chamber on the planetary mechanism at an angle of 45° from the normal
position. The chamber with samples was evacuated to a pressure of 9 × 10–3 Pa. After
that, using an automatic gas purge device, the working gas argon was supplied to the
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chamber up to a pressure of 6 × 10−2 Pa. The bowl was turned on and ion purification
was performed for 10min at a voltage of 1800 V and a current of 110mA.Microcontam-
inants were removed from the surface of the titanium hydride shot, which prevented the
formation of strong bonds between surface atoms and deposited coating atoms. Vacuum
pre-treatment significantly improves the adhesion of the coating to the surface of the
titanium hydride shot. After the end of the ion purification process, the copper coating
was deposited. The distance from the bowl with titanium hydride shot to the magnetron
was 70 mm and the deposition time was 30 min. In Table 1 shows the conditions for the
deposition of a copper coating.

Table 1 Copper deposition process conditions

Parameter Description

Targets Cu (purity 99.999%, 372 × 74 × 6 mm), 4 pcs.
installed vertically

Working gas Ar (o.q. 99.999%)

The flow of argon in the chamber, SCCM 90

Working pressure, Pa 0.22

Discharge current of the magnetron, A 5

Voltage, V 510–514

Frequency, kHz 218

Rotation of the carousel with samples, rpm 18

The study of the morphology of the original and modified titanium hydride shots
was carried out by high-resolution scanning electron microscopy (SEM) on a TESCAN
MIRA 3 LMU. SEM images were taken at an accelerating voltage of 5 kV. The phase
analysis was assessed using X-ray diffraction on an ARL X’TRA diffractometer (Ther-
moTechno) with Cu-Kα radiation (λ = 0.1541744 nm). θ − 2θ scans were obtained
in the range of 30–80° in increments of 0.05°. Phase identification and peak indexing
were performed using the JCPDF database. The microrelief of the surface of the copper
coating was studied using an NT MDT NanoEducator scanning probe microscope.

3 Results and Discussion

The surface of the titanium hydride shot was examined by scanning electron microscopy
to determine the surface morphology. On Fig. 2 shows SEM micrographs of the initial
titanium hydride shot at different magnifications. From these micrographs it can be seen
that the shot has small irregularities, mainly small depressions and cracks. The presence
of short cracks on the surface is explained by the presence of stresses caused by the
difference in the specific volumes of titanium and hydrogen [11–13].

On Fig. 3 shows the microstructure of the surface of copper-coated shot at different
magnifications. The copper coating completely covers the surface of the shot, which
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Fig. 2 Micrographs of the surface of titanium hydride shot

indicates a uniform distribution of the coating over the surface. The coating has a poly-
crystalline structure with a grain size of 25 to 50 nm. In some areas of the coating
(Fig. 3c), small longitudinal cracks are observed along the grain boundaries. Appar-
ently, there was a partial “healing” of cracks due to the penetration of copper into them
and further growth of the coating. In addition, the copper coating has an uneven surface
and a large number of pores. The roughness of the coating surface is associated with the
surface relief of the titanium hydride shot. The formation of pores in the copper coating
is associated with a high deposition rate and a very low diffusion energy of adatoms on
the surface, i.e. copper atoms tend to pin at the lowest surface energy. As a result of
weak coalescence, pores are formed in the coating.

The radiograph and topology of the copper coating surface are shown in Fig. 4. The
X-ray pattern shows (Fig. 4a) diffraction lines at 2θ angles of 43.36°, 50.42° and 74.14°
corresponding to the (111), (200) and (220) crystal orientations, with (111) being the
preferred orientation. For this structure, the (111) plane is the most stable, since it has the
lowest surface energy [14]. The copper coating consists of a face-centered cubic lattice
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Fig. 3 Surface micrographs of copper-coated titanium hydride shot

(fcc) with space group Fm-3 m (Cu) [JCPDS 4–836]. The root mean square (RMS)
surface roughness of the copper coating was ~3.67 nm (Fig. 4b).

Fig. 4 X-ray pattern (a) and surface topology (b) of a copper coating on titanium hydride shots
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Figure 5 shows the chipping of a titanium hydride fractionwith a copper coating. The
thickness of the copper coating is almost the same along the entire length of the shot sur-
face and is ~986 nm. The interface between the copper coating and the titanium hydride
fraction can be traced throughout the survey area. The coating has a homogeneous
structure, fits snugly to the surface of the fraction.

Fig. 5 Fracture morphology of titanium hydride shot with a copper coating

4 Conclusion

In this work, a new approach to the deposition of a copper coating on the surface of
a titanium hydride shot by the method of quadruple magnetron sputtering was tested.
It has been established that the applied copper coating is evenly distributed over the
surface of the shot. The coating thickness is almost the same over the entire surface of
the shot and is ~986 nm. The uniformity of the distribution of the coating is associated
with the correct mixing and high uniformity of the plasma along the entire trajectory
of the titanium hydride shot during sputtering. According to X-ray diffraction data, the
coatings have a polycrystalline structure with a face-centered cubic lattice. The RMS
surface roughness of the copper coating was ~3.67 nm.
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Abstract. The accumulation of residual stresses during the manufacturing pro-
cess of a product can affect its performance in the future. Under the action of an
inhomogeneous temperature field, polymeric materials can acquire indirect inho-
mogeneity, which is a change in physical and mechanical parameters (elastic and
rheological),which are a strong function of temperature. The article provides infor-
mation about definition of the stress–strain state of a polymer cylinder removed
from an extruder. The heat exchange with the environment is taken into account,
the temperature field is determined, and the change in stresses in the polymer body
is studied, taking into account the development of creep deformations. It is shown
that as a result of the development of stresses only from the inhomogeneity of the
material caused by an uneven temperature field, the values of residual stresses in
the body are very small and can be neglected.

Keywords: Residual stresses · Indirect inhomogeneity · Polymer creep ·
Temperature inhomogeneity

1 Introduction

One of the main tasks in mechanics is the problem of determining the residual stresses
that arise in themanufactured polymer product during its cooling. Similar problems have
already been considered in the works [1–3], however, in them, the boundary conditions
were set as a certain function, without taking into account the heat exchange with the
environment. In the process of solving the problem, it becomes necessary to take into
account many individual processes: determination of the temperature field; determina-
tion of indirect inhomogeneity caused by uneven distribution of the temperature field
and, accordingly, different distribution of physical and mechanical parameters of the
product at each moment of time in its thickness; determination of the stress–strain state
at eachmoment of time; determination of rheological processes occurring in the product.

A special limitation is imposed by the fact that stresses and deformations can be
reversible in time, which does not allow taking into account such common complexes
as ANSYS, Abaqus, SolidWorks and others.
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Works [4, 5] are devoted to the calculation of polymer cylindrical bodies, taking into
account the pressure on the internal and external surfaces. The work [6] considers the
study of a polymer cylinder during its rotation.

In [7], a multilayer polymer pipe is studied under the action of internal pressure.
In Russia, academician Andreev [8–11] studied the study of the heterogeneity of

polymer cylinders, which occurs due to the gradient of the temperature field along the
polymer body. The work [12] shows how the induced inhomogeneity can be used to
control the stress–strain state of the body.

An attempt to determine the change in the stress–strain state is shown in [13]. The
authors consider a rotating body subjected to an alternating temperature field and inertial
forces. At the second stage, the rotation of the body stops and the body cools down.
Thus, the development of reversible deformations is observed, which, without special
techniques, cannot be studied in the widespread FEM complexes listed earlier. Most
of the earlier works considered models of a polymer body either under conditions of a
plane stress state or under conditions of a plane deformed state.

The study of the stress–strain state of a polymer cylinder removed from an extruder
requires the creation of a higher-dimensional model: a two-dimensional axisymmetric
problem.

2 Methods and Materials

Themain purpose of this article is a comprehensive study of residual stresses in a polymer
cylindrical body removed from an extruder over time. In this case, uneven cooling of the
cylinder along its length and thickness leads to material inhomogeneity, expressed in the
variation of its physical and mechanical parameters. In general, the general deformation
of the material consists of several components: elastic, temperature and creep:

ε = εel + εT + εcr; (1)

where ε is the total strain; εel is the elastic deformation; εT is the temperature component
of deformation; εcr is the creep strain.

The process of extracting a polymer cylinder from a dryer is considered. Thematerial
of the product is EDT-10 thermal curing epoxy resin; the thermal and physical–mechan-
ical parameters of the material are given below. The calculationmodel is shown in Fig. 1.
Three stages are considered:

1. The initial moment of time (Fig. 1a). The sample is in the extruder and it is assumed
that its entire temperature is equal to the temperature of the extruder itself.

2. Extracting of the cylinder (Figs. 1b and 2). The sample is partially withdrawn from
the cylinder, on the lower face and the outer face, which is located in the extruder, the
temperature is equal to the temperature of the extruder. On the inner face, the heat
exchange in the air layer is considered, the temperature of which is also assumed to
be equal to the temperature of the extruder. On the upper face and the outer face that
came out of the extruder, heat exchange with the external environment is considered.

3. Cooling (Fig. 1c). The sample was removed from the extruder during t = 1.2 h; heat
exchange with air is considered on all four faces.
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(a) (b) (c)

Fig. 1 Calculation model of polymer cylinder drawing (green color) from the extruder (gray
color): a is the initial moment of time; b is the time point within the cylinder drawing time; c the
hood is completed, full contact with the environment

Fig. 2 The visual diagram of the calculation model, which shown in Fig. 1b

The temperature of the extruder and the temperature of the air inside the extruder
is 100 °C. This is because the curing process of epoxy resin should be carried out at
temperatures of 100–130 °C, however, since mechanical calculation is carried out, the
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temperature should not exceed the glass transition temperature of EDT-10, equal to about
102 °C. The temperature of the external air is 20 °C.

The dimensions of the polymer cylinder are Ra = 0.008 m; Rb = 0.028 m; h =
0.5 m. There are no mechanical loads at all ends.

The full settlement period was 3.6 h. The total number of time intervals was ht =
100 pcs; the number of rectangular finite elements approximating the polymer cylinder
was the same in the vertical and radial directions and amounted to hr = hz = 51 pcs.

The calculations performed taking into account the dependence of all physical and
mechanical parameters of the cylinder material on temperature in a non-linearized
formulation.

The problem was solved using the finite element method. A rectangular area was
considered, the diagonal corners of which had the coordinates [Zi, Ri] and [Zk , Rk].

The determination of the variable temperature field in time was carried out by
minimizing the temperature field functional [14]:

Im(T ) =
∫
V

[
λ(gradT )2 + ρc

ht
T 2

]
dV +

∫
�3

αT 2d� − 2
∫

�3
αT0T d� − 2

∫
V
fT dV ,

(2)

where T is the product temperature; λ is the thermal conductivity coefficient; c is the
isobaric heat capacity; ρ is the density of the material; �3 is the boundary of the region.

Minimization of expression (2) and further solution led to the system of equations
of the finite element method [

K (T )
]

·
{
T (T )

}
=

{
f (T )

}
.

The coefficients of the resulting system of equations are not given in detail in this
article.

To determine the stress–strain state, a system of equations of the finite element
method was obtained, which has the form:

[K] · {U } = {F},
where [K] is the global stiffness matrix; {U} is the global load vector.

[K] =
E∑

e=1

∫ Zk

Zi

∫ Rk

Ri
r[B]T [D][B] dr dz;

[F] =
E∑

e=1

∫ Zk

Zi

∫ Rk

Ri
r[B]T [D]{εT } dr dz +

E∑
e=1

∫ Zk

Zi

∫ Rk

Ri
r[B]T [D]{εcr} dr dz.

The coefficients of the resulting system of equations are also not given in detail in
this article.

Creep deformations are described using the nonlinear Maxwell-Gurevich constraint
equation:

∂εcr,ij

∂t
= f ∗

ij

η∗ , (3)
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where ∂εcr,ij/∂t is the creep strain rate along the directions of the ij axes; f ∗
ij is the stress

function; η* is the coefficient of relaxation viscosity.

f ∗
ij = σij − E∞εcr,ij; 1

η∗ = 1

η∗
0
exp

{∣∣f ∗
rr

∣∣
max

m∗

}
, (4)

where E∞ is the modulus of high elasticity of the polymer; η∗
0 is the coefficient of initial

relaxation viscosity; m* is the speed modulus.
The methods for determining the elastic and rheological parameters of polymers are

detailed in [15–17].
Thus, the coefficient of relaxation viscosity η∗ directly depends on the maximum

value of the stress function f ∗
rr for the principal directions.

Physical and mechanical (rheological and thermophysical) characteristics used are
as follows: λ = 0.17 W/(m × deg); ρ = 1250 kg/m3; c = 0.35 J/(kg × deg); ν = 0.3; E
= – 17.5 T + 3525 MPa; E∞ = – 30 T + 3150 MPa; m* = – 0.011 T + 4.75 MPa; η*

= η∗
0 exp(–0.0275 T) MPa × h.

3 Results and Discussion

The calculation was implemented in the MATLAB environment. The calculation results
are shown in Figs. 3, 4, 5 and 6.

Fig. 3 The temperature field for the moment when the cylinder is completely removed from the
extruder, t = 1.2 h

Figure 3 shows the temperature field for the moment when the cylinder is completely
removed from the extruder, t = 1.2 h. As a result of the existing temperature field
gradient, the material of the polymer cylinder acquires a pronounced induced indirect
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(a) (b)

(c) (d) 

Fig. 4 Changing in the physical and mechanical parameters of the material depending on the
temperature field at the moment of complete extraction of the polymer cylinder from the extruder,
t = 1.2 h

(a) (b)

(c) (d) 

Fig. 5 Distributing of the axial and shear stresses in the polymer cylinder at the moment of its
complete extraction from the extruder, t = 1.2 h

inhomogeneity in the form of a difference in physical andmechanical parameters (elastic
and highly elastic) in the thickness of the body (Fig. 4).
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(a) (b)

(c) (d) 

Fig. 6 Changing in the maximum and minimum stresses in the thickness of the polymer cylinder
at the moment of removing the body from the extruder, t = 1.2 h

In the process of extracting material from the extruder, stresses arise in the body due
to the occurrence of induced inhomogeneity of the material (Fig. 5). An analysis of the
stress fields shows that they have a somewhat different nature of their distribution in the
thickness of the body, but the same order of magnitude. For the convenience of analyzing
the change in values over time, at each calculation step, the maximum and minimum
values of stresses in the body were determined, after which graphs of their change were
plotted, which are shown in Figs. 6. The maximum tensile and maximum compressive
axial stresses over the entire calculation period have a level of about 4 MPa.

An analysis of the data obtained shows that a stress state of a sufficiently high
level may occur in the body, which can adversely affect the subsequent processing of the
productwithout the possibility of cooling and holding it under normal conditions. During
cooling of the body and its settling under normal conditions, due to the development
of highly elastic deformations in the polymer several hours after the cylinder is drawn
from the extruder, the stresses take on a value that can be neglected in the subsequent
operation of the sample.

4 Conclusion

The task of determining the residual stresses in the body remains very relevant, since
there can be an infinite number of different combinations of loadings: temperature and
force.

It is interesting to study a different class of materials that can be used in construction,
taking into account changes in their properties [18–21].

In the future, it is possible to study the stress–strain state of such products, but at
different times of their extraction from the extruder, as well as when considering linear
and nonlinear creep laws.
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Abstract. Thework is focused on assessing the effect of compatibility of polymer
and various plasticizers on the properties and stability over time of the final prod-
uct—polymer modified bitumen (PMB). To obtain the regularities of the influence
of plasticizers on the stability of PMB at the initial stage of the research, the basic
set of characteristics of the initial materials (bitumen and plasticizer) was deter-
mined. Control of structure formation of investigated binders was carried out by
varying the concentration of plasticizer, which was used as: fuel oil M 200, oil
I-50, “Uniplast”, the extract of selective oil purification (SPE), “Katgol”. For plas-
ticizing additives such characteristics as: sample mass loss (volatility) in the range
of technological temperatures of PMB preparation, aniline point indicator were
investigated, as well as the group composition of plasticizing components was
evaluated. In the course of the experiment the dynamics of changes of indicators
of standard properties of modified binders was revealed, as well as their thermal
stability (tendency to delamination and loss of weight during thermotreatment)
due to the composition of plasticizer and its compatibility with the polymer used.
It is suggested to investigate compatibility of components: plasticizer and poly-
mer, at the preparatory stage, before preparation of laboratory PMB compositions.
Recommendations on the use of plasticizers for obtaining effective compositions
of polymer-bitumen binders have been developed. The contribution of polymer-
plasticizer system compatibility on PMB resistance to destructive stratification and
aging processes was studied. The importance of the raised topics for the industry is
caused by the lack of a unified regulatory framework governing the requirements
for plasticizers to modify bituminous binders, including the preparation of PMB.
The conducted studies show that the compatibility of polymer and plasticizer has
a key impact on the quality indicators of modified bituminous binders, but this
aspect for the systems under consideration at the present time is not properly
studied.
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1 Introduction

Active development of the road industry, causes high requirements to the quality of raw
components that ensure the durability of asphalt concrete in the road pavement. One of
the main directions of scientific search in the road construction industry was the study
of the effect of various polymeric and plasticizing additives on organic binders [1–5]
in order to increase the operating properties of asphalt concrete by strengthening its
structure.

The analysis of scientific and technical literature shows that bitumen modification
can be carried out by one or several additives [3]. However, when they are introduced
together, it is necessary to take into account their compatibility not only with bitumen,
but also with each other. Otherwise, it may lead to their antagonistic influence and
bitumenmodificationwill not be effective [1]. Thus, the search for effective additives, the
development of optimal formulations of additive complexes for bitumenmodification, as
well as the analysis of the effectiveness and feasibility of their combined use, started in
the last century, remain relevant today. To impart the ability of polymermodified bitumen
in real life operation of road pavement to withstand the tensile loads without destruction
and to prepare PMB it is advisable to use oil bitumen with a needle penetration depth at
25 °C of the order of 130–200 or 200–300mm−1. But, due to the specifics of oil refining,
for road construction is primarily used rawmaterials on the residual principle, fromwhich
the bitumen with low penetration is derived. From such bitumen, in accordance with the
existing studies in the industry [1], it is impossible to obtain a good quality PMBwithout
plasticizing the binder [4]. At present it is difficult to choose an effective plasticizer that
helps to achieve the design properties of the binder and asphalt concrete on its basis.
Considering in detail the effect of plasticizer on PMB, it can be noted that a reasonable
choice of plasticizer allows:

• provide a temperature of preparation of modified binder not more than 160 °C,
• optimize the cost of preparing PMB by reducing energy costs for the heating of PMB
with an increase in the efficiency of the introduction of the polymer,

• to expand significantly the plasticity interval of the modified binder by increasing the
brittleness temperature of PMB to − 46 °C, using a minimum amount of polymer [5].

The benefits of using plasticizers are clear. There is evidence of their positive effect
on the properties of PMB and asphalt concrete in road pavement. However, regulatory
documents regulating the application, requirements for plasticizers and their properties
have not been developed at present. In this regard, the paper formulated the requirements,
which, in our opinion, should meet the plasticizer for bituminous binders:

• have a high boiling point and flash point;
• characterized by low losses during heating, must be volatile;
• must be free of a pungent smell;
• it must be able to be compatiblewith the system components and effectively plasticize;
• have danger class III or IV.
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It is clear that the compatibility of polymer and plasticizer is an important criterion
in selecting the component composition of PMB. The methods used in the chemical
industries show the colloidal stability of the final product [6] when the conditions of
component compatibility are met. However, in the road industry none of the methods
of preliminary assessment of polymer and plasticizer compatibility has not found appli-
cation in practice. There is used, and to a limited extent, the method of assessing the
resistance to delamination, but already the final product—PMB. According to the test-
ing methodology, only the sample thermostating process takes 72 h, not counting the
time for selection, preparation and testing of the laboratory sample at the stage of PMB
formulation development. Therefore, the main purpose of the work was to investigate
the compatibility of the polymer and plasticizer and assess its impact on the quality
indicators of PMB. In carrying out the study the following tasks were solved:

• analyzed the known methods of assessing the compatibility of the polymer and
plasticizer in various branches of knowledge;

• studied indicators of the properties of plasticizers used in the industry;
• two-phase systems “polymer—plasticizer” were made to evaluate the compatibility;
• influence of two-phase “polymer—plasticizer” system on PMB 90 indicators was
studied.

2 Materials and Methods

In this work was considered a line of plasticizers, presented in Table 1. There are also
given indicators of their properties. The plasticizers accepted for the studywere tested for
compliance with the formulated requirements. As a polymer was used SBS L 30-01A.

Table 1 Plasticizers used in the work and their properties

Sample Aniline point, °C Change of plasticizer mass after 5 h
of heating at 165 °C, %

Fuel oil M 200 57.7 3.4

Oil I-50 > 100.0 7.8

Uniplast < 30.0 5.1

Selective Purification Extract (SPE) 40.6 2.3

Katgol < 30.0 94.3

There is an opinion that the quality of bitumen is not the key parameter that deter-
mines the nature of the modifying effect of the polymer. The main thing is the chemical
composition of the maltene part of bitumen and its structure. It is logical that the forced
introduction of plasticizer into bitumen increases its maltene part. Therefore, to evalu-
ate the effectiveness of plasticizer it is necessary to have data on its composition and
potential response to high process temperatures.

At the first stage of the experiment the following characteristics of plasticizers were
studied:
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• mass change after heating at 165 °C for 5 h;
• aniline point, characterizing the content of the limiting hydrocarbons (paraffins);
• group chemical composition of plasticizers.

By the opinion of [1], when using plasticizers with aromatic compounds to modify
bitumens with polymers, compatible compositions are obtained. It is known [7] that
the ability of aniline to dissolve hydrocarbon groups is different: the higher the aniline
point [7], the more paraffin-containing is the oil product, so the higher is the content
of saturated hydrocarbons in it; the lower the value of the index, the more aromatic
hydrocarbons in it; naphthenic and unsaturated hydrocarbons are of intermediate impor-
tance. In turn [8], paraffins have a negative effect on the low-temperature characteristics
of PMB. It can be assumed that this rapid method, suitable for low-viscosity, light,
oily substances, may be applicable to the evaluation of bitumen plasticizers at the ini-
tial stage of research. The aniline point determination temperature range is from 30
to 100 °C. The results obtained, Table 1, indicate that out of a series of plasticizers,
two of them—ESO and fuel oil—contain aromatic hydrocarbons. The value of aniline
point for oil I-50 indicates a significant content of paraffins, which negatively affects the
PMB indicators. Determination of aniline point for plasticizers “Katgol” and “Uniplast”
demonstrates the limit beyond the sensitivity range of the method, obviously, this is due
to the absence of aromatic hydrocarbons and paraffins in their composition. As seen in
Table 1, plasticizers respond differently to temperature control at 165 °C for 5 h: the
change in mass “Katgol” was 94.3%, which characterizes it as highly volatile. The value
of this property for other plasticizers is in a comparable range andmay characterize them
as low-volatile. For detailed understanding of the nature of plasticizers used at the next
stage was determined by SARA-analysis of their group composition (Table 2).

Table 2 Group composition of plasticizers

Sample Saturated
hydrocarbons, %

Aromatic
hydrocarbons, %

Resins, % Asphaltenes, %

Fuel oil M 200 12.1 38.2 24.3 25.4

Oil I-50 72.74 19.31 7.95 0

Uniplast 0 0 100 0

Selective
purification extract
(SPE)

17.97 64.47 17.57 0

Katgol 0 0 100 0

Table 2 shows that the plasticizers under consideration significantly differ in group
chemical composition. Fuel oil M 200 by group chemical composition is the closest
to bitumen and contains a significant amount of asphaltenes. The highest content of
aromatic hydrocarbons is observed in the composition of SPE. The maximum amount
of saturated hydrocarbons is contained in the oil I-50. Uniplast and Katgol plasticizers
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are of the greatest interest because they are represented by monocompounds—resins.
Their composition contains no aromatic hydrocarbons, which allows us to argue that
the method of determining the “aniline point” can be used as a primary express method
of assessing the effectiveness and suitability of plasticizers for the preparation of PMB.
In accordance with the technological process in the production of PMB there are two
main steps: emulsification of the polymer in the melt bitumen, through a colloidal mill,
followed by its swelling in the maltene medium. It can be assumed that in this case,
it is fair to speak primarily about compatibility at the level of two-phase structures
“polymer—maltenemedium” [9]. In this case, it is natural, if the polymer is easily soluble
in plasticizer, then also at complex modification of bitumen by polymer using plasticizer
will be observed combination of polymer modifying and plasticizing additives [10]. To
confirm the hypothesis put forward, two-phase systems were prepared—concentrates
consisting of the plasticizers and polymer under study. Concentrates were prepared
in a laboratory IKA high-speed stirrer at 165 °C. When the experiment was set, the
temperature was constant, and the stirring time was varied depending on the dissolution
of the polymer. The homogeneity of the mixture was determined visually using a glass
rod. Simplified, if the polymer is easily dissolved in the plasticizer, or combined with
the plasticizer at low thermodynamic influences, it is considered that the polymer has an
affinity to the plasticizer. An important factor determining the compatibility of polymer
and plasticizer is the interaction parameter X, which is determined from the formula [9]:

1

Tm
= 0.002226 + 0.1351

1 − |X |
V1

, (1)

|X | = 0.002226V1 + 0.1351 − V1
Tm

0.1351
, (2)

where

|X | parameter of compatibility of polymer and plasticizer (the value of the indicator
was taken in the work by module):

Tm interaction temperature, dissolution of the polymer;
V1 molar volume of plasticizer;

Then, on the basis of the prepared concentrates by identical methodology PMB
90 was prepared. For all compositions, the ratio “plasticizer—polymer—bitumen” was
constant.

The validity of the hypothesis on the influence of polymer and plasticizer compatibil-
ity on physical and mechanical properties of PMB was based on a comparative analysis
of the compatibility coefficients of the two-phase system “polymer—plasticizer” and
generalized efficiency coefficients of obtained compositions of PMB 90, calculated by
multi-criteria optimization [11].

When calculating the effectiveness criteria and generalized coefficient of effective-
ness, the formulas below were used.

Ki
eff = Zi

ind.

Zi
Gost

, (3)
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where

Ki
eff specific performance criterion i of the indicator;

Zi
ind. actual value i of the indicator;

Zi
Gost required value i of the indicator.

Formula (4) is valid in the case of analysis of indicators with inverse dependence:
Zchan.mass i Zsta, – in which the lowest value of the parameter indicates the quality of
the product:

Ki
sta = Zi

Gost

Zi
ind

, (4)

where

Ki
sta specific performance criterion i of the indicator;

Zi
ind. actual value i of the indicator;

Zi
Gost required value i of the indicator.

The calculation of the generalized performance criterion for each PMB composition
was based on a base of individual performance criteria.

Kgen
eff. = n

√
Ni
n=1 · Ki

eff, (5)

where

Kgen
eff. generalized performance criterion i of the indicator.

Ki
eff. individual criteria i of the indicator.

3 Results and Discussions

In the first part of the study, by changing the stirring time, the dissolution efficiency of
the polymer in different plasticizers was evaluated (Table 3).

Obviously, the plasticizers used are characterized by different solubility. The analysis
showed that the presence of resins and marginal hydrocarbons in the plasticizer compo-
sition significantly increases the time of preparation of the concentrate. The minimum
time for dissolution of the polymer was required when using SPE and fuel oil, charac-
terized by the presence of aromatic compounds, and the minimum content of saturated
hydrocarbons. These data also correlate with a numerical evaluation of the compatibility
of two-phase “polymer-plasticizer” systems based on the thermodynamic compatibility
determination approach used in the polymer industry (form. 1.2).

To determine the necessary parameters a reverse experiment was conductedwhen the
mixing time of the two-phase systemwas taken as a constant, the variable parameter was
temperature, which was chosen experimentally. The molar volume of each plasticizer
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Table 3 Assessment of the compatibility of the two-phase system “polymer—plasticizer”

Sample Dissolution time, min. Compatibility parameter X

Fuel oil M 200 85 4.0

Oil I-50 130 2.9

Uniplast 115 2.8

Selective purification extract (SPE) 70 3.7

Katgol 155 2.7

was also determined. The obtained values of the compatibility factor are presented in
Table 3.

In accordancewith [6], plasticizers for the polymer industry, depending on the param-
eter X, it was proposed to divide into two groups: plasticizers “promoting swelling” (1.2
≤ X ≤ + 3.0) and plasticizers “promoting dissolution” (X ≥ 3.0).

Implementation and confirmation of the identified patterns was carried out at the
second stage of the study in the preparation of compositions of the modified bitumen
binder PMB 90 The concentration of the input systems “polymer—plasticizer” was
10.5%, in addition for fuel oil 15%. Prepared compositions were tested for compliance
with the requirements of GOST 52056, Table 4. Analysis of Table 4 illustrates that
all plasticizers contribute to a change in the physical and mechanical properties of the
modified bitumen. By the introduction of plasticizer in bitumen can significantly increase
the range of variation of performance factors PMB relative to the original bitumen [12].
However, not all plasticizers provide modification of the binder, with a set of desired
(projected) properties. As can be seen, when using fuel oil, other things being equal, to
achieve the property index PMB 90 was not possible, it was necessary to increase its
content. Significant interest is represented by indicators evaluating the stability of PMB
structure to destructive processes. In the work were the change in mass of samples after
heating, Table 4, and the thermostability of PMB according to EN 13399 were studied.

In accordance with the data obtained, the greatest change in weight of samples of
PMB after thermostatting is observed in samples made on plasticizers (in descending
order): Katgol and Oil I-50. The same plasticizers were characterized by the maximum
value of plasticizermass change after heating.Obviously, the stability of disperse systems
as colloids, which is a bitumen, depends on the degree of interaction between themaltene
medium and the disperse phase of the modified binders. In the case of instability, the
systems tend to separate phases, which is clearly seen in the study of delamination [12]
of the system after heating in a tube, by the difference of softening temperatures between
the upper and lower part of the sample of PMB, Fig. 1. The results on the stratification
of systems performed with the use of two-phase concentrates based on fuel oil and SPE,
builds a logical chain of resulting patterns on the influence of polymer and plasticizer
compatibility on the physical and mechanical properties of the PMB.

Despite the importance of the problem under consideration, for the road construction
industry as a whole, none of the methods of preliminary assessment of the compatibility
of the polymer and plasticizer has not found application in practice.
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Table 4 Effect of the two-phase system “polymer—plasticizer” on the performance of PMB 90

Indicator
name

GOST
requirements

Name of plasticizer

– Fuel oil M 200 Oil I-50 Uniplast SPE Katgol

10.5% 15.0%

Needle
penetration
depth, mm−1

25 °C, 0 °C

91–130 67 70 93 99 107 104 110

At least 40 23 31 44 49 41 43 52

Stretchability,
cm:25 °C,
0 °C

At least 30 ≥ 150 63.7 65.7 60.3 68.8 73.4 61.8

At least 15 – 23.4 45.1 17.8 43.7 44.3 40.1

Temperature,
°C: soften
fragility
according to
Fraas

At least 51 54 65.3 66.5 69.4 61.1 65.0 60.4

Not higher −
25

− 18 − 21 − 25 − 27 − 21 − 26 − 25

Elasticity, %:
25 °C, 0 °C

At least 85 – 92 98 92 95 96 95

At least 75 – 68 77 70 79 78 78

Mass change
after warming
up, %

No more 1 0.34 0.54 0.61 1.98 0.67 0.45 4.66

Flash point,
°C

At least 220 268 288 290 274 276 279 258

Fig. 1 Bituminous binder storage stability for 72 h at 185 °C

At the same time, if we analyze the results obtained in the course of the study (Table 5
and Fig. 2), we can note the dependence of the effectiveness of the obtained formulations
of the PBV on the compatibility of the system “polymer—plasticizer”.
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Table 5 Partial performance criteria for PMB-90, depending on the type of plasticizer

Indicator name Name of plasticizer

SPE Katgol Uniplast Oil I-50 M 200

Needle penetration depth 25 °C 1.16 1.22 1.19 1.10 0.78

Needle penetration depth 0 °C 1.08 1.30 0.98 1.23 0.78

Stretchability 25 °C 2.45 2.06 2.29 2.01 2.12

Stretchability 0 °C 2.95 2.67 2.91 1.19 1.56

Temperature soften 1.27 1.18 1.20 1.36 1.28

Temperature fragility according to Fraas 1.04 1.00 0.84 1.08 0.84

Elasticity 25 °C 1.13 1.12 1.12 1.08 1.08

Elasticity 0 °C 1.04 1.04 1.05 0.93 0.91

Flash point 1.27 1.17 1.25 1.25 1.31

Mass change after warming up 2.22 0.21 1.49 0.50 1.81

Stability in tubes 2.5 0.29 0.19 0.19 5.00

Fig. 2 Indicators of the generalized performance criteria for PMB 90 formulations and the
compatibility parameter of the two-phase system “polymer—plasticizer”

Comparison of the results of calculating the generalized efficiency criteria for
formulations of PMB 90 and compatibility coefficients of the two-phase system
“polymer—plasticizer” are shown in Fig. 2.

Despite the fact that the application of polymermodified bitumen binders is preceded
by a feasibility study, which is associated with an increase in its cost relative to the basic
bitumen [4, 5], there are almost no industry works devoted to the raised problem. This
necessitates the development of laboratory tests at the stage of selecting the composition
of polymer-bitumen, allowing in a short time with high reliability to obtain information
about possible destructive processes of modified binder at various stages of its life cycle
to minimize production costs and the possibility of fulfilling the contractor’s warranty
obligations.
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4 Conclusion

1. The problem of imperfect methodological approach to the choice of plasticizers for
modifying bituminous binders and evaluation of their compatibility with bitumen
and polymer has been revealed, which is an actual production problem that needs to
be solved.

2. It has been established that at the stage of evaluating the initial characteristics of the
raw components (polymer, plasticizers) and their compatibility by studying the two-
phase systems, it is possible to predict the efficiency of polymer-modified bituminous
binder.

3. It is shown that the compatibility of polymer and plasticizer is a key control factor
in the formation of resistant to destructive processes polymer-bitumen matrix that
determines the effectiveness of physical and mechanical properties of the PMB.
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Abstract. The new method for assessing the bearing capacity of structural ele-
ments of complex technical systems, taking into account single and complex fac-
tors in a wide range of durations (N = 103…108 cycles) with different amounts
and combinations of their actions is proposed. Based on the system analysis, the
classification of negative and positive impact factors was performed and it was
shown that the main one of them, that reduces the bearing capacity, is a com-
bination of corrosion and fatigue processes. As positive factors that increase the
cyclic strength and durability of structural elements, the technologies for surface
strengthening of welds and the application of new corrosion-resistant polymer
coatings on stressed sections of elements are proposed. To assess the influence of
the acting factors, 5 series of model tests were performed on the corrosion fatigue
of steel samples with various combinations and numbers of factors (open air,
corrosive environment, stress concentration, weld coatings, strengthening), which
made it possible to form mathematical models of the action of these factors in the
form of functions of corrosion coefficients for strength and durability. Unlike the
current calculation method, which assess the bearing capacity only at the inflec-
tion point of the branches of the corrosion fatigue lines (N ≈ 7 · 106 cycles), the
new method makes it possible to evaluate the strength and durability in the entire
range of N = 103…108 cycles and, by clarifying the calculation procedures, to
ensure high productivity and reliable uptime of specified elements with minimal
material consumption.

Keywords: Complex technical systems · Structural elements · Bearing
capacity · Fatigue · Corrosion · Durability · Polymer coating · Strengthening ·
Influencing factors

1 Introduction

The increasingvolumesof production and services in various industries, energy, transport
infrastructures and the social sphere, as well as the tightening of natural and climatic
conditions, have put forward the need to develop and implement a complex of design,
technological, operational procedures, maintenance and restoration work of complex
technical systems (CTS)—structures and technological equipment for various purposes,
complexes of agricultural machinery, transport infrastructure, etc. [1]. In relation to the
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methods of CTS design developments, significant innovations have been introduced over
the past decades, from which probabilistic methods for calculating the main parameters
of influencing factors and characteristics of the bearing capacity of structural elements
can be isolated, which contributed by clarifying the strength indicators of elements of
system to achieve an increase in operating speeds and productivity, reducing the material
consumption of structural elements and clarifying their actual service life [2, 3]. The next
stage of clarifying the calculation procedures is a comprehensive account of the impact
of factors that, as a rule, are acting together, in different numbers and combinations, and
if their combination is unfavorable, they can significantly reduce the bearing capacity
characteristics of the CTS. This requires a systematic analysis and classification of
factors, as a result of which it is possible to achieve the optimal option of their number
and combinations, as well as to propose new design and technological nature measures
that compensate for the effect of negative factors. Traditional calculation methods do
not take into account the influence of complex factors, and calculations are mainly
performed for strength using constant magnitudes of these values corresponding only
to certain point magnitudes of durability, i.e. calculations for durability are performed
indirectly and incompletely, without covering the entire interval of the service life of the
elements of system. These omissions require additions and clarifications of the current
calculated procedures in order to ensure the necessary level of reliability of the CTS
operation.

2 Methods and Materials

The actual operating conditions of the elements of CTS differed from other technical
systems due to the diverse impact of a number of factors of a material science, design,
technological, operational and climatic nature (there are about 11-s.), the number and
different combinations of which are variable for each CTS. Among the factors according
to the degree of damage, corrosion and fatigue processes are distinguished,which inmost
cases are acting together and initiate the development of damage in stressed sections of
structural elements [4, 5]. Therefore, for ensure a given level ofCTSproductivity for each
specific case, by applying of principles of system analysis, it is necessary to determine
the type, number and combination of influencing factors in order to compensate for the
negative appearance of separate factors [1].

The purpose of the study is to develop a new computational method for assessing
the strength and durability of CTS elements, taking into account the single or complex
impact of influencing factors with their various combinations, in a wide range of cyclic
durations, covering the impact of corrosion and fatigue processes in areas of limited and
long endurance [6–9]. To achieve this, it is planned to solve the following tasks: analysis
and classification of active factors by type, number and combinations of their effects;
study of the possibility of using surface strengthening and new anticorrosive coatings
on stressed sections of CTS elements; model fatigue tests conducting and fatigue line
equations in the studied interval of cyclic durations obtaining; functions of corrosion
coefficients receiving by the joint solution of the equations of comparative fatigue lines;
calculations performing on the cyclic strength and durability of CTS elements under the
different influence of the studied factors [10].
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3 Results and Discussion

Installation and assemblage of CTS elements in open area with using of elements made
of low-carbon structural steels of general purpose, after welding leads to significant cor-
rosion phenomena caused by temperature changes during welding (T = 350…1150 °C),
as well as environmental influences (air humidity, precipitation, industrial and transport
gases, daily and seasonal temperature fluctuations, etc.) [5]. Under the total impact of
these factors, corrosion damages occur and develop in welds, in which complex electro-
chemical processes occur that initiate oxidative reactions in the surface layers, as well
as micropores appearance and a further increase of these defects. These processes are
also intensified under the influence of variable loading caused by fluctuations in loading
mode, ambient temperature changes, elements structure vibrations (geological, anthro-
pogenic), which are acting in different sections, and are forming a variable complex-
stressed state. If there is a stress concentration (Kσ = 1.8...2.5) in the weld area, this
condition can cause fatigue damage andmicrocracks. To increase the corrosion resistance
of structural elements, the latest anti-corrosion protective polymer coating of the Bel-
zona 1111FN10132 brand can be used. Static tests of steel samples with this protective
coating applied in a corrosive environment (FeCl3 10% aqueous solution) confirmed the
high corrosion-resistant property of this coating. Another important way to increase the
welds corrosion-fatigue strength is to strengthening the surface layers by using various
physical andmechanicalmethods of influence, that regulate themicrostructure and stress
state of the surface layers of the weld and the adjacent zone. For low-carbon structural
steels, which are sensitive to plastic deformation, the most acceptable of these methods
is the method of surface plastic deformation (SPD) of weld and the adjacent zone, which
is carried out by using a relatively simple tool with deforming rollers operating on the
principle of a friction planetary mechanism and having the shape of a working surface
similar to the profile of the weld. In the interval of cyclic durationsN = 103...108, which
coincides to the actual service life of the CTS elements, the limits of corrosion endurance
are falling and with a different gradient in the intervals of N ≤ 7 · 106 and N > 7 · 106
cycles due to the different fatigue processes (adsorption, electrochemical) in progress,
which in the (lgσ , lgN) coordinate system, the mathematical model of corrosion fatigue
is represented, unlike open air tests, in the form of two-link fatigue lines with different
slopes. This assumes that in the design calculations, the limits of long-term corrosion
endurance for a given value Ni from the specified durability intervals are used as limit
stresses. In traditional calculations, only the σRG value for N ≈ 7 · 106 cycles is taken,
which differs from the values of the endurance limits forNi > 7 ·106 cycles and requires
clarification by using the equation of the right branch of the corrosion fatigue curve. The
experiments provide the performance of fatigue comparative model tests according to
the “open air-corrosive environment” scheme, the initial of which are tests of flat samples
(St10 steel, GOST 1050-74 regulatory document) in open air, and comparative tests—for
corrosion fatigue of samples: smooth; with a stress concentrator (galtel); with a protec-
tive anticorrosive coating (Belzona 1111); hardened in the galtel zone (see Figs. 1, 2 and
3), with various combinations and the number of these factors. Corrosion fatigue tests
were performed on a special installation operating on the principle of a closed loop force
flow and loading samples with joint circular bending and torsion. A mobile corrosion
chamber is installed in the working area of the sample, where, with the assistance of a
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controlled hydraulic system, a corrosive liquid is supplied to the surface of the rotating
sample by a drip or continuous flow.

Fig. 1 Flat steel samples

Fig. 2 Steel samples with a galtel

(a) (b)

Fig. 3 Steel samples: with an anticorrosive coating (a), with a strengthened surface (b)

As a mathematical model of the fatigue process, the function is adopted, which in
the (lgσ , lgN) coordinate system is represented

as lgN = C − m lg σ or lg σ = (C − lgN )/m. (1)

For the mathematical description of the experimental results in the entire interval N =
103…108 loading cycles, according to (1) the following functions are adopted:

• for testing samples in open air:

at N ≤ NG − lgN = C − m lg σ, and at N > NG − lg σRG = const (2)

• for testing samples in a corrosive environment:

at N ≤ NG − lgN = C − m lg σ, and at N > NG − lgN = CI − mI lg σ, (3)

where lgσRG, lgNG are the coordinates of the inflection point of the fatigue lines;
and C,m and CI ,mI are the parameters of the fatigue lines (2) and (3).
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5 series of model tests were carried out (6 samples in each series) and the functions of
parameters (2), (3)were obtained,which actually are integral characteristics of the fatigue
process and are probabilistic in nature, obeying the logarithmically normal distribution
law. According to GOST 25.C04-82 regulatory documents, the corrosion fatigue of the
structure is estimated by the coefficient of corrosion impact

Kσk = σRK/σR0 < 1, (4)

whereσRK , σR0 are the endurance limits of structural elements in a corrosive environment
and in the open air.

Such an approach to assessing the bearing capacity of a structure corresponds only
to the inflection point of the fatigue lines, which significantly limits the possibilities of
the current calculation methodology. Taking into account the variability of endurance
limits in the entire interval of loading cycles N = 103...108 as well as the two-link type
and the different gradient of fatigue functions, the coefficient Kσk can be represented as
a functional dependence Kσk = f (N ) in the N ≤ NG and N > NG intervals and (zones
of limited and long endurance, Fig. 4), expanding the possibilities of Kσk application
(4). Another way to expand the capabilities of the new calculation methodology is to
quantify the cyclic durability of the structure by a similar coefficient

KNk = NRk/NRG≷1 (5)

RiN Nlg

lg

Fig. 4 Two-link fatigue lines: 1—for flat samples tested in open air; 2, 3, 4, 5—for samples tested
in a corrosive environment: 2—for flat ones; 3—for strengthening ones; 4—for samples with a
protective coating; 5—for samples with a galtel. G1

(
lg σRG1, lgNG1

)
, ...,G2

(
lg σRG5, lgNG5

)
-

inflection points of fatigue lines A1(lg σR1, lgNR1), ...,A5(lg σR5, lgNR1) and
B1(lg σR1, lgNR1), ...,B5(lg σR1, lgNR5)—calculated points for Kσk and KNk at N ≤ NG .

where NRk ,NRG is the cyclic durability for endurance limits in a corrosive environment
and in the open air, which is also not be taken into account in the current calculation
methodology and can be represented as a KNk = φ(σ) function.

Functional dependencies Kσk = f (N ) and KNk = φ(σ) (4), (5) have the following
advantages:
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• by specifying the strength characteristics of structural elements, it is possible to
increase the production capacity of the CTS or to guarantee minimal material
consumption of the system [4];

• by calculating the durability parameters, it is possible to specify the actual service
life of the structure, within which the established level of reliability of the system is
ensured;

• classifying the factors of materials science, design, technological and operational
nature, by themethod of systemanalysis of their distribution, it is possible to determine
the bearing capacity of system structures under the complex impact of these factors.

This predetermined the compilation of a new calculation methodology using exper-
imental data obtained during the fulfillment of complex fatigue tests and drawing up a
graphical diagram of the location of two-link fatigue lines. For the organization and exe-
cution of 5 test series (N1, … , N5) the principle of single and complex impact of factors
with their various numbers and combinations, which are grouped into 5 possible options
(I, …, V) found in real structural elements designs, is adopted. The method of system
analysis logically approves the selection and compilation of 10 calculation schemes for
determining coefficients (4), (5), which are taking into account a different combination
and number of Influencing factors, and the formation of their functions Kσk = f (N ) and
KNk = φ(σ). Taking into account the two-link type of fatigue lines (Fig. 4), these calcu-
lation schemes are classified and separately presented in zones of limited (NRi ≤ NG1)
and long-term (NRi > NG1) endurance. During open air tests in the NRi > NG1 zone,
the fatigue line of flat samples takes a horizontal position, which changes the structure
of the parameters of the calculation schemes. The rest design schemes are structurally
identical to the caseNRi ≤ NG1, but with the parameters of the corrosion fatigue lines for
the right branch. As an example, the calculation scheme N5 is considered, which is cov-
ering the impact of four factors (“corrosive environment, open air, stress concentration,
strengthening”), which are evaluated by coefficients:

Kσk1 = σR2/σR1, KNk1 = NR2/NR1—“corrosive environment, open air”; Kσk2 =
σR2/σR5, KNk2 = NR2/NR5—“stress concentration”; Kσk3 = σR3/σR5, KNk3 =
NR3/NR5- “strengthening of the weld surface”; Kσk5 = σR3/σR5, KNk5 = NR3/NR5—
the total factor of accounting for all these factors, which, according to the method of
independent impact of factors adopted in the applied mechanics, is defined as

Kσk5 = Kσk1 · Kσk3/Kσk2, KNk5 = KNk5 = KN1 · KN3/KN2 (6)

The Kσk5 = f5(N ) and Kσk5 = φ5(σ ) functions in areas of limited and prolonged
endurance, according to (1)–(6), take the form

(a) at σR5 ≥ σRG1—

lgKσk5 =
(
C3

m3
− C1

m1

)
−

(
1

m3
− 1

m1

)
lgN = S5 − M5 lgN (7)

(b) at σR5 ≥ σRG1—

lgKσk5 =
(
C1

3

m1
3

− lg σRG1

)

− 1

m1
3

lgN = S1
5

− M 1
5
lgN (8)
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(c) at NR5 ≤ NG1—

lgKNk5 = (C3 − C1) − (m3 − m1) lg σ = �C5 − �m5 lg σ (9)

(d) at NR5 > NG1—

KNk5 =
(
C1

3
− lgNG1

)
− m1

3 lg σ = �C1
5

− m1
5
lg σ (10)

To deduce the parameters of functions (7)–(10), the principle of constancy lgNRk =
const for the Kσk and lg σRk = const coefficients—for KNk is adopted, according to the
graphical representation of this procedure in Fig. 4 (relations of coordinates of A1, ...,A5
and B2, ...,B5 points).. For all variants of comparable test series it is similarly possible
to make calculation schemes for the formation of Kσki = fi(N ) and KNki = φi(σ )

coefficient functions and, sequentially performing calculations according to expressions
(6)-(10). This procedure makes it possible to create an algorithm of a new calculation
method for obtaining functions (7)–(10), and using them—to determine the essential
parameters of the bearing capacity of structural elements, taking into account the option
of complex interaction of factors.

4 Conclusion

In order to increase the resistance to corrosion fatigue of butt welded joints, which are
significant stress concentrators, the technology of surface plastic deformation of welds
has been applied; in welds, due to the appearance of residual compression stresses, the
influence of working loading has been significantly compensated and the fatigue resis-
tance of structural elements has been increased. Corrosion and fatigue tests of 5 series
of steel samples were carried out under the complex impact of these factors, accord-
ing to the results of which a new calculation method for assessing the fatigue strength
and durability of welded joints of structural elements in the entire range of corrosion
endurance (N = 103…108 cycles) was developed. Unlike to the existing standard and
reference calculation methods, the implementation of which is limited at the inflection
point of the corrosion fatigue lines (N ≈ 7 · 106 cycles), and calculations are performed
only on fatigue strength, the newmethod proposes functions of corrosion coefficients for
strength and durability in the entire specified interval of the number of cycles. Calculation
schemes have been compiled to assess corrosion-fatigue strength and durability under
the complex impact of factors that are not fulfilled in the current calculation methods.
The use of statistical characteristics of the equations of corrosion fatigue lines to form
the functions of these coefficients allows calculations to be performed at a given level
of probability of non-destruction of structural elements, as well as their equal levels of
reliability for various types of arrangement (sequential and parallel) to be established.
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Abstract. The purpose of the conducted research was to optimize the foam fiber
concrete technology and develop a methodology for selecting its composition
based on the methods of mathematical planning of the experiment and analytical
processing of its results. Processing and optimization of experimental data made
it possible to establish the influence of variable factors on the properties of foam
fiber concrete samples. It has been established that the fiber consumption has a
significant effect on the strength and density of concrete, and the length of the
basalt fiber affects only the strength of the samples. The graphical interpretation
of the data obtained makes it possible to determine the consumption of basalt
fiber depending on the required strength of the products and the consumption of
Portland cement. The specific strength of foam fiber concrete is adopted as an
optimization parameter. The research results can be used in the development of
methods for selecting the composition of foam concrete reinforced with basalt
fiber.

Keywords: Foam fiber concrete · Specific strength · Basalt fiber ·Modeling ·
Density · Compression strength

1 Introduction

The current level of technological development of the construction industry and, in par-
ticular, the production of buildingmaterials, involves the active introduction of advanced
methods that allow raising the organizational level of production and obtaining highly
efficient materials. Particular attention is paid to the implementation of BIM and digital
technologies [1–3]. If the implementation of digitalization opportunities in the condi-
tions of a construction site is problematic, then in the technologies of building materials,
in the conditions of existing production facilities, the use of such technologies is justi-
fied and already gives positive results [4–6]. Modeling of technological processes in the
conditions of improving existing production facilities and designing new ones makes
it possible to solve both technological and organizational problems [7–9]. The group
of technological tasks may include selection and optimization of the composition of
the material; selection of technological, transport and heating equipment, as well as
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coordination of internal logistics interactions; control and optimization of technologi-
cal parameters and processes; visualization of technological parameters and processes;
predicting the properties of productswith varying technological parameters on themodel.

The group of organizational tasks includes: control and regulation of environmental
parameters in production and household premises; remote control of technological pro-
cesses; accounting and control of warehousing; external logistics and systematization
of the supply of raw materials for production and products to customers. The existing
modeling methodology is based on the fact that the technological process is considered
as a cybernetic system, for which only external factors are important: the inputs and
outputs of the system. All physical, physicochemical, thermal, mass transfer and other
processes are not considered [10, 11]. Such an approach makes it possible to formalize
the technology and use either the “black box” model or a set of similar models, each
of which can be adequate to the technological stage. The model considers: (1) input
variable factors (Xi … Xk) and control parameters (Xk+1 … Xn), (2) output parame-
ters—response functions (Y1 … Yz)—as a rule, product properties or process efficiency
indicators (economic, energy), including optimization parameters (Yopt) (Fig. 1). Opti-
mization parameters, depending on the optimization goal, can be taken either product
quality indicators, or heat consumption for technological processes, or financial result
[12, 13].

Fig. 1 General view of the cybernetic model of the technological process: I, II, III—technologic
blocks; Xi … Xk—variable input factors; Xk+1 … Xn—control parameters; Y1 … Yz—output
parameters (response functions); Yopt—optimization parameters

The purpose of this research is to optimize the foam fiber concrete technology
and develop a methodology for selecting its composition based on the methods of
mathematical planning of the experiment and analytical processing of its results.

2 Materials and Methods

The basis of the experiment conducting is the methodology for planning, processing the
results of the experiment and their analytical optimization, developed at NRU MGSU.
This methodology includes the planning and implementation of an experiment at two
levels; analytical optimization and interpretation of results. The technique has been tested
in the analysis of the technologies of cellular concrete, textile concrete, polymer-cement
concrete, ceramic products, as well as various types of heat-insulating materials [14].
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First level of the experiment covers the main technological factors of a statistical
nature and concerning both the composition of the material and the parameters char-
acteristic of each of the technological stages. The list of such factors is formed on the
basis of a passive experiment (observation of the technological process) and from the
analysis of a priori information [10–13]. Deterministic factors are not considered in the
experiment, but are taken as external constants.

Fractional replicas of rotary-time plans of orders IV…VII are used as a basis for
planning an experiment. An experiment is carried out according to the results of which
linear dependences of the response functions (Y1 … Yz) on the variable factors (X1 …
Xk) are obtained. A coefficient for each of these factors makes it possible to estimate
the magnitude and direction of this factor’s influence on the result. According to the
results of the first level of the experiment, 3–5 of the most significant factors are selected
and move to the second level. Second level experiment is carried out on the basis of
D-optimal rotatable plans that allow obtaining full quadratic regression equations. The
resulting quadratic polynomials after checking the significance of the coefficients and
their adequacy are considered as mathematical models of the processes under study.

The influence of each factor on the result (response functions) is assessed and the
results are analyzed. The result of the analysis is conclusions about the causes (physical
and chemical etc.) that determine the impact; about the presence of significant paired
interactions (synergistic or antagonistic), as well as about possible directions for further
research going into the field of building materials science.

Optimization of equations that have significant coefficients at the second degrees
of variable factors (X 2

n ) is carried out by the analytical method. This method is based
on the following provisions: the obtained regression equations adequately describe the
studied technological process; each equation is an algebraic function of several variables
(according to the number of significant variable factors), and methods of mathematical
analysis are applicable to study this function [13, 14]. Each equation is differentiated by
factors of the second order and partial extreme of the response functions are determined.
The obtained digital values or optimization functions are substituted into the regression
equations and the optimized functions are obtained.

Results of optimization process were taken for usage in experimental part. This
technology was aimed to produce light wall blocks, which are ones of the most common
types of building wall materials in Russia.

3 Results and Discussion

Theproduction of foamfiber concrete includes the following technological stages: prepa-
ration of the binder and pretreatment of fiber; preparation of resistant foam and dosing
of all components; mixing the components in the mixer and obtaining a foam concrete
mixture of the required flowability, workability and density; product molding and heat
treatment.

In the experiment, the response functions are the following: foam fiber concrete
density (Y1), kg/m3; compression strength of foam fiber concrete (Y2), MPa. Specific
strength (strength/density ratio,Rsp,MPa) is taken as anoptimizationparameter. The total
number of factors (excluding deterministic and non-statistical evaluations), on which the
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material manufacturing process depends, exceeds 50. Based on the results of the analysis
of a priori information about technological processes similar to the one being designed,
sampling of 19 factors that have the highest influence on the results of the experiment
(strength and density) was made.

A material assessment of the degree of influence of sample factors was carried out
during the first stage of the experiment and processing data. The estimated factor was
the calculated coefficients bi for single Xi. The experimental conditions of the first
stage are presented in Table 1 in columns 1–4. In accordance with the conditions, series
of experiments were carried out to determine the strength and density of the samples.
Processing the results and calculating the coefficients for linear values of the factors
made it possible to determine the coefficients of the regression equations for single
values of the factors (Table 1, columns 5 and 6). The coefficients less (in modulus) than
the confidence interval �b = 3.5 MPa were taken insignificant and equated to zero (bi
= 0). Four factors—basalt fiber consumption (Cf ), length of basalt fibers (Lf ), Portland
cement consumption (CPc) and foaming agent consumption (Cfa) had highest influence
on the compressive strength These factors became the basis of the second stage of the
experiment, which was carried out according to the plan based on the quadratic matrix
of the four-factor experiment.

The experimental conditions of the second stage are presented in Table 2. The two-
stage foam concrete technology has been studied well and concrete compositions have
been extensively tested. The use of basalt fiber has a novelty; therefore, special attention
was paid to this aspect of the technology in the experiment. Accordingly, one of the
goals of the experiment was the development of the foundations of the methodology for
selecting the composition of foam fiber concrete.

Processing the results of the experiment, and determining only significant factors
made it possible to obtain the following polynomials:

• for density:

Y1 = 560− 20X2 − 60X4 + 12X 2
2 (1)

• for compressive strength:

Y2 = 2.81+ 0.25X1 + 0.12X2 + 0.32X3 − 0.22X4 − 0.11X1X2 + 0.13X2X3 (2)

The confidence intervals for the density were taken as 10 kg/m3, for the strength—as
0.10MPa. The analysis of polynomials shows that the change in the density of foam fiber
concrete is significantly influenced by the consumption of the foaming agent and the
length of the basalt fibers (to a lesser extent). At the same time, a significant coefficient at
X 2
2 allows us to draw the following conclusions. First, the influence of the fiber length is

ambiguous, and at its values approaching themaximum of the factor definition range, the
strength of the samples may decrease. Secondly, analytical optimization can be applied
to the obtained polynomials.

Strength significantly depends on eachof the variable factors,while the consumptions
of basalt fiber and Portland cement have the highest impact on strength. Significant
coefficients for paired interactions suggest the presence of a synergistic or antagonistic
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Table 1 Experimental conditions for ranking and determining the significance of factors

Factor’s name Coding
symbol, Xi

Average factor,

Xi

Variation
interval, �Xi

The value of the
coefficient at Xi

Y1 Y2

Basalt fiber
consumption (Cf ),

[kg/m3]

X1 0.75 0.25 4 0.27

Basalt fiber length
(Lf ), [mm]

X2 5 1 − 20 0.14

Portland cement
consumption (CPc),
[kg/m3]

X3 265 25 3 0.34

Foaming agent
consumption (Cfa),

[kg/m3]

X4 10 2 − 60 − 0.23

Basalt fiber diameter
(df ), [μm]

X5 5 1 − 6 0.09

Sand consumption
(Cs), [kg/m3]

X6 120 40 7 − 0.08

Water consumption
(Cw), [dm3/m3]

X7 110 20 3 − 0.07

Sand grinding time
(τ1), [min]

X8 40 10 6 0.05

Mill load factor (α) X9 0.5 0,2 5 0.07

Duration of foam
preparation (τ2),
[min]

X10 12 4 10 − 0.04

Rotational speed of
the foam mixer shaft
(n1), [min−1]

X11 40 10 9 − 0.05

Mixing duration (τ3),
[min]

X12 10 4 8 0.09

Mixer shaft rotation
frequency (n2),
[min−1]

X13 25 5 10 0.10

Exposure before heat
treatment (τ4), [h]

X14 3 1 4 0.09

Exposure temperature
(t1), [°C]

X15 30 10 5 0.08

(continued)
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Table 1 (continued)

Factor’s name Coding
symbol, Xi

Average factor,

Xi

Variation
interval, �Xi

The value of the
coefficient at Xi

Y1 Y2

Rise of temperature in
the heat treatment
chamber (τ5), [h]

X16 4 1 5 0.07

Exposure at constant
temperature (τ6), [h]

X17 6 1 6 0.09

Heat treatment
temperature (t2), [°C]

X18 80 15 7 0.11

Decrease in
temperature to 30 °C,
(τ7), [h]

X19 4 1 6 0.08

Confidence interval
�b

8 0.06

Table 2 Experimental conditions

Factor’s name Coding symbol,
Xi

Average factor,

Xi

Variation interval,
�Xi

Factor’s
value on
variation
levels

− 1 + 1

Basalt fiber
consumption, [kg/m3]

X1 0.75 0.25 0.5 1.0

Basalt fiber length,
[mm]

X2 5 1 4 6

Portland cement
consumption, [kg/m3]

X3 265 25 240 290

Foaming agent
consumption, [kg/m3]

X4 10 2 8 12

effect of these interactions. The nature of the influence should be determined by the
results of the material structure study, which was not the task of these study.

Analytical optimization includes the determination of the optimal fiber length, the
formation of optimization dependences for the density and strength, obtaining the
dependence for specific strength and graphic interpretation of the results.

(1) The optimal fiber length is determined using the analytical optimization method:

∂Y1/∂X2 = −20+ 24X2 = 0 (3)
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X2 = 20

24
= 0.83 (4)

In physical terms, the optimal length of basalt fiber will be:

X̃2 = X2 + �X2 · 0.83 = 5+ 1 · 0.83 = 5.83mm (5)

(2) Solving the Eq. (1) with X2 = 0.83:

Y1 = 560− 20 · 0.83− 60X4 + 12 · 0.832 = 552− 60X4 (6)

(3) Solving the Eq. (2) with X2 = 0.83:

Y2 = 2.9+ 0.16X1 + 0.43X3 − 0.22X4 (7)

(4) The foaming agent consumption (X4) is determined by calculation. In the model, it
is equated to the valueX4 = 0 and substituted into Eq. (7). Accordingly, Y1 becomes
equal to 552 kg/m3, and the equation for the strength of foam fiber concrete takes
its final form:

Y2 = 2.9+ 0.16X1 + 0.43X3 (8)

For ease of use, the Eq. (7) is converted into a graphical form (Fig. 2).

Fig. 2 Consumption of Portland cement and basalt fiber, depending on the required strength of
products (with a design density of 552 ± 11 kg/m3)

The consumption of the main components is set using the data of analytical opti-
mization and Fig. 3. For foam fiber concrete with a density of 400 kg/m3, optimal mix
design includes 240 kg/m3 of Portland cement, 73 kg/m3 of siliceous component and
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0.8 kg/m3 of basalt fiber. The specific strength (Rs) is accepted as the optimization param-
eter of foam fiber concrete. Following optimization function was used to determine it
numerically:

Rs = Y2
Y1

= 1

552
(2.9+ 0.16X1 + 0.43X3) (9)

Fig. 3 Influence of Portland cement and basalt fiber consumption on specific strength of foam
fiber concrete; basalt fiber: 1—1.0 kg/m3; 2—0.75 kg/m3; 3—0.5 kg/m3

The graph of function (9) for the optimal values range is shown at Fig. 3.
As a result of the implementation of two stages of the experiment and the analytical

optimization of the results and their graphic interpretation, the factors most influencing
the strength and density of foam fiber concrete have been established; mathematical
models of the influence of factors on the results have been obtained. A nomogram has
been constructed that allows to determine the consumption of basalt fiber depending on
the required strength of products and the consumption of Portland cement, as well as a
nomogram for choosing the optimal parameters depending on the specific strength. The
obtained dependencies can be used in the development of a method for selecting the
composition of foam fiber concrete.

4 Conclusion

The article presents the main provisions of the methodology of a two-level experiment
based onmathematical planning, system research and optimization of building materials
technologies. On the example of the study of themain production processes, methods for
assessing the significance of factors characterizing technological processes, constructing
nonlinear regression polynomials, analytical optimization, selecting the composition and
evaluating the characteristics of raw materials were tested.
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It was found that the consumption of the foaming agent and the length of basalt fibers
have the greatest effect on the density of the material, and the consumption of basalt fiber
and Portland cement has a significant effect on the strength characteristics of the foam
fiber concrete. The graphic interpretation of the optimized experimental results makes it
possible to assess the influence of the consumption of basalt fiber and Portland cement,
depending on the required strength characteristics of the products and to estimate the
density values of the products depending on the strength and the established value of
specific strength of foam fiber concrete.
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Abstract. The paper considers the possibility of using the FT-IR spectroscopy
method in the production of alkyd varnishes and resins to control various stages
of synthesis. A number of samples were analyzed at different stages of synthe-
sis, selected under production conditions at the stages of transesterification and
polycondensation. The formulation of pentaphthalic resin is presented, the chem-
istry and features of obtaining alkyd resins are analyzed. Having considered the
issues of express control of the production of alkyd varnishes, the possibility of
controlling the studied stages by infrared spectra in the laboratory was investi-
gated and analyzed. It has been established that the IR spectra of samples taken
sequentially during the synthesis can be used to control the course of the chem-
ical reaction of polycondensation in the technological process. Control can be
carried out according to three main absorption bands, taking into account the
identified patterns observed in the synthesis process: stretching vibrations—OH;
C–H stretching vibrations of olefins (oils) and arenes (phthalates); valence anti-
symmetric and symmetric C–Hmethyl and methylene groups; bending vibrations
of four aromatic ring hydrogens.

Keywords: Catalyst · Sodium carbonate · FT-IR spectra · Polycondensation ·
Alkyd coatings

1 Introduction

The development of new materials, including polymers, is one of the promising areas of
modern materials science. Particular attention is paid to the development of technologies
and conditions for the industrial synthesis of macromolecular compounds, taking into
account the economic and environmental aspects [1, 2].

In the process of production of polymer systems (varnishes, paints), the control of
the parameters of the technological process of synthesis plays a very important role [3].
One of the main reasons for the high level of energy consumption and accident rate in the
production of synthesis of alkyd varnishes and resins is the lack of operational control
of the chemical state of the reaction mass and control of the synthesis reaction. In this
regard, the task of developing instruments for monitoring and controlling the flow of
chemical reactions of interesterification and polycondensation in the synthesis of alkyd
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varnishes and resins becomes important. The means of control will improve the safety
of the synthesis of alkyd varnishes and minimize the possibility of accidents at synthesis
plants.

One of the methods for studying polymer systems is the spectrometric method [4,
5]. At present, there are a significant number of instruments and methods that make it
possible to obtain infrared spectra and analyze the changes that occur during the synthesis
of macromolecular compounds [6–8].

The most common method for express control of the course of chemical reactions in
the production of alkyd resins is theFourier-IR spectroscopymethod. Thismethod is used
to analyze and identify unknown chemicals. It is suitable not only for the identification
of macromolecular compounds, but also for polymer composite materials, including
compositematerials based on plantmaterials [9]. It can be used to determine the chemical
structure, structure and composition of substances [10].

The object of this study was the improvement of methods for controlling the produc-
tion process of alkyd resins as the basis for semi-finished alkyd varnishes. The purpose
of the work is to study the possibility of express control by IR spectroscopy of the stages
of transesterification and polycondensation of the synthesis of alkyd varnishes in order
to improve production safety and minimize the possibility of accidents.

2 Methods and Materials

The compounds obtained at various stages of the industrial synthesis of alkyd resins
were subjected to research. We selected 11 compounds obtained at various stages of the
synthesis. The compoundswere selected at the paint and varnish plant LLC “Yamshchik”
(Russia, Belgorod). The sampling points on the production line are shown schematically
in Fig. 1.

Fig. 1 Marking sheet for sampling IR analysis on a temperature–time program for the synthe-
sis of alkyd resin PF-060: 1—sunflower oil, 2—sunflower oil + pentaerythritol + soda, 3—the
middle of alcoholysis, 4—completion of alcoholysis, 5—before loading phthalic andmaleic anhy-
dride, 6—after loading phthalic and maleic anhydride, 7—set temperature, 8—exit for tempera-
ture conditions, the first sample, 9—the second sample, 10—the third (last) sample, 11—before
unloading
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Fourier IR spectra were obtained on a VERTEX 70 IR spectrometer (Bruker, Ger-
many). The weight ratio of the components of the formulation of pentaphthalic resin is
presented in Table 1.

Table 1 The composition of the semifinished pentaphthalic resin

Component Weight ratio, %

Vegetable oil (sunflower) 60.0

Pentaerythritol 14.5

Phthalic anhydride 25.0

As a catalyst in the production of alkyd resins, compounds such as sodium and
potassium carbonates can be used; calcium hydroxide, lithium hydroxide, sodium
oxide, lead oxide, zirconium octoate, etc. [11–13]. Sodium carbonate was used as an
interesterification catalyst in this work.

3 Results and Discussion

Semi-finished pentaphthalic alkyd varnishes are a solution of pentaphthalic resin. The
process of obtaining alkyd resins for varnishes of different brands, depending on the raw
materials used, is classically carried out in two stages. At the first stage, the interesterifi-
cation of vegetable oil with a polyhydric alcohol, most often pentaerythritol or glycerin,
occurs. At the second stage, the transesterification products obtained are condensed with
a dibasic acid, phthalic anhydride is most often used (polycondensation reaction) to form
a pentaphthalic or glyphthalic oligomer (base) with the required performance.

In the production under consideration, the first stage is the process of transesterifi-
cation (alcoholysis) of vegetable oil with pentaerythritol. The scheme of this process is
shown in Fig. 2.

CHOCOR//

CH2OCOR/

CH2OCOR///
+ HOCH2 C

CH2OH

CH2OH

CH2OH

CH OH

CH2OCOR/

CH2OH
+ R//OCO CH2 C CH2OH

CH2OH

CH2OCOR///

Fig. 2 Scheme of transesterification (alcoholysis) of vegetable oil with pentaerythritol

The spectrum of the feedstock (vegetable oil) and the spectrum of the mixture are
shown in Fig. 3a. Comparison of the spectra showed the appearance of an absorption
band in the region of 3200–3600 cm−1 and 1070–1080 cm−1, due to the presence of OH-
groups, which are characteristic of fragments of both triatomic and tetrahydric alcohols.
The intensity of the stretching vibrations of the carbonyl group>C=O in the ester groups
1720–1740 cm−1 increased significantly.
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Fig. 3 IR spectra of samples: a—taken in the beginning of synthesis, b—selected in a process
alcoholysis, c—taken after alcoholysis (cooling process), d—taken after addition of anhydrides,
e—taken at the stage of temperature rise and exit to the temperature regime (before the stage of
polycondensation), f—selected in a process polycondensation
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Then, at this stage, two more samples were taken: in the middle (in terms of time)
of alcoholysis and at the end of the interesterification reaction. Comparing the spectra,
it can be noted that no obvious changes are observed (Fig. 3b).

An analysis of the alcoholysis stage showed that during this stage, the intensity
of vibrations of symmetric and antisymmetric C–H (sp3 hybridization) methyl (–CH3)
and methylene (–CH2) groups decreases. The intensity and location of the stretching
vibrations of the carbonyl group > C=O (1720–1700 cm–1) in ester groups remain
unchanged.

At the first stage (transesterification) there is a side reaction—the formation of
polypentaerythritol. A sign is water released in small quantities. In addition, the reac-
tions are reversible and during cooling before loading phthalic and maleic anhydrides
part of the monoglycerides are converted back into diglycerides.

This process is undesirable, since a larger amount of diglycerides in the reaction
mixture leads to some decrease in the gloss of the finished varnish. In order to reduce this
effect, we recommend loading phthalic anhydride in the form of a melt at a temperature
of the reaction mixture of 210–215 °C.

The direction of changes in the intensities of all characteristic absorption bands in the
IR spectrum (Fig. 3c) during cooling changes in the opposite direction, which confirms
the beginning of the reverse process before equilibrium in the system.

Thus, the completion of the transesterification step is difficult to control by qualitative
analysis of IR spectroscopy.

Analyzing the IR spectra before and after loading anhydrides (Fig. 3d), we observed
significant changes in the position and intensities of the main absorption bands, and the
appearance of new ones. These changes are due to the combination of the IR spectra of
various substances.

In the region of 3200–3600 cm–1, the band of stretching vibrations of OH groups
decreases significantly, and in the region of 2850–2900 cm–1, the intensity of symmetric
and antisymmetric vibrations of the methyl (CH3) and methylene (C–H) groups in sp3

hybridization decreases. The intensity of the stretching vibrations of the carbonyl group
> C=O in ester groups 1720–1740 cm–1 increases significantly.

At the stage of temperature rise (Fig. 3e), the intensity of stretching vibrations of the
carbonyl group > C=O in ester groups continues to increase, antisymmetric stretching

and symmetric C–O–C ester groups C O C O.

The transition to the temperature regime was accompanied by a continued decrease
in the intensities of stretching vibrations of OH– groups, stretching vibrations of the
carbonyl group > C=O in ester groups, antisymmetric stretching and symmetrical C–
O–C of ester groups.

Thus, reaching the temperature regime (1 sample) is accompanied by a decrease in
almost all intensities of the main absorption bands.

The second stage is polycondensation. At this stage, a lowmolecular weight product,
water, is released. In order to shift the equilibrium towards the final products, it was
removed continuously from the reaction mixture by the azeotropic method. Xylene was
used as an azeotropic agent. Therefore, in the second stage, starting from a temperature
of 190–192 °C, water and xylene were present in the reaction mixture until the very end
of the process.
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At this stage,mono- and diglycerides interactwith phthalic anhydrides to formpartial
acid esters. The scheme of this process is shown in Fig. 4.

CH OH

CH2OCOR/

CH2 OH
+ O

C

C

O

O

CH

CH2 O COR/

OH

CH2 OCO COOH
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O

O
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CH2 OCOR///

HOOC
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Fig. 4 Scheme of the formation of partial acid esters

The general view of the spectrum of the first polycondensation sample (Fig. 3f)
qualitatively differs from samples 2 and 3: a sharp increase in the intensities of all
absorption bands is observed.

The spectra of the second and third samples are almost indistinguishable, except for
the bands 1720–1740 (stretching vibrations of the carbonyl group > C=O), 1080 and
1130 cm−1 (stretching symmetric C–O–C), the intensity of which began to decrease in
the 3rd sample.

Analysis of the samples after the condensation stage made it possible to con-
clude that there were no statistically significant changes in the IR spectra of the 3rd
polycondensation sample and the sample after unloading from the reactor.

4 Conclusion

Having considered the issues of express control of the production of alkyd varnishes, the
possibility of controlling the stages of transesterification and polycondensation by IR
spectroscopy was investigated and analyzed in order to increase production safety and
minimize the possibility of accidents. It has been found that the IR spectra of samples
sequentially taken during the synthesis can be used to control the progress of the reactions
of the polycondensation stage in the technological process. Control can be carried out
according to three main absorption bands, taking into account the identified patterns
observed in the synthesis process:

• gradual decrease in the bands characteristic of stretching vibrations –OH (3200–
3600 cm–1);

• gradual decrease in the intensity of C–H stretching vibrations of olefins (oils) and
arenes (phthalates) (3010–3100 cm−1), stretching vibrations of both antisymmetric
(2950, 2920 cm−1) and symmetrical C–Hmethyl andmethylene groups (2850 cm−1);
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• gradual increase in the intensity of deformation vibrations of four aromatic ring
hydrogens (740–710 cm–1).
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Fraction

V. I. Pavlenko , N. I. Bondarenko(B) , R. N. Yastrebinsky , and Z. V. Pavlenko

Belgorod State Technological University Named After V.G. Shukhov, Belgorod, Russia
bondarenko-71@mail.ru

Abstract. This paper presents studies of the surface of titanium hydride fraction
samples modified by applying to its surface an organic silicon oligomer and boric
acid chemically from aqueous solutions, using methods of optical and scanning
electron probe microscopy. To determine the surface topography of a solid, we
used high-resolution scanning probe (atomic force) microscopy using the MFP-
3D Stand Alone (MFP-3D-SA) AFMmicroscope. The presence of hydroxyl OH-
groups on the surface of the initial titanium hydride was established by infrared
spectroscopy methods. A significant increase in the intensity of absorption bands
at 3480 and 3490 cm−1 (OH-groups) was recorded. Activation of the titanium
hydride fraction surface with an organic silicon oligomer significantly increased
the concentration of hydroxyl OH-groups on the surface of vacuum-dried titanium
hydride fraction at 100 °C. We observed a difference in the surface structure of
the initial and activated titanium hydride due to the formation of polysiloxane
shell, as well as a difference in the surface structure of titanium hydride fraction
containing polysiloxane and borosilicate shells due to the vitrification of boron
oxide at 300 °C. The surface of a modified titanium hydride fraction containing
a borosilicate shell showing a 4.2 µm atomic force scanning microscope probe
stroke relative to the OX axis, small reductions of characteristic probe dips and
elevations with height and depression differences to up 10 nm throughout the
scanning area are visible.

Keywords: Borosilicate coating · Heat treatment · Titanium hydride · Sodium
methylsilicate · Modification

1 Introduction

One of the directions of work on the technology of titanium hydride fraction production
is the study of methods and modes of titanium hydride fraction surface modification in
order to improve its thermal stability at high temperatures and to protect titanium from
oxidation [1, 2].

It is known that the main glass-forming components of boroaluminosilicate coatings
based on frites for metals are oxides SiO2, Al2O3 and boric anhydride B2O3. To improve
the technological properties (flowability,wetting ability), alkaline oxides are inserted into
the coatings [3].
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Modification of the titaniumhydride fraction surfacewith a boron-containing compo-
nent is due to the high neutron absorption cross-section in the thermal and suprathermal
spectral areas by boron atoms, which leads to a decrease in the thermal neutron flux
density and the level of trapped gamma rays [4, 5]. Experiments showed that it was not
possible to achieve noticeable adsorption of boric acid (H3BO3) from aqueous solution
on the surface of titanium hydride fraction [6–8].

The general requirement for coatings is to ensure protection of the titanium hydride
fraction surface against destructive processes in the fraction at macro- and microlevels
at elevated temperatures (over 250 °C). The composition of the coating is chosen so
that during heat treatment of titanium hydride formed a continuous, stable at a given
temperature film, reliably insulates the surface of titanium hydride from dissociation and
subsequent oxidation of titanium [9, 10].

2 Methods and Materials

To prepare the experimental samples we used titanium hydride series GTK-D in the
form of spherical granules (fraction) with a diameter of 1–4 mm; boric acid H3BO3
grade “hch”, sodium methyl siliconate (GKZH-11M, RSi(OH)2ONa, where R = CH3.
Infrared spectra were obtained using the following instruments: Specord-75IR infrared
spectrometer (Germany) in the frequency range 400–4000 cm−1; Nexus-470 FT-IR
spectrometer (Thermo Nicolet, USA) with high resolution (0.5 cm−1). Spectral range
is 400–7000 cm−1. High-resolution scanning probe (atomic force microscopy) was per-
formed on theMFP-3DStandAlone (MFP-3D-SA)AFMmicroscope (AsylumResearch
Inc., USA) to determine the surface topography of a solid. An optical microscope
POLAM-P321 was used to determine optical microscopy.

3 Results and Discussion

The technology of titanium hydride modification consists of preliminary chemical acti-
vation of the fraction surface by silicon oligomer—sodiummethyl siliconate with subse-
quent treatmentwith boric acid, release of solid phase of titaniumhydride and subsequent
drying at 100 °C.

Microscopic examination of the surface of the original titanium hydride fraction
showed the presence of porosity, irregularities and defects with rough edges (Fig. 1).

The titanium hydride layer porosity is the result of brittle hydride cracking due to
stresses in the layer as well as different specific volumes of titanium and hydride.

Activation of titanium hydride fraction surface by an organic silicon oligomer as an
example of sodiummethyl siliconate, due to chemical adsorption from aqueous solution,
significantly increases the concentration of hydroxyl OH-groups on the vacuum dried
titanium hydride fraction surface at 100 °C. A significant increase in the intensity of the
absorption bands at 3480 and 3490 cm−1 (OH groups) was recorded. The absorption
bands at 1080–1120 cm−1 correspond to siloxane bonds (Si–O–Si) in chemisorbed
sodium methylsiliconate on the titanium hydride surface (Fig. 2).

Optical studies of the surface of titanium hydride fration activated by sodiummethyl
siliconate are shown in Fig. 3.
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a) b)

Fig. 1 The surface of the initial titanium hydride fraction: a magnification by 300 times; b
magnification by 750 times

Fig. 2 IR spectra of the initial titanium hydride (a) and dried for 10 h at 100 °C (b)

Fig. 3 Titanium hydride fraction surface activated by sodiummethyl siliconate, magnified by 750
times

A difference in the surface structure of the initial and activated titanium hydride was
observed due to the formation of a polysiloxane shell.
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Studies of the surface structure of a titanium hydride fraction activated with sodium
methyl silicate using an atomic force scanning probe microscope are presented in Figs. 4
and Fig. 5.

a) 

b) 

Fig. 4 The surface of titanium hydride fraction activated by sodium methylsilicate (ASSZM): a
the study area 2D 7.2 × 7.2 microns; b 3D surface relief

Analyzing themicrodiagramof titaniumhydride fraction surface activated by sodium
methylsiliconate showing the probe stroke of an atomic force scanning microscope with
a 4 µm cross section relative to the OX axis, one can notice a significant decrease of
characteristic dips and rises of the probe with height difference and depressions up to
14 nm throughout the scanning area (in the range from 0 to 7. 2 µm), the surface of
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Fig. 5 Microdiagram of the surface of titanium hydride fraction activated with sodium methyl-
siliconate (ASSZM)

the fraction has a smoother structure due to the adsorbed organic siloxane oligomer like
methylsiliconate. Optical studies of the modified surface of titanium hydride fraction
containing a borosilicate shell are shown in Fig. 6.

Fig. 6 The surface of a modified titanium hydride fraction containing a borosilicate shell
magnified by 300 times

A difference in the surface structure of titanium hydride fraction containing
polysiloxane and borosilicate shells is observed due to the vitrification of boron oxide
at 300 °C.

Studies of the structure of a modified titanium hydride fraction surface containing a
borosilicate shell using an atomic force scanning probe microscope are shown in Fig. 7.

Analyzing the surfacemicrodiagram of amodified titanium hydride fraction contain-
ing a borosilicate shell showing the probe stroke of an atomic force scanning microscope
with a 4.2µm section relative to the OX axis (Fig. 7a), small reductions of characteristic
probe dips and rises with height and depression differences up to 10 nm throughout
the scanning area (in areas from 0 to 7.2 µm) can be seen. The surface of modified
titanium hydride fraction containing a borosilicate shell has a smoother structure due to
the vitrification of boron oxide during heat treatment (Fig. 8).
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a) 

b) 

Fig. 7 Surface of the modified titanium hydride fraction containing borosilicate shell (ASSZM):
a 7.2 × 7.2 µm 2D study area; b 3D surface relief

Fig. 8 Microdiagram of the surface of a modified titanium hydride fraction containing a
borosilicate shell (ASSZM)
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4 Conclusion

It was revealed that the surface of titaniumhydride fraction is covered by a polymolecular
layer of both physically adsorbed water and chemisorbed water in the form of crystalline
hydrates. Physically sorbed water on the surface of titanium hydride fraction is easily
removed during drying (100 °C), as evidenced by the marked decrease in the intensity
of absorption bands for the valence vibrations of OH-groups (3400 and 1640 cm−1). We
observed a difference in the surface structure of the initial and activated titanium hydride
due to the formation of a polysiloxane shell.
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Abstract. Gypsum-containing wastes are a promising source of rawmaterials for
the productionof gypsumbinders.However, theyhave specific features that require
the development of alternative approaches and technological regimes in order to
ensure the high quality of the final product. The purpose of the article was to study
the influence of moisture content of gypsum-bearing waste and firing temperature
on the specific surface of the gypsum binder, as well as the compressive strength
and average density of gypsum paste based on it. The gypsum-bearing material
was citrogypsum. It is a waste product of the biochemical synthesis of citric
acid. The experiment was carried out using the method of mathematical planning.
Burning of citrogypsum was carried out in a laboratory oven according to a given
temperature regime. Using the statistical computer processing of experimental
data, regression equations were obtained; graphic dependence as nomograms are
constructed; the influence of variable factors on the controlled parameters was
assessed. It has been established that the optimal, from the standpoint of energy
consumption, is the binder burning at a temperature of 150 °C and the lowest
possible raw material moisture content of 5%. Increasing the burning temperature
above 150 °C is not economically workable and adversely affects the compressive
strength of the gypsum stone, as well.

Keywords: Gypsum-bearing waste · Cytrogypsum ·Mathematical experiment
planning
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1 Introduction

Gypsum-bearing waste (GBW) from various industrial enterprises such as phospho-
gypsum, FGD gypsum, citrogypsum, etc., is a promising raw material for the produc-
tion of gypsum binders and can be used as an excellent alternative to natural gypsum.
The possibility of obtaining gypsum binders based on GBW has been proven by many
studies conducted throughout the world [1–7]. However, it should be noted that it is
practically impossible to obtain a high-quality binder based on gypsum-bearing waste
using standard technological approaches. This is due to the specifics and significant
differences between gypsum-bearing waste and natural gypsum. For example, gypsum-
bearing waste is characterized by high humidity, high specific surface area, and a lot
of impurities. All this makes it necessary to develop new technological methods and
make adjustments to existing ones, taking into account the features of the GBW used
[3, 8–10]. In this connection, the purpose of this article was to study the influence of the
moisture content of gypsum-bearing waste (citrogypsum) and the burning temperature
on the specific surface of the gypsum binder, as well as the compressive strength and
average density of the gypsum paste based on it [11–15].

2 Materials and Methods

The object of the study was citrogypsum. This is a gypsum-bearing waste, which is a
by-product in the biochemical synthesis of citric acid (Belgorod, Russia) [16].

The experiment was carried out using the method of mathematical planning. The
burning temperature of citrogypsum (150–250 °C, with a variation interval of 50 °C)
and the moisture content of citrogypsum (0–10 wt%, variation interval of 5%) were
chosen as variable parameters (Table 1). Burning of citrogypsum was carried out in a
laboratory oven. The curing time for GBW in the oven at the set temperature (150, 200,
and 250 °C) was 30 min.

Table 1 Conditions for the mathematical planning of the experiment

Input parameter Variability range Unit variation

Origin form Coded form − 1 0 1

Burning temperature, °C X1 150 200 250 50

Humidity, % by wt X2 0 5 10 5

Using the experimental design conditions (Table 1), an experiment design matrix
was developed that includes 9 different mixes of citrogypsum-based binder (Table 2).

According to the planningmatrix (Table 2), the 9mixes of citrogypsum-based binder
were molded. The output parameters for determining the effect of variable input param-
eters were the specific surface area (SSA), average density and compressive strength of
the gypsum paste. The compressive strength of the gypsum paste was determined for
sample cubes 3× 3× 3 cm in size, molded at an equal “water-hard” ratio (W/S= 0.4).
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Table 2 Experiment design matrix

Input parameter

X1 X2

1 – 1 150 – 1 0

2 – 1 150 + 1 10

3 – 1 150 0 5

4 + 1 250 – 1 0

5 + 1 250 + 1 10

6 + 1 250 0 5

7 0 200 – 1 0

8 0 200 + 1 10

9 0 200 0 5

3 Results and Discussions

After statistical computer processing of experimental data, regression equations (Eqs. 1–
3)were obtained. Based on the equations, graphical dependencieswere plotted that allow
assessing the effect of varying input parameters (Figs. 1, 2 and 3) on controlled output
parameters.

SSA = 330.1+ 5.217 · X1 + 2.0667 · X2 + 39.42 · X2
1 + 5.367 · X2

2 − 1 · X1 · X2
(1)

Rcomp = 4.479− 0.668 · X1 − 0.293 · X2 − 0.168 · X2
1 − 0.26 · X2

2 + 0.59 · X1 · X2
(2)

Paverage = 1028− 4.933 · X1 + 1.1333 · X2 + 13.2 · X2
1 − 16.3 · X2

2 − 0.8 · X1 · X2
(3)

The nature of the presented graphical dependence as monograms (Fig. 1) showed
that an increase in humidity and burning temperature contributes to an increase in the
specific surface of the citrogypsum-based binder. There is a decrease in the specific
surface area in the entire humidity range for citrogypsum-based binders obtained at a
temperature of 200 °C.

Themaximumcompressive strength is observed for citrogypsum-based bindermixes
obtained at a burning temperature of 150 °C and humidity up to 5%. A further increase
in temperature leads to a decrease in compressive strength. This is most likely due to
the formation of a larger amount of anhydride, which has a higher porosity and lower
compressive strength vs. calcium sulfate hemihydrate. It should be noted that the gypsum
paste obtained on thismix of citrogypsum-based binder is characterized by themaximum
values of the average density (Fig. 2).
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Fig. 1 Dependency of the specific surface area of the gypsum binder on the humidity of the
citrogypsum and the burning temperature

With an increase in the initial humidity above 5%, I also observed a decrease in the
compressive strength of the gypsum paste. This can be explained by an increase in the
porosity of the binder particles due to evaporation and removal of water as steam at high
temperature (Fig. 3).

The minimum values of the average density are typical for samples of citrogypsum-
based binding paste, which has theminimum specific surface area, which is quite natural.

4 Conclusion

Based on the results obtained, the following conclusions are proposed:

• optimal, in terms of energy consumption, is the burning of the binder at a temperature
of 150 °C and the lowest possible raw material moisture content of 5%;
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Fig. 2 Dependency of compressive strength of gypsum paste on citrogypsum humidity and
burning temperature

• Increasing the burning temperature above 150 °C is not economically feasible, and
adversely affects the compressive strength of the citrogypsum-based binding paste,
as well.
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Fig. 3 Dependency of average density of gypsum paste on citrogypsum hymidity and burning
temperature

Acknowledgements. The work was realized under support of the State Assignment for the cre-
ation of new laboratories in 2021, including under the guidance of young promising researchers
of the national project “Science and Universities”, research title is “Development of scientific and
technological foundations for the creation of an integrated technology for processing gypsum-
containing waste from various industrial enterprises”; under administrative support of the world-
class scientific and educational center “InnovativeSolutions in theAgricultural Sector” (Belgorod).
The work was realized using equipment of High Technology Center at BSTU named after V. G.
Shukhov.

References

1. Rashad, A.M.: Phosphogypsum as a construction material. J. Clean. Prod. 166, 732–743
(2017). https://doi.org/10.1016/j.jclepro.2017.08.049

https://doi.org/10.1016/j.jclepro.2017.08.049


154 N. I. Alfimova et al.

2. Li, X., Zhang, Q., Ke, B., Wang, X., Li, L., Li, X., Mao, S.: Insight into the effect of maleic
acid on the preparation of α-hemihydrate gypsum from phosphogypsum in Na2SO4 solution.
J. Cryst. Growth 493, 34–40 (2018). https://doi.org/10.1016/j.jcrysgro.2018.04.025

3. Li, X., Zhang, Q., Shen, Z., Li, L., Li, X., Ma, S.: L-aspartic acid: a crystal modifier for
preparation of hemihydrate from phosphogypsum in CaCl2 solution. J. Cryst. Growth 511,
48–55 (2019). https://doi.org/10.1016/j.jcrysgro.2019.01.027

4. Guan, B., Yang, L., Wu, Z., Shen, Z., Ma, X., Ye, Q.: Preparation of α-calcium sulfate
hemihy-drate from FGD gypsum in K, Mg-containing concentrated CaCl2 solution under
mild conditions. Fuel 88, 1286–1293 (2009). https://doi.org/10.1016/j.fuel.2009.01.004

5. Alfimova,N.I., Pirieva, S.Y., Titenko,A.A.: Utilization of gypsum-bearingwastes inmaterials
of the construction industry and other areas. Constr. Mater. Prod. 4(1), 5–17 (2021). https://
doi.org/10.34031/2618-7183-2021-4-1-5-17

6. Guan, B., Kong, B., Fu, H., Yu, J., Jiang, G., Yang, L.: Pilot scale preparation of a-calcium
sul-fate hemihydrate from FGD gypsum in Ca–K–Mg aqueous solution under atmospheric
pressure. Fuel 98, 48–54 (2012). https://doi.org/10.1016/j.fuel.2012.03.032

7. Kozhukhova, N., Kozhukhova, M., Teslya, A., Nikulin, I.: The effect of different modifying
methods on physical, mechanical and thermal performance of cellular geopolymers as thermal
insulation materials for building structures. Buildings 12(2), 241 (2022). https://doi.org/10.
3390/buildings12020241

8. Moalla, R., Gargouri, M., Khmiri, F., Kamoun, L., Zairi, M.: Phosphogypsum purification
for plaster production: a process optimization using full factorial design. Environ. Eng. Res.
23(1), 36–45 (2018). https://doi.org/10.1016/j.tca.2018.01.011

9. Alfimova, N.I., Pirieva, S.Y., Elistratkin, M.Y., Kozhuhova, N.I., Titenko, A.A.: Production
methods of binders containing gypsum-bearing wastes: a review. Bull. BSTU named after
V.G. Shukhov. 11, 8–23 (2020). https://doi.org/10.34031/2071-7318-2020-5-11-8-23

10. Lu, W., Ma, B., Su, Y., He, X., Jin, Z., Qi, H.: Preparation of a-hemihydrate gypsum from
phosphogypsum in recycling CaCl2 solution. Constr. Build. Mater. 214, 399–412 (2019).
https://doi.org/10.1016/j.conbuildmat.2019.04.148

11. Chernysh, L.I.: Improving the efficiency of building composites obtained using industrial
waste. Ecol. Indus. 4(41), 87–89 (2014)

12. Petropavlovskaya, V.B., Belov, V.V., Novichenkova, T.B., Buryanov, A.F., Poleonova, Y.Y.,
Petropavlovsky, K.S.: Resource-saving non-fired gypsum composites. Build. Mater. 6, 79–81
(2015)

13. Alfimova, N.I., Pirieva, S.Y., Elistratkin, M.Y., Nikulin, I.S., Titenko, A.A.: Binders from
gypsum-containing waste and products based on them. IOP Conf. Ser.: Mater. Sci. Eng.
945(1), 012057 (2020). https://doi.org/10.1088/1757-899X/945/1/012057

14. Petropavlovskaya, V.B., Novichenkova, T.B., Buryanov, A.F.: Improving the technologi-
cal properties of non-fired hyper-pressed gypsum products. Bull. BSTU named after V.G.
Shukhov. 6, 75–78. (2013)

15. Jin, Z., Ma, B., Su, Y., Lu, W., Qi, H., Hu, P.: Effect of calcium sulphoaluminate cement on
mechanical strength and waterproof properties of beta-hemihydrate phosphogypsum. Constr.
Build. Mater. 242, 118198 (2020). https://doi.org/10.1016/j.conbuildmat.2020.118198

16. Pirieva, S., Alfimova, N., Levickaya, K.: Citrogypsum as a raw material for gypsum binder
production. Constr. Unique Build. Struct. 100, 10007 (2022). https://doi.org/10.4123/CUBS.
100.7

https://doi.org/10.1016/j.jcrysgro.2018.04.025
https://doi.org/10.1016/j.jcrysgro.2019.01.027
https://doi.org/10.1016/j.fuel.2009.01.004
https://doi.org/10.34031/2618-7183-2021-4-1-5-17
https://doi.org/10.1016/j.fuel.2012.03.032
https://doi.org/10.3390/buildings12020241
https://doi.org/10.1016/j.tca.2018.01.011
https://doi.org/10.34031/2071-7318-2020-5-11-8-23
https://doi.org/10.1016/j.conbuildmat.2019.04.148
https://doi.org/10.1088/1757-899X/945/1/012057
https://doi.org/10.1016/j.conbuildmat.2020.118198
https://doi.org/10.4123/CUBS.100.7


Heat-Shielding Properties of Concrete
Structures Reinforced with Composite

Reinforcement

L. A. Suleymanova(B) , I. S. Ryabchevskiy , D. S. Anoprienko ,
and A. V. Rafaelyan

Belgorod State Technological University Named After V.G. Shukhov, Belgorod, Russia
ludmilasuleimanova@yandex.ru

Abstract. Corrosion of steel reinforcement is themain cause of failure of concrete
structures. The most effective way to prevent degradation of concrete structures is
to replace the steel with a corrosion-resistant reinforcing material, such as a fiber-
reinforced composite. The types of composites that are best suited for reinforcing
concrete provide high strength, stiffness, and compatibility with concrete. They
are rod-shaped elements, molded and processed in such a way that the surface
texture and irregularities provide mechanical adhesion to concrete. The authors
considered the types of rods made of fiber-reinforced composite, such as fiber-
glass, carbon fiber, basalt-reinforced plastic and aramidoclast, in comparison with
steel as a reinforcement material. The reduced resistance to heat transfer of an
inhomogeneous part of the structure is determined taking into account linear and
point thermal inhomogeneities using the example of a coating slab with a rein-
forced frame. Based on this calculation, it was found that the least energy efficient
model is a plate reinforced with steel reinforcement, in which additional specific
linear heat losses are 14.5 times lower than the rods made of fiber-reinforced com-
posite, the reduced heat transfer resistance is 10%, the heat transfer resistance of
a homogeneous part of the structure is 13%.

Keywords: Concrete · Reinforcement · Fiberglass · Reduced heat transfer
resistance · Steel reinforcement

1 Introduction

The use of fiber-reinforced composite rods to replace steel reinforcement is one of the
most effective methods for increasing the corrosion resistance of reinforced concrete
structures [1–3]. When used correctly, these rods can improve strength-to-weight ratio,
corrosion and chemical resistance, controlled thermal expansion characteristics, and
electromagnetic neutrality, which can lead to increased safety and service life, as well
as savings in production, equipment and maintenance costs.

Fiberglass is usually composed of synthetic or organic high-strength brominated
materials in a polymer matrix. The most commonly used fiber reinforced materials for
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civil engineering are carbon, aramid basalt and glass. They are used in practice as rein-
forcement for reinforced concrete and prestressed concrete elements, ground anchors,
as well as for repairing or strengthening existing concrete structures [4–7]. Comparative
characteristics of fiber-reinforced composites with respect to steel are presented in Table.
1 [8].

Table 1 Comparative characteristics of fiber-reinforced composites in relation to steel

Characteristic Material

Carbon Glass Aramid Basalt Steel

Density, g/sm3 1.50–2.10 1.25–2.50 1.25–1.45 1.90–2.10 7.85

Tensile strength, Mpa 600–3920 483–4580 1720–3620 600–1500 483–690

Modulus of elasticity, Gpa 37–784 35–86 41–175 50–65 200

Relative extension, % 0.5–1.8 1.2–5.0 1.4–4.4 1.2–2.6 6.0–12.0

Coefficient of linear expansion,
10–6/°C

– 9.0–0.0 6.0–10.0 – 6.0–2.0 9.0–12.0 11.7

Carbon fiber is inherently an anisotropicmaterialmanufactured at 1300 °C. Themain
advantages of this fiber include low density, low electrical conductivity, high fatigue
strength, high modulus of elasticity, good creep, chemical resistance, and no water
absorption. However, low compressive strength and anisotropy (reduced radial strength)
are theweaknesses of carbon fiber. In addition, the relatively high energy requirement for
carbon fiber production leads to higher costs, which is considered another weak feature
[9, 10].

Glass fiber is isotropic in nature and is a widely used fiber. E-glass, S-glass, C-
glass and AR-glass are popular types of fiberglass. High strength, resistance to moisture
and chemicals at low cost are the main characteristics of fiberglass. The relatively low
cost compared to other types of fiberglass makes fiberglass the most widely used in the
construction industry. However, the relatively low elastic modulus, low alkali resistance
with low long-term strength due to stress fracture are themain disadvantages of fiberglass
[10, 11].

Aramid fiber is anisotropic in nature and is usually yellow in color. This fiber has
low density, high tensile strength, high modulus of elasticity and sufficient stiffness. The
fiber can be used for static and shock-resistant structures. However, its use is limited due
to low long-term (tensile) strength as well as low radial strength. Moreover, the difficulty
of cutting and processing is another disadvantage of aramid fiber [10].

Basalt fiber is a type of igneous rock that was formed as a result of the rapid cool-
ing of lava on the surface of the planet. The production of basalt fiber is similar to the
production of fiberglass. Crushed basalt rocks are the only raw material needed for fiber
production. Basalt fibers have recently appeared in composites and structural materials
based on fiberglass. Such fibers have high tensile strength, excellent resistance to high
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temperatures, and good wear resistance (Table 1). Other advantages are excellent elec-
tromagnetic performance and resistance to corrosion, acid, radiation, UV radiation and
vibration [10].

Despite the knowledge of the physical and mechanical characteristics of fiber-
reinforced composite rods, the question of the effect of the reinforcement material on
the energy efficiency of concrete structures remains open.

2 Methods and Materials

To justify the choice of material used for reinforcing concrete, the authors calculated the
reduced resistance to heat transfer of the structure, taking into account heat-conducting
inclusions. For the calculation, fragments of roof slabs (Fig. 1), each with an area of
1 m2, are considered, made of concrete of optimal composition, reinforced with glass-
composite, basalt-plastic, carbon-fiber, steel reinforcement and aramid fiber rods, which
is a reinforcing cage, consisting of upper and lower belts of rods with a diameter of
10 mm.

Fig. 1 Cross section and general view of fragments of floor slabs: 1—section of concrete in the
structure; 2—section of reinforcement of the structure
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The calculation of the reduced heat transfer resistance of energy-efficient masonry
and aerated concrete masonry with transverse bonding through a row is carried out in
accordance with [12, 13].

To determine additional specific linear heat losses through the joints, the authors
adopted values based on the calculation of the two-dimensional temperature field of the
joint of homogeneous parts of the structure (Fig. 2).

Fig. 2 Temperature field of a fragment of the floor slab under consideration, taking into account
reinforcement

3 Results and Discussion

The nature of the distribution of the heat flux through the floor slab under considera-
tion, based on the calculation of the two-dimensional temperature field of the joint of
homogeneous parts of the structure, is shown in Fig. 3.

The heat flux distribution diagram through the floor slab under consideration is shown
in Fig. 4.

The fragments under consideration are represented by two types of a homogeneous
part of the structure:

• a section of concrete in the structure (Fig. 1, pos. 1);
• section of the reinforcement of the structure (Fig. 1, pos. 2);

The reduced resistance to heat transfer of the design of the calculated fragment is
determined by formula (1) [12, 13]:

Rr
o =

∑
Ai/

(∑
Ai/Ro,i +

∑
Ljψj

)
(1)
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Fig. 3 The nature of the heat flux distribution through the floor slab under consideration

Fig. 4 Heat flow distribution diagram through the floor slab under consideration

where Ai—the area of the structure of the i-th type in the fragment under consideration,
m2; Lj—the length of all joints of the j-th type in the fragment under consideration, m;
Ro,i—heat transfer resistance of the homogeneous part of the structure of the i-th type,
(m2·°C)/Bt; ψ j—additional specific linear heat loss through the joint of the j-th type,
W/(m·°C).
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Fig. 5 Average values of the main thermal parameters of floor slab models reinforced with:
a—steel reinforcement; b—fiberglass reinforcement; c—carbon fiber reinforcement; d—basalt-
plastic reinforcement; e—aramidoplastic reinforcement

The reduced resistance to heat transfer of fragments of roof slabsmade of concrete of
optimal composition, reinforced with glass-composite, basalt-plastic, carbon fiber, steel
reinforcement and aramid fiber rods is determined. The calculation data are presented
in Fig. 5.

From the data presented in Fig. 5, we can conclude that the best thermal performance
of floor slab models reinforced with fiberglass and basalt reinforcement. It should be
noted that the values of the reduced resistance to heat transfer of models of floor slabs
reinforcedwith carbonfiber and aramidoplastic reinforcement are 1–2% lower than those
with fiberglass reinforcement with equal additional specific linear heat losses through
the j-th type joint, which also confirms their energy efficiency. According to research
data, the least energy efficient model is a plate reinforced with steel reinforcement,
in which additional specific linear heat losses are 14.5 times lower than rods made of
fiber-reinforced composite, the reduced heat transfer resistance is by 10%, and the heat
transfer resistance of a homogeneous part of the structure is by 13%.

4 Conclusion

Todetermine the energy efficiencyof a concrete structurewithfiber-reinforced composite
rods, the authors calculated the reduced heat transfer resistance of an inhomogeneous
part of the structure, taking into account linear and point thermal inhomogeneities of a
fragment of the coating slab, and established conclusions.

The use of fiberglass and basalt-reinforced reinforcement allows to increase the
tensile strength, high modulus of elasticity, corrosion resistance and durability of the
concrete structure, while ensuring high thermal uniformity.
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Abstract. A layer of aluminum oxide on the surface of a highly filled polymer
composite based on polyimide and tungsten oxide was obtained by the method of
detonation spraying. The thickness of the resulting coating is from 80 to 120 μm.
The X-ray diffraction pattern of the coating showed the presence of only one
modification of aluminum oxide—α-Al2O3. The erosion resistance of coated and
uncoated polymer composite specimens at 25 °C was studied in accordance with
ASTM G76-02. The test time for all samples was 1 h, the abrasive material con-
sumption was 2.2 g/min, and corundum powder (Al2O3) with an average fraction
of 50 μm was used as the abrasive material. The air pressure was 0.35 bar. The
impact of the abrasive material jet was carried out at angles of 30, 60, and 90°. It
has been established that the erosion wear of specimens with a ceramic coating of
α-Al2O3 is almost an order of magnitude lower than that of specimens without a
coating.

Keywords: Erosive wear · Alumina coating · Polyimide composite · Detonation
spraying

1 Introduction

Traditionally, metals and their alloys have been used to protect spacecraft from radia-
tion. Currently, new composite materials are being actively developed that have better
radiation-protective properties compared to aluminum [1, 2]. The effectiveness of a pro-
tecting material is measured by its ability to attenuate the intensity of radiation as it
passes through the material. When cosmic radiation passes through heavy metal mate-
rials, secondary radiation occurs, which causes even more harm than primary radiation
[3]. To reduce the contribution of secondary particles to the total dose equivalent, it is
more efficient to use lightweight materials for radiation protection, such as polymers.
However, the use of pure polymers in space is limited due to their low thermal stability,
low resistance to atomic oxygen, and a number of other negative space factors [4, 5].
The introduction of inorganic fillers into polymersmakes it possible to create composites
with improved thermal, physical–mechanical, and radiation-protective properties [6].

This paper discusses the impact of a jet of abrasive material (the impact of microm-
eteorite particles) on highly filled polymer composites based on polyimide and tungsten
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oxide, as well as the effect of an aluminum oxide coating as a way to increase wear resis-
tance. A polymer composite based on polyimide with the addition of tungsten oxide,
which showed high radiation-protective properties, was chosen as the material under
study. The choice of thermoplastic polyimide as a polymer matrix is due to its properties
necessary for use in space—high physical and mechanical properties at low and elevated
temperatures [7]. The use of polyimide as a binder can provide high radiation resistance
of composites, which affects the durability of materials. The use ofWO2 creates reliable
protection against γ-radiation [8]. The ceramic coating has a higher resistance to erosive
wear and is used to improve wear resistance under the influence of space dust.

2 Methods and Materials

Were prepared samples of polyimide composites containing 60 wt. %WO2. Previously,
it was found that the maximum content of WO2 in a polyimide composite, at which
high strength parameters are maintained, is 60 wt. % [9]. A detailed description of the
method for manufacturing a polymer composite is presented in Ref. [9]. Mixing of
polymer particles and filler was carried out in a jet-vortex mill. Then the homogeneous
mixture was placed into steel molds and hot pressing was carried out at a pressure of
80 MPa and a temperature of 360–380 °C. As a result, composite plates were obtained
with a size of 25 × 50 mm and a thickness of 5 mm. Next, the plates were cut into
samples of 25 × 25 mm and 25 × 20 mm.

The ceramic layer was deposited on the polyimide composite by detonation spraying
[10]. Al2O3 powder with an average size of 26 μmwas used as the applied material (see
Fig. 1). The particle size distribution was measured by the laser scattering method using
a particle size analyzer (Analysette 22 NanoTec Plus, Fritsch GmbH). The powder was
dried in an electric oven at 200 ± 5 °C for 60 min to reduce agglomeration and prevent
sticking during the coating process.

Fig. 1 A granulometric composition of the powder Al2O3
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The ceramic layer was deposited using a multi-chamber detonation accelerator
(MCDS) [11, 12]. The robotic complex detonation spray coatings process was man-
ufactured by IntelMashin LLC (Russia) for Belgorod State Technological University
named after V.G. Shukhov (Belgorod, Russia). The powder was applied to polyimide
composite plates 25 × 25 mm and 25 × 20 mm in size. Before coating, the plates were
cleaned of oil contaminationwith hexane. The operatingmode of the detonation spraying
plant during the application of ceramic coating is shown in Table 1.

Table 1 Parameters of detonation spray coating (DSC) process

Consumption of combustible mixture
components [m3/h]

Powder supply
[g/h]

Spray distance
[mm]

Travel speed
[m/h]

Air Oxygen Propane

1.41*/1.08** 2.87/3.26 0.54/0.65 500 65 100
*—cylindrical combustion chamber, **—annular combustion chamber

The structure and thickness of the coating were studied by scanning electron
microscopy (SEM, Tescan MIRA 3 LMU, Czech Republic). X-ray diffraction (XRD)
pattern of Al2O3-coating was recorded at room temperature using X-ray diffractome-
ter (Thermo Fisher Scientific ARL 9900 WorkStation, Switzerland) with Co k-alpha
radiation.

The erosion resistance of the samples was studied at a temperature of 25 °C in
accordancewithASTMG76-02 “Standard TestMethod for Conducting Erosion Tests by
Solid Particle Impingement Using Gas Jets” using Air Jet Erosion Testing Machine TR-
471-400 (Ducom Instruments, India). The test time for all samples was 1 h, the abrasive
material consumptionwas 2.2 g/min, corundumpowder (Al2O3)with an average fraction
of 50 μm was used as the abrasive material. The air pressure was 0.35 bar. Abrasive
wear was carried out at angles of 30, 60, and 90°. A composite material without coating
and with a ceramic coating was chosen as the test samples.

3 Results and Discussion

As a result of the process of detonation spraying on the surface of plates from a polyimide
composite, Al2O3 coatings with a thickness of 80 to 120 μm were obtained, the X-ray
diffraction pattern of which showed the presence of only one modification of aluminum
oxide—α-Al2O3 (corundum) (see Fig. 2).

The results of tests for erosive wear are presented in Table 2 Erosive wear spots of
coated and uncoated samples Table 2 and in Fig. 3. From the graph (see Fig. 3a) it can
be seen that the areas of erosion wear for samples with a ceramic coating are less than
for samples without a coating. In 1.76, 1.57 and 1.76 times for angles of 30, 60 and
90°, respectively. The erosive values was calculated from the ratio of the volume loss
of the sample material to the total mass of abrasive particles that acted on the sample,



Erosive Wear of Alumina Coated Polyimide Composite 165

ba

Fig. 2 A cross section micrograph of the coated composite (a) and an X-ray diffraction pattern
of the coating (b)

according to the formula (1):

(m0 − m1)

ρ
/
S

t
, (1)

where m0—the mass of the sample before the start of the test, g; m1—the mass of the
sample after testing, g; ρ—sample density (coating or system coating + base), g/cm3;
S—the abrasive consumption rate, g/min; t—the duration of the test, min.

It follows from the graph (see Fig. 3b) that erosive wear increases with decreasing
angle of incidence of the abrasive powder flow. This dependence is due to the fact that
as the angle of incidence decreases, the abrasive jet is reflected from the surface in the
direction of its movement and, without intersecting with the incident jet, carries away
the eroding material. At an angle of 60 and 90°, the incident flow and the reflected flow
intersect, complex cavitation processes occur, preventing erosion of the test material,
especially at 90°, to the extent that in some zones the material can penetrate into a soft
substrate, therefore, mass loss much less and, as a consequence, less erosive wear.

The calculated erosive wear for specimens with a ceramic coating of α-Al2O3 is
almost an order of magnitude lower than for specimens without a coating. This is due to
the high hardness of the ceramic coating, and it is consistent with qualitative observations
of the erosive wear area for ceramic-coated and uncoated specimens.

4 Conclusion

Studies of the resistance of the developed polymer composite to the impact of microm-
eteorite particles were carried out. The tribological characteristics of a polyimide com-
posite coated with a corundum coating based on α-Al2O3 have been evaluated. It has
been established that a coating 100 μm thick increases the wear resistance of the filled
polyimide composite by an order of magnitude.
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Table 2 Erosive wear spots of coated and uncoated samples

Erosive
wear
angle

Uncoated Coated with α-Al2O3

Image Erosive wear spot
area

Image Erosive wear spot
area

30°

60°

90°
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Fig. 3 Value of erosive wear (a) and erosive wear spot area (b) from the angle of processing

Acknowledgements. This work was supported by the Russian Science Foundation (grant no.
19-19-00316). The work is realized using the equipment of the High Technology Center at BSTU
named after V.G. Shukhov.



Erosive Wear of Alumina Coated Polyimide Composite 167

References

1. Vilkov, F.E., Lozovan, A.A., Bazhanov, A.V., Kasitsyn, A.N., Schekoturova, O.E., Solovev,
M.K.: Investigation of the radiation-protective properties of a highly filled liquid glass
material. J. Surf. Investig. 11, 912–916 (2017). https://doi.org/10.1134/S1027451017050160

2. Cherkashina, N.I., Pavlenko, V.I., Ivanitskiy, D.A.: Investigation of the mechanisms of syn-
thesis and modification of nanocrystalline fillers of polymeric matrices. Bull. BSTU named
after V. G. Shukhov 1, 185–190 (2016). https://doi.org/10.12737/22101

3. Keating, A., Goncalves, P., Pimenta, M., Brogueira, P., Zadeh, A., Daly, E.: Modeling the
effects of low-LET cosmic rays on electronic components. Radiat. Environ. Biophys. 51,
245–254 (2012). https://doi.org/10.1007/S00411-012-0412-2

4. Cherkashina, N.I., Pavlenko, V.I., Noskov, A.V.: Radiation shielding properties of polyimide
composite materials. Radiat. Phys. Chem. 159, 111–117 (2019). https://doi.org/10.1016/J.
RADPHYSCHEM.2019.02.041

5. Ortner, H.M., Stadermann, F.J.: Degradation of space exposed surfaces by hypervelocity
dust bombardment, and refractory materials for space. Int. J. Refract. Met. Hard Mater. 27,
949–956 (2009). https://doi.org/10.1016/J.IJRMHM.2009.05.009

6. Pavlenko, V.I., Cherkashina, N.I., Noskov, A.V.: Calculation of proton passage through a
highly filled polyimide composite. J. Surf. Investig. 15, 147–151 (2021). https://doi.org/10.
1134/S1027451020060129

7. Fang, X., Yang, Z., Zhang, S., Gao, L., Ding, M.: Synthesis and properties of poly-
imides derived from cis- and trans-1,2,3,4-cyclohexanetetracarboxylic dianhydrides. Polymer
(Guildf) 45, 2539–2549 (2004). https://doi.org/10.1016/J.POLYMER.2004.02.008

8. Cherkashina, N.I., Pavlenko, V.I., Noskov, A.V., Sirota, V.V., Zaitsev, S.V., Prokhorenkov,
D.S., Sidelnikov, R.V.: Gamma radiation attenuation characteristics of polyimide composite
with WO2. Prog. Nucl. Energy 137, 103795 (2021). https://doi.org/10.1016/J.PNUCENE.
2021.103795

9. Cherkashina, N.I., Pavlenko, V.I., Noskov, A.V.: Synthesis and property evaluations of
highly filled polyimide composites under thermal cycling conditions from −190 °C to +
200 °C. Cryogenics (Guildf) 104, 102995 (2019). https://doi.org/10.1016/J.CRYOGENICS.
2019.102995

10. Sirota, V.V., Zaitsev, S.V., Prokhorenkov, D.S., Limarenko, M.V., Skiba, A.A., Kovaleva,
M.G.: Detonation spraying of composite targets based on Ni, Cr and B4C for magnetron
multi-functional coating (2022). https://doi.org/10.4028/p-74w31h

11. Kolisnichenko, O.V., Tyurin, Y.N., Tovbin, R.: Efficiency of process of coating spraying using
multichamber detonation unit. Autom. Weld. 2017, 28–34 (2017). https://doi.org/10.15407/
AS2017.10.03

12. Kovaleva, M., Goncharov, I., Novikov, V., Yapryntsev, M., Vagina, O., Pavlenko, I., Sirota,
V., Tyurin, Y., Kolisnichenko, O.: Effect of heat treatment on the microstructure and phase
composition of ZrB2-MoSi2 coating. Coatings 9 (2019). https://doi.org/10.3390/COATIN
GS9120779

https://doi.org/10.1134/S1027451017050160
https://doi.org/10.12737/22101
https://doi.org/10.1007/S00411-012-0412-2
https://doi.org/10.1016/J.RADPHYSCHEM.2019.02.041
https://doi.org/10.1016/J.IJRMHM.2009.05.009
https://doi.org/10.1134/S1027451020060129
https://doi.org/10.1016/J.POLYMER.2004.02.008
https://doi.org/10.1016/J.PNUCENE.2021.103795
https://doi.org/10.1016/J.CRYOGENICS.2019.102995
https://doi.org/10.4028/p-74w31h
https://doi.org/10.15407/AS2017.10.03
https://doi.org/10.3390/COATINGS9120779


Biological and Climatic Resistance of Cement
Composites Based on Biocidal Binders

V. T. Erofeev1 , A. I. Rodin1 , S. N. Karpushin1 , Ya. A. Sanyagina1 ,
S. V. Klyuev2(B) , and L. S. Sabitov3,4

1 Ogarev Mordovia State University, Saransk, Russia
2 Belgorod State Technological University Named After V.G. Shukhov, Belgorod, Russia

Klyuyev@yandex.ru
3 Kazan State Power Engineering University, Kazan, Russia

4 Kazan Federal University, Kazan, Russia

Abstract. The aim of this work is to study the durability in biological media of
cement composites based on biocidal cements. Formulation of biocidal cements
was carried out using the following components: Portland cement clinker (JSC
“Mordovcement”, Russia); calcium sulfate dihydrate (Poretskoe deposit, Nizhny
Novgorod region); fly ash of Krasnoyarsk CHP-3 (Russia), biocide preparations:
sulfuric acid sodium, sodium fluoride. The finished specimens were incubated
in a medium consisting of 10 species of mycelial fungi. Identification of domi-
nant micromycetes infesting the surface of composites made on ordinary Portland
cement and several types of biocidal cements obtained using different biocidal
preparations was carried out. Nomore than 2 species of mycelial fungi were found
around specimens based on biocidal cements as opposed to ordinary ones—against
7–8. At the same time, it is important that the absence of the most dangerous for
human health micromycetes (Aspergillusniger) around the composites made with
biocidal cementswas revealed. Long-term tests (up to 180 days) revealed high fun-
gal resistance and fungicidity of individual compositions with biocidal additives
and insignificant variability of properties both in standard biological environment
and in the products of their metabolism. The biocidal properties of the developed
composites were tested in full-scale climate conditions of the Black Sea coast
and the Leningrad Region. Developed biocidal cements with active mineral addi-
tives are recommended for use in buildings with biologically active media in the
manufacture of concrete and other cement composites with increased biological
resistance.
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mass content · Strength · Fungal resistance · Fungicidity · Climatic resistance ·
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1 Introduction

Concretes of various types are widely used in the construction industry. This contributes
to the development of conducting numerous researches in the world practice. To date,
rational compositions of concretes and other cement composites with improved indica-
tors of physical and mechanical properties and increased durability have been developed
[1–6]. Portland cement, which is produced by grinding Portland cement clinker with cal-
cium sulfate dihydrate, is the most widely used as a binder in the production of concrete
and products based on them. In the construction industry cements of grades 400, 500,
550, 600 are used. In addition to strength, cements have a number of other requirements,
such as technological (normal density, setting time), for durability. Information is given
on special binders, including mixed, composite, activated. Improving the properties of
cement composites is achieved by introducing plasticizers and other additives.

The introduction of fine-grained active fillers into both cements and concretemixes is
particularly effective, leading to improvements in a number of properties of cement-based
concretes.

It is shown that the use of industrial wastes in the process of obtaining various
construction materials, including binders and concretes, allows increasing their physical
and mechanical properties and simultaneously solving such problems as: environmental
protection and the creation of waste-free technologies of production of construction
materials. The most promising direction, according to a number of experts, is the use of
ash as a component of mixed cements.

Recently, more and more researchers and practitioners pay attention to improving
the biostability of materials and products and the elimination of the negative fact of
biodeterioration of buildings and structures [7, 8].

The economic damage from bio-damage worldwide is estimated at tens of billions
of dollars annually, and the list of human diseases caused by microscopic organisms is
growing [9, 10].

Both in our country and abroad there is intensive research on improvement of known
and development of new types of cements. Many authors have established that the
most corrosive for cement and other construction composites are the following types
of bacteria: Nitrosomonas, Ciostridium, Micrococcus, Tiobacillus, Desulfovibrio, Ace-
tobakter, i micelial�nyx gpibov: Aspergillus, Penicillium, Trichoderma, Mycor,
Cladosporium, Cepfalosporium, Torula, Saccharomyces, Pichia, Coniophora, Poria,
Serpula.

In addition to destruction processes, microorganisms have a negative impact on
human life. The population living in contaminated premises is prone to diseases of
the respiratory, circulatory, digestive, nervous, musculoskeletal and connective tissue
systems, endocrine and genitourinary systems, etc. Themain causative agents of diseases
associatedwith biodegradablemicrobes aremicromycetes. Themost commonpathogens
are fungi of the genusAspergillius, which cause aspergillosis. In addition, certain species
of mold fungi are potentially oncogenic.

The paper considers the issues of chemical and biological corrosion of cement con-
crete, durability of products based on them under the influence of aggressive media.
Mechanisms of destruction of cement composites under the influence of mycelial fungi,



170 V. T. Erofeev et al.

bacteria and products of their metabolism are analyzed. Various fouling and waste prod-
ucts of bacteria and fungi have a destructive effect on concrete and other materials.
The destruction of concrete structures, building elements is further aggravated by the
combined effects of microorganisms in the presence of mechanical damage, climatic
factors.

One of the effective ways to increase the biostability of cement composites is the
introduction of fungicidal and bactericidal additives in their composition.

The expediency of increasing the biostability of cement composites through the use
of special cements with biocidal properties is substantiated below.

The aim of the study is to investigate the durability of cement composites based on
biocidal cements with active mineral additives.

1. To study the durability of composites based on biocidal cements with an active
mineral additive in the environment of mycelial fungi and products of metabolism
of fungi and bacteria, in laboratory conditions, in sea water, climatic conditions of
the sea coast in full-scale tests.

2. To select biocidal additives effective for use in cement composites based on the
results of strength and biostability studies.

3. To establish quantitative indicators of resistance of composites based on biocidal
cements with an active mineral additive in biological media, water and aqueous acid
solutions.

4. To study the climatic resistance of cement composites composed on the basis of
biocidal Portland cement with an active mineral additive.

2 Materials and Methods

The following components were used for the manufacture of biocidal cements: Port-
land cement clinker (JSC “Mordovcement”) of mineralogical composition: 3CaOSiO2
(59–63%), 2CaOSiO2 (16–18%), 3CaOAl2O3 (6–7.5%), 4CaOAl2O3Fe2O3 (11–12%),
calcium sulfate dihydrate (GOST 4013–82) (Poretskoe deposit), biocidal preparations:
sodium sulphate (GOST 4166–76), sodium fluoride (GOST 4463–76), fly ash of the
Krasnoyarsk CHP-3.

Biocidal cements were produced by grinding cement clinker, calcium sulfate dihy-
drate and biocidal additive (Na2SO4, NaF, PHMG-C) to achieve a specific surface area
of 2900–3000 cm2/g.

When evaluating the biostability of cement composites for comparison with the
developed materials as binders were used ordinary and white Portland cement of domes-
tic and foreign production: Shchurovsky, Volsky, Mordovsky, Danish, Egyptian and
many others, the chemical and mineralogical composition of which was also determined
in the work [11].

Standard Volsky sand Mk = 2.45 (GOST 6139–91) and natural quartz sand for the
manufacture of concrete andmortarsMk = 1.4 (GOST 8736–93) (Smolninskoye deposit
of Republic of Mordovia) were used as aggregates.

The technology for making specimens is described in Ref. [11].
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Physical and mechanical properties of cements and composites based on them were
determined according to GOST 310.3–76, GOST 30,744–2001, GOST 310.6–85. Phys-
ical and mechanical methods of research (RFA, TG, DTG, DSC, calorimetry, etc.), as
well as biological methods (method of imprints, method of sampling, method of deter-
mining fungal resistance and fungicidity according to GOST 9049–91) were used in the
work.

Biological, climatic and chemical resistance of cement composites with an active
mineral additive was studied in comparison with cement composites made on ordinary
Portland cement. Specimens of composites were tested for fungal resistance and the
presence of fungicidal properties in accordance with GOST 9049–91. The following
species of micromycetes were used as test organisms: Aspergillusoryzae, Aspergillus-
niger, Aspergillusterreus, Chaetomiumglobosum, Paecilomycesvariotii, Penicilliumfu-
niculosum, Penicilliumchrysogenum, Penicilliumcyclopium, Trichodermaviride.

3 Results and Their Analysis

Studies of resistance of biocidal cement composites with an active mineral additive in a
standard biological medium and products of metabolism of mycelial fungi and bacteria
have been conducted. The results of their tests for fungal resistance according to GOST
9.049–91 are given in Table 1.

Identification of dominant species of micromycetes on the surface of composites
based on cements from 10 national and foreign manufacturers with differences in chem-
ical and mineralogical composition after 1 month of testing in a standard medium of
mycelial fungi was carried out.

Species dominance has been established on almost all decorative cement composites:
Aspergillusniger, Penicilliumcyclopium i Penicilliumchrysogenum. On the surface of
composites on ordinary cements two dominant species of micromycetes of the genus
Penicillium (Penicilliumchrysogenum and Penicilliumcyclopium) are distinguished. In
addition to micromycetes of the genus Penicillium, two species of the genus Aspergillus
were identified - Aspergillusniger, on all composites made on national cements, which is
associated with increased content of Mg, K, Na in them, and Aspergillusterreus, identi-
fied on the surface of composites on Krasnoyarsk and Mordovian standard composition
cements. It should also be noted the presence of Trichodermaviride on the surface of
composites on cement of JSC “Volskcement” and JSC “Mordovcement”, which is asso-
ciated with an increased content of P and Mn in their composition, and on the surface
of composites on cement of French production Paecilomycesvariotii, which has a lower
content of Mg, K, Na, P and Mn.

After 6 months of keeping in standard medium of mycelial fungi strength of cement
stone samples of normal density onwhite cements decreased by 15–20%, and on ordinary
cements by 20–30%depending on pore space of composites, chemical andmineralogical
composition of cements and on dominating micromycetes in vicinity and on surface of
composites (see Table 1).
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Table 1 Fouling and coefficient of biostability of composites based on cements of national and
foreign production

№ of
composition

Name of
cement.
Producer

Assessment of
fungi growth,
points

Characteristics
according to
GOST
9.049-91

Biological resistance
coefficient

Method
1

Method
3

1 month 3 months 6 months

1 M 600 D0
(France)

0 4 Fungal
resistant

1.04 0.93 0.88

2 M 500 D0
(Russia,
Krasnoyarsk)

0 4 Fungal
resistant

1.05 0.9 0.8

3 M 500
D0N(Russia,
Chamzinka
village)

0 4 Fungal
resistant

1.05 0.9 0.85

4 M 500 D0
(Russia,
Volsk)

1 3 Fungal
resistant

1.07 0.87 0.78

5 M 500 D0N
(Russia,
Volsk)

0 4 Fungal
resistant

1.06 0.92 0.83

6 M 400 D0
(Russia,
Stary Oskol)

0 4 Fungal
resistant

1.09 0.85 0.73

7 M 500 D0
(Russia,
Ulyanovsk)

0 4 Fungal
resistant

1.07 0.85 0.76

8 M 500 D0
(Russia,
Chamzinka
village)

0 4 Fungal
resistant

1.03 0.93 0.82

9 White M 500
D0 (Russia,
Kolomna)

0 4 Fungal
resistant

1.04 0.96 0.85

10 White M 600
D0 (Egypt)

0 4 Fungal
resistant

1.05 0.90 0.8

11 White M 600
D0
(Denmark)

1 4 Fungal
resistant

1.04 0.95 0.83

(continued)
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Table 1 (continued)

№ of
composition

Name of
cement.
Producer

Assessment of
fungi growth,
points

Characteristics
according to
GOST
9.049-91

Biological resistance
coefficient

Method
1

Method
3

1 month 3 months 6 months

12 White M 600
D0 (Italy)

1 4 Fungal
resistant

1.05 0.93 0.82

The biostability of cement compositesmodifiedwith sodium sulfate, sodiumfluoride
and polyhexamethylene guanidine stearate has been established. The following cement
compositions modified with biocidal preparations were tested: 1—100 wt. h. clinker,
6 wt. h. CaSO4 2H2O, 4.5 wt. h. Na2SO4; 2—100 wt. h. clinker, 0–8 wt. h. CaSO4
2H2O, 3–4.5 wt. h. NaF; 3—100 wt. h. clinker, 0–6 wt. h. CaSO4 2H2O, 1–2 wt. h.
PHMG–C. At this content of components cement composites have fungicidal properties.
After 6 months of incubation in a standard medium of mycelial fungi the strength of
composites based on cements with fungicidal properties decreased only by 3–8% in
comparison with non-added compositions, the strength of which decreased by 25–40%
(see Tables 2, 3 and 4).

The dominant species of micromycetes near specimens made with biocidal cements
were identified after long-term tests in standard mycelial fungi medium. Around the
specimens based on cements modified with sulfuric acid sodium there is a dominance
of species—Aspergillusterreus and Penicilliumcyclopium; modified with sodium fluo-
ride—Aspergillusterreus, Penicilliumcyclopium and Aspergillusoryzae; modified with
polyhexamethyleneguanidine stearate—Aspergillusoryzae. At the same time, the pres-
ence of the most dangerous for human health micromycetes (Aspergillusniger) around
the composites made with biocidal cements was not detected.

On the basis of the conducted complex research the following compositions of
cements for the manufacture of materials, products and structures, resistant in biologi-
cally active media are recommended: 1—100 wt. h. clinker, 4.5 wt. h. Na2SO4, 6 wt. h.
CaSO4 * 2H2O; 2—100 wt. h. clinker, 3 wt. h. NaF, 0–8 wt. h. CaSO4 * 2H2O; 3—100
wt. h. clinker, 4.5 wt. h. NaF, 0–6 wt. h. CaSO4 * 2H2O; 4—100 wt. h. cklinker, 1–2 wt.
h. PHMG–C, 0–6 wt. h. CaSO4 * 2H2O.

In a study of the fouling properties of cement composites made of Portland cement,
biocidal Portland cement, Portland cement with an active mineral additive in laboratory
conditions in a standard biological environment found that the composites based on
Portland cement without biocidal additive have fungal resistance 0 and 1 point in the
test by method 1, but fouled in the test by method 3 (3 and 4 points), that is, they are
non-fungicidal.

Based on the studies of the biostability of cement composites, the following
biocidal compositions of binders were identified, which showed a fungistatic effect
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Table 2 Effect of CaSO4 * 2H2O and Na2SO4 content on fouling and bioresistance coefficient
of cement stone

№ of
composition

Content of
CaSO4 *
2H2O,
wt.h

Content of
Na2SO4,
wt.h

Assessment of fungi
growth, points

Characteristics
according to
GOST
9.049-91

Biological resistance coefficient

Method 1 Method 3 1 month 3 months 6 months

1 0 0 0 4 Fungal resistant 0.99 0.8 0.60

2 2 0 0 4 Fungal resistant 1.06 0.87 0.76

3 4 0 0 4 Fungal resistant 1.02 0.88 0.75

4 6 0 0 4 Fungal resistant 1.07 0.86 0.75

5 8 0 0 4 Fungal resistant 1.07 0.79 0.63

6 0 1.5 2 4 Fungal resistant 1.07 0.94 0.79

7 2 1.5 2 4 Fungal resistant 1.06 1.00 0.86

8 4 1.5 0 4 Fungal resistant 1.06 1.02 0.85

9 6 1.5 2 4 Fungal resistant 1.09 0.98 0.82

10 8 1.5 2 4 Fungal resistant 1.06 0.92 0.77

11 0 3 0 2 Fungal resistant 1.02 0.86 0.70

12 2 3 2 3 Fungal resistant 1.05 0.99 0.92

13 4 3 2 4 Fungal resistant 1.05 1.05 0.91

14 6 3 2 4 Fungal resistant 1.01 0.97 0.93

15 8 3 2 4 Fungal resistant 1.08 0.94 0.82

16 0 4.5 0 3 Fungal resistant 1.05 0.99 0.90

17 2 4.5 0 3 Fungal resistant 1.00 0.98 0.95

18 4 4.5 0 3 Fungal resistant 1.02 1.05 0.98

19 6 4.5 0 0 (0) Fungicidal 1.07 1.02 0.98

20 8 4.5 0 3 Fungal resistant 1.05 1.00 0.96

21 0 6 1 3 Fungal resistant 1.05 1.03 0.97

22 2 6 1 4 Fungal resistant 0.99 0.95 0.89

23 4 6 1 3 Fungal resistant 0.95 0.92 0.88

24 6 6 0 4 Fungal resistant 0.97 0.94 0.88

25 8 6 2 4 Fungal resistant 0.97 0.94 0.91

(wt. h.): (1) Portland cement clinker—100, CaSO4·2H2O—6.0–11.2, Na2SO4—7.0,
fly ash—10.0—20.0 wt. h.; (2) Portland cement clinker—100, CaSO4·2H2O—6.0–
8.6, Na2SO4—3.5, fly ash 13—10.0–20.0 wt. h.; (3) Portland cement clinker—100,
CaSO4·2H2O—6.0–11.2, NaF—2.0–4.0, fly ash—10.0–20.0 wt. h. It follows from the
research results that cement composites without a biocidal additive become overgrown
with microorganisms, therefore, even high-density materials will be exposed to the
aggressive effects of metabolic products.

The results of tests to establish the species composition of microorganisms contami-
nating the surface of specimens of cement composites aged in the open area and under a
canopy on the Black Sea coast and in the climate of the Leningrad region, as well as after
aging in sea and ground water are presented. The Black Sea coast is characterized by a
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Table 3 Effect of CaSO4 * 2H2O and NaF content on fouling and bio-resistance coefficient of
cement stone

№ of
composition

Content of
CaSO4 *
2H2O, wt.h

Content
of NaF,
wt.h

Assessment of fungi
growth, points

Characteristics
according to
GOST 9.049-91

Biological resistance coefficient

Method 1 Method 3 1 month 3 months 6 months

1 0 0 0 4 Fungal resistant 0.99 0.8 0.61

2 2 0 0 4 Fungal resistant 1.06 0.87 0.76

3 4 0 0 4 Fungal resistant 1.02 0.88 0.75

4 6 0 0 4 Fungal resistant 1.07 0.86 0.75

5 8 0 0 4 Fungal resistant 1.07 0.79 0.63

6 0 1.5 0 3 Fungal resistant 1.05 0.88 0.81

7 2 1.5 0 3 Fungal resistant 1.07 0.90 0.81

8 4 1.5 0 3 Fungal resistant 1.08 0.92 0.85

9 6 1.5 0 3 Fungal resistant 1.08 0.95 0.86

10 8 1.5 0 3 Fungal resistant 1.05 0.93 0.85

11 0 3 0 0 (40 mm) Fungicidal 0.99 0.97 0.92

12 2 3 0 0 (40 mm) Fungicidal 1.00 0.98 0.93

13 4 3 0 0 (40 mm) Fungicidal 0.98 0.96 0.94

14 6 3 0 0 (40 mm) Fungicidal 0.99 0.97 0.95

15 8 3 0 0 (40 mm) Fungicidal 0.98 0.96 0.94

16 0 4.5 0 0 (40 mm) Fungicidal 0.97 0.94 0.88

17 2 4.5 0 0 (40 mm) Fungicidal 0.95 0.92 0.86

18 4 4.5 0 0 (40 mm) Fungicidal 0.94 0.93 0.89

19 6 4.5 0 0 (40 mm) Fungicidal 0.83 0 0

20 8 4.5 0 0 (40 mm) Fungicidal 0.72 0 0

warm climate, in which case the samples are exposed to variable humidity, salt spray,
wind, and, in the open area, also to ultraviolet irradiation. Leningrad Region belongs to
the zone with moderate climate, which is characterized by high humidity. It is known
that such conditions intensify the processes of biodegradation.

The species composition of microorganisms isolated from the surface of specimens
aged in warm and temperate climatic zones are shown in Tables 5 and 6.

Climatic zone Exposure conditions of specimens Species composition of microor-
ganisms on specimens 100 wt.h. clinker, 8.6 wt.h. CaSO4·2H2O, 10.

The test results showed that the species and quantitative composition of mycobiota,
contaminating cement composites is ambiguous, and depends on the formulation of
materials and the effect on them of environmental factors.
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Table 4 Effect of CaSO4 * 2H2O and PHMG–C content on fouling and the coefficient of wear
resistance of cement stone

№ of
composition

Content of
CaSO4 *
2H2O, wt.h

Content of
PHMG–C,
wt.h

Assessment of fungi
growth, points

Characteristics
according to
GOST 9.049-91

Biological resistance coefficient

Method
1

Method
3

1 month 3 months 6 months

1 0 0 0 4 Fungal resistant 0.99 0.80 0.61

2 2 0 0 4 Fungal resistant 1.06 0.87 0.76

3 4 0 0 4 Fungal resistant 1.02 0.88 0.75

4 6 0 0 4 Fungal resistant 1.07 0.86 0.75

5 0 0.5 0 3 Fungal resistant 1.03 0.89 0.78

6 2 0.5 0 2 Fungal resistant 1.04 0.91 0.82

7 4 0.5 0 2 Fungal resistant 1.04 0.95 0.87

8 6 0.5 0 2 Fungal resistant 1.05 0.94 0.88

9 0 1 0 1 Fungicidal 1.02 0.97 0.92

10 2 1 0 0 (0) Fungicidal 1.02 1.00 0.95

11 4 1 0 0 (0) Fungicidal 1.01 1.00 0.95

12 6 1 0 1 Fungicidal 1.01 1.01 0.95

13 0 2 0 0 (3 mm) Fungicidal 1.01 1.00 0.97

14 2 2 0 0 (5 mm) Fungicidal 1.01 1.01 0.98

15 4 2 0 0 (5 mm) Fungicidal 1.02 1.02 0.98

16 6 2 0 0 (4 mm) Fungicidal 1.02 1.01 0.97

4 Conclusions

1. The resistance of cement composites under the influence of water and chemical
aggressive media: acid solutions, machine oil, gasoline were experimentally inves-
tigated. Using Excel table processor the functions describing the change in mass
content and resistance coefficient of biocidal cements with active mineral additive
were obtained. After 110 days of exposure the highest resistance has the follow-
ing compositions, (wt.h.): (1) clinker—100, CaSO4·2H2O—8.6, Na2SO4—3.5, fly
ash—20; (2) clinker—100, CaSO4·2H2O—8.6, NaF—4.0, fly ash—10.

2. The degree of fouling by mycelial fungi was revealed and the resistance of the inves-
tigated cement composites to microbiological aggressive media was established.
Composites compositionsmodifiedwith biocidal additives showed fungistatic effect.
The kinetic dependences of changes in mass content and strength of cement com-
posites specimens on the duration of soaking in the media were analyzed. Quan-
titative dependences of changes in strength and mass content of cement composi-
tions in a standard biological medium depending on the formulation factors were
revealed. Compositions of biocidal cements were revealed (wt. h.): (1) clinker—
100, CaSO4·2H2O—6.0, Na2SO4—3.5; (2) clinker—100, CaSO4·2H2O—6.0,
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Table 5 Test results of specimens exposed in the warm zone

Climatic zone Specimen exposure
conditions

Species composition of microorganisms on
the specimens

100 wt.h. clinker, 8.6
wt.h. CaSO4·2H2O,
10 wt.h. fly ash, 7.0
wt.h. sodium sulfate

100 wt.h. clinker, 11.2
wt.h. CaSO4·2H2O,
20 wt.h. fly ash, 4.0
wt.h. sodium sulfate

Warm (Novorossiysk) In an airy environment
under a canopy

Alternaria brassicae,
Alternaria
tenuissima

Aspergillus oryzae,
Cladosporium
herbarum

Warm (Novorossiysk) In an open air
environment

Botryotrichum
piluliferum,
Fusarium
miniliforme

Not found

On the open area after
aging in seawater

Not found Cladosporium elatum,
Penicillium
claviforme,
Penicillium cyclopium

Na2SO4—7.0; (3) clinker—100, CaSO4·2H2O 8.6–11,2, NaF—2,0; (4) clinker—
100, CaSO4·2H2O—8.6–11.2, NaF–2.0.

3. The efficiency of using biocidal cement composites with an active mineral additive
in full-scale conditions of exposure to media characteristic of bacteria and mycelial
fungi was confirmed. It was established that composites on the developed compo-
sitions within the wide limits of the formulation were more resistant in comparison
with materials on ordinary cement in the climatic conditions of the Black Sea coast
and Leningrad region.



178 V. T. Erofeev et al.

Table 6 Test results of specimens exposed in the temperate zone

Climatic zone Specimen exposure
conditions

Species composition of microorganisms on the
specimens

100 wt.h. clinker, 8.6
wt.h. CaSO4·2H2O, 10
wt.h. fly ash, 7.0 wt.h.
sodium sulfate

100 wt.h. clinker, 11.2
wt.h. CaSO4·2H2O, 20
wt.h. fly ash, 4.0 wt.h.
sodium sulfate

Temperate (St.
Petersburg)

In an airy environment
under a canopy

– Alternaria brassicae,
aspergillus ustus,
Fusarium moniliforme

Temperate (St.
Petersburg)

In an open air
environment

– Not found

On the open area after
aging in groundwater

– Aspergillus
fumigatus,Aspergillus
niger, Botryotrichum
piluliferum,
Cladosporium elatum,
Cladosporium
macrocarpum,
Fusarium moniliforme,
Penicillium claviforme,
Penicillium lanosum,
Penicillium nigricans,
Trichoderma viride
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Abstract. The paper deals with the main construction materials used in the con-
struction, repair and reconstruction of buildings and structures, which include
gypsum, lime, and clinker. Obtaining building materials is associated with tech-
nological processes, grinding is the most energy-intensive of them. Grinding of
construction materials is carried out in ball-tube mills, the design of which is con-
stantly being improved. The new design of the ball-tube mill is equipped with an
inclined partition. The grinding bodies in the new scheme of the ball-tube mill,
unlike conventional designs, move not only in the cross section of the crushing
cylinder, but also in the longitudinal direction,which significantly affects the kinet-
ics of motion. The fundamental differences in the kinematics of motion, velocity
and energy modes of grinding bodies during the cycle compared to conventional
ball-tube mills are considered. The calculation diagrams and graphical results of
calculations are given: the coordinates, velocities and inertia of the ball at the
moment of its collision with the mill crushing cylinder and the energy value of
the ball under the conditions of its cross-longitudinal motion. The characteristic
sections of the phases of motion of grinding bodies during the full cycle of rota-
tion of the crushing cylinder and the behavior of grinding bodies in each of the
sections is considered. The most effective zones of the work of grinding bodies
are indicated. A comprehensive analysis of the loading operation is given. The
main difference between the kinetics of motion of grinding bodies in a mill with
an inclined chamber partition from conventional ball-tube mills, consisting in dif-
ferent values of the angle of incidence, velocity and energy of the ball at the same
angle of separation, is considered. The generalizing conclusions of the energy and
speed parameters of the ball-tube mill in the grinding of construction materials
are made.

Keywords: Ball-tube mill · Inclined partition · Ball · Loading · Speed · Kinetic
energy · Grinding

1 Introduction

In construction, most materials go through various technological processes during their
production. The main of these processes is the grinding of construction materials. Con-
struction materials are defined as materials that are used in the construction, repair and
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reconstruction of buildings and structures. Grinding construction materials is a very
energy-intensive process. Various types of equipment are used to grind construction
materials. For more than a century tube mills have been widely used for grinding con-
struction materials. But tube mills have a significant disadvantage, high energy con-
sumption. The main materials grinded in tube mills are clinker, lime, gypsum, etc. Also
in tube mills, polymeric materials are milled, which are becoming more widespread in
the national economy.

When grinding clinker to produce cement, the degree of grinding has a great influence
on the properties of the final product, which affects the activity of the clinker.

Due to the high energy intensity of the grinding process, work is currently under-
way to reduce energy consumption for grinding by installing internal energy exchange
devices, such as inclined inter-chamber partitions. The movement of grinding bodies
in our developed design of a ball-tube mill equipped with an inclined inter-chamber
partition differs significantly from the known designs of mills [1–3]. In conventional
ball-tube mills, the grinding bodies move exclusively in the cross-section of the crush-
ing cylinder. In our proposed design of the mill, grinding bodies, along with the cross
motion, make additional longitudinal one, which significantly changes the kinematics
of motion, speed and energy mode of their work [4, 5].

2 Materials and Methods

To calculate the parameters of grinding load operation in mills with cross-longitudinal
motion of grinding bodies it is not possible to use the classical theory of Davis assuming
that the ball in the crushing cylinder first moves in its cross section along a circular
path together with the crushing cylinder, and then at the breakaway point it changes to
a free parabolic trajectory of falling [6, 7]. In the methodology we are considering, new
approaches are proposed based on the introduction of an additional movable coordinate
system located in the plane of an inclined inter-chamber partition.

This will allow us to calculate not only the trajectory of the balls during the full
cycle, but also their speeds, accelerations, potential and kinetic energy, impact forces at
the point of the balls falling.

3 Results and Discussion

3.1 Parameters of the Ball Movement Along the Inclined Partition

To calculate the trajectory of the ball on the inclined partition, based on the calculation
scheme shown in (Fig. 1), we must determine the angle α at which the ball will detach
from the crushing cylinder, the angle γ characterizing the position of the ball on the
inclined partition and determine the corresponding moment angle ξ of rotation of the
inclined partition.

The angle ξ of rotation of the inclined partition, at which the ball will detach from
the crushing cylinder of the mill, is calculated by the formula:

ξ = −θ + (−1)karcsinψ2r−1
(
1 − cos2βcosε

)
+ πR, (1)
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Fig. 1 The calculated coordinate systemand the forces acting on the ball: fixedOXYZ andmovable
X’OZ’ coordinate systems at ε = 0°; α—the angle of separation of the ball from the crushing
cylinder; γ—the angle of the ball position on the inclined partition; β—the angle of inclination

of the partition; ε—the angle of rotation of the crushing cylinder; �G, �C, −→
Np,

−→
Nd—the forces,

respectively, of the weight of the ball, centrifugal one, the reaction of the partition, the crushing.

there r =
[
1 − cos2 −

(
1 − sin4β

)]0.5;

θ = arccossin − /r;

ε = arctg(tgγ /sinβ).

The parameter k is selected in such a way that the value of the angle ξ is in the
interval 0 < ξ < 2 π .

The angle α at which the ball breaks away from the crushing cylinder and begins its
further movement along the inclined partition is equal to:

α = arctg(tgγ /sinβ) + arccossinε/r − (−1)k

× arcsinψ2r−1
(
1 − cos2βcosε

)
− πR (2)

3.2 Separation of the Ball from the Inclined Partition

The further movement of the ball along the inclined partition is determined by its weight
�G and force �N of reaction of the inclined partition acting on the ball. Due to the fact that
the ball rolls along the inclined partition, and does not slide, the friction force of the ball
relative to the partition is neglected.

The relative coordinates of the ball on the inclined partition at any time (in themoving
coordinate system (OX′Z′) are equal:

x′ = −sin[arctg(−xi/zi) + ξ0 + ωti]
(
x2 + z2

)2
,
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z′ = cos[arctg(−xi/zi) + ξ0 + ωti)/sinβ]
(
x2 + z2

)2
. (3)

The angle αp of the ball’s detachment from the inclined partition and the angle ξp of
the crushing cylinder rotation at this time ti are equal:

αp = arctg(−xi/ti); ξp = ξ0 + ωti. (4)

The analysis of the calculated graphical dependencies presented in Fig. 2 allows us
to draw the following conclusions.

Fig. 2 Computational dependencies αd ; αp; α; ε (γ ):1—function αd (γ ); 2—function αp (γ );
3—function α (γ ); 1—function ε (γ ); I, II, III, IV—characteristic areas of the phases of the ball
movement (ψ = 0.76; β = 50°); α—angle of incidence of the ball on the “heel”

In the first section, limited by the angle of rotation of the crushing cylinder 0 < ξ

< 100 the grinding bodies from the crushing cylinder (curve 1, Fig. 2) and from the
inclined partition (curve 2, Fig. 2) come off at smaller angles, i.e. rise to a greater height
than in conventional mills and acquire more total energy (kinetic and potential), do more
work of impact grinding [8, 9]. In this phase of motion, the inclined partition picks up
the balls that have detached from the inner surface of the crushing cylinder, lifts them to
the maximum height and throws them down to the grinding heel. Here we should pay
special attention to the fact that in conventional mills, the ball, once detached from the
inner surface of the crushing cylinder of the mill, goes to the path of free fall and moves
exclusively in the cross section of the crushing cylinder. In this case, the ball receives
additional longitudinal velocity when detached from the inclined partition and moves
along a free-fall trajectory along the axis of the crushing cylinder [9]. Those balls that are
on the inclined partition in the area bounded between 10 < γ < 27 rise to the maximum
height. In this case the angle of separation is α ≤ 0◦. While in conventional mills, at
the same speed of the crushing cylinder, equal to ψ = 0.76, the separation angle is 55°.
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And at α = 0 the balls start to centrifuge without committing grinding work. In our case
balls are not centrifuged, and less energy is spent for their work.

In the second section, corresponding to a rotation angle of 0◦ < ξ < 150◦, the ball
comes off with larger angles than in conventional mills (Fig. 2, curve 2), but it does not
follow the free-fall trajectory, because the inclined partition “pulls” it against itself from
the crushing cylinder inner surface. The ball is lifted by the inclined partition and goes
into free fall only after detachment from the partition in this case the separation angle
of the ball from the partition is within 34◦ < αp < 55◦, and the crushing cylinder in the
rotation phase is 0◦ < ξ < 150◦ (Fig. 2, curve 2).

In the considered section of the crushing cylinder rotation, equal to 40% of the full
crushing cylinder revolution, unlike conventional mills, the ball rises to a greater height
and acquires significantly more energy.

At the third characteristic section, corresponding to the angle of rotation of the
crushing cylinder 150◦ < ξ < 180◦ balls are caught with inclined partition at angles of
separation from the crushing cylinder αd = 72◦−55◦, lifted it to an angle of respectively
17◦ − 0◦ and then move on to the trajectory of free fall.

The fourth section corresponds to the phase of crushing cylinder rotation 180° < ξ0
< 360°, here the functions αd (γ ) and αp(γ ) intersect in the area γ = 180° and have
a linear characteristic in all subsequent phase of the crushing cylinder rotation (Fig. 2,
cur.1;2). The ball from the crushing cylinder and the inclined partition is detached as in
a conventional mill at the angle αd , αp = 55°.

In mills equipped with an inclined partition plate, the separation angle of the ball
during one cycle (crushing cylinder revolution) varies within a wide range from 0° to
62°, while in conventional mills it is constant and during the cycle it is 55°. At 40% of
a full cycle the ball rises to a higher height than in conventional mills, 10% to a lower
height, and 50% it has the same separation angle as in conventional mills. It follows that
the presence of an inclined partition in a drum mill at the same crushing cylinder speed
provides more energy to the balls than in conventional mills.

3.3 Speed and Inertia of the Ball at the Moment of Its Collision with the Mill
Crushing Cylinder

The coordinates of the ball and its velocity at the moment of impact on the inner surface
of the crushing cylinder are equal:

xd = x1 + ϑx1 td ; yd = y1 + ϑy1 td ; zd = z1 + ϑz1 td − gt2d/2. (5)

ϑx = ϑx1; −ϑy = ϑy1; −ϑz = ϑz1 − gt. (6)

The relative velocity of the ball at the moment of impact with the crushing cylinder
is calculated by the formula:

ϑNd =
[(

ϑxd − ωzd

)2 + ϑyd + (
ϑzd + ωxd

)2]0.5
. (7)

After colliding with the crusing cylinder, the ball loses kinetic energy and the cycle
repeats again.
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In the process of the ball movement after detachment from the crushing cylinder,
it may repeatedly collide with the inclined partition and only then with the crushing
cylinder.

The coordinates of the ball and its velocity at the moment of the first collision with
the inclined partition after time t are equal:

xp = x1 + ϑx1 tp; yp = y1 + ϑy1 tp; zp = z1 + ϑz1 tp − gt2p/2, (8)

ϑx = ϑx1; ϑy = ϑy1; ϑz = ϑz1 − gtp. (9)

Since we know the coordinates and velocity of the ball after its first collision with
the inclined partition, its further motion is calculated by the formulas:

xpi = x2 + ux2 tp; yp = y2 + uy2 tp; zpi = z2 + uz2 tp − gt2p/2. (10)

ux2 = ϑx2 + Acosβsinξ2; uy2 = ϑy2 + Asinβ; uz2 = ϑz2 + Acosβcosξ2. (11)

There
A = 2

[
ωcosβ(z2sinξ2 − x2cosξ2) + ϑx2cosβsinξ2 − ϑy2sinβ + ϑz2cosβcosϑx2

]
,

X2; Y2; Z2; Vx2 ; Vy2 ; Vz2 are, respectively, the coordinates and velocity of the ball at
the moment of impact with the inclined partition.

According to Davis’ theory, in conventional ball mills with a known ball angle we
can always unambiguously calculate the angle of incidence, velocity and energy of the
ball, which ultimately characterizes its ability to grind the material.

Inmills equippedwith inclined partitions this is not possible. The balls have different
angles of incidence, velocities and energies for the same separation angle (Figs. 3 and
4). This is the essential difference between the motion kinetics of grinding bodies in an
inclined partition mill and conventional ball-tube mills.

Fig. 3 Relative and longitudinal velocity of the ball at the moment of falling on the crushing
cylinder (ψ = 0.76; β = 50°): 1—ϑ ′

r(γ ); 2—ϑr(γ ); 3—ϑl(γ )

The pattern of change in the relative velocity ϑ0 of the ball at the moment of its
collision with the crushing cylinder is of the greatest interest, because this very velocity
determines the value of kinetic energy, and consequently the nature of the loads and the
efficiency of the grinding process as a whole.
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Fig. 4 Kinetic energy of balls at points of incidence: 1—Elp (γ ); 2—Eup (γ )

In conventional ball mills at the optimum crushing cylinder velocity ψ = 0.76 the
value of relative velocity does not change during the cycle and is equal to ϑr = 47 r.u.
(relative units)—Fig. 3; curve 1, then in mills with inclined partition it changes from 33
to 55 r.u.

In the crushing cylinder rotation phase 0° < ξ < 105° the relative velocity in the
inclined partition mill is lower than in the conventional ones (Fig. 3) curve 3 is lower
than curve 1. This is due to the fact that the incidence angles in this section of the inclined
partition mill are larger than those of conventional mills (Fig. 2). However, in mills with
inclined partition, the ball has a longitudinal velocity, which is absent in conventional
mills and which is commensurate in magnitude with the relative velocities. Moreover,
the absolute velocity of the ball in this phase of its motion corresponds to its speed in
conventional mills [10].

In the 100° < ξ < 230° rotation phase of the crushing cylinder the balls move as
in conventional mills the relative ball speed increases to 50 r.u. and the longitudinal
speed becomes zero. In the area of crushing cylinder rotation 230° < ξ < 360° ° a sharp
increase of the longitudinal velocity is observed (Fig. 3; curves 3; 2), the relative velocity
of the ball also increases. The kinetic energy of the ball increases from 20 to 42 r.u.,
i.e., more than two times (Fig. 4; curve 1). Obviously, in this phase, the efficiency of the
material grinding process increases significantly [9].

At ξ > 275°, the longitudinal velocity and kinetic energy change discontinuously
(Fig. 3; curve 3; Fig. 4; curve 1). This corresponds to the moment of multiple collisions
of the balls with the inclined partition. The kinetic energy and longitudinal velocity of
the ball change in a wide range of values, which creates conditions for a selective process
of grinding the material and rational use of ball loading energy.

In the subsequent phase of crushing cylinder rotation, the relative ball velocity and
kinetic energy are greater than in conventional mills, and the presence of a longitudinal
speed of up to 80% of the relative velocity ensures longitudinal movement of the balls
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and intensive grinding ofmaterial by abrasion. In addition, the large value of longitudinal
velocity indicates that the impact when the ball falls does not fall on the surface of the
crushing cylinder (liner), but on the load, because the longitudinal velocity is directed
along the axis of the crushing cylinder.

4 Conclusion

The peculiarity of grinding bodies motion in mills equipped with an inclined partition
provides a reduction of liner wear in the zone of inclined partitionwork; actively destroys
stagnant zones in the cross section of the load; creates conditions for in-mill classification
of the crushed construction material; increases the probability of useful use of energy
of grinding bodies. Changing the angles of separation and incidence of balls not only
changes the value of velocities and energy of the ball at the point of falling, but also
significantly increases the width of the zone in which the most intensive crushing of
construction material occurs.
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supported by the Russian Scientific Fund.
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Abstract. The design, construction, and operation of high earth dams located in
seismically active zones of the RepublicUzbekistan require constant improvement
of the computational methods for their calculation to predict the loss of strength
(formation of cracks, loss of slope stability, etc.). In the current normative method
to calculate hydro-technical structures for seismic effects, a cantilever rod is con-
sidered; this method does not allow taking into account the non-one-dimensional
nature of the oscillation and the real physical and mechanical characteristics of
soil of the structure and foundation. The assessment of the dynamic stress–strain
state of high earth dams under seismic action within the wave theory is the most
difficult problem in mechanics. This article presents a mathematical formulation
for the numerical solution of a non-stationary problem for an earth dam with a
foundation in a plane elastic statement. The problem of studying the stress state
of the high Charvak earth dam under shear dynamic impact on the foundation
(in the form of a seismogram) was solved by the numerical method of finite dif-
ferences. So-called radiation conditions were set at the boundaries of the studied
finite domain of the foundation. The solution is represented as a distribution of
lines of equal displacements, stresses over the dam body depending on time. At
that, the most vulnerable zones of the considered earth dam were identified.

Keywords: Earth dam · Finite difference method · Explicit scheme · Rock
foundation · Stress · Displacement · Seismogram

1 Introduction

Ensuring the seismic resistance of hydro-technical structures is the most important task
that must be taken into account in the design, construction, and operation since their
potential destruction during an earthquake can lead to catastrophic consequences and
the death of people. The seismic safety of rockfill or earthfill dams is subject to the
constant movements caused by earthquakes.
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The design scheme of the current normative method for calculating hydro-technical
structures for seismic impacts presents an elastic cantilever rod, which does not take into
account the non-one-dimensional nature of the oscillation.

A detailed review of known publications, as well as studies of dynamic behavior
and stress–strain state (SSS) of earth dams, considering the linear and nonlinear elastic
and viscoelastic properties of soil and finite strains in a plane formulation, is given in
[1–3]. Oscillations of structures in the pre-resonant, resonant, and post-resonant modes
are considered.

In the studies of foreign researchers [4–8], a special place is given to solving specific
problems related to the assessment of the SSS and dynamic behavior of earth dams,
taking into account various factors [4–8].

This article considers a plane design model representing the cross-section of an
earth dam on an aleurolite base. The finite difference method was chosen as a calculation
method.Thenon-stationaryproblem for the “earth dam-foundation”plane elastic scheme
is solved on the example of the high earth dam of the Charvak HPP (height 169 m).

2 Methods and Materials

The equations of motion of the “earth dam-foundation” system are written by the basic
equations of continuum mechanics; they have the following form in a plane formulation

ρi
∂2ui

∂t2
= ∂σ i

xx

∂x
+ ∂τ ixy

∂y
,

ρi
∂2υ i

∂t2
= ∂τ iyx

∂x
+ ∂σ i

yy

∂y
, (i = 1, 2) (1)

where index i = 1 refers to the foundation, and i = 2 refers to the dam, ρi– is the
density; ui, υ i,—are the displacement vector projections on the x, y coordinate axes;
σ i
xx, σ

i
yy, τ

i
xy- are the normal and shear stresses.

The relationship between strains and displacements is determined by the Cauchy
relations

εixx = ∂ui

∂x
, εiyy = ∂υ i

∂y
,

εixy = ∂ui

∂y
+ ∂υ i

∂x
, (i = 1, 2). (2)

Hooke’s law expresses the constitutive equations relating the stress tensor and the
strain tensor:

σ i
xx = Ei

1 − ν2i
(εix + νεiy)

σ i
yy = Ei

1 − ν2
(νiε

i
x + εiy)

τ ixy = Ei

2(1 + νi)
εixy, (i = 1, 2) (3)
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where Ei—is the linear strain modulus, νi is Poisson’s ratio.
Boundary conditions on the surface of the upstream face of the dam are

px = σ 2
xxl1 + τ 2xym1,

py = τ 2xyl1 + σ 2
yym1. (4)

where px, py—are the stress components from the hydrostatic pressure on the upstream
face surface, l1,m1,—are the direction cosines of the upstream face surface. In the
absence of hydrostatic pressure, stress components px, py are zero.

Boundary conditions at the crest of the dam are

τ 2xy = 0,

σ 2
yy = 0. (5)

Boundary conditions on the surface of the downstream face are

σ 2
xxl2 + τ 2xym2 = 0,

τ 2xyl2 + σ 2
yym2 = 0. (6)

where l2, m2,—are the direction cosines of the downstream face surface.
At initial time (t = 0), the displacements and velocities in the entire area of the earth

dam are zero

u2 = 0,
∂u2

∂t
= 0,

υ2 = 0,
∂υ2

∂t
= 0.

(7)

On the free surface of the dam foundation, the boundary conditions have the following
form

σ 1
yy = 0,

τ 1yx = 0. (8)

At the dam-foundation contact boundary, the following no-slip conditions are
satisfied

u1 = u2, υ1 = υ2,

σ 1
xx = σ 2

xx, τ 1xy = τ 2xy,
(9)

u1 = u2, υ1 = υ2,

σ 1
yy = σ 2

yy, τ 1yx = τ 2yx.
(10)

The time point when the wave front approaches the lower part of the dam foundation
is taken as the initial condition t = 0, i.e.

u1 = u0,
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υ1 = υ0, (11)

here the superscript 0 corresponds to displacements in the incident wave.
In the numerical calculation of the problem, an explicit scheme of the method of

finite differences of the second-order accuracy is used in this study to solve a system of
differential equations.

When solving the problem numerically, we select the calculated finite domain
(fictitious boundary) and set the boundary conditions on the contour of this domain.

Since we are solving a linear problem, displacements of the dam foundation soil
u1, υ1 we represent as sums of incident (u1,0, υ1,0) and reflected (u1,1, υ1,1) waves, i.e.
u1 = u1,1 + u1,0, υ1 = υ1,1 + υ1,0. In boundary conditions, the displacements and
stress for the dam foundation soil are represented as the sum of incident and reflected
waves, and radiation conditions are set on fictitious boundaries.

The following conditions are set on the lower fictitious boundary of the foundation
from the side of the upstream face slope

σ 1,1
xx = ρ1a1

∂u1,1

∂t
, τ 1,1xy = ρ1b1

∂υ1,1

∂t
. (12)

The following conditions are set on the lower fictitious boundary of the foundation
from the side of the downstream face slope

σ 1,1
xx = −ρ1a1

∂u1,1

∂t
, τ 1,1xy = −ρ1b1

∂υ1,1

∂t
. (13)

The following conditions are set on the lower fictitious boundary of the foundation

σ 1,1
yy = ρ1a1

∂υ1,1

∂t
, τ 1,1xy = ρ1b1

∂u1,1

∂t
. (14)

The problem is solved by the finite difference method using an explicit scheme.
The calculated domains of the earth dam and deformable foundation are conditionally
partitioned into three areas with steps: hx = hx1 in the horizontal line (the x-axis)
(upstream retaining prism); hx = hx2 (a dam crest), hx = hx3 (downstream retaining
prism); hy in the vertical line (Fig. 1).

We denote the value of the grid function at the point with coordinates xi = ih, yj = jh
at t = kτ , (τ is the time step; hx, hy are the domain steps) by Fk

i,j, then the components
of the strain tensor for the internal nodes of the computational domain (i + 1/2,j) at kτ
in difference form are written as

εkxx,i+1/2,j = uki+1,j − uki,j
hx

,

εkyy,i+1/2,j = υk
i+1,j+1 + υk

i,j+1 − υk
i+1,j−1 − υk

i,j−1

4hy
,

εkxy,i+1/2,j = uki+1,j+1 + uki,j+1 − uki+1,j−1 − uki,j−1

4hy
+ υk

i+1,j − υk
i,j

hx
, (15)
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Fig. 1 Partitioning of the calculation domain of the dam

for node (i,j + 1/2) at kτ,

εkxx,i,j+1/2 = uki+1,j+1 + uki+1,j − uki−1,j+1 − uki−1,j

4hx
,

εkyy,i,j+1/2 = υk
i,j+1 − υk

i,j

hy
,

εkxy,i,j+1/2 = uki,j+1 − uki,j
hy

+ υk
i+1,j+1 + υk

i+1,j − υk
i−1,j+1 − υk

i−1,j

4hx
. (16)

where hx takes the following values: on the upstream retaining prism hx = hx1, on the
crest of the dam hx = hx2, on the downstream retaining prism hx = hx3.

Belowwegive expressions for calculatingfictitious displacements of boundary nodes
on the upstream face. Since the problem does not take into account the water pressure
on the upstream face, i.e., px = py = 0, from condition (4) we obtain

σyy = σxxd
2
1 ,

τxy = −σxxd1 (17)

where d1 = l1/m1.
Substituting Hooke’s law (3) and Cauchy relations (2) into Eq. (17), we determine

the first derivatives of displacements u,υ along the y coordinate

∂υ

∂y
= D11

∂u

∂x
,

∂u

∂y
= D21

∂u

∂x
− ∂υ

∂x
(18)

where D11 = d21 (λ+2G)−λ

λ+2G−λd21
, D21 = − d1(λ+2G+λD11)

G , λ = 2νG
1−2ν .
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We use the central differences of the approximation of the first derivatives of the
second order of error and from (18)we obtain an expression for determining the boundary
displacements

υk
i,j+1 = 2hy

(
D11

uki+1,j − uki−1,j

2hx1

)
+ υk

i,j−1,

uki,j+1 = 2hy

(
D21

uki+1,j − uki−1,j

2hx1
− υk

i+1,j − υk
i−1,j

2hx1

)
+ uki,j−1 (19)

i = j, j = 1,…, J1 − 1, k = 1,…, K.
From boundary condition (6), similarly to (19), for the downstream face, we obtain

υk
i,j+1 = 2hy

(
D12

uki+1,j − uki−1,j

2hx3

)
+ υk

i,j−1,

uki,j+1 = 2hy

(
D22

uki+1,j − uki−1,j

2hx3
− υk

i+1,j − υk
i−1,j

2hx3

)
+ uki,j−1 (20)

i = I2 + j, j = 1,…, J1 − 1, k = 1,…, K

where d2 = l2/m2, D12 = d22 (λ+2G)−λ

λ+2G−λd22
, D22 = − d2(λ+2G+λD12)

G .

From the boundary condition on the crest of the dam (5) and Hooke’s law (3), we
obtain a formula for calculating normal stress σxx

σxx = 4G(λ + G)

λ + 2G

∂u

∂x

there is no need to calculate the boundary fictitious displacements on the crest of the
dam. On the contour of the crest of the dam at the nodes with half-integer grid numbers,
shear stresses τxy, and normal stresses σyy are known and they are zero, σxx is determined
from (21) and in finite differences, it has the following form

σ k
xx,i+1/2,j = 4G(λ + G)

λ + 2G

uki+1,j − uki,j
hx2

, (21)

i = I1,…, I2 − 1, j = J1, k = 1,…, K.
Then, the finite-difference equation of motion of the dam and its foundation is solved

for each domain

ρ
(uk+1

i,j − 2uki,j + uk−1
i,j )

τ 2
= σ k

xx,i+1/2,j − σ k
xx,i−1/2,j

hx
+ σ k

xy,i,j+1/2 − σ k
xy,i,j−1/2

hy

ρ
(υk+1

i,j − 2υk
i,j + υk−1

i,j )

τ 2
= τ kyx,i+1/2,j − τ kyx,i−1/2,j

hx
+ σ k

xy,i,j+1/2 − σ k
xy,i,j−1/2

hy
(22)

(where, in each area of the dam, the horizontal step hx in formulas (21)–(22) takes
the value hx1, hx2, and hx3, respectively) with boundary conditions (9)–(11), and initial
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conditions (17); then the displacements are determined at the dam nodes for each time
point. It can be seen from the difference Eq. (22) that three time layers are involved in it,
and in order to derive the equation at each node (i, j) for two displacement components,
it is necessary to calculate the stresses at four nodes with half-integer indices.

Difference Eq. (22) approximates the equation of motion (1), of order O(τ 2,hx2,
hy2). The condition for the scheme stability is (τ ≤ h/c1), where h = min(hx, hy).

3 Results and Discussion

A solution algorithm was developed based on the formulation of the dynamic problem.
The reliability of the developed methods and algorithm for solving the problem was
proved by comparison with the solution of the test problem (the Lamb problem) [9, 10].

A time process (the model proposed by I.L. Korchinsky [11]) is taken as a seismic
effect

∂2u0
∂t2

= Ae−st sinωt (23)

where A is the maximum acceleration, s is the coefficient of exponential damping in
time, ω is the prevailing frequency of the impact.

In calculations, the law of change of displacements in the horizontal direction (a
seismogram) is taken as an external impact on the dam foundation in the following form

u0 = A

(ω2 + s2)2

(
e−st

(
s2 sin(ωt) − ω2 sin(ωt) + 2ωs cos(ωt)

)
− 2ωs

)
(24)

It corresponds to model (23), i.e. differentiating expression (24) twice, we obtain
(23).

In calculations, the acceleration amplitude according to the Korchinsky formula
[11] was taken as A = 0.2 g and coefficient s = 0.3, which corresponds to an 8-point
magnitude earthquake.

Figure 2 shows the dependence of horizontal displacements (m) on time for three
points of the dam at f = 1 Hz for the calculation time t = 10 s (solid line—founda-
tion point with coordinates x = 375.6 m, y = 0; dashed line—downstream face point
with coordinates x = 504.8 m, y = 112 m (at height 2

3H ); dotted line—point of the
middle of the dam crest with coordinates x = 375.6 m y = 168 m). Under a possible
8-point magnitude earthquake, the maximum amplitude of oscillations of the dam foun-
dation is 0.05 m; of the downstream face, it is 0.35 m, and the maximum amplitude of
displacements on the crest is 0.5 m (10 times greater compared to the foundation).

Figure 2 shows the dependence of horizontal displacements (m) on time for three
points of the dam at f = 1 Hz for the calculation time t = 10 s (solid line—foundation
point with coordinates x = 375.6 m, y = 0; dashed line—upstream face point with
coordinates x = 246 m, y = 112 m (at height 2

3H ); dotted line—point of the middle
of the dam crest with coordinates x = 375.6 m, y = 168 m). Under a possible 8-point
magnitude earthquake, the maximum amplitude of oscillations of the dam foundation is
0.05 m; of the upstream face, it is 0.12 m, and the maximum amplitude of displacements
on the crest is 0.225 m (4,5 times greater compared to the foundation).
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Fig. 2 Dependence of horizontal displacements (m) on time (solid line—dam foundation; dotted
line—upstream face (y = 2

3H ); dashed line—dam crest) at impact frequency f = 1 Hz

Fig. 3 Dependence of shear stresses τxy(MPa) on time (solid line—dam foundation; dotted line—

downstream face (y = 2
3H )) at impact frequency f = 1 Hz

Figure 3 shows the dependence of shear stresses τxy (MPa) on time (solid line—dam
foundation; dotted line—downstream face (y = 2

3H ), calculation time—10 s.
Although at the dam foundation, shear stresses are greater than on the downstream

face, they are less dangerous compared to the stress values on the downstream face.
Figure 4 shows the time dependence of normal stresses σyy at the same points.

4 Conclusion

The calculations were conducted in accordance with the current normative documents,
clause 2.2b of Building Code of the Republic “in design of retaining hydro-technical
structures of classes I-II in areaswith seismicity ofmore than 7 points, it is recommended
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Fig. 4 Dependence of normal stresses σyy on time (solid line—dam foundation; dotted line—

downstream face (y = 2
3H )) at impact frequency f = 1 Hz

to conduct calculations based on the wave theory for the impacts specified by the earth-
quake records (accelelograms, etc.). Unlike other studies [1–8], these calculations use
records of earthquakes, determined in accordance with the specified paragraph 5.3 of the
Building Codes for design, considering the mechanical properties of soils. Therefore:

– the formulation and solution of a non-stationary problem by the numerical method
of finite differences for the study of the stress–strain state of a particular earth dam
with the foundation were developed and solved, taking into account the geometric and
physical–mechanical parameters of soil of the structure and foundation under shear
seismic impacts;

– the results of solving the problemwere the distribution of horizontal velocities, normal,
shear, andmaximum shear stresses in the body of the dam at the frequencies of seismic
impact f = 1 Hz and f = 5 Hz, present in the frequency range of strong earthquakes;
they are key frequency parameters of building regulations;

– it was shown that for the considered particular case of the dam calculation, low-
frequency seismic effects are more unfavorable than high-frequency ones. At that, the
crest and slopes of the dam are the most dangerous parts from the point of view of the
possibility of soil sliding [12].
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Abstract. The paper presents the results of blast furnace slag treatment by low-
temperature non-equilibrium plasma method. The blast furnace slag treatment
process is carried out at the Moscow State University of Civil Engineering labo-
ratory. An alternating current generator with voltages up to 8000 V and frequen-
cies up to 40 kHz between the electrodes creates a low-temperature unbalanced
plasma region. Research results show that, after blast furnace slag is treated by
low-temperature non-equilibrium plasma method, cracks appear on the blast fur-
nace slag surface. This leads to a decrease in grain size and an increase in the blast
furnace slag Blaine fineness. In addition, the research results also show that the
compressive and flexural strengths of themortar sample using plasma-treated blast
furnace slag are 71.08 MPa and 10.42 MPa, respectivel. That is higher than the
mortar sample using the blast furnace slag untreated plasma, respectively 0.05MPa
and 8.70 MPa.

Keywords: Low-temperature non-equilibrium plasma · Blast furnace slag ·
Compressive strength · Flexural strength · Surface activity

1 Introduction

Blast furnace slag (BFS) is a non-metallic residue usually obtained from steel mills or
ore reduction in a blast furnace. Blast furnace slag has a high cementitious capacity and
a high content of calcium silicate hydrates (CSH), a strength-enhancing compound that
improves concrete’s strength, durability and appearance [1, 2]. Manymethods have been
developed for the treatment of blast-furnace slag. For example, BFS sent to a landfill.
However, this is very expensive and causes environmental problems, such as organic soil
contamination, heavy metal leaching, and secondary dusting. Therefore, the processing
of BFS is a critical process before its storage. In addition, another method that is widely
used to treat blast-furnace slags is mechanical grinding. This method can obtain finely
ground BFS for admixture or fine aggregate in concrete [3]. However, the mechanical
grinding method still has limitations, such as not being able to increase the surface
activity of BFS. Therefore, the method of low-temperature non-equilibrium plasma can
be used to improve the surface activity of blast-furnace slag [4–10].
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Non-equilibrium plasmas are low pressure plasmas characterized by high electron
temperatures and low ion and neutral temperatures. Low-temperature plasmas are fre-
quently not in thermodynamic equilibrium [11–13]. The use of plasma technologies
in building materials science is reflected in the works of Fedosov S.V., Akulova M.V.,
Bruyako M.G., Volokitin G.G., Ushkova V.A. and others [4, 5, 8, 14–17]. But studies
aimed at studying the activation of the surface of blast-furnace slag in a low-temperature
non-equilibrium plasma have not been identified, in comparison with studies aimed
at processing binder, mixing water, and natural sand by this method. Therefore, this
paper presents the effect of the non-equilibrium low-temperature plasma method on the
absorption characteristics of blast-furnace slag.

2 Methods and Materials

2.1 Materials Used

– Portland cement CEM I 42.5 N manufactured by the But Son (VietNam) plant with
a content of C3S—56.15%, C3A—5.14%, average particle size 29.58 MKM, blaine
fineness= 3670 cm2/g, ρ= 3.11 g/m3, water demand 28.2% and compressive strength
at age 28 days= 48.24MPa. Chemical composition: SiO2 = 22.43%, CaO= 62.52%,
MgO = 2.04%, Fe2O3 = 3.44%, Al2O3 = 5.32%, SO3 = 0.15%, MgO = 2.04%,
K2O = 0.29%, loss on ignition = 1.97%.

– Blast furnace slag (BFS) from the Hoa Phat factory (Vietnam) with ρ = 2.63 g/cm3.
Chemical composition: SiO2 = 36.01%, CaO = 40.46%, MgO = 7.71%, Al2O3 =
13.41%, K2O = 0.64% loss on ignition = 3.46%.

– Mixing water to obtain a concrete mixture meets the requirements of GOST 23,732–
2011, pH = 7.5.

2.2 Methods

The process of processing blast-furnace slag by the method of low-temperature non-
equilibrium plasma was carried out in a laboratory installation, where an alternating
current source with a voltage of up to 8000 V and a frequency of up to 40 kHz creates a
region of low-temperature non-equilibrium plasma between the electrodes. Processing
time in 90 s.

Raman spectroscopy experiments were carried out on a Horiba Jobin Yvon T64000
Raman spectrometer.

Changes in the surface of blast-furnace slag before and after low-temperature non-
equilibrium plasma treatment were determined using a LEVENHUK 320 microscope
and a DCM500 digital ocular camera.

The setting time of the cement-slag mixture is determined according
to GOST 310.3-76.
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3 Results and Discussion

3.1 Analysis of Raman Spectroscopy

The study of the results of the Ramanmethod revealed the presence of distinct changes in
the position and intensity of the Raman spectra of modified samples obtained as a result
of plasma treatment of minerals, which indicates the presence of phase transitions of the
first and second order. Although it is difficult to accurately identify the Raman-active
phases of slag samples during the measurement process, the obtained data show that the
control variables (aperture, wavelength, and polarization of the excitation source) do not
lead to a qualitative change in the response compared to the control. A comparison of
the curves for the control and modified samples under plasma exposure shows that one
of the effects of plasma-chemical treatment is an increase in the luminescence intensity
(the continuous component of the response is not due to single-photon processes). As a
result, functional group surface concentration increases as the metastable state exit time
increases. The results allow us to conclude that the increase in the sorption capacity
of the mineral carrier is not proportional to the time of exposure to low-temperature
non-equilibrium plasma (Fig. 1).

Fig. 1 Response-intensity dependence of the blast-furnace slag surface on the wavelength after
treatment in low-temperature non-equilibrium plasma for 90 s

3.2 Investigation of the Blast-Furnace Slag Surface Before and After Treatment
with Low-Temperature Non-Equilibrium Plasma

Changes in themacro-andmicrostructure of control blast-furnace slags and blast-furnace
slags processed in a barrier discharge were studied by the method of optical registration.
Using a LEVENHUK 320 microscope and a DCM500 digital eyepiece camera, a series
of images were taken, some of which are shown below.
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Figure 2 shows that the control sample of blast-furnace slag (before treatment with
low-temperature non-equilibrium plasma) did not have cracks. Meanwhile, cracks form
as the time of exposure to low-temperature non-equilibrium plasma increases, and the
trajectory of the BFS is increased, going along the lines A, B, C, D, E, F, G, H (Fig. 2).
The degree of imperfection increases when exposed to low-temperature non-equilibrium
plasma, leading to irreversible damage. As a result, the dispersion increases, and the
particle size decreases. In our opinion, forming new cells, including microparticles and
macrophages, contributes to the absorption of more sorbate than previously thought.

BFS before plasma treatment BFS after plasma treatment 

Fig. 2 Surface image of plasma blast-furnace slag and initial blast-furnace slag

3.3 Effect of Plasma Modified BFS on Properties of BFS -Cement Mortar

3.3.1 Setting Time of BFS -Cement Mortar

In the present study, the proportions and composition of the mixture are presented in
Table 1.

Table 1 Mixing ratios of BFS -cement mortar

Mixture number Mixing ratio Cement (g) BFS (g) Water (g)

No-1 (50% Cement - 50% BFS without plasma
treatment)

500 500 324

No-2 (50% Cement - 50% BFS with plasma
treatment)

500 500 324

The setting period corresponds to a certain stage in the cement stone’s structure
formation. The setting period is distinguished by the most intensive development of
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hydration processes and the most intense heat release associated with this process [2,
4]. Table 2 presents the results of the study.

Table 2 Determination of setting time

Mixture number Setting time, hours-minutes

Setting start time Setting end time

No-1 3 h 05 min 5 h 35 min

No-2 2 h 20 min 4 h 55 min

From Table 2, it can be seen that mixture No-2 has a faster setting start time and
setting end time than the No-1 mixture. This is explained because the blast furnace
slag after plasma treatment will increase the Blaine fineness. Therefore water demand
is higher than the No-1 mixture.

3.3.2 Compressive and Flexural Strength

Analyzing the results, we found that the strength of the samples on the modified
binder increased significantly during the first seven days. This indicates that the plasma-
denatured mineral component actively acts in the cement binder, forming a microframe-
work and imparting a microstructure to the material, acting as a binding center
(Table 3).

Table 3 Compressive and flexural strength of experimental samples

Mixture number Compressive strength (MPa), days Flexural strength (MPa), days

3 7 14 28 3 7 14 28

No-1 27.5 46.5 56.3 60.05 4.01 6.78 8.28 8.70

No-2 30.06 50.2 65.02 71.08 4.42 7.38 9.56 10.42

Figure 3 shows that the strength of the plasma-treated blast-furnace slag sample is
always higher than that of the control blast-furnace slag sample. It is explained that
low-temperature plasma treatment contributes to forming a more significant amount
of hydration products and a denser structure. The compressive strength at 28 days for
samples on the treated slag increases by 18.4%, and the flexural strength at 19.8%.

It has been proven and experimentally confirmed that the use of modified blast-
furnace slags on the resulting concrete’s strength is due to the cement matrix’s adhesive
properties and plasma-modified slags.
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Fig. 3 Compressive strength and flexural strength versus time

4 Conclusion

Based on experimental results, we can conclude below.
The use of plasma-modified blast-furnace slag as an active mineral additive makes

it possible to reduce the initial and final setting times of blast-furnace slag cement by
up to 20% and increase the strength characteristics of mortars made from the modified
substance. Binder (cement-blast furnace slag) at an early stage of hardening: an increase
in strength at 7 days of age up to 70%.

The results allow us to conclude that the low-temperature plasma method effec-
tively converts blast-furnace slag into a functional additive in the production of building
materials and products. As a result, it is possible to obtain effective building materials,
expanding the scope of their application and reducing energy costs for modification
compared to other known methods.
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Abstract. In surface engineering technology, coatings have attracted widespread
attention due to their ability to impart excellent tribological and anti-corrosion
properties to the surface of materials. However, to improve the protective and
functional properties of coatings, a more complex combination of elemental com-
position is largely assumed. In the present work, the mechanical, tribological,
and anticorrosive properties of a Ni–B–Cr–C composite coating deposited by DC
magnetron sputtering on a Ni–Cr–B4C composite target are investigated. The
composite film showed good mechanical properties with a hardness of 10 GPa
and an elastic modulus of 271 GPa. Wear tests carried out with a ball-on-disk
tribometer showed that the Ni–B–Cr–C coating had good wear resistance. The
mechanical wear of the composite coating is dominated by abrasive, oxidative
and adhesive wear in the atmospheric environment. The coefficient of friction of
the composite coating is in the range from 0.84 to 1.01. It has been established
that the Ni–B–Cr–C composite coating increases the corrosion resistance of the
steel substrate.

Keywords: Composite coating ·Magnetron sputtering · Tribology ·
Anti-corrosion

1 Introduction

The modern development of the aerospace, automotive and other industries is increasing
the requirements for the properties of functional and protective coatings. Conventional
one-component coatings cannot keep up with the increasing demands. It is necessary to
research and develop new coatings that provide high heat resistance, wear resistance and
corrosion resistance. World experience in recent years has shown that multicomponent
coatings have a great development potential due to their unique functional and protective
properties [1–6]. First, multi-component coatings demonstrate the advantages of con-
stituent materials. Secondly, a combination of the elemental composition of the coating
is possible in accordance with the structure and requirements for them. Thirdly, multi-
component coatings can have properties that one material cannot have when performing
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several functions. In connection with the above, the purpose of this work is to study
the mechanical, tribological and anticorrosion properties of the Ni–B–Cr–C composite
coating deposited by magnetron sputtering of a Ni–Cr–B4C cermet composite target.

2 Methods and Materials

The Ni–B–Cr–C composite coating was deposited on a polished AISI 304 steel substrate
in a UniCoad 200 vacuum unit by DC magnetron sputtering. The target was a copper
plate with a Ni–Cr–B4C ceramic–metal coating, the production of which is described
in Ref. [7]. Steel substrates (AISI 304 steels) were subjected to ultrasonic cleaning in
heptane and then washed with ethanol, after which they were dried in a stream of dry
nitrogen and installed in a vacuum chamber. The distance from the magnetron and ion
source to the substrate was 70 mm. After the base pressure in the vacuum chamber
reached 2× 10–3 Pa, ion purification was carried out with argon for 10 min at a pressure
of 0.08 Pa and an ion source voltage of 2.2 kV. The coating was applied at an operating
pressure of 0.17 ± 0.001 Pa in an argon gas medium. The target was pre-sprayed for
1 min to remove any surface contaminants. During the application of the composite
coating, the substrate was not additionally heated. In Table 1 shows the conditions for
applying a Ni–B–Cr–C composite coating.

Table 1 Ni–B–Cr–C composite coating conditions

Parameter Description

Working gas Ar (with a purity of 99,999%)

Discharge current of the magnetron, A 2

Voltage, V 495–502

Frequency, kHz 18

Rotation of the carousel with samples, rpm 18

The mechanical properties of the composite coating were tested on a Dynamic Ultra
Micro Hardness Tester DUH-201S (Japan) using a Berkovich indenter at a maximum
load of 0.2 mN to minimize the effects of the steel substrate. The tribological character-
istics of the coatings were tested on an automated friction machine Tribometer (CSM
Instruments) according to the “pin on the disk” scheme at a normal load of 2 N. Balls
Ø6 mm made of corundum (hardness 19 GPa) and steel grade 100Cr6 (hardness 8 GPa)
were used as a counterbody for tribological experiments. The surface and distribution
of elements in the ball-coating contact zone were studied using a scanning electron
microscope (TESCANMIRA 3 LMU) and energy dispersive spectroscopy (EDS). SEM
images were acquired at 5 kV acceleration voltage.

The anticorrosion characteristics of the composite coating were evaluated using an
Elins P-20X8 multichannel potentiostat–galvanostat and ES8 software. To measure the
potential of the open circuit Erc, a beaker-type cell with a vertically lowered sample
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was used. 3.5% NaCl was used as a working solution. An ESr-10101 (Ag/AgCl/KCl)
electrode was used as a reference electrode; the KCl concentration in the potential-
forming half-cell was 4.2 mol/dm3. Corrosion potential current densities were obtained
from polarization curves using the Tafel slope crossing method.

3 Results and Discussion

The hardness (H) and modulus of elasticity (E), as well as the calculated values of H/E
and H3/E2 of the composite coating are shown in Table 2. The measured hardness value
and elastic modulus of the Ni–B–Cr–C composite coating were 10 GPa and 271 GPa,
respectively. It is known that the ratio H/E is used to predict the elastic deformation of
the coating, and the ratio H3/E2 is the resistance of the coating to plastic deformation
[8, 9].

Table 2 Mechanical properties of the composite coating

Coating H, GPa E, GPa H/E H3/E2

Ni–B–Cr–C 10 271 0.04 0.01

On Fig. 1 shows the coefficient of friction, the SEM image of the wear mark of the
composite coating, and the optical image of the wear mark of balls made of corundum
and steel grade 100Cr6. As can be seen from Fig. 1a and d, the friction behavior of the
composite coating on the steel substratewas the same, but thematerial of the ball affected
the friction result. At the beginning, the coefficient of friction of the coating increases
rapidly due to the running-in process. At this stage, the irregularities are leveled and the
contact area of the ball with the coating is increased. After the running-in period, the
friction process stabilizes until the end of the test, and the friction coefficient remains
unchanged for the steel ball and the corundum ball, 1.01 and 0.84, respectively. The
wear trace showed that when using a steel ball, as can be seen from Fig. 1b, the inner
track is smooth with no cracks and no peeling of the coating from the substrate. There is
a small groove in the center of the wear track due to ball abrasion, i.e. chafing occurs on
the surface of the composite coating due to ball wear (Fig. 1c). The use of a corundum
ball, as seen in Fig. 1e, the wear track is smooth with small grooves and small pits. There
is a slight accumulation of abrasive particles on the surface of the worn track. As shown
in Fig. 1f, the interior of the corundum ball also has a slight accumulation of abrasive
particles.

On Fig. 2 shows the EDS map of the wear traces of the composite coating by steel
and corundum balls. It can be seen that when steel and corundum balls are used, oxygen
is present on the surface of the wear scar, indicating oxidation of the friction surface.
The presence of iron in the wear track of the coating is due to the abrasion of the steel
ball against the coating, which is indicative of adhesive wear. From Fig. 2b, it can be
seen that a small amount of iron is present on the surface of the wear track due to the
wear of the coating. As the ball rubs against the surface of the coating, there is a local
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Fig. 1 Friction coefficient (µ), SEM image of the wear mark of the composite coating and optical
image of the wear mark of the ball: (a, b, c) 100Cr6 steel ball; (d, e, f) ball of corundum

increase in temperature, and the unevenness of the coating or ball can break, creating
loose debris particles that oxidize and adhere to surfaces. This may cause scratches on
the surface, which will help remove the coating. As a result, when using a steel ball, the
wear mechanism is adhesive and oxidative. When using a corundum ball, oxidative and
abrasive wear occurs.

Fig. 2 EDS images of wear traces of the composite coating of the ball: a ball made of 100Cr6
steel, b corundum ball

On Fig. 3 shows the potentiodynamic polarization curves of the composite coating
and AISI 304 steel substrate in 3.5% NaCl solutions. Using the Tafel extrapolation
method, the results of the corrosion potential (Ecorr) and current (Icorr) for the steel
substrate and composite coating were obtained, shown in Table 3. The shift of the
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polarization curve towards lower current and higher potential indicates an improvement
in the corrosion resistance of the composite coated steel substrate. The value of the
corrosion current and corrosion potential of the steel substrate was 248.80 mA and −
153 mV. After applying the composite coating to the steel substrate, the values of Ecorr
and Icorr were 26.76 mA and−101 mV. This means that the composite coating improves
the corrosion resistance of the steel substrate.

Fig. 3 Polarization curves of the steel substrate and composite coating

Table 3 Corrosion potential (Ecorr) and corrosion current density (Icorr) of various materials

Material Ecorr, mB Icorr, mA

Steel AISI 304 −153 248.80

Coating Ni–B–Cr–C −101 26.76

4 Conclusion

In thiswork, aNi–B–Cr–Ccomposite coatingwas deposited byDCmagnetron sputtering
of a Ni–Cr–B4C cermet composite target in an Ar gaseous medium. It was found that the
hardness and modulus of elasticity of the B–C–Ni–Cr composite coating were 10 GPa
and 271 GPa, respectively. Tribological tests have shown that the material of the ball
influences the result of friction. The composite coating showed the lowest coefficient of
friction (with a corundumball) and goodwear resistance (with a steel and corundumball)
due to the balance of hardness and toughness. The wear mechanism of the composite
coating with a steel ball is mainly adhesive and oxidative, and when using a corundum
ball, it is mainly oxidative and abrasive.

It is found that the Ni–B–Cr–C composite coating exhibits good corrosion resistance
with higher corrosion potential (−101mV) and lower corrosion current (26.76mA) than
AISI 304 steel substrate.



Mechanical, Tribological, and Anticorrosion Properties… 211

Acknowledgements. The work was supported by a project of the Russian Science Foundation
(21-19-00536). The study was carried out using equipment of the Center of High Technologies
of the Belgorod State Technological University after V.G. Shukhov and Joint Research Center
“Technologies and Materials” of the Belgorod National Research University.

References

1. Li, H., Zhang, L., Zeng, Q., Guan, K., Li, K., Ren, H., Cheng, L.: Structural, elastic and
electronic properties of transition metal carbides TMC (TM= Ti, Zr, Hf and Ta) from first-
principles calculations. Solid State Commun. 151(8), 602–606 (2011). https://doi.org/10.1016/
j.ssc.2011.02.005

2. Wu, F.B., Su, Y.M., Tsai, Y.Z., Duh, J.G.: Fabrication and characterization of the Ni–P–Al–W
multicomponent coatings. Surf. Coat. Technol. 202(4–7), 762–767 (2007). https://doi.org/10.
1016/j.surfcoat.2007.06.070

3. Sha,C.,Munroe, P., Zhou, Z.,Xie, Z.: Effect ofNi content on themicrostructure andmechanical
behaviour of CrAlNiN coatings deposited by closed field unbalanced magnetron sputtering.
Surf. Coat. Technol. 357, 445–455 (2019). https://doi.org/10.1016/j.surfcoat.2018.10.052

4. Shakoor, R.A., Kahraman, R., Waware, U.S., Wang, Y., Gao, W.: Synthesis and properties of
electrodeposited Ni–B–CeO2 composite coatings. Mater. Des. 59, 421–429 (2014). https://doi.
org/10.1016/j.matdes.2014.03.024

5. Li, D., Li, B., Du, S., Zhang, W.: Synthesis of a novel Ni–B/YSZ metal-ceramic composite
coating via single-step electrodeposition at different current density.Ceram. Int. 45(18), 24884–
24893 (2019). https://doi.org/10.1016/j.ceramint.2019.09.121

6. Mehr, M.S., Akbari, A., Damerchi, E.: Electrodeposited Ni-B/SiC micro-and nano-composite
coatings: a comparative study. J. Alloy. Compd. 782, 477–487 (2019). https://doi.org/10.1016/
j.jallcom.2018.12.184

7. Sirota, V.V., Zaitsev, S.V., Prokhorenkov, D.S., Limarenko, M.V., Skiba, A.A., Kovaleva, M.
G.: Detonation spraying of composite targets based on Ni, Cr and B4C for magnetron multi-
functional coating.KeyEng.Mater. 909, 115–120 (2022) (Trans TechPublications Ltd). https://
doi.org/10.4028/p-74w31h

8. Levashov, E.A., Petrzhik, M.I., Shtansky, D.V., Kiryukhantsev-Korneev, P.V., Sheveyko, A.N.,
Valiev,R.Z., Smolin,A.Y.:Nanostructured titaniumalloys andmulticomponent bioactive films:
mechanical behavior at indentation. Mater. Sci. Eng. A 570, 51–62 (2013). https://doi.org/10.
1016/j.msea.2013.01.034

9. He, D., Shang, L., Lu, Z., Zhang, G., Wang, L., Xue, Q.: Tailoring the mechanical and tribo-
logical properties of B4C/aC coatings by controlling the boron carbide content. Surf. Coat.
Technol. 329, 11–18 (2017). https://doi.org/10.1016/j.surfcoat.2017.09.017

https://doi.org/10.1016/j.ssc.2011.02.005
https://doi.org/10.1016/j.surfcoat.2007.06.070
https://doi.org/10.1016/j.surfcoat.2018.10.052
https://doi.org/10.1016/j.matdes.2014.03.024
https://doi.org/10.1016/j.ceramint.2019.09.121
https://doi.org/10.1016/j.jallcom.2018.12.184
https://doi.org/10.4028/p-74w31h
https://doi.org/10.1016/j.msea.2013.01.034
https://doi.org/10.1016/j.surfcoat.2017.09.017


Correlation of Bitumen Emulsion Stability
Factor with Aqueous Phase Parameters

Evaluated at the Stage of Composition Design

M. A. Vysotskaya1(B) , A. V. Korotkov2 , O. N. Voitenko2 , and A. S. Kukin2

1 Belgorod State Technological University Named After V.G. Shukhov, Belgorod, Russia
roruri@rambler.ru

2 Gazpromneft—BM LLC, Saint Petersburg, Russia

Abstract. A fundamental factor in the proportioning of stable bitumen emulsions
from a blending point of view is the choice of emulsifier and its effective concen-
tration in the aqueous phase composition. The purpose of theworkwas to establish
a correlation between the properties of the aqueous phase with different emulsi-
fier content and the stability of the resulting bitumen emulsion. The indicators of
surface tension of the systems and the wetting angle were taken as the criteria
for evaluating the effectiveness and optimality of the emulsifier concentration in
the aqueous phase. Research shows, that wetting efficiency of the aqueous phase,
depending on the emulsifier concentration, correlates with the surface tension of
the respective solutions. The greatest stability factor of the systems is characterized
in samples of bitumen emulsions prepared in aqueous phases, previously noted
as effective. The aggregative stability of bitumen emulsions is primarily associ-
ated with the flocculation and coalescence processes in the system, it is obvious
that effective water-emulsifier solutions prevent these processes from initiation,
maintaining the structure of the emulsions stable.

Keywords: Asphaltic emulsion · Bitumen emulsion · Emulsifier concentration ·
Aqueous phase · Stability

1 Introduction

A bitumen road emulsion is a complex colloidal system consisting of an immiscible
dispersed phase distributed in a dispersion medium, the phase equilibrium of which is
achieved through the use of emulsifiers or surfactants.

Often, bitumen emulsions are lyophobic thermodynamic (aggregatively) unstable [1]
systems, which are characterized by a limited lifetime with a higher degree of interfacial
tension parameters. Instability of the bitumen colloidal system manifests itself in the
form of coalescence followed by sedimentation of the dispersed phase—bitumen.

It is known that surfactant acts as the regulator of the aggregative stability of emul-
sions [1]. In accordance with the Bancroft rule [2], in the construction of roads, the
production and use of oil-in-water emulsions prevails, in which water acts as a disper-
sion medium, since it is a better solvent for surfactants than bitumen. Thus, purposefully
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varying the nature and concentration of the emulsifier in an aqueous medium, it is pos-
sible to reduce the interfacial tension in the required range due to the adsorption of
surfactant molecules at the phase boundary of the water-bitumen system and, as a result,
the formation of stable bitumen emulsions.

2 Methods and Materials

In accordance with the recommendations of GOST R 58,952.1—2020, the content of
bitumen in a bitumen emulsion, depending on its brand and application area, is strictly
regulated and has a small variation interval. Thus, a fundamental factor in the proportion-
ing of stable bitumen emulsions from a blending point of view is the choice of emulsifier
and its effective concentration in the aqueous phase composition. It can be assumed that
by revealing the correlation relationship between the characteristics of the water aqueous
and the properties of emulsions prepared on its basis, it is possible to reduce the time
of laboratory selections, including the operation of equipment and human resources, as
well as to obtain a tool for predicting the stability of commercial bitumen emulsions.

In this regard, the purpose of the work was to establish a correlation between the
properties of the aqueous phase with different emulsifier content and the stability of the
resulting bitumen emulsion.

The indicators of surface tension of the systems and the wetting angle were taken as
the criteria for evaluating the effectiveness and optimality of the emulsifier concentration
in the aqueous phase.

Tests to study the effect of emulsifier concentration on surface tension were per-
formed on the device “Lauda TVT 2”. The principle of the method is to measure the
volume of droplets when they fall from the dosing capillary. Droplet measurement accu-
rate up to microliter provides high accuracy and reproducibility of surface or interfacial
tension measurements.

Examination of the wetting angle was carried out by the “spreading droplet” method.
Based on the data on the height and width of the droplet obtained experimentally, the
wetting angles of the aqueous phases were calculated. Droplet images were recorded
using a digital camera.

Based on the previously studied aqueous phases, bitumen emulsions were prepared
and evaluated for the stability of the formed structure to determine the correlation
between the characteristics of the aqueous phases and the finished emulsions.

The procedure proposed in Ref. [3] to determine the stability factor of bitumen
emulsions was used as an evaluation test for emulsion stability. The meaning of the test
is to determine the ratio of the amount of bitumen in the moving layer of the colloidal
system before and after centrifugation. This indicator is determined using the formula:

� = M1

M2
, (1)

where M1 is the bitumen content of the bitumen emulsion layer after centrifugation,
wt%;

M2 is the bitumen content in the initial emulsion before centrifugation, wt%;
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Cationic emulsifiers manufactured by Nouryon: Redicote E-11 and Redicote EM-44
were considered as study subjects. Redicote EM-44 is a liquid emulsifier for cationic
bitumen emulsions with rapid and medium break-up rate, also serves as an adhesion
agent. The manufacturer recommended concentration for fast breaking systems (0.12–
0.25)%, for medium breaking systems (0.25–0.6)%. Redicote E-11 is a liquid emulsifier
for cationic emulsions with a slow break-up rate. Recommended concentration (0.6–
1.5)%. Redicote additives are based on polyamines [4].

Also, to confirm the established dependencies, the domestic emulsifier Embit-BS
produced by Selena was used. It is a liquid emulsifier for cationic bitumen emulsions.

In accordance with the statements of the manufacturer [5], on the basis of Embit-BS,
varying the concentration (0.15–1.5)%, it is possible to obtain time-stable emulsions of
various classes. In the work, an accent was put on obtaining an emulsion of the EBDKM
class with recommendations for the emulsifier concentration (0.9–1.5)%. Derivatives of
alkylpolyaminoamides and imidazolines obtained on the basis of vegetable rawmaterials
are used as raw components in emulsifier.

BND 100/130 bitumen was used for the preparation of bitumen emulsions, with the
indicators presented in Table 1.

Table 1 Bitumen property indicators

The name of the indicator Requirements of GOST 33,133 Actual value

Needle penetration depth, 0.1 mm:

at 25 °C 101–130 110

at 0 °C min 30 30

Ring-and-ball softening point, °C not lower than 45 45

Ductility, cm:

at 25 °C min 70 96

at 0 °C min 4.0 5.0

Brittle temperature, °C not higher than -20 −26

Flash point, °C not lower than 230 246

Change in softening temperature after
warming up, °C

max 7 5

Penetration index −1.0 to +1.0 0.8

3 Results and Discussion

At the initial stage, aqueous phases were prepared and studied using the specified emul-
sifiers in the range of concentrations recommended by manufacturers. The results are
presented in Table 2.

The obtained aqueous phases were further investigated to determine the regularities
of the influence of emulsifiers concentrations in their composition on the parameters of
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surface tension of the systems and the wetting angle, Table 3. Also, samples of bitumen
emulsions were prepared using them.

Table 3 Characteristics of aqueous phases

Type of emulsifier

REDICOTE E-11 REDICOTE EM-44 Embit–BS

Formulation
No.

Surface
tension,
mN/m

Wetting
angle

Formulation
No.

Surface
tension,
mN/m

Wetting
angle

Formulation
No.

Surface
tension,
mN/m

Wetting
angle

Blank run 73.1 69 Blank run 73.1 69 Blank run 73.1 69

1 52.4 50 9 65.0 57 17 47.6 54

2 47.6 49 10 57.4 51 18 46.3 48

3 49.1 50 11 54.1 54 19 44.9 44

4 45.7 45 12 40.9 55 20 43.2 37

5 46.6 48 13 35.4 50 21 44.0 38

6 41.5 30 14 38.8 52 22 46.1 42

7 42.1 31 15 36.9 50 23 46.6 42

8 43.0 35 16 38.3 54 24 46.1 39

The wetting angle is a characteristic of hydrophilicity or hydrophobicity of the sur-
face, and also serves as an adsorption characteristic that occurs when the aqueous phase
and the mineral substrate contact. Such contact can be accompanied by chemical inter-
action of liquids and minerals, ion exchange, as well as dissolution and electrokinetic
phenomena [6]. Given the importance in assessing the wetting angle of the characteris-
tics and nature of the substrate on which the aqueous phase droplet is deposited, it was
decided to use a glass plate.

The resulting data, Table 3, are consistent with the results obtained in the studies
[7, 8]. As we can see, the wetting efficiency of the aqueous phase, depending on the
emulsifier concentration, correlates with the surface tension of the respective solutions.
Moreover, surface tension isotherms of the aqueous phase at a temperature of 20 °C
demonstrate that there are ranges of surfactant concentrations for which the surface
tension index reaches a small plateau, corresponding to the minimum wetting angle
of the aqueous phase. In other words, by the totality of characteristics, such solutions
can be called effective. According to Rebinder [9], the most universal stability factor
of dispersed systems is reduced to emulsifiers, which must have both surface activity
and the ability to form stable structured colloidal adsorption layers. In sum, it can be
assumed that by using aqueous phases with minimal surface tension and wetting angle,
stable bitumen emulsions can be obtained.

According to N.P. Peskov [10, 11], aggregative stability means the ability of a
colloidal system to maintain a dispersed composition over time. To support thy pro-
posed assumption, bitumen emulsions were selectively prepared and tested to assess the
stability factor. The results are presented in Figs. 1, 2 and 3.

From the studies [3] it follows that the greater the stability factor, the more stable
the emulsion is considered. As can be seen, the greatest stability factor of the systems is
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Fig. 1 Stability factor of the obtained emulsion samples (REDICOTE E-11)
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Fig. 2 Stability factor of the obtained emulsion samples (REDICOTE EM-44)
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Fig. 3 Stability factor of the obtained emulsion samples (Embit–BS)

characterized in samples of bitumen emulsions prepared in aqueous phases, previously
noted as effective. The aggregative stability of bitumen emulsions is primarily associ-
ated with the flocculation and coalescence processes in the system, it is obvious that
effective water-emulsifier solutions prevent these processes from initiation, maintaining
the structure of the emulsions stable.
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4 Conclusion

Thus, the studies performed demonstrate the correlation of the stability factor of bitumen
emulsions with the characteristics of the aqueous phase such as surface tension and
wetting angle, as well as the possibility of predicting the stability of the compositions at
the stage of their design according to express tests of the aqueous phases.
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Abstract. In radiationmaterials science, the issue of surfacemodification in order
to improve the operational properties of materials is relevant. This manuscript
describes an electrochemicalmethod for obtaining co-deposited (alloyed) coatings
from copper reinforced with nanodisperse particles of tungsten carbide, which
contains carbon of the frame structure. Spherical granules of titanium hydride
were used as a substrate. The advantages of this method are presented. The results
of scanning electron microscopy of the obtained alloyed coatings are presented.
Electrochemical co-deposition of copper and nanodispersed particles of tungsten
carbide provided a simple and effective coating on the surface of spherical granules
of titanium hydride, with a thickness of about 50μm.Obtaining an alloyed coating
on pre-chemically modified titanium hydride granules contributes to obtaining
a strong adhesive contact at the boundary between the surface of the titanium
hydride sphere—an aggregate-like microrelief of hydroxytanyl—and a tungsten
carbide-hardened copper shell, by increasing the contact area. This simple and
effective electrochemical modification of the surface can be additionally used for
various products or their individual parts. In addition to copper, nickel, cadmium,
chromium or some alloys can be used as metal elements deposited by electrolytic
means.

Keywords: Modifier · Neutron shielding · Titanium hydride · Surface · Scanning
electron microscopy · Tungsten carbide · Co-deposition · Electroplating

1 Introduction

Currently, the nuclear industry is actively developing in theworld, in particular, the devel-
opment of new generation nuclear power technologies based on fast neutron reactors.
In accordance with this, the issue of creating new materials that ensure the operational
needs of new equipment and the protection of personnel fromneutron irradiation remains
relevant [1].

In works [2] show the prospects of using titanium hydride as filler in radiation-
protective products. Since the operating temperature of fast neutron reactors is up to
600 °C, it is necessary to ensure the thermal stability (to reduce the thermal diffusion of
hydrogen and titanium oxidation) of titanium hydride under these conditions. Therefore,
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much attention is paid to the research of methods and modes of obtaining and modifying
titanium hydride to obtain products resistant at high temperatures [3]. One of the main
ways to increase the radiation-thermal stability of neutron-protective materials is based
on strengthening their surface with dispersed particles that prevent the movement of
dislocations. The function of dispersed phases can be performed by carbides, nitrides,
borides and intermetallides. The method and kinetics of formation, composition and
properties of hardening phases have a significant impact on the complex of physico-
chemical properties of the materials being strengthened [4].

In studies [5], chemical modification of the surface of titanium hydride by an
organosilicon oligomer and boric acid from aqueous solutions was reported. To fix
boron-containing compounds, it is necessary to create additional adsorption centers on
the surface of titanium hydride by preliminary chemical modification with an organosil-
icon oligomer. However, when chemically modifying the surface, it is quite difficult to
accurately control the number of adsorption centers. Other modification methods are
also found in the literature: catalytic alloying with amorphous or crystalline alloys based
on TiCu, high-energy mechanochemical synthesis method [6], alloying by electric dis-
charge treatment [7], by surface deposition of titanium metal by ion-plasma vacuum
magnetron sputtering [8], ball milling using ultrasonic wave to improve the adhesion of
epoxy resin [9]. However, these methods have some disadvantages, such as the require-
ment of a complex process, high cost, difficulties in controlling the degree of coverage
and selective modification.

The electrochemical modification method may be a good option due to the relatively
simple control of the degree of modification, the absence of the need for toxic chemicals
and the possibility of selective coating on the substrate surface [10, 11].

Earlier we reported on electrochemical modification of the surface of spherical gran-
ules of titanium hydride with metallic copper [12]. Titanium hydride granules electro-
chemically coated with metallic copper with the Ti–O–Cu– coating demonstrated an
increase in the thermal stability of the hydride phase by 236.8 °C.

In this publication, the possibility of obtaining a copper coating on spherical titanium
hydride granules with inclusions of nanodispersed tungsten carbide containing carbon
particles of a frame structure by electrochemical co-deposition is considered.

The prospects of the electrochemical co-deposition method for obtaining a coating
lies in the high reliability and reproducibility of the results due to the possibility of
regulating the electrolytic parameters, the number and size of the co-deposited particles.
As a substrate, you can use finished products or their individual parts made in any form.
In addition to copper, nickel, cadmium, chromium or some alloys can be used as metal
elements deposited by electrolytic means. Dispersed particles will be embedded in this
metal matrix.

2 Methods and Materials

The studies were carried out on unmodified and chemically modified (with the formation
of hydroxotitanyl in the surface layer) spherical granules of titanium hydride with a
diameter of 0.2–2.5 mm (RF Technical Conditions 162—2010). More details about the
modification of spherical granules of titanium hydride with hydroxytanil are written in
Refs. [12, 13].
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To obtain a co-deposited (doped) coating, copper ions were electrochemically
deposited on a substrate of titanium hydride granules in the presence of dispersed tung-
sten carbide particles. The tungsten carbide (WC) used is a black nanopowder syn-
thesized by the method of obtaining nanoscale particles of refractory metals and their
carbides from scrap of carbide products (manufacturer of the Sevastopol StateUniversity,
Sevastopol, Russia). Particle sizes from 5 to 100 nm.

Electrodeposition was carried out on the IPC-Pro 3A “Potentiostat” installation in
an electrolytic glass bath. The electrolytic solution consists of a 30% aqueous solution
of copper sulfate (CuSO4·5H2O), to which dispersed particles of tungsten carbide are
added in an amount of 10% by weight of the solution. The solution was subjected to
ultrasonic dispersion for 5–7 min. in order to break up agglomerates of tungsten carbide
nanoparticles, to reduce them to the size of individual particles. In addition, it was
assumed that ultrasonic dispersion for 5–7 min. it will lead to the formation of a more
uniform particle distribution, which will significantly increase the hardness and wear
resistance of the resulting coating. Copper plates pre-peeled from the oxide film, current
density of 1.5–2 A/dm2, electrolysis time of 10 min. were used as the anode.

In thiswork, periodicmechanicalmixing of the solutionwas carried out togetherwith
ultrasonic cavitation. It is also worth noting that when obtaining a co-deposited coating,
titanium hydride granules were located under the anode, so that dispersed tungsten
carbide particles in the electrolytic solution settled on the surface of the fraction under
the influence of gravity. This arrangement, in combination with preliminary ultrasonic
dispersion of the electrolytic solution and periodic relative displacement, contributes to
a more uniform introduction of dispersed tungsten carbide particles into the deposited
copper metal matrix.

Titanium hydride granules with an alloyed coating were fixed in a polymer compo-
sition by the pouring method, a cut and a slot were made. The resulting sections were
examined by scanning electronmicroscopy (SEM)with the removal of energy-dispersive
X-ray spectra at different points (micro-regions). The studywas carried out in BSEmode
using a high-resolution scanning electron microscope TESCAN MIRA 3LMU with an
integrated energy dispersive spectrometer X-MAX 50 Oxford Instruments (TESCAN
ORSAY HOLDING, Czech Republic).

For thermal stability studies, the samples were subjected to heat treatment for 1.5 h
at each test temperature (300, 500, 700 and 900 °C) in an air atmosphere. Since the
thermal degradation of titanium hydride leads to significant changes in the chemical and
phase compositions of the surface layers, after cooling the samples, their microstructure
was analyzed by electron probe microscopy and the oxygen content in the surface and
deep layers was determined.

3 Results and Discussion

As a result of electrochemical co-deposition on the surface of unmodified titanium
hydride granules, an alloyed coating was obtained, the data obtained using the TESCAN
MIRA 3LMU electron microscope are shown in Fig. 1.

The analysis of themicrostructure of the slot of an unmodified titanium hydride gran-
ule with an alloyed coating (Fig. 1) showed that the titanium hydride granule is coated
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The elemental composition of the 
studied points

Elements
The content of elements at 
different points, mass %

Point 1 Point 2 Point 3
Cu 99.5 0.0 61.5
O 0.4 8.5 21.0
Ti 0.1 91.5 17.5
W 0.0 0.0 0.0

a) b)

Fig. 1 Micrograph of a strip of unmodified titanium hydride granules with an alloyed coating
(a) and the elemental composition of the studied points (b)

with a copper shell <50 μm thick, in which tungsten carbide particles are embedded
(presence of light dots). It is worth noting that tungsten carbide particles are practically
not collected into agglomerates, but are distributed evenly. Dispersed particles of tung-
sten carbide are located throughout the entire volume of the copper coating, including
directly near the surface of titanium hydride.

The results of microstructural analysis of the surface of the doped layer of titanium
hydride granules previously chemically modified to form hydroxotitanyl in the surface
layer indicate the formation of a copper coating with a thickness of about 50 μm during
electrodeposition, in which tungsten carbide particles are evenly distributed (Fig. 2).
A feature characteristic of pre–chemically modified titanium hydride granules is the
presence of an aggregate–like microrelief of hydroxytanyl at the boundary between the
surface of the titanium hydride sphere and the alloyed shell.

The elemental composition of the 
studied points

Elements
The content of elements at 
different points, mass %

Point 1 Point 2 Point 3
Cu 10.1 99.0 21.1
O 1.7 0.8 9.2
Ti 1.2 0.2 69.3
W 87.1 0.0 0.4

a) b)

Fig. 2 Micrograph of a strip of a pre-chemicallymodified titaniumhydride granulewith an alloyed
coating (a) and the elemental composition of the studied points (b)
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The thermal stability of titanium hydride granules with electrochemically applied
coating containing embedded particles of nanodispersed tungsten carbide has been
investigated, the results are shown in Figs. 3, 4, 5 and 6.

Fig. 3 Micrographs of samples of titanium hydride granules with an alloyed coating after heat
treatment for 1.5 h at temperatures of 300 (a–b) and 900 °C (c–d)

Fig. 4 Distribution profiles of oxygen atoms in samples of titanium hydride granules with an
alloyed coating without heat treatment and heat treated at temperatures of 300 and 900 °C

Fig. 5 Micrographs of samples of pre-chemically modified titanium hydride granules with an
alloyed coating after heat treatment at temperatures of 300 (a), 500 (b), 700 (c) and 900 °C (d)

On microphotographs of titanium hydride grinds with an electrochemical coating
applied already at 300 °C, the formation of darkened areas is observed, this is especially
pronounced in the copper matrix of the alloyed coating (Fig. 3a, b). The presence of
inhomogeneity’s is probably due to the oxygen content at the grain boundaries. As a



224 A. I. Gorodov et al.

Fig. 6 Distribution profiles of oxygen atoms in samples of pre-chemically modified tita-
nium hydride granules with an alloyed coating without heat treatment (a) and heat-treated at
temperatures of 300, 500, 700 and 900 °C

result of heat treatment at 900 °C, an alloyed layer consisting of copper and dispersed
particles of tungsten carbide is destroyed on the surface of titanium hydride granules,
becomes loose, and torn areas are formed (Fig. 3 c, d).

The average oxygen concentration from the surface to a depth of 200 microns, both
in non-thermally treated titanium hydride fraction (Fig. 4) and in heat-treated at 300
°C, is almost constant. An increase in the annealing temperature to 900 °C leads to a
significant increase in the average oxygen concentration to 22 wt.% in the near-surface
layer and a shift of the profile to the left. With increasing distance from the surface to
a depth of 40 microns, the oxygen content decreases, after which it practically does
not change to 200 microns. It can be assumed that an increase in the average oxygen
concentration in the near-surface layer occurs due to the formation of CuO and Cu2O
oxides.

Figures 5 and 6 shows the results of thermal stability studies of samples of pre-
chemically modified titanium hydride granules with an electrochemical coating applied.
The microstructure of a pre-chemically modified titanium hydride fraction heat-treated
at 300 °C (Fig. 5) has a similar character to the unmodified fraction described above
under similar conditions. An increase in the temperature of heat treatment to 500 °C
leads to an increase in the oxygen concentration in the near-surface layer to 11 mass %
(Fig. 6), which is also visible on the micrograph (Fig. 5b) to increase the area of areas
of heterogeneous areas.

With a further increase in the temperature of heat treatment, there is a gradual increase
in the average oxygen concentration in the near-surface layer to 23mass% at T= 700 °C
and 25 mass % at T = 900 °C. It is worth noting that as the oxidation of the copper
surface increases, the layer becomes loose, its thickness increases, which contributes to
its destruction (Fig. 5b–d). In addition, at a temperature of T = 700 °C, as a result of
hydrogen diffusion to the surface, voids begin to form between the surface of titanium
hydride granules and the alloyed coating. After processing at a temperature of 900 °C,
the structure of the alloyed coating can be divided into two zones: the upper one, with a
thickness of 10…20 μm with a loose texture and the bottom, up to 30 μm thick with a
layered texture. There is no great internal destruction.
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4 Conclusion

To create a protective layer on spherical granules of titanium hydride to improve its oper-
ational properties, we have developed and demonstrated a simple and effectivemethod of
electrochemical co-deposition ofmetallic copper and tungsten carbide. Tungsten carbide
particles are embedded in a layer of metallic copper by capturing them during electro-
chemical deposition. Micrographs of the grinds of modified titanium hydride granules
indicate the formation of a copper coating with a thickness of about 50 μm, in which
tungsten carbide particles are evenly distributed. We believe that this simple and effec-
tive electrochemical method of modifying the surface of titanium hydride granules can
benefit radiation materials science and can be used in various fields of application.
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Light-Colored Ceramic Products
from Red-Burning Clay Raw Materials
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Abstract. This article reveals the results of the conducted research on the produc-
tion of ceramic products of light shades based on red-burning clay raw materials
of the Doroganovskoye deposit. Based on the analysis of literary sources, it was
found that the most common way to lighten a ceramic shard is the introduction of
dispersed chalk into the mass. During the research, chalk was introduced into the
composition of the mass in an amount of 10–30%. However, this led to a decrease
in strength and an increase in water absorption in burnt products. In order to
obtain light-colored ceramic products with high physical and mechanical proper-
ties, a modifying additive was additionally introduced into the composition of the
masses, in addition to chalk. It was determined that this additive makes it possi-
ble to intensify the firing processes and makes it possible to obtain light-colored
samples with a lower content of carbonate-containing material in the charge. X-
ray phase studies have established that the mineralizing effect of this additive
occurs due to its sufficiently low melting point. Due to this, the dark-colored
mineral hematite is involved in the formation of new minerals characterized by
low-intensity coloring, which ensures the production of light yellow samples. In
addition, an increased content of anorthite and helenite is formed in the shard,
which leads to an increase in the strength of the samples. Thus, laboratory studies
have shown that it is possible to obtain light-colored ceramic products from the
red-burning clay raw materials of the Doroganovskoye deposit by semi-dry press-
ing. The optimal composition of the ceramic mass and the production parameters
for this are as follows: the amount of chalk in the mass should be 20%, the content
of the mineralizing additive should be 1%, the preparation of the press powder
should be carried out with preliminary plastic processing of the mass, the spe-
cific pressure of pressing samples is 20 MPa, the firing temperature is 1000 °C.
This will make it possible to obtain burnt samples of light yellow color with a
compressive strength of 36.1 MPa and a water absorption of 14.6%.

Keywords: Facing brick · Volumetric coloring ·Modifying fdditive · Semi-dry
pressing

1 Introduction

Trends in the modern market economy stimulate the constant upgrade of the range of
manufactured products. In production of facial brick technology this task is often solved
by changing the surface coloring of the bricks [1–3].
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The coloring of bricks usually varies in red-brown tones, and the reserves of light-
burning clay raw materials that used for the production of sanitary, household ceramics,
and facing tiles are very limited. In this regard, obtaining light-colored ceramic bricks
from common red-burning rawmaterials is an urgent task, and one of the ways to achieve
this is volumetric lightening of ceramic tiles [4, 5].

Carbonate-containing materials—obtained from natural sources or various produc-
tion wastes are usually introduced to lighten ceramics [6–8]. Additives of calcium and
magnesium carbonates in the formof chalk, dolomite,marble and limestone are specially
introduced into the composition of the masses to regulate technological and post-firing
properties of the ceramic tiles.

The purpose of this study is to determine the lightening effect of finely dispersed
chalk, together with a modifying additive on the color of a ceramic tiles made from
red-burning clay raw materials.

2 Methods and Materials

When conducting research, low-melting clay raw materials from the Doroganovskoye
deposit (Rostov region) were used as the main raw material. Clay from this deposit
by its properties, is a fairly typical raw material for the southern Russia—it belongs to
non-baking, moderately plastic, with high sensitivity to drying and giving a red-colored
tiles during firing.

In order to lighten the ceramic tiles, finely dispersed chalk from the Belgorod deposit
was used.

The samples were made by plastic molding and semi-dry pressing. By the method
of plastic molding, samples-bricks were made in size 60 * 30 * 15 mm, while the raw
materials was crushed until it completely passed through a 1 mm sieve and thoroughly
mixed. The samples were fired in a laboratory electric kiln at a maximum temperature
of 1000 °C.

Cylindrical samples with a diameter and height of 50 mm were made by semi-dry
pressing with preliminary plastic processing of the mass. The initial raw materials were
ground to sizes less than 1mm, thoroughlymixed andmoistenedwithwater or a prepared
solution of a modifying additive until plastic state, then the mass was passed through
a laboratory granulator, dried to a moisture content of 9–10%, and to obtain a press-
powder, the resulting granules were ground to sizes less than 3 mm. Cylindrical samples
were pressed at a specific pressure of 20 MPa and burnt at a maximum temperature of
1000 °C.

The crystalline compounds in the ceramic shardwere studied byX-ray phase analysis
using a diffractometer.

3 Results and Discussion

To determine the possibility of lightening of the ceramic tiles, finely dispersed chalk was
introduced into the composition of the clay masses based on clay raw materials from the
Doroganovskoye deposit in the amount of 10, 20 and 30%. From them, as well as from
pure clay raw materials, samples-bricks were made by the plastic molding method.
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The results of the study on the effect of chalk content in the mixture on the
characteristics of dried and fired samples are presented in Table 1.

Table 1 The composition of the mixtures and the characteristics of the fired samples of plastic
molding

Code of
samples

Charge
composition by
weight, %

Air
shrinkage,
%

Total
shrinkage,
%

Water
absorption,
%

Average
density,
kg/m3

Color of tiles

Clay
material

Chalk

B 1–1 100 − 4.36 6.67 13.5 1832 Red

B 2–2 90 10 4.21 8.17 14.4 1839 Light-red

B 3–3 80 20 3.43 7.44 15.0 1799 Light-pink

B 4–4 70 30 3.16 5.67 23.6 1555 Light-yellow

It can be noted that the addition of chalk reduces air shrinkage of samples, while
water absorption of fired samples increases from 13.5 to 23.6% and the average density
of samples decreases from 1832 to 1555 kg/m3.

Figure 1 shows the dependence of the color of fired samples on the amount of chalk
addition.

At a firing temperature of 1000 °C, the lightening effect of chalk is alreadymanifested
at its 10% presence in the mixture, which indicates the beginning of the formation of
minerals that “lighten” the tiles. Significant lightening of fired tiles occurs in the presence
of 20% of chalk. The color of the samples is light-pink. When the mixture contains 30%
chalk, the color of the samples is light-yellow—almost white.

As the results of experiments showed, obtaining light-yellow color tiles is possible
only by adding chalk in the amount of 30%, but in this case the water absorption of the
samples increases sharply, which will not allow obtaining products corresponding to the
front ones.

In further experiments, the effect of additives on the characteristics of cylindrical
samples made by the semi-dry pressing method was determined.

Chalk and NaCl—a modifying additive in an amount of 1% were introduced into
the clay mass [9].

This paper describes the technology of brick production using low-melting clays,
which are fired at temperatures up to 1000 °C. As a result, a polymineral structure
of ceramic stone in the form of crystalline (β-quartz, hematite) and X-ray amorphous
(metakaolinite, glass-phase) phases is formed. Lightening of the brick color occurs only
under conditions of oxidative firing when the mixture contains at least 15–20% CaCO3
and a mineralizing additive. To lighten the bricks, the authors add chalk in an amount of
10 to 20% into the composition of the mixture, and NaCl is introduced as a modifying
additive in an amount of 0.5 to 2%.
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Fig. 1 The dependence of the color of fired samples on the amount of chalk additive

In order to determine the optimal content of chalk in the mixture for obtain products
with the stated technical characteristics, it is necessary to determine the effect of chalk
on water absorption, average density and change in the tone of the fired bricks.

To determine the possibility of lightening the ceramic tiles, finely dispersed chalk
was introduced into the composition of clay masses in the amount of 10, 20 and 30%.
Cylindrical samples were made by the method of semi-dry pressing with preliminary
plastic processing of the mass.

Table 2 presented the physical and mechanical characteristics of semi-dry pressed
cylindrical samples burnt at a temperature of 1000 °C.

Figure 2 shows the dependence of the color of the burnt samples on the amount of
chalk additive with a modifier. Code of samples correspond to Table 2.

The results obtained show that the amount of addition of chalk affects the color of
the fired brick tiles. With increasing the content of chalk, the lightening effect of chalk
manifests itself already at its 10% presence in the mixture, indicating the beginning of
the formation ofminerals that “lighten” the brick tiles. Significant lightening of fired tiles
occurs in the presence of 20% chalk and significantly changes its shade to light-yellow
color. With a chalk content of 30% the samples acquired a lighter (almost white) tone.

From data in the Table 2, it is possible to identify that the optimal quantity of chalk
is 20% with additional introduction of modifying additive. It can be seen that the fired
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Table 2 Physical and mechanical characteristics of semi-dry pressing cylindrical samples

Code of
samples

The composition of the
mixture by weight, %

Air shrinkage,
%

Total
shrinkage, %

Water
absorption,
%

Strength,
MPa

Color

Clay raw
materials

Chalk NaCl

C 0–0 100 – – 2.15 3.95 13.7 42.5 Red

C 20–0 80 20 – 2.04 2.64 15.1 34.6 Light-pink

C 10–1 89 10 1 2.10 3.30 14.1 40.9 Light-pink

C 20–1 79 20 1 2.04 2.94 14.6 36.1 Light-yellow

C 30–1 69 30 1 1.92 2.52 24.9 28.8 Light-yellow

Fig. 2 The dependence of the color of burnt samples on the amount of chalk additivewithmodifier

samples have a stable light-yellow color, their strength in compression is 36.1 MPa, and
water absorption is 14.6%.

Figure 3 shows photos of burnt semi-dry pressed samples with chalk content of 20%
and NaCl modifier in an amount of 1%.

It should also be noted that fired cylindrical specimens containing 20% chalk and 1%
NaCl as modifying additive were tested for capillary suction to determine the presence
of water-soluble salts in the tiles. After testing, no salt deposits were observed on the
faces of the samples.

Figures 4 and 5 show X-ray patterns of samples fired at a temperature of 1000 °C,
molded by semi-dry pressing based on clay from the Doroganovskoye deposit with the
addition of chalk in an amount of 20% and the same, but with the addition of 1% NaCl
(Fig. 5).

As it can be seen from the X-ray pattern of the brick specimens, which contains only
clay raw materials and chalk, several minerals such as quartz, hematite, anorthite, and
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Fig. 3 Cylindrical samples of semi-dry pressing
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Fig. 4 X-ray patterns of burnt samples with the addition of chalk

gehlenite are identified in its composition. The figure characterizing the brick specimen
with chalk andmodifier additive shows themineralogical composition almost equivalent
to the first sample. The introduction of NaCl into the mixture contributes only to a slight
increase in the content of anorthite and gehlenite.

The conducted X-ray phase studies have established that the mineralizing effect
of the NaCl additive occurs due to its sufficiently low melting point. Due to this,
the dark-colored mineral hematite (Fe2O3) is involved in the formation of new min-
erals characterized by a low-intensity coloring, and an increased content of anor-
thite (CaO·Al2O3·2SiO2) is also formed in the tiles, which ensures the production of
light-yellow samples.

In the study [9], the authors indicate that a decrease in the color intensity of a ceramic
tiles occurs as a result of the formation of anorthite, which depends on the content of
Fe2O3 embedded into its structure. The intensity of anorthite crystallization is due to the
presence of a significant amount of the melt, the formation of which occurs as a result
of the action of the mineralizing additive NaCl, which ensures the formation of CaO
at lower temperatures. An increase in the amount of the liquid phase and the presence
of metakaolinite and CaO in the mass contributes to the crystallization of anorthite, in
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Fig. 5 X-ray patterns of burnt samples with the addition of chalk and NaCl

which iron oxides and other iron-containing compounds are dissolved, and the ceramic
tile is clarified.

The effectiveness of NaCl additives can be explained in terms of the melting tem-
perature [9, 10]. Thus, the melting point of NaCl is 800 °C. Crystallization processes
occur in a completely different way when NaCl is added. The presence of metakaolinite,
CaO, Fe2O3 and mineralizing additive NaCl in the mass ensures the formation of new
phases at a lower temperature of 800–850 °C: 2NaCl+Al2O3·2SiO2 + Fe2O3 + 2CaO
= CaO·Al2O3·2SiO2 + CaCl2 + 2NaFeO2. The quantity of low-melting compounds
CaCl2 and NaFeO2 formed at the time of anorthite formation, melts and contributes to
an increase in the anorthite content. This process causes the dissolution of iron oxide
and the formation of other iron-containing compounds, and the lightening of the ceramic
tiles.

4 Conclusions

Thus, the research revealed the following:

– the possibility of obtaining light-colored ceramic products based on clays of the
Doroganovskoye deposit and finely dispersed chalk with a modifying additive has
been proved. With a chalk content of 20% and NaCl modifier—1%, a light-yellow
shard is obtained;

– regularities of the influence of the amount of addition of finely dispersed chalk on the
properties of fired ceramic tiles based on clay rawmaterials from the Doroganovskoye
deposit were established. The dependence of the main technical characteristics on the
amount of the introduced additive is shown;

– the modifying effect of the NaCl additive on the ceramic tiles was revealed.

During the laboratory researches, we found that for the manufacturing of products
with the necessary technical characteristics, the amount of chalk additive should be
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20%, and the content of NaCl mineral additive should be 1%. The following optimal
parameters for the semi-dry pressing method were also determined: the required press-
powder fraction is less than 3 mm, the press powder moisture content is 9–10%, the
pressing pressure is 20 MPa, and the maximum firing temperature is 1000 °C. This
made it possible to obtain fired samples by the semi-dry pressing method of light-yellow
color with a compressive strength of 36.1 MPa and water absorption of 14.6%. Based
on the strength of laboratory samples, when manufacturing products of a standard size
using a similar technology, it will be possible to obtain a facial brick of light-yellow
color of grades M125, M150.

The conducted studies have shown the possibility of involving clay raw materials
from the Doroganovskoye deposit for the production of light-yellow ceramic products
that meet the requirements of current standards.
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Abstract. The reliability of reinforced concrete structure by external reinforce-
ment with composite materials is ensured by the joint work of the reinforcement
element and the main reinforced structure. The current standards do not contain
provisions for the experimental evaluation of the adhesion of external composite
reinforcement with concrete. The provisions on the design of reinforcement of
reinforced concrete structures with external composite reinforcement do not take
into account shear deformations in the contact seam, adhesion of composite mate-
rial with concrete it is indirectly estimated by the introduction of the coefficient of
the working conditions of the composite material when assigning its design resis-
tance. A method of experimental evaluation of the adhesion of external composite
non-metallic reinforcement with concrete is proposed, the patterns of deformation
of composite reinforcement elements are revealed, the nature of the destruction
of the adhesive joint of the adhesive joint of the composite material with concrete
is established.

Keywords: External reinforcement · Carbon fiber · Composite material · Load

1 Introduction

When performing reinforcement by external reinforcement with composite materials,
it is necessary to ensure the joint operation of the reinforcement element and the main
reinforced structure. Reinforced reinforced concrete structure is a complex system in
which an elastic reinforcement element is combined with a reinforced concrete structure
by an adhesive composition with inelastic properties [1, 2]. Modern calculation methods
do not take into account shear deformations in the contact seam, the adhesion of the
composite material to concrete is indirectly estimated by introducing a coefficient of the
working conditions of the composite material when assigning its design resistance [3].
Currently, there are no experimentally substantiated theoretical methods for assessing
the adhesion of external composite reinforcement to concrete.

Current the standards do not contain provisions for the experimental evaluation of
the adhesion of external composite reinforcement with concrete. When determining the
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strength and deformative characteristics of composite materials (rod fittings, tapes, can-
vases) according to normativemethods, the condition of fixing samples in the test facility
has a significant impact on the results [4–6], which requires the use of special devices at
the ends of the tested samples. Studies of the adhesion of composite reinforcement with
concrete are carried out on concrete samples to which composite tapes are glued. The
sample is rigidly fixed in the test rig, and a tensile force is applied in stages to the free
end of the tape through a gripping device [7]. With this test method, the disadvantages
associated with the use of gripping devices remain. Namely, a torque appears in the cross
sections of the element, causing normal stresses in the adhesive seam, which is almost
not found in real conditions. Also, an unrealistic picture of reinforcement, without end
rods and framing, and sometimes even without rod reinforcement, negatively affects
the receipt of adequate data on the distribution of tangential stresses. The task that the
authors faced in this study was to develop a correct model of the test sample to determine
the deformability and strength of the adhesive joint of non-metallic reinforcement with
concrete, as well as to obtain data on the effective anchorage length, the excess of which
does not cause an increase in the bearing capacity of the entire joint.

2 Methods and Materials

In order to obtain data on the strength and rigidity of the composite-concrete contact
zone, 4 prototypes were tested, the design and layout of the measuring equipment of
which is shown in Fig. 1.

The samples were tested in 2 series: OK-1 and OK-2. The OK-1 series includes
samples OK-1–1 and OK-1–2: OK-1–1 has a rough surface in accordance with the
operating conditions in which the design worked; OK-1–2 has a cleaned and leveled
surface with more regular planes. The OK-2 series includes samples OK-2–1 and OK-
2–2: OK-2–1 has a rough surface in accordance with the operating conditions in which
the design worked; OK-2–2 has a cleaned and leveled surface with more regular planes.

All samples were loaded stepwise to destruction by two equal concentrated forces,
being in the test bench according to the principle of three-point loading. The magnitude
of the loading stage was 1.23 kN. The exposure time at each stage was 10 min. The
prototypes were equipped with a system of strain gauges, group No. 1 of which (T1,
T2, T3, T4) were glued to the concrete of the stretched zone under the adhesive seam,
and group No. 2 (T5, T6, T7, T8)—to the composite material. The sensors were glued
in such a way that the sensors of group No. 1 measured deformations only of concrete
and their readings were not affected by deformations of glue and composite. This was
achieved by supplying the sensors of group No. 1 with a protective film. Load cells of
group No. 1 had a measurement base of 80 mm, groups No. 2–20 mm. The load cell
readings were recorded using a device and two multi-channel adapters. Sensors located
on concrete were connected to adapter No. 1, sensors located on composite material
were connected to adapter No. 2. The prototypes of the OK-1 series were equipped with
two mechanical strain gauges (I1, I2) so that I1 measured the absolute deformations of
the blocks relative to each other, and I2 measured the deformations of the composite
material on an identicalmeasurement base. Taking into account the difference in absolute
deformations in the form of readings I1 and I2 allowed us to correct the values of the
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Fig. 1 Sample for separation tests of the OK-1 (above) and OK-2 (below) series: 1—beam; 2—
hinge; 3—composite material; 4—glue

difference in deformations and register the beginning of detachment of the composite
from concrete (in cases of its occurrence).

The beams of all series were loaded with a short-term load until destruction. The
three-point accepted calculation scheme allows you to create a clean bending zone
between the concentrated forces for a more correct analysis of the VAT of the sample.

Loading using hydraulic jacks was chosen as the loadingmethod, because it provides
the possibility of applying loads of high values (up to 300 kN), allows you to determine
the magnitude of the applied load with high accuracy, and also, unlike the gravitational
type of loading method, to take readings of measuring instruments and monitor the
work of samples under load without being distracted for loading the stand with piece
loads. With this in mind, a test bench was designed and manufactured. The stand is
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designed taking into account the placement of measuring instruments and samples, the
possibility of conducting both long-term and short-term tests. According to preliminary
calculations, the design of the stand and the cross-sections of its elements ensure its
sufficient strength, rigidity and stability for the experiment.Deformations of the elements
of the stand in the conditions of this experiment are negligible. The main parts of the
stand are made of C285 steel.

Loading of the samples occurred by increasing the oil pressure in the pistons of the
jacks, which caused the extension of their rods. The distributing traverses uniformly
transmitted the load to the sample in the form of two concentrated forces located at a
distance of 300 mm from each other symmetrically relative to the ends of the beam.

The concentrated loads of the beam were transmitted through metal plates. Loading
was carried out stepwise. At the stages preceding the destruction and the moment of
cracking, the magnitude of the stage decreased, which allowed us to consider in more
detail the stress–strain state of the elements.

3 Results and Discussion

Tests of auxiliary samples were carried out in accordance with the stated test procedure
within the established time frame. According to the established methodology, samples
were tested to bring them to destruction. The values of themaximum loads on the samples
are given in Table 1. The type of samples after destruction is shown in Fig. 2.

Table 1 Values of limit loads when testing samples for strength when detached from the concrete
surface

Marking of the
sample

Maximum external
load on the sample
Pcr, kN

The ultimate tensile
force in a composite
element Tcr, kN

The nature of the
destruction

OK-1–1 10.50 21.00 Separation of concrete
near the glued surface
to the lower
reinforcement in the
absence of destruction
of the composite
element and its
detachment

OK-1–2 10.66 21.32

OK-2–1 21.58 31.11

OK-2–2 22.26 32.05

Because the destruction of the samples did not occur due to the loss of strength of
the adhesive seam, it was not possible to determine the bearing capacity of the adhesive
seam during shear operation. However, taking into account the data of experimental
studies conducted by the author with the involvement of laboratories, it can be said that
the condition of destruction of a different nature is unattainable within the framework
of the presented test program. This is because the minimum adhesive strength of the
adhesive is 4 MPa, which exceeds the calculated shear resistance of concrete of class up
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Fig. 2 Type of sample OK-1–1 after destruction

to and including B60. The tests were carried out on primed metal plates, which made
it possible to approach the calculated bearing capacity of the adhesive, equal to 20 ±
1 MPa under the condition of complete curing [8]. At the same time, during the tests
of samples of the OK-1 and OK-2 series, it was possible to obtain the values of the
maximum tangential stresses in the adhesive joint, at which the destruction of concrete
begins. These values are shown in Table 2.

Table 2 Values of the limiting stresses in the elements of the adhesive joint when testing samples
for strength when detached from the concrete surface

Marking of the
sample

The limiting stress in the
composite element
corresponding to the
destruction of the
sample σf ,cr , MPa

The ratio of the
effective stresses in the
composite element to
its tensile bearing
capacity, %

Limit stress in the
adhesive seam σw,cr ,
MPa

OK-1–1 2038.83 42.50 6.94

OK-1–2 2069.90 43.20 7.07

OK-2–1 2449.60 51.14 6.75

OK-2–2 2523.62 52.70 6.98

According to the test data, diagrams of the dependence of the relative deformations
of the composite element and the adhesive were constructed. These diagrams are shown
in Figs. 3 and 4. The numbers in parentheses indicate the percentage ratio of the current
tensile force in the composite element to the limit—the corresponding destruction of the
sample. In Figs. 3 and 4, dotted lines show the dependences of the relative deformations
of the protective layer of concrete bordering the adhesive joint (if there is a difference
between them and the relative deformations of the composite element).

Analyzing the diagrams shown in Figs. 3 and 4, we can conclude about the attenu-
ating nature of the distribution of relative deformations along the length, indicating the
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Fig. 3 Diagram of relative deformations of OK-1 series samples during separation tests

Fig. 4 Diagram of relative deformations of OK-2 series samples during separation tests

existence of a limit value of anchoring of the composite element. Within the framework
of the conducted studies, this value was 300 mm, which, in general, corresponds to
the conclusions obtained during the preliminary experimental studies of the author [5],
as well as other authors [9–11]. A further increase in the anchoring of the composite
element does not lead to an increase in the bearing capacity of the entire sample. The
destructive forces within the same series differ slightly given in Table 2.

It was found that when the relative deformations exceed a value of 0.25…0.28%,
there is a difference in sensor readings under the adhesive joint and on the composite
material. Visually, it can be established that, at appropriate load levels, horizontal cracks
are formed in the protective layer of concrete at the level of the longitudinal working
reinforcement with a spreading front deep into the anchoring of the composite. This
corresponds to the scenario of destruction of prototypes given in Ref. [4, 5].

4 Conclusion

The destruction of the prototypes occurred with the separation of the external composite
element from the concrete without crushing the concrete of the compressed zone, with
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the formation of normal cracks in the beams. Separation of the composite strip occurred
with the destruction of concrete near the adhesive seam to a depth of 8–12 mm. It should
be noted that the operation of the contact seam between the concrete surface depends
on the degree of preparation of the surface to which the composite is glued. However, it
does not have a serious impact on quantitative parameters. At the moment of destruction,
the force in the composite element was 0.5–0.7 of the destructive value obtained during
the tensile test.

The proposed scheme for testing the adhesion of external composite non-metallic
reinforcement with concrete made it possible to determine quantitative and qualitative
parameters, on the basis of which it is possible to propose a number of provisions for
the design of reinforcement of reinforced concrete structures by external reinforcement
with composite materials and formulate the tasks of studying structures of this class.
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Abstract. This article discusses perspective directions of development of pneu-
matic mixers for mixing dry building mixes. Pneumatic mixers are modern equip-
ment used for mixing dry building materials and fine materials that meet the
requirements for environmental and industrial standards that surpass mechanical
mixing units in their technical characteristics and do not harm the health of oper-
ators. Mixing materials with high-intensity movement of particles through the
mixing chamber and with other material particles allows for obtaining a finished
mixture with a high percentage of uniformity, which allows increasing the quality
characteristics of the finished product, which is of no small importance in theman-
ufacture of buildingmaterials. In this article, we present a new patented design of a
pneumatic mixer, the distinctive quality of which it improves the properties of the
final product and high uniformity of the finished mixture due to intensification of
the mixing process. The method for calculating the process of mixing the compo-
nents of bulk material in a pneumatic mixer is provided. According to the results
which we obtained, the ratio that determines the change in the concentration of
a selected component of bulk materials in the cylindrical volume of the mixing
chamber. The results of this article can be used in the design of pneumatic mixers
for mixing dry building mixtures.

Keywords: Pneumatic Mixer · Building Mixtures · Vortex Mixing · Mixer ·
Improvement · Dry Building Mixes

1 Introduction

The demand and increase in the production of modern building materials makes it nec-
essary to improve the existing equipment for their production and develop new ones. In
almost all technological lines for the production of building mixtures, there is a section
with mixing equipment, in which various components are mixed to obtain finished prod-
ucts. The quality of the manufactured products will depend on the competent choice of
this equipment, in our case, these are dry buildingmixes. Recently, themixing equipment
market has presented an extensive selection of equipment for mixing solidmaterials. The
range ofmixing equipment ranges from small to large volumemixers. Some faucets have
long dominated certain market segments, and improved designs are the result of close
collaboration with the end users.
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Recently, pneumatic mixers have become the most popular. They meet the require-
ments according to environmental and production standards, they do not harm the health
of operators and in terms of their technical characteristics they are in no way inferior to
mechanical mixers [1–4].

In connection with this less-studied area, there are several areas of study, such as:
obtaining new mixing opportunities through the development of an efficient mixing
chamber; obtaining high-tech processing of dry multicomponent mixtures; reduction of
metal consumption of the mixer. In accordance with the development of an air mixer and
the calculations of obtaining a homogeneous mixture and mixing time, it is possible to
obtain universal development of an air mixer with a degree of uniformity of more than
95%, with the possibility of high-quality mixing of components of different density,
particle size and a large specific surface area [5–7].

2 Materials and Methods

In relation to opening new possibilities of using pneumatic mixers for the production of
dry building mixes, several directions of their development can be distinguished [8–10].

The promising areas of development of pneumatic mixers include the following [11]:

• Development of high efficient mixing chambers, for achieving new types of mixed
materials.

• Obtaining new modern methods of mixing dry components.
• Increasing the quality characteristics of the mixture, by increasing the percentage of
homogeneity.

• Percentage reduction in metal consumption of mixing equipment.

Based on the above development possibilities, we propose a new design of a pneu-
matic mixer, the purpose of which is to improve the quality of the final product and
increase the homogeneity of the product by intensifying the mixing process especially
of materials with different densities.

The basic concept of a pneumatic mixer with a spiral energy-carrying tube (Fig. 1)
for fine materials is based on the mixing of dry building mixtures in a turbulent flow of
air [12, 13].

Components for mixing are fed into the housing 1 through the loading nozzles 5. In
the housing 1 thematerial is picked up by the energy carrier supplied simultaneouslywith
the material and flowing out of the holes in the spiral energy-carrying tube 4 extended
upwards in the form of a truncated cone. The holes in the spiral energy-carrying tube
4 are arranged evenly in a checkerboard pattern, and the axes of the holes are directed
upwards at an angle of 30°-35° relative to the vertical plane of the spiral energy-carrying
tube 4. By pulling the spiral energy-carrying tube 4 with a cone upwards, the area of
interaction of the energy carrier with themixing components in housing 1 of the mixture,
which improves the quality of the finished product due to the intensification of themixing
process. A vacuum is created in the conical bottom 2, and after the mixing cycle.

This solution helps to increase the degree of homogeneity of the finished product
due to the intensification of the mixing process, which makes it possible to improve
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Fig. 1 Pneumatic mixer with a spiral energy-carrying tube

the quality and obtain dry building mixes with a high degree of distribution of the key
component [14, 15].

3 Results and Discussions

Let us dwell on the method for calculating the mixing process in a pneumatic mixer of
components in the bulk material for the production of building materials (Fig. 2).

Fig. 2 Calculation scheme

The description of the process of mixing the components of bulk material in the
volume of the mixer design under consideration can be carried out within the framework
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of a two-parameter diffusion model:

∂c

∂t
= Dz

∂2c

∂z2
− ϑz

∂c

∂z
+ Dr

r

∂

∂r

(
r
∂c

∂r

)
. (1)

where Dz and Dr the coefficients of longitudinal and radial mixing;—the speed of the
longitudinal movement of the material DzDrϑz .

In this model, it is assumed that the values,—are constant along the length and cross
section DzDrϑz .

The mixer model under consideration is characterized by the presence of a steady
(time-independent) mixing mode. Therefore, it can be assumed that changes in the
concentration “c” in this case will depend on only two variables c (z, r). Based on this
fact, Eq. (1) can be expressed as:
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(
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)
= 0. (2)

The assumption that these coefficients of longitudinal and radial mixing are directly
proportional to the average values of the speed of movement in the longitudinal and
radial directions, as well as to the geometric dimensions. Based on this, we can express
it as:

Dz = ϑzH0, (3)

Dr = ϑrRk . (4)

Further, we will assume that the average values of the velocities of the particles in
the material differ from the average values of the velocities of the air flow by an infinity
value. Therefore, on the basis of what has been said, the following relations can be
written:

ϑr = 1

V

2π∫
0

dϕ

Rk∫
r0

H0∫
0

ϑr · dr · dz, (5)

ϑz = 1

V

2π∫
0
dϕ

Rk∫
r0

H0∫
0

ϑz · dr · dz. (6)

Here the volume of the cylindrical body of the mixer is equal to: V

V = πR2
kH0. (7)

Substituting (6) into (4) leads to the following result:

ϑr = A0

R2
kH0

Rk∫
r0

K1(λr)rdr

H0∫
0

cos(λz)dz, (8)
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where the following notation is introduced:

A0 =
ϑ0

(
d0
D0

)2
I0(λr0)

sin(λHB)K0(λr0)
. (9)

The calculation of the integrals in formula (8) for the value allows us to obtain the
following result: λ = π

2H0
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H 2
0
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, (10)

where the following notation is introduced:
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)
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πr0
2H0

K1(x) · x · dx. (11)

Substituting into relation (5) allows us to write the following expressions:

ϑz = 2A0π
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H0∫
0

sin(λz)dz. (12)

Given that

H0∫
0

sin(λz)dz = 1
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sin(λz)d(λz) = 2H0

π
, (13)

and according to reference data [Dwight]:

Rk∫
r0
K0(λr)rdr = 1

λ
[r0K1(λr0) − RkK1(λRk)]. (14)

Relation (12), taking into account (7), (14), can be reduced to the following form:

ϑz = 8 · H0 · A0

π2R2
k

[
r0K1

(
πr0
2 · H0

)
− RkK1

(
πRk

2 · H0

)]
. (15)

Equation (2) taking into account (3) and (4) will take the form:
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In Eq. (16) we have dimensionless variables according to the relations: ξ1ξ2ξ1ξ2

z = ξ1H0, (17)
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r = ξ2Rk . (18)

In dimensionless variables, Eq. (16) can be expressed in the following form:
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where the following notation is introduced:

γ 2 = ϑzRk

ϑrH0
. (20)

Taking into account (10) and (15), formula (20) takes the following form:
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The solution of Eq. (19) is sought in the form:

c = c1(ξ1) · c2(ξ2). (22)

Substituting (22) into (19) gives:

γ 2c2(ξ2)

[
d2c1
dξ21

− dc1
dξ1

]
+ c1(ξ1)

ξ2

d

dξ2

(
ξ2

dc2
dξ2

)
= 0. (23)

Based on (22), the following relation can be obtained:

γ 2

c1(ξ)

[
d2c1
dξ21

− dc1
dξ1

]
= − 1

c2(ξ2)ξ2

d

dξ2

(
ξ2

dc2
dξ2

)
. (24)

The left side of relation (24) depends only on the variables ξ1, and the right side on
ξ2 therefore the fulfilment of the equality in (24), is possible only if each of the parts is
a constant value equal to β2 > 0.β2 > 0.

According to the above relation (24), will be equivalent to the following two
differential equations:

γ 2
[
d2c1
dξ1

− dc1
dξ1

]
= β2c1, (25)

d2c2
dξ2

+ 1

ξ2

dc2
dξ2

+ β2c2 = 0. (26)

The solution of Eq. (26), limited at ξ2 → 0 according to the reference data [Special
Functions Handbook] has the form:

c2(ξ) = constJ0(βξ2), (27)
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where J0(βξ2)– is a zero-order Bessel function of the first kind.
Functional dependence (27) in the transition according to (18) to dimensional

quantities will take the form:

c2(r) = constJ0

(
β

r

Rk

)
. (28)

Solution (28) must satisfy the boundary condition:

r = Rk , c2(Rk) = 0. (29)

Applying (29) to (28) makes it possible to obtain:

constJ0(β) = 0. (30)

Functional dependence graph J0(β) (Fig. 3) Based on this dependence, (30) is
converted to the first zero at the value β = β1 = 2.4 . . ..

Fig. 3 Graph of integral functions J0(x).

Based on the data obtained, solution (28) satisfying (29) can be written in the
following form:

c2(r) = constJ0

(
β1

r

Rk

)
. (31)

Equation (25) can be represented as:

d2c1
dξ21

− dc1
dξ1

− β2
1

γ 2 c1 = 0. (32)
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To find a solution to the differential Eq. (32), it is necessary to write down the
characteristic equation:

1. k2 − k −
(

β1

γ

)
= 0. (33)

The quadratic Eq. (33) has two roots:

k1 = 1

2
−

√
1

4
+

(
β1

γ

)2

, (34)

k2 = 1

2
+

√
1

4
+

(
β1

γ

)2

. (35)

Since we are interested in the decreasing solution of the function c1 (ξ1), which
corresponds to the negative value of the root of the characteristic equation. Based on the
above k1 < 0, the solution of Eq. (32) can be represented as:

c1(ξ1) = const · ek1ξ1 . (36)

Passing to dimensional variables according to (17), we have:

c1(z) = const e
k1z
H0 . (37)

Substituting (31) and (37) results in:

c(r, z) = const · e
k1z
H0 J0

(
β1

r

Rk

)
. (38)

To determine the value const in (38) it is necessary to use the following boundary
condition:

c(r = 0, z = 0) = c0, (39)

where c0—is the initial value of the concentration of the isolated component of the dry
mixture in the bulk material.

Applying (39) to (38) gives:

c0 = const. (40)

Based on (40) we find:

const = c0. (41)

Taking into account (41), formula (38) takes the form (Fig. 4):

c(r, z) = c0J0

(
β1

r

Rk

)
e
k1z
H0 . (42)
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Fig. 4 Graph of concentration change from

The change in concentration is highly non-linear and strongly depends on the
parameters of the mixing chamber.

Thus the obtained relation (42) determines the change in the concentration of the
selected component of the mixture of bulk material in the cylindrical volume of the mix-
ing chamber. The uniformity of the finished product and its physical and chemical char-
acteristics directly depend on what concentration will be created in the mixing chamber.
Those the lower the concentration, the worse the quality of the mixture and the greater
the heterogeneity of the mixture, which directly leads to unsatisfactory performance of
the finished product.

4 Conclusions

Mixing building materials with high-intensity movement of material particles through
themixing chamber and with other material particles allows obtaining a finishedmixture
with a high percentage of uniformity, increasing the quality characteristics of the dry
building mixes. The movement of the particle in the mixing chamber at high speeds con-
tributes to the mechanical activation of the mixture and in this way increases the strength
characteristics of the finished mixture. The process of mixing the bulk material compo-
nents in the volume of the mixer design under consideration describes the change in the
concentration of the selected component of the bulk material mixture in the cylindrical
volume of the mixing chamber, which makes it possible to clearly see how the material
particles behave in the mixing chamber building mix. Considering what concentration
will be created in the mixing chamber directly depends on what will be the homogeneity
of the finished product and the physico-chemical characteristics of the finished building
mixture.
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Abstract. The article presents a method for determining critical loads for cen-
trally compressed wooden bars with a cross-sectional stiffness variable along the
length. Rectangular cross-section bars are considered, the section height of which
varies according to a linear law, and the width is constant. The solution is carried
out in the elastic formulation. To obtain a solution that is valid for an arbitrary bar
geometry, dimensionless parameters are introduced. When solving the stability
problem, the basis is the static Euler criterion. The solution of the main resolving
equation is performed numerically by the finite difference method. As a result, the
task is reduced to the problem of matrix eigenvalues. The implementation of the
calculation is performed in the MATLAB environment. Comparisons are made
with the current Russian standards for the design of wooden structures. In Russian
design standards, a controversial provision is that the variable stiffness of the bars
is estimated by the same calculation formula, regardless of the type of fastening.
It has been established that the error of Russian design codes for a bar hinged at
the ends can in some cases exceed 5%. Corrected calculation formulas suitable
for engineering calculations are proposed. In addition, to confirm the reliability
of the results, a finite element analysis is performed in the LIRA-SAPR software
package.

Keywords: Wood · Bar · Stability · Buckling · Variable Stiffness · Finite
Difference Method · Finite Element Method

1 Introduction

Wood has been one of the main structural materials in construction for many centuries,
due to its high physical, mechanical and technical qualities. At the present stage of the
construction industry development, there has been significant progress in the field of
design and construction of buildings and structures using wood due to the use of glued
wooden structures [1–3].
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To improve design solutions and reduce the material consumption of construction,
it is necessary to develop scientifically based methods for calculating and optimizing
building structures. In many designs, elements with a constant cross-sectional geometry
along the length are used, however, for reasons of reducing material consumption, in
some cases it is advisable to use elements of variable stiffness [4–9].

A lot of works are devoted to the solution of problems for compressed elements
stability with a section variable along the length, including [10–14]. In the current Rus-
sian standards for the design of wooden structures (SP 64.13330.2017), for compressed
elements with a cross-sectional height that varies along the length, the variable stiff-
ness is taken into account by the coefficient kzhN , which for various fastening options is
proposed to be determined using the same calculation formula, with which one cannot
agree.

The purpose of this work is to improve the normative methods for calculating the
stability of compressed structural elements made of wood with a section variable in
length.

2 Methods

We consider a centrally compressed rack hinged at the ends with a rectangular cross
section (Fig. 1), the height of which varies according to a linear law. The law of height
change can be written as:

h(x) = h0

(
β + (1 − β)x

l

)
. (1)

We assume that the rack material is elastic. To determine the critical load, we use
the differential equation for the buckling of the bar:

EI(x)
d2w

dx2
+ Fw = 0 (2)

with the boundary conditions w(0) = w(l) = 0.
To make the solution valid for an arbitrary bar geometry, we introduce a dimension-

less coordinate ξ = x/l, ξ ∈ [0;1]. Then expression (1) will take the form:

h(x) = h0(β + (1 − β)ξ) = h0ϕ(ξ). (3)

In case of stability loss in the xz plane, in Eq. (2) as the axial moment of inertia, the
moment of inertia Iy should be substituted, which is determined by the formula:

Iy(ξ) = bh3

12
= bh30

12
ϕ3(ξ) = I0y ϕ3(ξ). (4)

The transition from the derivative with respect to x to the derivative with respect to
ξ in Eq. (2) is performed as follows:

dw

dx
= dw

dξ

dξ

dx
= 1

l

dw

dξ
;

d2w

dx2
= 1

l2
d2w

dξ2
.

(5)
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Fig. 1 Design scheme

Substituting (5) and (4) into (2), we get:

EI0y ϕ3(ξ)
1

l2
d2w

dξ2
+ Fw = 0 (6)

Or

ϕ3(ξ)
d2w

dξ2
+ λw = 0, (7)

where λ = Fl2

EI0y
.

The critical force is expressed in terms of the dimensionless parameter λ as:

Fcr = λEI0y
l2

. (8)

This formula coincides in structure with the Euler formula. For EI(x) = const, i.e. β
= 1: λ = π2.
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In the current Russian standards for the design of wooden structures, the variable
stiffness of the bar is taken into account by the coefficient kzhN , which depends on the
parameter β. This coefficient for a bar hinged at the ends is expressed in terms of the
parameter λ as follows:

kzhN (β) = λ(β)

π2 . (9)

To solve Eq. (7), we use the finite differencemethod. On the interval [0; 1], a uniform
grid with step �ξ is introduced. The finite difference approximation of Eq. (7) for the
i-th node is written as:

ϕ3(ξi)
wi+1 − 2wi + wi−1

�ξ2
+ λwi = 0. (10)

Compiling this equation for all grid nodes, except for the extreme ones, in which w0
= wn = 0, we obtain a system of linear algebraic equations:

([A] + λ[E]){X } = 0, (11)

where {X } = {w1w2 . . .wn−1}T , [E] is the identity matrix,

[A]�ξ2 =

⎡
⎢⎢⎢⎢⎢⎣

−2ϕ3(ξ1) ϕ3(ξ1) 0 0 . . . 0 0 0
ϕ3(ξ2) −2ϕ3(ξ2) ϕ3(ξ2) 0 . . . 0 0 0

0 ϕ3(ξ3) −2ϕ3(ξ3) ϕ3(ξ3) . . . 0 0 0
. . . . . . . . . . . . . . . . . . . . . . . .

0 0 0 0 . . . 0 ϕ3(ξn−1) −2ϕ3(ξn−1)

⎤
⎥⎥⎥⎥⎥⎦

.

The system of Eqs. (11) is homogeneous and has a nonzero solution only if its
determinant is equal to zero:

|[A] + λ[E]| = 0. (12)

The parameter λ corresponding to the critical load is the minimum eigenvalue of the
matrix [A], taken with a minus sign:

λ = min(−eig(A)), (13)

where eig(A) is a function returning the eigenvalues of the matrix [A].

3 Results and Discussion

The calculationwas implemented in theMATLABenvironment. Thefirst step to estimate
the required number of intervals in ξwas to solve the problem for a bar of constant cross
section. Table 1 shows the values of the parameter λ for a different number of intervals
n in ξ, as well as the deviation from the exact result equal to π2.

In further calculations, the number of intervals n was assumed to be 100.
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Table 1 Dependence of the parameter λ for a bar of constant cross section on the number of
intervals n in ξ

n 2 3 4 5 6 7 8 9 10

λ 8 9 9.37 9.55 9.65 9.71 9.74 9.77 9.79

δ, % 18.9 8.8 5.1 3.2 2.2 1.6 1.3 1.0 0.8

Fig. 2 The dependence of the coefficient kzhN on the parameter β at loss of stability in the xz
plane

Figure 2 shows the dependence of the coefficient kzhN on the parameter β obtained
as a result of the calculation. The dashed line corresponds to the formula presented in
Russian standards:

kzhN = (0.4 + 0.6β)β. (14)

The greatest discrepancy between the results is 5.7% at β = 0.3. For the dependence
kzhN (β) shown in Fig. 2 we have selected a refined approximating formula:

kzhN (β) = 0.5116β2 + 0.5004β − 0.0103. (15)

We consider next the case of stability loss in the xy plane. In this case, the moment
of inertia Iz should be substituted into Eq. (2) as I(x), determined by the formula:

Iz(x) = b3h(x)

12
= b3h0

12
ϕ(ξ) = I0z ϕ(ξ). (16)
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The differential equation for buckling takes the form:

ϕ(ξ)
d2w

dξ2
+ λw = 0, (17)

where λ = Fl2

EI0z
.

This equation is solved similarly to Eq. (7). In Russian design standards for wooden
structureswith buckling in the xy plane, the coefficient kzhN is determined by the formula:

kzhN = 0.4 + 0.6β. (18)

Figure 3 shows the graph of the coefficient kzhN dependence on β obtained as a result
of the calculation. The dashed line corresponds to a straight line constructed according
to formula (18).

Fig. 3 The dependence of the coefficient kzhN on the parameter β at loss of stability in the xy
plane

The maximum deviation of the author’s solution from the normative values is also
observed at β = 0.3 and is, as before, 5.7%. We propose the following refined formula
for the coefficient kzhN :

kzhN = − 0.1305β2 + 0.7193β + 0.4079. (19)

To confirm the reliability of the results, a calculation was made for the stability of
the bar with variable cross section in the LIRA-SAPR software package at β = 0.5, h0
= 15 cm, b = 10 cm, l = 3 m. The critical force was 100.79 kN. The Euler force for
a bar of constant section b × h0 is 137 kN. The actual coefficient kzhN = 0.735. The
normative value of the coefficient calculated by formula (18) was 0.7. According to the
refined formula (19) proposed by us it is equal to 0.735. The model in LIRA-SAPR and
the form of buckling are shown in Fig. 4.
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Fig. 4 Model of a bar with variable cross section and the form of buckling in LIRA-SAPR

4 Conclusion

A technique has been developed for determining the critical load for compressedwooden
bars with a linearly varying cross-sectional height based on the finite difference method.
A comparison was made with the calculation dependencies presented in Russian design
codes SP 64.13330.2017. It is established that the error of normative formulas exceeds
5%. Using the least squares method, refined formulas are proposed. The reliability of
the results obtained by the authors is confirmed by finite element modeling in the LIRA-
SAPR software package.
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Abstract. Polymer composites with radiation protection fillers play an impor-
tant role in the space and nuclear industry. Along with radiation resistance, the
multifunctionality of the polymer composite is also required to meet the needs
of industry. The introduction of hybrid fillers into a polymer matrix can have a
beneficial effect on protective properties, but also on the multifunctionality of
polymer composites. This article examines the influence of the distribution of a
hybrid filler in a polytetraforoethylene (PTFE) matrix on the microstructure and
hardness of the composite. Tungsten carbide, boron carbide, bismuth oxide and
titanium hydride—four types of filler with different average particles from submi-
cron to themicron. The homogenization of themixturewas carried out in a jet-type
mill. The molding of the polymer composite was carried out by hot pressing. It
was established that the hybrid filler is evenly distributed by the PTFEmatrix. The
interfacial border between the matrix and the particles of the filler is very dense. It
is shown that the maintenance of a hybrid filler into the PTFE matrix significantly
increases the hardness of the polymer composite.

Keywords: Polymer Composite · Tungsten Carbide · Bismuth Oxide · Boron
Carbide · Titanium Hydride Polytetraforoethylene

1 Introduction

In recent years, one of the leading areas of research inmaterial science is the development
of composite materials based on polymer matrices. The introduction of the filler into the
polymer matrix has a very beneficial effect on the functional and protective properties
of polymeric materials [1–5].

Polymer composites, filled with materials ensuring effective weakening of radiation
intensity to the minimum level, can be used in the atomic and space industries [6–
8]. Studies have shown that the introduction of Bi2O3 up to 44 wt% in polymethyl
methacrylate matrix not only improves gamma-protective ability, but also increases the
micro-hardness of the composite [9]. In another study, the carbide boron powder (B4C)
was mixed with a polyethylene matrix, and the results demonstrated good protective
properties from neutrons and protons [10]. Soylu and others added from 50 to 70%
boron carbide (WC) to the polypropylenematrix and showed that the composite has good
properties of gamma radiation with high energy [11]. In addition, polymer composites
with a filler are easier and flexible compared to lead in the same conditions.
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In most of the above studies, it is devoted to composites with one type of aggregate.
However, mixing three or four types of fillers of different sizes can show better properties
than one type of filler in polymer composite. In this regard, the purpose of this study is to
study the influence of the distribution of hybrid filler in a polytetraforoethylene (PTFE)
matrix on the microstructure and firmness of the composite.

2 Methods and Materials

As amatrix for composites, polytetraforoethylenewas chosen (PTFE, production “Fluro-
plast products”, Belgorod, Russia), white powder with a particle size of 6–20 microns.
The temperature range of operation is from −269 °C to +260 °C, a tensile strength at a
stretch of 250 kgf/cm2, the strength of the strength during compression is 120 kgf/cm2,
the elasticity module when compressed 7000 kgf/cm2.

Hybrid filler is a powder of tungsten carbide (WC, production “Sevastopol State
University”, Sevastopol, Russia), powder of carbide boron F2500 (B4C, production
“plasmotherm”, Moscow, Russia), powder oxide bismuth (Bi2O3, production “Plant
of Rare Metals”, Novosibirsk, Russia) and Titan Hydrid powder (TiH2 developed by
“VHTRII” Moscow, Russia).

Mixing polymer particles and fillers was carried out in a jet-type mill. The composi-
tion of the polymer composite is shown in Table 1. Such a composition is due to the fact
that the filled polytetraforoethylene retains valuable properties of the polymer matrix.
Then the homogeneous mixture was placed in a steel shape and hot pressing was carried
out at a pressure of 80MPa and a temperature of 360–380 °C. At the end of the pressing,
a shaped sample of 25 × 50 × 5 mm was cooled in the air.

Table 1 Compositions of a polymer composite

Component content, wt%

PTFE Bi2O3 WC TiH2 B4C

42.5 38.7 3.2 14.1 1.5

The distribution of particles in size was measured by Laser Scattering using
(Analysette 22 NanoTec Plus, Fritsch GmbH).

The morphology and microstructure of the polymer composite were investigated
using a scanning electron microscope (Tescan Mira 3 LMU, Czech Republic) in com-
bination with energy dispersion X-ray spectroscopy (SEM–EDS). SEM images were
acquired at 5 kV acceleration voltage.

The hardness of the Vickers of the compositional polymer was measured using
a micro-hardness meter for Vickers (Nexus 4505-IMP, “Innovatest Europe BV”, the
Netherlands). The measurement was carried out at 5 points in the direction from the
edge to the center with a constant step. Then the obtained values were averaged and the
resulting number was taken as the final hardness of the polymer composite.
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3 Results and Discussion

The distribution of particles of the initial powders in size measured the Laser Scattering
method and are presented in Fig. 1. The result of granulometric analysis for Bi2O3
showed that the average particle size is 8µm (Fig. 1a). In Fig. 1b shows the size of small
WC particles in the submicron range, and larger B4C particles showed a range from 10
to 100 microns (Fig. 1d). The dimensions of the TiH2 particles are in the range from 0.1
to 107 µm (Fig. 1c), and most particles are in the range from 10 to 70 microns.

Fig. 1 The size of the particles of the source powders: a Bi2O3; bWC; c TiH2; d B4C

In Fig. 2 shows the microstructure of the PTFE cross section with a hybrid filler. On
microphotography (Fig. 2a) it is clear that the particles of the hybrid filler are evenly
distributed in the PTFEmatrix. The polymer composite demonstrates good homogeneity.

With a greater increase in the microphotography of the transverse section, the com-
posite shows a dense and compact structure (Fig. 2b). Defects, micropores and cracks
are not observed. The interfacial border between the PTFE matrix and the particles of
the filler TiH2, B4C and Bi2O3 is very dense. The conglomeration of the hybrid filler
in the PTFE does not occur. In this regard, the lack of visible defects in the structure
and uniform distribution of the filler in the polymer matrix can increase the physical and
mechanical properties and the radiation protection characteristics of the composite [12,
13].

In Fig. 3 shows the image of EDX PTFE with a hybrid filler. It can be seen that in
the polymer composite there are all the elements of the hybrid filler and PTFE (F, B, C,
Bi, W and O). Element F indicates that the PTFE powder is distributed homogeneous
in the composite. Elements of Bi and Ti are evenly distributed throughout the volume
of the PTFE matrix. Compared to Bi2O3 and TiH2 powders, the WC and B4C powder
content is very small. As a result, small sections of the W and B elements are evenly
distributed in the volume of the composite.
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Fig. 2 Microstructure of the polymer composite

The composition of individual plots of the cross section of the polymer composite
in accordance with Fig. 3 is shown in Table 2.

The test for hardness is a very important characteristic of a composite with a hybrid
filler. Firmness indicates the ability of a hybrid composite to resist pressing. In the
current research work, the values of microstality were evaluated, and the results for the
composite with a hybrid filler are given in Table 3. Analysis of data Table 3 showed
that the introduction of a hybrid filler into the PTFE matrix significantly increases the
hardness of the polymer composite. An increase in the hardness ofVickers of the polymer
composite with a hybrid filler is explained by the fact that the hybrid filler has a higher
hardness. The hardness of individual fillers according to Vickers is [14–16]. The Vicker
hardness of pure PTFE is only 19 MPa. It is known that the introduction of inorganic
particles significantly increases the mechanical characteristics of composites, including
hardness [17].

4 Conclusion

In this work, a nanostructured polymer composite based on PTFE with a hybrid filler
was fabricated by solid-phase mixing and hot pressing. Tungsten carbide, boron carbide,
bismuth oxide and titanium hydride were used as a hybrid filler with different average
particle sizes from submicron to micron. It has been established that the hybrid filler,
regardless of the particle size, is evenly distributed over the PTFEmatrix. Defects, cracks
and pores were not found in the polymer composite. It is shown that the hardness of
PTFE with hybrid filler increased to 27 MPa.
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Fig. 3 EDX spectroscopy of the transverse section of the polymer composite

Table 2 The composition of the cross section of the polymer composite in individual plots

Location EDX-spectroscopy, wt%

F B C Bi W Ti O

Plot 1 0.82 – 1.90 – – 91.37 5.91

Plot 2 5.18 – 38.56 – 50.71 – 4.71

Plot 3 2.45 – 24.98 63.49 – – 9.08

Plot 4 0.13 68.85 29.82 – – 0.08 1.08

Plot 5 70.48 – 29.52 – – – –
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Table 3 Hardness of the developed composites

Material Hardness, MPa

PTFE 19 ± 0.67

PTFE with filler 27 ± 0.56
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Abstract. In this work, by numerical simulation using the Abaqus software pack-
age, the stress–strain state of a bent reinforced concrete element of a rectangular
cross section is investigated. Numerical modeling of the element is performed
by volumetric finite elements, taking into account the non-linear (actual) state
diagram of concrete, described by the model of plastic fracture of concrete with
damage (CDP). Reinforcement is specified by rod finite elements, with a combi-
nation of elastic properties and metal plasticity model. The loading of the beam
element in the model is performed statically with the application of concentrated
forces at the centers of the thirds of the design span. As a result of the finite element
calculation, the distribution of stresses in concrete and reinforcement according to
Mises, deformations of finite elements along the main axes, as well as a model of
concrete damage with increasing load were obtained. The results obtained showed
a high convergence with the experimental data of testing beams for bending along
a normal section, which allows using this algorithm for automated finite element
analysis in the design of bending reinforced concrete structures.

Keywords: Finite Element Method (FEM) · Plastic Damage Model (CDP) ·
Abaqus · Strength · Deformability · Breaking Moment

1 Introduction

For the calculation of building structures, automated software systems based on the finite
element method (FEM) are increasingly used, which is a numerical method for solving
partial differential equations, as well as integral equations that arise in solving problems
of applied physics [1].

An urgent problem in the calculation of reinforced concrete structures using auto-
mated finite element analysis systems is to take into account the nonlinear relationship
between stress anddeformation of concrete, the formation of cracks and their propagation
caused by tensile deformation, the joint work of concrete and reinforcement.

Many researchers have been developing methods for calculating the strength of
normal sections of bending elements using a nonlinear (actual) state diagram concrete
[2–6]. It has been established that due to the complexity and number of mathematical
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iterative processes, these calculations can only be performed using computer technology
using special programs.

Simulia Abaqus is one of the advanced finite element modeling software packages
for structural performance, which has the ability to calculate the stress–strain state under
static and dynamic loading, taking into account the physically and geometrically non-
linear behavior of materials (including concrete creep), as well as the contact interaction
between structural elements [7].

In theAbaqus software package, the nonlinear behavior of concrete is specified using
the plastic fracture model for damaged concrete (CDP) [8]. The plastic fracture model
of damaged concrete has its own characteristics:

• provides a general possibility of modeling concrete and other quasi-brittle materials
in all types of structures;

• uses the principle of isotropic elastic damage in combination with isotropic plasticity
to model non-linear concrete;

• designed for conditions in which concrete is subjected to various types of loading—
smoothly increasing, cyclic or dynamic;

• consists of a combination of unboundmultilevel plasticity and scalar (isotropic) elastic
damage to describe the irreversible damage that occurs during the cracking process;

The development of the concrete failure mechanism is controlled by two variables
ε̃
pl
t and ε̃

pl
c , , which are respectively tensile and compressive equivalent plastic deforma-

tions. Theoretical regularities describe the effects of irreversible damage accumulation
in concrete and other quasi-brittle materials at sufficiently low stresses. According to the
model, the uniaxial behavior of concrete in compression and tension is characterized by
plastic fracture (Fig. 1).

Fig. 1 Behavior of concrete in uniaxial: a compression; b tension

When a concrete sample is unloaded from any point in the stress–strain curve, the
unloading response is weakened, the elastic stiffness of the material is damaged. Elastic
stiffness degradation is characterized by two damage coefficients dt and dc, ranging from
0 (for undamaged materials) to 1 (completely destroyed material), which are functions
of plastic deformations, temperature and other variables.
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If E0 is the initial (intact) elastic stiffness of the material, then the ratios of stresses
and strains under uniaxial tension and compression load are equal to:

σt = (1− dt)E0

(
εt − ε̃

pl
t

)
(1)

σc = (1− dc)E0

(
εc − ε̃

pl
c

)
(2)

Nonlinear deformations of concrete during compression and tension are determined
by the formulas:

εinb = εb − σb

Eb
(3)

εinbt = εbt − σbt

Ebt
(4)

Plastic deformations of concrete during compression and tension are determined by
the formulas:

ε
pl
b = bc · εinb (5)

ε
pl
bt = bt · εinbt (6)

where bc i bt—parameters of cyclic loading under compression and tension according
to [9].

The coefficients of damage to heavy concrete in compression and tension are
determined by the formulas:

db = 1− σb

Eb ·
(
εb − ε

pl
b

) (7)

dbt = 1− σbt

Eb ·
(
εbt − ε

pl
bt

) (8)

2 Methods and Materials

In this work, the author simulated the operation of a reinforced concrete beam of rect-
angular cross section during a bending test, the results of which are compared with
experimental data [9] for a reinforced concrete beam of rectangular cross section made
of concrete, which has compressive strength class B225 and density 2300 kg/m3. Rein-
forcement of the beam is carried out by a single frame, hot rolled steel rebar was used as
the working and structural reinforcement of the frames with diameter Ø 12 mm tensile
strength class A500 and with diameter Ø 8 mm tensile strength class A240. The role of
transverse reinforcement is performed by cold-drawnwireØ 5mm from low carbon steel
tensile strength class B500. The geometric dimensions and the reinforcement scheme of
the reinforced concrete beam are shown in Fig. 2.
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Fig. 2 Scheme of reinforcement and loading of a reinforced concrete beam

The geometric characteristics of the reinforced concrete beamwere set by volumetric
and bar elements for the concrete body and reinforcement bars, respectively.

The physical and mechanical characteristics of concrete were set by elastic and
plastic properties (Table 1), which were determined by formulas (3–8).

The initial dependences of compressive and tensile stresses σ c and σ t , as well as
concrete deformations in compression and tension εc i εt were obtained from the exper-
imental diagram of the state of concrete given in [10]. For reinforcement, a combination
of elastic properties and metal plasticity models, presented in Table 2, was also used.

The beam was loaded in increments of 5% of the breaking load Pcp, which was
40,218 kH. The task of the static load was carried out using two steel plates 120× 50×
20 mm, which were located along the edges of the central third of the calculated span.
Calculation scheme—hinged beam on two supports.

The first support was limited in moving along the planes U1, U2, U3, the second—
along the planes U1 i U2. Further, the places of contact interaction of the studied
beam, supports and load application elements were determined. Ultimately, the model
of the concrete body and supports was divided into three-dimensional finite elements;
the reinforcement was divided into segments.

3 Results and Discussion

As a result of the finite element calculation, theMises stress distributions in concrete and
reinforcement were obtained (Fig. 3), deformations of finite elements along the main
axes (Fig. 4), as well as a concrete damage model with increasing load.

To verify the results of this study with experimental data, the criteria were chosen:
the load of cracking and the value of the maximum deflection of the beam f at loads of
16, 24 and 32 kH. The cracking load in this case is the load value at which the relative
deformations in the tensile concrete zone reach the limit values εbt , equal to 0.00012
(Fig. 5).

Based on the results of numerical simulation and experimental data presented in
Table 3, the following conclusions can be drawn:
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Table 1 Physical and mechanical characteristics of concrete

Initial modulus of elasticity Eb, MPa Poisson’s ratio

31,500 0.2

Stresses and strains in compression Compressive damage to concrete

Yield stress σb, MPa Inelastic strain εinb Damage parameter db Inelastic strain εinb

12.5 0 0 0

14.779363 0.000015 0 0.000015

16.897181 0.00004 0 0.00004

18.815096 0.000079 0 0.000079

20.499689 0.000132 0 0.000132

21.925443 0.000202 0 0.000202

22.354643 0.001964 0.105814 0.001964

20.860155 0.002386 0.165594 0.002386

19.314226 0.002811 0.227431 0.002811

18.549152 0.003023 0.258034 0.003023

17.069142 0.003445 0.317234 0.003445

15.682397 0.00386 0.372704 0.00386

14.404665 0.004268 0.423813 0.004268

13.23977 0.004669 0.470409 0.004669

12.184584 0.005062 0.512617 0.005062

11.69608 0.005257 0.532157 0.005257

9.977867 0.006019 0.600885 0.006019

8.905476 0.006576 0.643781 0.006576

7.5 0.007448 0.7 0.007448

Tensile stresses and strains Tensile damage to concrete

Yield stress σbt, MPa Cracking strain εinbt Damage parameter dbt Cracking strain εinbt

3 0 0 0

1.664354 0.000281 0.445215 0.000281

1.179148 0.000507 0.606951 0.000507

0.76383 0.000923 0.74539 0.000923

0.573836 0.001324 0.808721 0.001324

0.512265 0.001522 0.829245 0.001522

0.463463 0.00172 0.845512 0.00172

0.423761 0.001917 0.858746 0.001917

(continued)
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Table 1 (continued)

Initial modulus of elasticity Eb, MPa Poisson’s ratio

31,500 0.2

Stresses and strains in compression Compressive damage to concrete

Yield stress σb, MPa Inelastic strain εinb Damage parameter db Inelastic strain εinb

Parameters of the plastic fracture model for damaged concrete (CDP)

Dilation angle Eccentricity fb0/fc0 Viscosity Parameter

35 0.1 1.16 0.667

Table 2 Metal plasticity model parameters

Initial modulus of elasticity Es, MPa Poisson’s ratio

210,000 0.3

Tensile stresses and strains

Yield stress σs, MPa Plastic strain εins , %

Rebar A240

160 0

240 0.19

Rebar A500

372 0

500 0.23

Fig. 3 Mises stress distribution, MPa: a concrete; b reinforcement

• calculated deflection of the beam at a load of 16 kN is 2% less, at a load of 24 kN it
is 3.6% more, and at a load of 36 kN it is 1.8% less than the average experimental
values of deflections, respectively;
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Fig. 4 Deformations along the vertical axis U2 (beam deflections f) at a load of 32 kN

Fig. 5 Relative deformations in concrete at a load of 6.85 kN

Table 3 Metal plasticity model parameters

Load kH Maximum stresses of
concrete (according
to Mises), MPa

Maximum
reinforcement
stresses (according
to Mises), MPa

Deflection, mm Fracturing load, kH

16 10.97 152.5 1.726 6.85

24 17.05 279.1 3.343

32 21.3 372.6 4.815

• concrete in the tensile zone reaches the limiting tensile value at a load of 6.85 kN,
which is the moment of cracking. The calculated load turned out to be 4.9% more
than the experimental one.

4 Conclusion

The above results confirm the high convergence with the experimental values, which
indicates the accuracy of the applied ductile failure model for damaged concrete (CDP)
in Simulia Abaqus.
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Abstract. In order to expand the rawmaterials base of buildingmaterials industry,
not only industrial waste, but the off-grade natural aluminosilicate rawmaterials—
clay minerals of incomplete mineral-forming stages,—have been more and more
involved into the industrial usage. As initial materials the steelmaking slag with
basicity factor 1.15 and characterized as neutral and the clay-containing com-
ponent—sandy loam—were used in this study. The paper presents the results of
dry milling and MW (microwave) treatment of sandy loam influence on strength
properties of clay-slag autoclaved silicate concretes. It has been demonstrated that
dry milling of sandy loam provides the highest gain of specific surface—26.15%,
while using the MW-field (power 800 W, 2 min.) increases the specific surface by
only 8.83% in comparison with the original sample. Then the reactive properties
of mechanically activated sandy loam are considered. The reactive properties of
sandy loam, modified with microwave radiation, are composed of the increased
sorption capacity to Ca(OH)2 of the dispersed clay minerals and reactive poly-
morphic modifications of quartz. At the optimal ratio, wt%, clay component: slag
= 40:60 the highest strength properties were obtained at using the sandy loam,
activated in the microwave field at the following radiation parameters—power
800 W, treatment time 2 min. The gain of strength properties made up 60% as
compared to the non-activated sandy loam.

Keywords: Off-Grade Aluminosilicate Raw Materials · Sandy Loam ·Mw
(Microwave Radiation) Treatment ·Mechanical Activation · Dry Milling ·
Specific Surface · Reactivity · Ultimate Compressive Strength

1 Introduction

In recent years, for the purpose of building materials industry raw material base expan-
sion, not only the industrial waste, but the off-grade natural aluminosilicate rawmaterials
as well, have been more and more involved into the industrial application.

Research works by scientists from BSTU named after V.G. Shukhov in the field
of obtaining autoclaved silicate materials of compact or cellular structure [1, 2] have
confirmed the efficiency of using the off-grade, including by-product, raw materials,
containing a significant amount of clay minerals of incomplete mineral-forming stages.
The usage of high-calcium fly ash, formed at solid-fuel combustion, is also known.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
S. V. Klyuev et al. (eds.), Innovations and Technologies in Construction, Lecture Notes in Civil Engineering 307,
https://doi.org/10.1007/978-3-031-20459-3_35

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-20459-3_35&domain=pdf
http://orcid.org/0000-0002-6009-1149
http://orcid.org/0000-0002-4744-152X
http://orcid.org/0000-0001-9956-6941
http://orcid.org/0000-0001-7535-2113
https://doi.org/10.1007/978-3-031-20459-3_35


Clay-Slag Autoclaved Composite Materials with the Usage… 277

In the work [3] the application of nanostructured aluminosilicate modifier on the
basis of magmatic acidic rock—granite—in the raw charge for autoclaved gas silicate
production is substantiated. Research has shown that adding the nanostructured modifier
instead of cement provides the structure-forming action of the component in the process
of materials curing before autoclaving, which stabilizes the strength of raw materials.
At the same time the modifier interacts with calcium hydroxide, forming different-sized
formations of various compositions, which increases the strength of not only the raw
material body, but also improves the strength and performance properties of finished
products and structures in atmospheric conditions. Adding nanostructured granite-based
modifier in the range of 20–40% increases strength properties by 5–15% in comparison
with the control samples.

In the work [4] it has been determined that thermal and electron-beam treatment
of silica-containing aggregates and active mineral admixtures—quartz sand, metakaolin
andmicrosilica—influences their chemical activity to alkaline-silicate reactions in sand-
cement mortars and concretes. After electron-beam treatment the building quartz sand
takes on the properties of a reactive aggregate, which is due to polymorphic transfor-
mations of quartz into high-temperature modifications of SiO2—tridymite, cristobalite,
α-quartz.

To improve the quality of ceramic bricks, a two-stage activation of argillous raw
materials was used. The combination of mechanical-thermal treatment of clay rock
(grinding in a ball mill) with the shock-wave activation of slip clay, obtained on the basis
of clay rawmaterial’s dust fraction, was tested. It was demonstrated that the combination
of drying (heat carrier temperature 200–400 °C) and milling to particle size 0.06 mm
provided partial dehydration of clay minerals, increasing their amorphicity and structure
imperfection. The activation of slip clay increases the content of particles less than 5μm,
which increases the viscosity and stability of slip clay. The usage of activation methods
allows producing facing brick with low content of clay fractions and high strength
properties.

It is known that themechanical-chemical activation of clinkerless binders on the basis
of natural and by-product Trans-Baikal raw materials allows reducing the autoclaving
time of silicate materials with these components, or even switching to out-of-autoclave
treatment while retaining their physical–mechanical characteristics.

In a number of works [5–7] the usage of super-high-frequency (microwave) elec-
tromagnetic radiation treatment of sand-cement mortars to intensify cement hydration
processes is shown. Microwave radiation intensifies and accelerates the processes of
dissolving and hydration of cement, which results in fine-crystalline structures forma-
tion, reduces porosity, increases the density, strength, frost-resistance and durability of
materials in general.

The purpose of this work is to study the influence of various methods of argillous raw
materials activation—microwave electromagnetic radiation treatment and mechanical
activation,—on physical–mechanical characteristics of clay-slag autoclaved composite
materials.
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2 Methods and Materials

As original raw component for carrying out the research the steelmaking slag of JSC
«UnitedMetallurgical Company Stal» (JSC «UMC-Stal»), Vyksa, Russia, was used, the
chemical composition of which is presented in Table 1. A distinctive feature of this slag
is low content of MgO and high content of Al2O3 and iron oxides.

Table 1 Chemical composition of slag, wt%

CaO SiO2 MnO MgO SO3 Cr2O3 Fe2O3 Al2O3 R2O TiO2 Basicity factor, Mo

33.11 19.85 3.73 4.95 0.22 1.17 27.47 7.70 0.50 0.48 1.15

According to the data in Table 1, the slag has basicity factor 1.15, and, consequently,
is neutral, characterized with structure stability, and can be classified as non-slaking.

According to the X-ray phase analysis data (Fig. 1), the basic minerals of the slag
include β-dicalcium silicate (larnite), melilite, iron oxides—wustite and magnetite, and
some amount of free calcium hydroxide.

Fig. 1 X-ray phase analysis of steelmaking slag from JSC «UMC-Stal», Vyksa, Russia

As an argillous raw material for obtaining clay-slag autoclaved composite materials
the sandy loam from deposit in Volokonovka settlement, Belgorod region, Russia, was
used.

This sample is presented with light-brown medium-density loose rock, the chemical
compositionofwhich is presented inTable 2.Themineral compositionof sandy loamwas
evaluated on the basis of integrated research—the X-ray phase analysis and differential
thermal analysis findings (Fig. 2, Table 3).
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Table 2 Chemical composition of sandy loam, wt%

SiO2 Al2O3 CaO Fe2O3 MgO K2O TiO2 Na2O P2O5 SO3 MnO

67.97 13.88 6.15 4.43 2.92 1.96 0.69 0.75 0.10 0.90 0.06

Fig. 2 X-ray phase analysis of sandy loam

Table 3 Differential thermal analysis results

Mineral Ionic formula Effects: endothermic (–), exothermic (+)

By Ramachrandran Analyzed sample

temperature, ºC temperature, ºC

Illite K<1Al<2[(Si,Al)4O10][OH]2 nH2O (–) 110–125 (–) 114.5

(–) 500–650 (–) 512.8

Kaolinite Al2O3·2SiO2·2H2O (–) 105–115 (–) 114.5

Calcite CaCO3, containing magnesite (–) 700 (–) 752.7

According to the research findings, the sandy loam is characterized with polymin-
eral composition, and contains three groups of clay minerals—kaolinite, minerals
of montmorillonite group (nontronite) with prevailing hydromicaceous components
(illite, anorthite). The presence of some impurity minerals—calcite, hematite and free
silica—should be also noted.

The microwave treatment of sandy loam was carried out in a microwave oven Sam-
sung at radiation power 300, 600 and 800 W for 2, 4 and 6 min. Mechanical activation
of sandy loam was performed by dry milling in a porcelain mill for 5 h.
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The weighed raw components were mixed and moistened with water to moisture
content 28%. The cylindrical samples of clay-slag composite materials 3 cm high and
3 cm in diameter were shaped by semidry molding at specific pressure 20 MPa, and
autoclaved under factory conditions at steam pressure 1 MPa.

The samples of raw sandy loam and sandy loam after various activation methods
were researched for their grain-size composition and sorption activity to Ca(OH)2 from
a saturated water solution. The sorption capacity of sandy loam, mg/g, was determined
by the formula 1:

A =
(
Ci − Cf

) · V
ma

(1)

where Ci and Cf—initial and final concentrations of Ca(OH)2, mg/dm3; V—volume of
Ca(OH)2 solution, dm3; ma—mass of sandy loam, g.

3 Results and Discussions

Based on the research findings it has been determined that the increase of microwave
treatment power of sandy loam results in the increase of its specific surface and its
activity to alkaline components—Ca(OH)2.

The dry milling of loam provides the highest gain of specific surface—26.15%,
while using the MW-field (800 W, 2 min.) increases the specific surface by only 8.83%
in comparison with the original sample (Fig. 3). The reactive properties of mechanically
activated sandy loam are considered below (Table 4).

It is safe to assume that the increase of sandy loam’s specific surface under the action
of microwave radiation is explained, first of all, by dispergation of clay minerals. The
treatment of siliceous component, according to [8], results in its considerable activation
without dispergation, and, according to findings in work [4], the polymorphic transition
of quartz into cristobalite and/or tridymite is possible.

The reactive properties of sandy loam, modified by magnetic radiation of microwave
frequencies, are made of the increased sorption capacity to Ca(OH)2 of the dispersed
clay minerals and reactive polymorphic modifications of quartz.

In case of sandy loam dry milling, the increase of its specific surface is explained,
most of all, by pulverization of its quartz component, which also determines its increased
adsorption properties to Ca(OH)2 in comparison with the initial material.

So, after microwave treatment the sandy loam takes on the properties of a reactive
component for silicate concrete.

The results, presented in Fig. 4, have demonstrated that at the optimal ratio, wt%,
clay component: slag= 40:60 the highest strength properties were obtained at using the
sandy loam, activated in the microwave field at the following radiation parameters—
power 800 W, treatment time 2 min. The gain of strength properties made up 60% in
comparison with using the initial sandy loam.

So, the microwave treatment of sandy loam promotes its considerable activation,
manifested in the alteration of physical–chemical processes of clay-slag silicate concrete
hardening products in conditions of autoclave curing. The gain of strength properties
made up 60% as compared to the initial sandy loam.
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MW, 300 W, 2 min. MW, 600 W, 2 min MW, 800 W, 2 min.

initial dry milling

Fig. 3 The influence of sandy loam activation conditions on its grain-size composition

Table 4 The influence of sandy loam activation conditions on some its characteristics

Material Activation
conditions

Specific surface,
cm2/g

Sorption capacity,
mg/g

Initial sandy loam – 3828 28.3

Activated sandy loam MW field, power
300 W, 2 min

4074 36.3

MW field, power
600 W, 2 min

4095 50.7

MW field, power
800 W, 2 min

4166 98.6

Dry milling 4829 73.1

4 Conclusion

Based on the results of the research, the following conclusions can be drawn:

• the reactive properties of sandy loam, modified by magnetic radiation of microwave
frequencies, are made of the increased sorption capacity to Ca(OH)2 of the dispersed
clay minerals and reactive polymorphic modifications of quartz;
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Fig. 4 Strength properties of clay-slag autoclaved silicate materials with the use of activated
argillous raw materials

• optimal conditions for microwave processing of sandy loam—power 800W, process-
ing time 2 min;

• the use of sandy loam activated in a microwave field leads to a change in the physico-
chemical processes of synthesis of autoclave hardening products of clay-slag silicate
materials, which provides an increase in their strength properties by 60% compared
with the use of untreated (initial) sandy loam.
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Abstract. Bentonite is a clay obtained from volcanic rock. It is a type of smec-
tite clay containing the mineral montmorillonite and a certain amount of quartz,
feldspar, cristobalite, pyrite, illite, and mica. Montmorillonite is classified as a 2:1
clay mineral because it consists of two silicon tetrahedral sheets that share oxygen
atoms with an octahedral aluminum sheet sandwiched between them. The authors
studied the issue of using bentonite as an additive in gypsum plaster and putty
mortars. The ability of bentonite to swell can be used to optimize the microstruc-
ture of threshold gypsum, increase the proportion of small pores, improve its
thermal insulation and vapor permeability. A chemical and phase analysis of the
composition of semi-aqueous gypsum and bentonite was carried out. At a ratio of
bentonite/water of 1:5, unlike other ratios, there is no residual water on the surface
of the mixture, bentonite is completely saturated with moisture. It is expedient to
use such a ratio in further research to obtain a finely porous structure of threshold
gypsum.

Keywords: Bentonite · Gypsum · Swelling Kinetics · Surface Sediment
Volume · Pore Suspension

1 Introduction

The microclimate in a dwelling is an important aspect of a comfortable life of a person,
since suitable relative humidity and indoor temperature have a beneficial effect on his
health andwell-being. To control temperature and humidity, heat-insulating (polystyrene
foam, extruded polystyrene, porous material based on cement, airgel, etc.) and moisture-
regulating materials (diatomite, sepiolite, zeolite, polymer resin, etc.) have been devel-
oped, respectively, inside buildings [1–3]. Gypsum plaster is also widely studied and
used for energy saving in buildings due to fire resistance, low cost, safety and aesthetic
appearance, heat insulation and moisture control abilities. However, the most important
reason for the popularity of gypsum plasters is that calcium sulfate hemihydrates have
been widely known as “green cements” due to their healthful contribution to environ-
mental quality and reduced pollution by reducing CO2 emissions [4]. Unfortunately,
conventional gypsum plasters are less thermally insulating and moisture controlling
than other porous materials, and several studies have focused on improving the thermal
insulating and moisture controlling properties of gypsum plasters by adding modifiers,
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lightweight aggregates, or air-absorbing materials [5, 6]. However, the high thermal
conductivity and poor moisture control of lightweight gypsum plaster have hindered its
development for interior applications.

An increase in the number of small pores in a porous material can reduce the thermal
conductivity of air, as well as the transmission of gaseous components. This reduction
leads to an improvement in thermal insulation properties. In addition, the increased
and complex heat transfer path resulting from a higher proportion of fine pores for any
given porosity can also contribute to a reduction in the thermal conductivity of porous
materials [7]. Hardened gypsum plasters are composed of calcium sulfate dihydrate
(CaSO4 2H2O), water and micron-sized voids, the void volume being increased by
increasing the water content of the fresh plaster. However, the voids formed in this
way are coarse (relatively large) and always result in low strength and high thermal
conductivity for the same porosity due to the short heat transfer path and the relatively
high thermal conductivity of the air, moreover it also leads to fresh paste bleeding [8]. In
order to achieve a higher proportion of fine pores in gypsum without sacrificing setting
properties, researchers are exploring other ways to introduce pores.

Bentonite is widely used, consisting mainly of montmorillonite. With inorganic
binders together to meet application requirements [9], for example, bentonite is used
as an additional binder to make up the shortage of raw materials and prepare cement-
based rawmaterials, bentonite/cementmortar is used forwaterproofing, stabilization and
hardening of heavy metals. However, bentonite can swell when completely absorbed by
water and lead to structural damage to engineering structures; gypsum, lime, cement, or
combinations thereof are often used as stabilizers to prevent swelling. There are materi-
als based on nanoporous cement by adding pre-swollen bentonite for thermal insulation
of buildings, the formation of pores of which is due to the fact that pre-saturated ben-
tonite consists mainly of several layers of montmorillonite and a large amount of water;
water in pre-saturated bentonite cannot be completely absorbed by the hydration reac-
tion, eventually forming tiny voids in the matrix [10]. If pre-swollen bentonite is added
to the gypsum test, the volume of capillary voids in the gypsum may also increase. In
addition, bentonite can be used to prevent gypsum from running out due to excess water,
as montmorillonite layers strongly attract free water.

2 Methods and Materials

Bentonite (Tarbagatai region, Republic of Kazakhstan) consists mainly of montmoril-
lonite with quartz. as shown in X-ray phase analysis (Fig. 1a).

Granulometric analysis was carried out in order to obtain information on the dis-
tribution of particles by size using a laser particle size analyzer and is presented in
Fig. 2.

Gypsum hemihydrate was purchased from the Samara gypsum plant (Samara,
Russia) and mainly consists of calcium sulfate hemihydrate, as shown in Fig. 1b.

A sample of powdered clay weighing 20 g was taken from the batch, placed in a
pre-dried to constant weight and weighed bowl, and dried in an oven at a temperature
of 106 °C for 30 min to constant weight. We weigh the bowl with a hinge. It was then
dried for an additional 15 min and weighed again. The operation was repeated until the
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Fig. 1 X-ray phase analysis: a bentonite, b gypsum

Fig. 2 Granulometric composition of bentonite and gypsum

difference between the results of the last two weighing was no more than 0.02 g. The
bowl with powdered clay dried to constant weight was cooled and weighed.
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In the course of the data obtained, it was determined that the true moisture content
of bentonite is 5.74%. In parallel, the moisture content of semi-aqueous gypsum was
determined. The moisture content of gypsum was 4.55%.

In the course of the data obtained, it was determined that the true density of bentonite
is 2.022 g/cm3. In parallel, the true density of semi-aqueous gypsum was determined.
The true density of gypsum was 2.453 g/cm3.

Due to the inner surface and high dispersion, montmorillonite minerals in bentonite
are characterized by a high specific surface area and cation exchange capacity, which
determine their high physical and chemical activity, which decreases with an increase
in the proportion of non-swellable interlayers [11, 12].

The specific surface area of bentonite and semi-aqueous gypsum was determined
using a PSKh-10a instrument. The specific surface of bentonite was S = 3186 cm2/g;
semi-aqueous gypsum—S = 4874 cm2/g.

The chemical compositions of the bentonite and gypsum were then determined
by X-ray fluorescence spectroscopy on an ARL 9900 WorkStation X-ray fluorescence
spectrometer.

The chemical composition of bentonite and gypsum is presented in Table 1 and in
Figs. 3 and 4.

Table 1 Chemical composition of materials

Material Chemical composition, %

SiO2 Al2O3 CaO MgO SO3 Fe2O3 Na2O TiO2 Rest

Bentonite 58.07 23.51 4.75 3.97 – 3.61 3.8 0.66 1.63

Gypsum 1.32 0.47 47.69 1.36 48.77 0.18 – 0.01 0.20

Fig. 3 The spectrum of chemical analysis of bentonite

3 Results and Discussion

The study of the microstructure of samples of bentonite and semi-aqueous gypsum was
carried out using a scanning electron microscope (Figs. 5 and 6).
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Fig. 4 Spectrum of chemical analysis of semi-aqueous gypsum

Fig. 5 Scanning electron microscopy of bentonite: a view area 10 µm; b view area 100 µm

The structure of bentonite consists of ultramicroaggregates of lamellar, leaf-shaped
formwith sizes up to 2µm, consisting of aluminosilicate particles, micro- and macroag-
gregates up to 100 µm in size with a chaotic arrangement, and grains of quartz and
hydromica.

The crystal structure of bentonite is based on two basic structural elements: silicon-
oxygen tetrahedra (SiO4)4− and octahedrons consisting of atomic cores of oxygen, OH
groups and aluminum, magnesium, iron in octahedral position.

Visualization of the microstructure of gypsum hemihydrate showed that the samples
consisted of small crystals of low density without a characteristic crystalline pattern.

When determining the optimal amount of bentonite in the threshold-gypsummixture,
it is necessary to strictly take into account the quality and quantity of liquid and solid
phases capable of exchanging ions, as well as the kinetics of swelling of bentonites and
structure formation of pore suspensions. As a result, an experiment was planned and car-
ried out to determine the volume of surface sediment (water) at different bentonite/water
ratios equal to 1:5, 1:10, 1:15, 1:20, 1:40, 1:50. Bentonite slurry was prepared by mixing



Cellular Concrete Mixes with Bentonite Suspension 289

Fig. 6 Scanning electron microscopy of semi-aqueous gypsum: a view area 100 µm, b view area
1000 µm

tap water and bentonite for 1 h, and then leaving the mixture alone for 24 h to ensure
complete hydration of the bentonite (Fig. 7).

Fig. 7 Determination of surface sediment (water) of bentonite suspension at different ratios of
bentonite: water: a 1:50 (6 mm), b 1:40 (4 mm), c 1:20 (3 mm); d 1:15 (2,5 mm); e 1:10 (1,5 mm);
f 1:5 (0 mm)
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The volume of surface sediment (which was mostly water) decreased significantly
at bentonite/water ratios from 1:50 to 1:5, and was negligible at ratios less than 1:10.
A visual study of the volume of the released surface sediment in the form of water at
different ratios is shown in Fig. 7.

4 Conclusions

In this study, the issue of using bentonite as an additive in gypsum plaster and putty mor-
tars was studied. The ability of bentonite to swell can be used to optimize the microstruc-
ture of threshold gypsum, increase the proportion of small pores, improve its thermal
insulation and vapor permeability. A chemical and phase analysis of the composition of
semi-aqueous gypsum and bentonite was carried out.

Bentonite consists of ultramicroaggregates of lamellar, leaf-shaped form with sizes
up to 2 µm, consisting of aluminosilicate particles, micro- and macroaggregates up to
100 µm in size with a chaotic arrangement, and grains of quartz and hydromica.

Semi-aqueous gypsum consists of small crystals of low density without a character-
istic crystalline pattern.

At a ratio of bentonite/water of 1:5, unlike other ratios, there is no residual water
on the surface of the mixture, bentonite is completely saturated with moisture. It is
expedient to use such a ratio in further research to obtain a finely porous structure of
threshold gypsum.
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Abstract. The construction site geotechnical conditions are an important factor
in the structures seismic resistance estimation. Based on the earthquakes con-
sequences analysis to buildings with the same structural schemes and overall
dimensions, the construction site estimated seismicity dependence on the base soil
seismic stiffness and the transverse waves speed is fixed in the seismic building
design code. In the research, amathmodeling experiments for completely identical
structures, but with different foundations types on identical soil conditions, were
performed. The performed calculations analysis showed a significant discrepancy
in the structures response under seismic impact for different foundations types.

Keywords: Seismic Impact · Time History Analysis · Soil Conditions ·
Microseismic Zoning

1 Introduction

Strong earthquakes consequences analysis showed many examples of various damage
to same design schemes buildings and structures, but located in different geotechnical
conditions [1–4]. Seismic building design code links the seismic impact intensity with
the soil density and its water saturation. This dependence was obtained on the long-term
observations’ basis of the strong earthquakes’ consequences.

For example, somebuildings and structures after the earthquake in 1964 in theNiigata
city (Japan) withstood the seismic impact, but were significantly damaged as a result of
the earth foundation destruction. Due to the sands compaction, about a third of the city’s
territory suffered sharp subsidence, in some places reaching two meters.

After the earthquake in Alaska in the same 1964, the city of Anchorage, located
130 km from the earthquake epicenter, was badly damaged, and the Valdez and Seward
cities were less damaged, although their distance from the epicenter is identical. The
reason for the destruction is unstable thixotropic clays significant thickness that form

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
S. V. Klyuev et al. (eds.), Innovations and Technologies in Construction, Lecture Notes in Civil Engineering 307,
https://doi.org/10.1007/978-3-031-20459-3_37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-20459-3_37&domain=pdf
http://orcid.org/0000-0003-2066-8086
http://orcid.org/0000-0001-7381-9752
http://orcid.org/0000-0002-7514-3108
http://orcid.org/0000-0002-7186-3191
http://orcid.org/0000-0002-1995-6139
https://doi.org/10.1007/978-3-031-20459-3_37


Foundation Type Influence on the Construction Site Seismicity 293

the base in the Anchorage area. These soils are subjected to structural changes under
dynamic influences.

Perform the calculation together with the soil base in an explicit form (3D soil model)
both in terms of computer capacity and creating such models. As part of the technical
documentation audit, it was noted the following approach prevalence in the calculation
schemes formation: the structures seismic impact calculation is performed separately
from the base, or with soil reaction coefficient usage. These approaches do not allow
assessing the soil mass real stress–strain state, that may lead to consequences similar to
the earthquakes in Anchorage and Niigata.

Under performing microseismic zoning, the construction site design seismicity is
specified depending on the base soil seismic stiffness and the speed transverse waves.
According to Table 4.1 SP 14.13330.2014 «Seismic Building Design Code», the design
seismicity can be reduced by 1 point for category I soils and vice versa it can be increased
for category IV.

This design code desire to provide soft soils design “margin” is quite reasonable,
but does this assumption reflect the actual system response during earthquakes? Are the
soft soils dissipative properties taken into account during seismic impact? Is it correct
to reduce the construction site design seismicity for the category I soils? And does the
foundation type choice affect the overall system response under earthquake?

2 Methods and Materials

Seismic impact math modeling by time history method was performed using the Plaxis
2D software package.

The research object is a four-tiered flat equipment structure 10 m wide and 12 m
high (floor height—3m). Foundation thickness—600mm, slabs and column thickness—
300 mm. Structures material—concrete B25. The calculation is performed in the elastic
formulation. Damping in the structures is taken into account using the Rayleigh equation
[5, 6].

The structure foundation is composed of three engineering-geological elements (see
Fig. 1):

Fig. 1 Structure base

• Upper layer—silty gray loams, indistinctly layered, with plant remains, fluid-plastic;
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• Middle layer—silty gray sandy loam with gravel, pebbles, with interlayers of loam,
plastic;

• Bottom layer—granite.

For the upper and middle layers, a Hardening Soil with Small Strain Stiffness (HSS)
material model was adopted. In fact, to describe the change in stiffness with the amount
of deformation, only two additional parameters are needed:

• Initial shear modulus or shear modulus for ultra-small strains G0;
• Shear deformation level γ0,7, at which the secant shear modulusGS decreases to about
70% of the value G0.

Depending on the type of foundation, three calculation models are modeled:

• Direct foundation (see Fig. 2);

Fig. 2 Calculation model with direct foundation

• Pile foundation: compression piles with a cross-section of 400× 400 mm (see Fig. 3);

Fig. 3 Calculation model with compression piles
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• Pile foundation: friction piles with a cross-section of 400 × 400 mm (see Fig. 4).

Fig. 4 Calculation model with friction piles

The boundary conditions choice depends on the vibration source location:

• The source is located inside the model. The generated and reflected waves go beyond
the model boundaries;

• The source is outside the model. The generated waves remain inside the model, while
the reflected waves must go beyond it.

The boundaries were assigned according to the second variant: the earthquake source
is located outside the model at significant depth.

At the lower boundary, Compliant base (special boundary condition) was used. The
left and right boundaries are set using the Free field boundary conditions.

Seismic impact is modeled by applying a seismogram (Line Displacement) at the
lower boundary. Earthquake intensity—8 points [4, 7–10] (Fig. 5).

Fig. 5 Calculation model boundary conditions
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3 Results and Discussion

According to the calculation results, dynamic models’ responses were obtained.
Structure natural vibrations periods with foundations on a natural foundation, with

pile foundations (compression and friction piles) are respectively equal to 0.9, 0.75,
0.725 s (see Fig. 6). The difference between the maximum and minimum periods is
19.4% (Figs. 7, 8, 9, 10).

Fig. 6 Top point displacement graph

Fig. 7 The response spectrum at foundation level

Under analyzing the structures response, significant discrepancies were obtained in
the results for pile foundations and direct foundation (Table 1):

• The natural period difference is 19.5%;
• Peak accelerations differ by more than 2 times.
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Fig. 8 Accelerogram at foundation level
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4 Conclusion

In the process of research, number of calculations were performed by time history
analysis using acceleration records, top point displacement graphs, response spectrum at
the foundation and top point level were plotted. The resulting discrepancies are explained
by the soil dissipative properties that lead to the seismic impact reduce.

The structures seismic resistance estimation should be carried with the “structure-
foundation-base” system usage. This approach makes it possible to make cost-effective
decisions, taking into account the soils damping properties. Accelerations graphs of
the top point and in the foundations level show significant differences depending on
the foundations type. Thus, the foundations design features affect the overall response
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Table 1 Results comparison table

Comparison parameter Foundation type

Direct foundation Compression piles Friction piles

Natural period, s 0.9 0.725 0.75

Top point displacement, mm 36.5 27.3 29.6

Peak acceleration at foundation level,
m/s2

1.63 3.02 2.98

Peak acceleration at top point level,
m/s2

2.26 5.64 5.51

during earthquakes. To clarify the seismic impact intensity, it is necessary to develop a
system for taking into account the foundation type influence during engineering surveys.
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Abstract. It is known that the failure of quasi-brittle materials such as wood
is accompanied by an accumulation of damage and a decrease in the effective
cross-sectional area of the specimen. At a certain stage of loading the process
of damage accumulation significantly accelerates and is characterized as a catas-
trophic process. Purpose of work: developing a model of catastrophic stage of
damage accumulation under uniaxial compression of wood. Damage accumula-
tion is characterized by a damage function. The choice of the damage function
is not the only one. Two such sigmoid functions are discussed. Only one of the
two functions provided the ability to quantify the rate and acceleration of catas-
trophic damage accumulation. It is shown that the rate of damage accumulation
increases with increasing axial strain and reaches an extremum in the middle of
the theoretical process duration. The theoretical dependence is not fully realized,
since the failure occurs in the vicinity of the point of rate extremum, but does not
reach it. Analytical and graphical estimates of the rate and acceleration of damage
accumulation were obtained. The simulation results are in agreement with the data
known from the literature.

Keywords: Quasi-Brittle Materials · Wooden Structures · Architectural
Monuments · Damage Function · Catastrophic Damage Stage · Destruction

1 Introduction

Atpresent, the problemsof strength of brittlematerials remain relevant.Dependingon the
temperature and humidity, wood breaks down as a brittle material under sufficiently high
load [1]. Wood is an ecological, renewable resource and is often used to make wooden
building structures. However, unprotected from external influences of temperature and
humidity wood as a material degrades under the influence of wood-destroying fungi [2].
Biodegradation of wood in building structures significantly reduces their service life and
causes great material losses. For example, about 20% of the business wood harvested
in Russia is consumed only to compensate for its losses from biodegradation [3]. The
problem of partial or complete loss of cultural heritage objects due to the biodegradation
of wooden structures of monuments of architecture is no less important.
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Micro- and mesoscale pores and cracks are a feature of the structure of quasi-brittle
materials, the development of which with increasing load leads to a gradual destruction
of the conglomerate of material particles [4], which is manifested in the non-linearity of
the load-deformation diagram [5]. It is known that the process of destruction of solids
is ordered, and the hierarchy of scales of destruction begins with the size of the crystal
lattice and continues up to the size of tectonic plates in geospheres [6]. Taking into
account these circumstances, the array (or specimen) of quasi-brittle material can be
considered as a certain structure, the mechanical state and properties of which depend
on the impact on it [7, 8]. Such a structure can be considered as a macroobject consisting
of mesoscale elements, the mechanical state of which and their interaction with each
other determine the strength and stiffness of the quasi-brittle material.

As the load on the structure increases, the “weakest” mesoscale elements or their
conglomerates are destroyed, so that the load is redistributed to other elements that
remain undestroyed. The mechanical stresses in these elements increase, which leads
to the failure of the next “weak” link, etc. Consequently, the average stress values in
such a process continuously increase until the quasi-brittle material fracture stage is
completed. For the mathematical description of this process, a phenomenological model
is developed within the presented research, in which two parameters corresponding to
the point of extremum on the diagram “load—displacement” are used as input data,
namely, the value of force external to the specimen and the displacement caused by
this force, equal to the change in the length of the specimen. These parameters are
determined in standard tests as a result of measurements and are the primary data in
strength calculations. The above-mentioned average stresses in uniaxial compression or
tension tests of the specimen at each point in time should theoretically be determined
by dividing the load value by the cross-sectional area of the specimen, which, due to
mesoscale damage, is continually decreasing. The area determined taking into account
the damage is called the effective area, and the corresponding stresses are called effective
stresses [9, 10]. The effective properties of quasi-brittle materials are determined using
the damage parameter [10]. The values of this parameter vary in the range [0, 1], i.e. the
parameter is a function depending on the properties of the material and the history of
external influence. The growth of deformations and destruction of the material can take
place without increasing the creep load [10]. These issues are discussed in more detail
in articles [11, 12].

In standard methods, for example ASTM-C39, the result of dividing the external
force for the specimen by the initial cross-sectional area of the sample is identified with
the internal stress in the sample material. This approach does not take into account the
reduction of the cross-sectional area of the sample noted above, so the stress found
in this way is referred to in the literature [11] as apparent stress. In other words, the
known approaches assume that the law of change of force external to the sample has no
fundamental differences from the law of change of internal stresses during deformation
of the specimen.

However, it is known that at a certain stage of deformation the processes of damage
accumulation are significantly accelerated [13], which is accompanied by a decrease in
the effective cross-sectional area of the specimen [14]. The problems of modeling such
a stage of material deformation are among the most relevant and highly complex, and
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modern numerical and experimental methods are used to solve them [15]. In the present
work, only certain issues related to the mentioned problem are considered, namely, an
attempt is made to analyze the rate and acceleration of the damage accumulation process
under uniaxial compression. Accordingly, the aim of the work is to develop a model of
damage accumulation in quasi-brittle materials under uniaxial compression.

2 Methods and Materials

The starting point for describing the physical model was the well-known interpretation
of a quasi-brittle material as a macrostructure with supporting mesoscale elements [7].
The proposed model is built using the following assumptions [9]: material of each
element (before cracks appear in it) obeys Hooke’s law; elastic modulus, strength and
other physical and mechanical properties of material of each element without cracks
do not depend on its size and force impact history; with increase of external load on
macrostructure somemesoscale elements or their conglomerates reach the limit state and
collapse, as a result ofwhich effective area decreases and load is redistributed to elements
remaining undestroyed. As a consequence, the average statistical value of the effective
stresses in the material of the remaining undestroyed mesoscale elements increases; the
destruction of mesoscale elements and their conglomerates leads to a decrease in the
effective area and the reduction of the macrostructure resistance to external force action,
which corresponds to the downward branch of the “load–displacement” diagram. The
well-known phenomenon of fracture of the above macrostructure on the descending
branch of the diagram suggests that the effective stresses (i.e., stresses in the material
of the mesoscale elements) are increasing. The growth of effective stresses is limited by
the strength of the mesoscale elements.

3 Results and Discussion

3.1 Damage Functions

The damage function can be obtained in different ways. In this paper, two methods are
briefly considered. One of these functions, which we will consider in more detail, is
based on the results of tests on marble, sandstone and granite known from the literature.
The corresponding review is given in the article [11]. The above decrease in the effective
area is quantified using the damage functionD(ε) where ε is the relative deformation (ε =
ΔL/L0 for a specimen of length L0). The function D(ε) changes from zero (no damage)
to one (the material is completely damaged). It has been observed that an adequate
model of the function D = D(ε), can be a curve belonging to the class of sigmoid; such
functions often appear in various applications. The existence of a set of functions of this
class predetermines, respectively, the non-uniqueness of the damage function.

In [11] the sigmoid functionD(ε) is obtained using the following logic. Let for some
value of ε the number of defects (damage) be determined by the value of D. As the
deformation ε increases, the number of defects increases, i.e. dD/dε = rD, where r is the
coefficient of proportionality. However, the amount of undamaged material (as well as
the effective area) decreases as ε increases. In an almost completely damaged specimen,
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defect growth will stop. Such a process in [11] is modeled using the equation dD / dε =
rD (1 – D). Solution of this equation: D = 1/(1 + exp(a – rε)) where a and r are model
fitting parameters. Values of parameters and graphs of functionD for granite, marble and
sandstone are given in article [11]. Regarding this function, the question arises: are the
parametersa and r redundant (even if not for allmaterials and conditions)?The validity of
such a question can be explained by the following. Most likely, these parameters depend
on the experimentally found deformations εtestextr and stresses σ test

extr corresponding to the
extremum of the function (if such an extremum exists). Deformations ε and effective
stresses σ̃ , in turn, are related to the potential energy of deformation per unit volume of
the linearly deformable material w = σ̃ ε/2 = σ̃ 2/(2 Ẽ) = ε2Ẽ/2. Therefore, within
the framework of a heuristic approach, it can be assumed that the test results contain
information sufficient to construct a damage function. This possibility was tested in [16],
in which the function of changing the effective area Ã in the form of:

Ã = A0 e
− 1

3

(
ε

εtestextr

)3

. (1)

There A0—initial cross-sectional area.
It follows from (1) that the function� = Ã/A0 is a function of the residual resource:

� = e
− 1

3

(
ε

εtestextr

)3

. (2)

Using function (2), we define the damage function as D = 1 − �:

D = 1 − e
− 1

3

(
ε

εtestextr

)3

. (3)

The adequacy of the approach used in the justification of function (1) was confirmed
in [16] by comparing the simulation results with the experimental data known in the
literature. However, the functions (1), (2), (3) were not applied to the simulation of
blow-up regime.

3.2 Simulation of Blow-Up Regime

In the considered problem, a necessary element of the mathematical description of the
physical model is a function that determines the change in the effective area depending
on the deformation. The choice of variable ε as an argument of functions (1)–(3) is
explained by the fact that in modern testing machines the rate of deformation in uniaxial
compression can be set constant or variable; the graphs of change of load F on displace-
ment of its application point are automatically plotted in the axes �L (or ε) and F (or
σ). Therefore, if necessary, it is possible to convert the argument into units of time.

Let us consider the application of relations (1)–(3) by an example. We will use the
results of solvingmodel problems from [8] as input data. In this paper, the characteristics
for four specimens are given. Let us consider three specimens, marked on the graph in the
cited work by numbers 1, 2, and 4. For these specimens we determine εtestextr , respectively:
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0.0080; 0.0077; 0.0082. For these data the graphs of the residual life function (2) are
shown in Fig. 1.

The simulation results show that specimen failure occurs if ε is between 0.0079 and
0.0093 (Fig. 1).

The graph of the damage function (3) for the samples in question is shown in Fig. 2.
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Figure 2 shows that destruction occurs if the damage is less than ~40%.
The fracture velocity characteristic ν can be determined numerically [using the values

of function (3)] or analytically [9]:

v = dD

dε
= ε2

exp
(− 1

3b
3
)

b3
(4)

Here b = ε/εtestextr .
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From relation (4) it follows that the rate of the fracture process increases in proportion
to the cube of the decrease in the above value εtestextr . The graphs of function (4) for the
above three samples are shown in Fig. 3.
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Fig. 3 Changes of the damage rate ν (4)

Figure 3 shows that the rate of damage growth is irregular, increases rapidly with
increasing strain, and reaches an extremumapproximately in themiddle of the theoretical
duration of the entire deformation process. The theoretical dependence (4) is not realized
completely, because the destruction of the specimens occurs in the vicinity of the point of
extremum of the function ν(ε). In this case, the velocity value approaches the extremum,
but does not reach it. At the extremum point of the function (4), the volumes of damaged
and undamaged material are the same. After passing the point of extremum, the growth
of damage slows down due to the fact that the amount of undamaged material, in which
only new damage can appear, decreases.

Focusing on the aggravation of the damage process, we note the following. At the
start of the process, when ε = 0.001, the rate characteristic is ν ≈ 0.65. At the point of
extremum ν ≈ 105. Thus, the blow-up regime is characterized by a catastrophic increase
in the rate of material damage growth (approximately by 160 times).

The characteristic of the acceleration of the damage process can be determined
numerically [using the values of function (4)] or analytically:

a = dv

dε
= −ε

exp
(− 1

3b
3
)(−2

(
εtestextr

)3 + ε3
)

(
εtestextr

)6 . (5)

It follows from relation (5) that the acceleration of the damage process increases in
proportion to the cube of the decrease in the above value of εtestextr . The graphs of function
(5) are shown in Fig. 4.

Figure 4 shows that the acceleration of the damage process, increases rapidly with
increasing strain and reaches a maximum before the specimen fails. At the start of the
process, when ε = 0.001, the acceleration characteristic a≈ 650, amax ≈ 15,900 (Fig. 4).
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Thus, in the considered case the blow-up regime is characterized by an increase in the
acceleration of damage growth of the material approximately by 24 times.

4 Conclusion

The model has been developed to determine the characteristics of the speed and accel-
eration of the catastrophic stage of damage accumulation and destruction of such quasi-
brittle materials as wood under uniaxial compression. Calculation formulas are obtained
and an example of the analysis of these characteristics is given. The presented patterns of
damage accumulation and destruction of quasi-brittle materials do not contradict known
works [7, 8, 11–14, 16]. However, taking into account the variability of the properties
of wood, an additional analysis of the correspondence of the simulation results and
experimental data known from the literature is necessary.
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Abstract. The responsible heavily loaded structural elements (butt welds and
sections of their location) of the complex technical systems, which are mainly
operated outdoors, are impacted by atmospheric influences and cyclic stresses,
which are caused by load fluctuations, nature vibration processes, ambient tem-
perature and changing weather conditions. These factors cause the appearance and
development of corrosion-fatigue damage and can lead to cracking and fatigue
destruction of structural elements. The factors affecting on the bearing capacity of
structural elements, which are occurred in a complex form, in different amounts
and combinations, are classified. The surface strengthening of the junction out-
side surfaces and usage of anticorrosive protective plating on them are selected
from a number factors. So that, to magnify fatigue strength and durability is sug-
gested to use a strengthening technology-surface plastic deformation of welds.
The physical and mechanical phenomena of the appearance and development of
corrosion-fatigue processes are considered and ways to enlarge the strength and
durability of elements using new corrosion-protective polymer platings (Belzona
1111) in the location of butt welded junctions are outlined. A series of techniques,
e.g., static tests of steel samples with and without platings in a corrosive solution
was performed and its effectiveness for application in the critical nodes was con-
firmed. The effectiveness of the implementation of these, process operationswhich
enlarge the bearing capacity of the complex technical system, has been proven.

Keywords: Complex Technical Systems · Structural Elements · Corrosion ·
Fatigue · Cyclic Durability · Polymer plating · Strengthening · Affecting Factors

1 Introduction

The development of industry, agriculture, transport infrastructures is related to the reli-
ability of the operation of the various purposes Complex technical systems (CTS). The
extension of the CTS network is the solution of this problem, that is implemented by
surmounting the difficult terrain, various natural and climatic zones and water spaces.
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As the main CTS are mainly operated in an area free of settlements, therefore the lay-
ing of the network, maintenance, technical examination, as well as scheduled main-
tenance of the system are relatively complex. This problem is also complemented by
the peculiar properties of the CTS operation under conditions of corrosion and atmo-
spheric influences, as well as fatigue processes associated with the cyclical loading of
the network, ambient temperature fluctuations and various vibration phenomena. This
factors inevitably leads to the cyclical stress–strain state in the structural elements, to
the occurrence of corrosion and fatigue damage, and if there are surface and internal
defects of welded junction of elements—to the development of cracks and destruction
of separate structural elements [1–4].

These phenomena prescribe the requirement for the formation of the stages of devel-
opment, creation and operation of the CTS, consisting of the procedures listed below:
research of the location of the CTS; application of design, technological, testing, mainte-
nance and routine repair that guarantee a given level of operability and reliable operation
of the CTS [5–7].

The stages of design and technological development of the CTS are considered. The
operation of CTS assumed the classification of factors causing damage and the account-
ing of their complex impact on the bearing capacity of the responsible structural elements
of CTS [4]. It is possible to perform this by using in calculations the advanced features of
the affecting factors (type and parameters of the loading mode and physical and mechan-
ical characteristics of structural materials, terrain and atmospheric influences, as well
as indicators of heat, corrosion, wear resistance and fatigue resistance of structures), as
well as taking into account the influence of their complex interaction.

2 Methods and Materials

The real working conditions of the CTS are characterized by the appearance and devel-
opment of various types of damages, which are continuous and complex in nature and
may reduce the strength, durability and reliability of the structure. In some cases, they
can result in the breakdown of the most loaded elements of the CTS, consequently—
in significant downtime and reduced productivity, and to the appearance of fatigue cracks
and fractures [1].

The number of factors affecting on the bearing capacity of structural elements is
significant and, according to the principle of appearance and the nature of the impact,
they can be united in the following groups:

I. Geometry and physic-mechanical condition of the CTS construction material;
II. System location surroundings and loading modes;
III. Corrosion-fatigue phenomena in CTS structural elements;
IV. Technological aspects of the construction and maintenance of CTS:

The factors include:

(1) Geometry and configuration of contours of CTS structural elements;
(2) Physical and mechanical condition of structural materials of elements;
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(3) Nonstationary and cyclicity of the CTS loading mode;
(4) Environmental corrosion,
(5) Daily and seasonal ambient temperature fluctuations;
(6) Vibration phenomena (geodetic and anthropogenic) in the system;
(7) Flaws and damages of CTS structural elements;
(8) Fatigue processes in CTS structural elements;
(9) Technological methods to increase the bearing capacity of the system;
(10) Using of anticorrosive polymer plating in loaded sections of the structural

elements;
(11) Rational schedule of maintenance, examination and repair work of the system.

According to the calculation scheme, adopted in themethodology of system analysis,
for these 11 factors, all possible options of sets of factors are composed, depending on
their number and combinations. Analysis and classification of possible options of these
factors have shown that in the elements of the CTS, the most responsible are cases of
combinations with 4 factors that significantly affect the efficiency of the CTS. These are:
points (4) and (8)—factors of corrosion (C) and fatigue (F) processes, as well as points
(9) and (10) are the factors of strengthening (S) and corrosion resistance (CR), which
are opposite in nature and in total determine the bearing capacity of the CTS. Another
peculiarity of significant factors—points (4), (8), (9), (10) is their presence in the vast
majority of options of combinations and the level of strength and corrosion resistance of
structural elements depends on their number in these combinations. Grouping of factors
in combinations is carried out according to the number of inclusion of these significant
factors in them:

• just one factor: F, C, S, CR—86 pcs.;
• two factors: (FC), (FS), (F CR), (CS), (C CR), (S CR)—48 PCs.;
• three factors: (FCS), (FC CR), (CS CR), (FH CR)—28 PCs.;
• four factors: (FCS CR)—1 PC.

At the second stage of the procedures, the principle of independent action of factors
within the selected group was adopted, which is more often used in applied tasks for
assessing the total influence effect of factors and to determine the generalized parameter
of the entire group by multiplying the values of their separate parameters (the scheme
of sequential influence of factors).

The aim of the study is selection of optimal technologies for increasing the bearing
capacity of structural elements on the base of research and classification of complex
affecting factors of CTS structural elements. To achieve that objective, it is necessary to
solve the following tasks: the study of the physical and mechanical nature of corrosion
and fatigue processes in low-carbon structural steels used in structural elements; the
selection of the type of strengthening technique for welds; the selection of the optimal
type of anti-corrosion protective plating and the technique of its usage to the welds.
The mathematical model of fatigue destruction can be represented by a system of three
linear equations lgN = F(lg σ) corresponding to the specified sections N and σ with
indices: 1, … ,3—for the initial fatigue and 1k, … ,3k; 1k, … ,3k—for comparative
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corrosion-fatigue processes. The classification of the main parameters and equations of
these fatigue lines is presented in Table 1.

Table 1 Equations and parameters of fatigue on the 1, … ,3, 1k, … ,3k and 1′
k, …, 3′

k sections

No. Conditions of
fatigue
processes

Calculation
scheme

Section
of the
fatigue
line

N and σ * intervals Equations
of fatigue
lines

N σ

1 Fatigue in a
protective
environment
(in the open
air)

– 1 N0...NG1 σR1 . . . σβ1 lgN =
C1 −
m1 lg σ

2 2 NG1...NG2 σR2...σR1 lgN =
C2 −
m2 lg σ

3 3 NG2...10
8 σR2 = const lg σ =

lg σR2 =
const

4 Corrosion
fatigue
(comparable
to points 1, 2,
3)

N1 1k N0...NGκ1 σRκ1 . . . σβκ1 lgN =
Cκ1 −
mκ1 lg σ

5 2k NGκ1...NGκ2 σRκ2 . . . σRκ1 lgN =
Cκ2 −
mκ2 lg σ

6 3k NGκ2 . . . 108 σRκ1 . . . σRκ2 lgN =
Cκ3 −
mκ3 lg σ

7 Corrosion
fatigue
(comparable
to points 4, 5,
6)

N2 1′
k N0 . . .N ′

Gκ1 σ ′
Rκ1 . . . σ ′

βκ1 lgN =
C′

κ1 −
m′

κ1 lg σ

8 2′
k N ′

Gκ1 . . . N ′
Gκ2 σ ′

Rκ2 . . . σ ′
Rκ1 lgN =

C′
κ2 −

m′
κ2 lg σ

9 3′
k N ′

Gκ2 . . . 108 σ ′
Rκ1 . . . σ ′

Rκ2 lgN =
C′

κ3 −
m′

κ3 lg σ

* Coordinates of the starting points of the three-link fatigue lines: (σβ1,N0), (σβκ1,N0),

(σ ′
βκ1,N0); N0 = 10 cycles—initial durability; σβ1, σβκ1, σ

′
βκ1—strength limits; coordinates

of inflection points between (σRκ1, NGκ1)(σR1, NG1), (σ ′
Rκ1, N

′
Gκ1) sections of—low- and

multi-cycle fatigue; (σR2, NG2), (σRκ2, NGκ2), (σ ′
Rκ2, N

′
Gκ2)—of multi-cycle and long-term

fatigue
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2.1 Analysis of Corrosion Processes in CTS Structural Elements

Maintenance and operating conditions of CTS are characterized by a great amount and
combinations of periodically affecting factors that damage the structure or increase the
efficiency of the system, with different nature and gradient of actions, as well as the
duration and sequence of their manifestations.

Corrosion processes in CTS structural elements have a significant impact on the
occurrence and development of corrosion and fatigue damage [8, 9]. The mounting of
system and the creation of a network in an open area is accomplished by welding,
therefore the welds are exposed to temperature fluctuations and the environment, which
cause corrosion phenomena and accelerate the processes of occurrence and development
of fatigue cracks. As a result, this results in the reduction of the endurance limit of welded
junctions by 1.5 … 2.5 times, and durability—by 3 … 5 times. Simultaneously, the
weakest sections are the locations of butt welds, where the stress concentration reaches
up to κσ = 1.8 … 2.5. As a result of the execution of the technical examination and
processing of statistical data, fixed that 70 … 75% of structural elements damages and
failures are of a corrosion-fatigue nature, and 20 … 25%—only from corrosion effects.
So, the replacement of damaged sections of structural elements is 25… 30% of the total
mass, and 5…7% is irretrievably lost in the formof chemical compounds. The nature and
speed of corrosion processes depend on many factors that characterize the physical and
mechanical state of the surface layers of structuralmaterials: technological features of the
manufacture and processing of structural elements; the nature, duration and operating
conditions of the system; temperature fluctuations and cyclical loading; contact with
the environment, etc. This complex of factors requires a detailed classification and a
systematic approach to assess their joint and diverse impact on the bearing capacity of
the CTS structure, of which corrosion and fatigue processes are themost significant [10].
A reducingproduction costs, increasing the requirements of efficiency and environmental
safety, as well as increasing the durability of the system are the main requirements for
the conditions of trouble-free operation of structural elements [2].

The method of system analysis logically approves the selection and compilation of
10 calculation schemes for determining coefficients Kσk , KNk , which are taking into
account a different combination and number of Influencing factors, and the formation of
their functions Kσk = f (N ) and KNk = φ(σ). Taking into account the two-link type of
fatigue lines, these calculation schemes are classified and separately presented in zones
of limited (NRi ≤ NG1) and long-term (NRi > NG1) endurance (Tables 2, 3). The changes
presented in Table 3 are as follows: during open air tests in the NRi > NG1 zone, the
fatigue line of flat samples takes a horizontal position, which changes the structure of
the parameters of the calculation schemes (Table 2, points 1, 5–7).

2.2 Application of Strengthening Technology in CTS Elements Welded Joints

The development of the CTS network in an open area is accompanied by an increase
in the scope of welding work. The ensuring of necessary operability, durability and
reliability of the entire system are depending on quality of welding work. Considering
that the main types of defects and damages are located on the section of butt welds and
cause stress concentration, reducing the physical and mechanical characteristics of the
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material (strength and endurance limits, hardness, recrystallization of microstructure,
tempering and aging from variable temperatures T = 250 … 1100 °C, etc.), the need
to reduce the effects of these damages, by using various physical and technological
procedures (hydrodynamic, temperature, supersonic, high-frequency electricity, laser
exposure, plastic deformation, etc.), must become priority [10]. Of these technological
procedures for CTS structural elements, the most acceptable is the technique of surface
plastic deformation (SPD) of theweld section, which is a relatively simple and affordable
method by using a special tool with rolling balls or rollers operating according to the
kinematic scheme of the planetary frictionmechanism. The break-in rollers (balls) under
the action of normal force smooth out the surface micro-roughness of the weld and form
a deformed layer with residual compression stresses compensating for the influence of
external load, which ultimately leads to a decrease in the stress state in the seam [11].

Previously performed researches indicate that the widespread usage in structural
elements the low-carbon and low-alloy structural steels, which are easily amenable
to plastic deformation and have a relatively low cost, after performing strengthening
techniques leads to an increase in endurance limits by 50 … 70%, and cyclic durability
by 3 … 4 times, also ensuring the cost-effectiveness of the installation of a system [12].

The efficiency of SPD prescribes the necessity of a wide application of this method
in order to regulate the stress state in the weld and in the transition section to the main
metal, which remains the main cause of the appearance and development of fatigue dam-
age. The effectiveness of the impact of strengthening processes can also be increased
by preliminary grinding of the seam surface in order to remove defects and irregu-
larities of welding work, which creates favorable conditions for influencing the stress
concentration, hence increasing the bearing capacity of the seam [13].

3 Results and Discussion

The process of corrosion of responsible elements of the CTS abruptly reduces the relia-
bility and operability of the system, which requires the use of new effective instruments
and methods to increase the corrosion resistance of these elements. One of the concrete
solutions to increase anticorrosive properties is the application of new highly effective
protective coatings on loaded sections of system, which, interacting with surface micro-
irregularities, fills their micro-depressions and micro-defects of welds and by simple
technological operations increases the corrosion resistance of system. To apply these
coatings, the outer surface of the seam is subjected to a preliminary examination to
eliminate welding defects and to create surface micro- irregularities, then thoroughly
cleaned and degreased to increase the degree of adhesion of the coating to the seam sur-
face. After the coating is applied, it is exposed to pressure for its final formation. These
operations are usually performed at T ≥ 5 °C ambient temperature and at the absence
of precipitation, and to increase the degree of adhesion after 2–4 h of its application,
approximately 2 h the coating is treated with an air heater at T = 60 … 100 °C. It is
recommended to start the work of the structural elements after 4.0 … 0.5 days (if the
weldingwork is performed, respectively, at ambient temperatures T= 5…30 °C), and in
the presence of volatile chemical compounds, gases and dust in the environment—after
5.0 … 1.0 days.
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To assess the influence of corrosion and the possibility of application of effective anti-
corrosive coatings, comparative static corrosion resistance tests were performed on flat
metal samples made of structural steel St10, which were accurately weighed, thoroughly
cleaned and degreased before testing. The newest polymer material of the Belzona 1111
FN10132 (SuperMetal) brand was used as an anticorrosive coating, which, according to
the results of production tests, shows:

• high level of corrosion resistance—under influence of alcohols, gases, hydrocarbons,
technical and vegetable oils, various types salt solutions, pure- and seawater;

• satisfactory level—with organic and inorganic acids of medium concentration (up to
50%);

• unsatisfactory level—with the same acids, but in a high concentration (≈ 95%).

Of the 6 tested samples (N1, … N6), three were the initial options (NN 1, 2, 6), and
on the rest ones (NN 3, 4, 5), according to the coating technology from the Belzona
1111 material, strong anticorrosive protective layers were created (Fig. 1b). Corrosion
resistance tests were carried out in a 10% aqueous solution of FeCl3 for 24 h and at the
temperature of T = 20 °C.

(a) (b) (c)

Fig. 1 Tests of flat steel samples in a corrosive solution with 10% FeCl3 a before testing: NN 1,
2, 6—initial samples, NN 3, 4, 5—with an anticorrosive coating; b samples after testing; c the
state of the corrosive solution after testing

For samples NN 1, 2, 6 changes in the microstructure of the surface layers and a
decrease in the initial mass in the range of 4.5 … 10.0% are observed. The study of
the surface condition of these samples on a ZEISS AXIO VERT A1 electron microscope
(magnification× 1000 times) indicates the presence of corrosion damagewith a depth of
20… 22 mm, which in the sequel may become center for the development of corrosion-
fatigue cracks (Fig. 2). For samples NN 3, 4, 5, these defects are not observed, which
proves the high efficiency of applying this durable anticorrosive coating.

4 Conclusions

Reducing the design time of new CTS involves the clarification of the parameters of
the affecting factor, based on the analysis, classification of their operating conditions
and loading modes, by using productive design and technological measures that allow
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(a) (b) (c)

Fig. 2 Surface microstructure after static tests on samples NN 1, 2, 6 a and NN 3, 4, 5 b; c surface
cracks in samples NN 1, 2, 6

determining and using their limit values. Simultaneously, the presence of a significant
number of diverse factors (11 pieces) acting together and with various combinations
predestine the task of their study and classification by the applying the principle of system
analysis. These factors are presented in 4 groups. The features of the expression of the
most significant factors—stress concentration, the corrosive effect of the environment
and fatigue phenomena, as well as strengthening and corrosion protection techniques,
which in most cases come into a single composition, are considered as a total.

The mechanism of appearance and development of corrosion-fatigue damages,
which, unlike other factors, working in the entire range of durations of limited and
long term endurance, has been studied. To increase the bearing capacity of structural
elements the application of a new corrosion-resistant polymer plating of the Belzona
1111 brand is recommended. The numbers of static corrosion-proof tests in a FeCl3
corrosion solution were performed, which confirmed the effectiveness of using of this
plating.

So that, to increase the resistance to corrosion fatigue of structural elements butt
welded junctions, which are significant stress concentrators, the technique of surface
plastic deformation of welds has been applied, where, due to the appearance of residual
compression stresses, the effect ofworking loading ofCTShas been largely compensated
and the fatigue resistance of structural elements has been increased [14].
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Abstract. The article deals with the production of construction materials and
products based on them, themain ones of which are cement, concrete, brick, stone,
lime. The source for obtaining construction materials is natural resources that
are subjected to various technological processes: grinding, classification, dosing,
mixing, molding, heat treatment. The most energy-intensive process is grinding.
Themain equipment for grinding constructionmaterials are ball-tubemills, which
are actively used in industry and are constantly being improved. The main issue of
improvement is to reduce the power consumption of a ball-tube mill with cross-
longitudinal movement of the load. A comparative analysis and the possibility of
using the known methods for calculating the power consumption of the drive of a
ball-tube mill with cross-longitudinal movement of grinding bodies is given. The
calculation scheme of the ball-tube mill, equipped with an inclined partition, is
considered, and a detailed analysis of the mode of motion of the grinding bodies is
described and given. Conclusions were obtained about the change in the value of
power consumption of the ball-tube mill drive fromminimum tomaximum, due to
the change in the level of the grinding bodies in both chambers of the mill during
the cycle from maximum to minimum. Generalizing conclusions were made and
it was proposed to reduce the mass of grinding bodies in proportion to the value
of additional power consumption, in order to reduce the amplitude of the torque
fluctuation on the shaft of the crushing cylinder.

Keywords: Ball-Tube Mill · Inclined Partition · Grinding Bodies · Loading ·
Power Consumption · Angle of Inclination · Grinding

1 Introduction

A wide range of building materials is used in the construction of buildings and struc-
tures. The main construction materials in industrial and civil construction are cement,
concrete, bricks, stone, wood, lime, sand, ferrous metals, glass, roofing materials, plas-
tic and others. The source for obtaining construction materials are natural resources
that are subjected to various technological processes. These processes include: grinding,
classification, dosing, mixing, molding, heat treatment.

The most energy-consuming technological process is grinding, which in most
enterprises is carried out with such type of equipment as a ball-tube mill.
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One of the directions of use of ball-tube mills is grinding raw materials, which
are further required for obtaining materials such as air binders—gypsum binders, air
lime, magnesia binders, Portland cement, mortars, dry construction mixtures, etc. The
most common material in construction is Portland cement, a hydraulic binder with a
predominance of calcium silicates. Portland cement is made by finely grinding clinker
and dihydrate gypsum.

Today Portland cement is used as one of the main components for the production
of reinforced concrete, commercial concrete, mortars, unburnt wall products, asbestos
cement. In the production of Portland cement the grinding process plays an important
role, due to the fact that the grinding fineness of the rawmaterials depends on the quality
indicators of the cement stone, such as setting rate, hardening and strength. To achieve
the required fineness, large energy costs are required, and during the operation of a
ball-tube mill most of the drive power is wasted on ensuring the movement of grinding
bodies in the mill body and overcoming the friction forces in the mechanical gears.

In conventional ball-tubemills (BTM), the grinding bodies move in the cross-section
of the crushing cylinder in a plane perpendicular to the longitudinal axis of the crushing
cylinder [1–4].

The theoretical calculation of the kinematics of grinding bodies and the energymodes
of the ball-tube mill is based on the two-phase ball motion model proposed by Davis,
according to which the ball first moves along a circular path together with the crushing
cylinder, and then at the selection point it changes to a parabolic free-fall path, hitting
the crushing cylinder or balls at the drop point. Then the cycle is repeated [1–6]. The
longitudinal movement of grinding bodies inside the BTM was not considered and was
not allowed due to the possible occurrence of longitudinal loads on the bearing supports,
which would lead to emergency situations—the possibility of destruction of the bearing
support.

The basis for calculating the power consumption of theBTMdrive is the dependence:

N = AγVSD0.5, (1)

there

A S.E. Andreev’s constant;
γ bulk weight of grinding bodies (GB);
V crushing cylinder volume;
S speed coefficient, S (ψ , ϕ);
D inner diameter of the mill body;
ψ relative rotation frequency of the crushing cylinder;
ϕ load factor.

All known theoretical studies are based on the refinement of the type of function
S(ψ , ϕ).

Due to the fact that in conventional BTM the load factor is constant, then the power
consumption of the drive remains unchanged [7–10]. A significant disadvantage of the
known structures of the BTM is that only 50% of the GB have an active effect on the
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grinding process, while the remaining 50% form a stagnant zone, move in a dense com-
pact layer in the central part of the grinding load, preventing the longitudinal movement
of the crushed material.

2 Materials and Methods

2.1 The Power of the BTM Drive with Cross-Longitudinal Movement (CLM)
of Grinding Bodies

The nature of the movement of GBs in our proposed design of the BTM with CLM
loading (Fig. 1) differs significantly from their movement in conventional BTMs. This
is ensured by the fact that the inter-chamber partition 3 in the crushing cylinder is set at
an angle β to its longitudinal axis (y).

Fig. 1 Calculation scheme of a ball-tube mill: 1,4—mill chambers; 3—inclined partition; 2,5—
grinding bodies; 6, 7, 8, 9, 10—directions of movement of grinding bodies

In position a (Fig. 1a) the length l1 of the lower part of the chamber 1 is minimal, the
grinding bodies 2 in it are located at the maximum level h1. Center of masses (CM1) of
grinding bodies (GB) in chamber 1 is located at the minimum distance a1 from the filling
bottom and at the distance b1 from the crushing cylinder body. The length l2 of the lower
part of the chamber 4 is maximum; the grinding bodies 5 are located at minimum level
h2. CM2 is located at maximum distance a2 from the discharge bottom and minimum b2
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from the crushing cylinder body. The subsequent rotation of the crushing cylinder after
half a turn will take the characteristic position b (Fig. 1b).

The lower part of chamber 1 will becomemaximum l′1. GBswill move in the longitu-
dinal direction 8 under the inclined partition 3 simultaneouslymaking a rotarymovement
in the direction 10 in the cross section of the crushing cylinder. The stagnant zones in the
load are destroyed. At this point, the length l′2 of the lower part of chamber 4 becomes
minimal. The level h′

2 of GB becomes maximum. CM2 of the load will move to the posi-
tion characterized by the distance a′

2 from the unloading bottom and b′
2—the distance

from the inner surface of the crushing cylinder. The GB will move along the longitudi-
nal axis of the crushing cylinder in the direction 9 toward the discharge cover, making
a cross-sectional movement in the direction 10.

After that, the crushing cylinder will take the position a. On this basis, the grinding
bodies perform both cross and reciprocating longitudinal motion.

As the level of grinding bodies in both chambers of the mill during the cycle varies
from maximum to minimum and, of course, CM loading also varies from minimum to
maximum, it is obvious that the amount of power consumed by the drive of the BTM
also changes.

The intensity ofCLMofgrindingbodies depends primarily on the angle of inclination
β of the partition 3, the angle ε of the natural slope of the grinding bodies, the frequency
ψ of rotation of the crushing cylinder, and the factor ϕ of loading. A significant influence
on the intensity ofCLMof grinding bodies has the length of the chambers.We have found
that the greatest influence on the mode of movement of the grinding balls by an inclined
partition has only in a certain zone, located under the partition. It is in this zone there
is an intensive redistribution of energy consumed by the mill for the cross/longitudinal
movement of the grinding bodies.

First of all, we are interested in the additional power consumption at the GB CLM
in the zone of active influence of the inclined partition. Behind this zone, calculation of
power consumption is carried out according to the known methods used for calculation
of waterfall and cascade modes of GB movement [6–8].

The additional power consumption at the GB CLM in chamber 1 is equal to:

N = Nu + Nf , (2)

there Nu—power spent on the vertical movement of the GB; Nf —power spent on
overcoming the frictional forces in the longitudinal motion of the GB.

Based on the calculation scheme (Fig. 1), the coordinates of CM loading in the final
form are calculated by the equations:

Xc = R4Lx/V , (3)

Yc = R4Ly/V , (4)

Zc = R4Lz/V , (5)

there:

Lx = 0.25πφ sin ξ/tgβ + sin ξ/ctgβ(cos ξ/λtgβ − bx)(1 − x2)1.5, (6)
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Ly = (1 − 4β2)πϑ/8tg2β

+ [cos ξ(cos ξ − bx − 4b cos ξ(b − x cos ξ)](1 − x2)1.5/12btg2β

Lz = 0.25πϑ cos ξ/tgβ

+ [cos ξ(cos ξ − bx) − 4b(b − x cos ξ)](1 − x2)1.5/6btgβ

there: ξ—crushing cylinder rotation angle; x, λ—dimensionless parameters, equal,
respectively, to, x = (R − h)/R, λ = l1/R.

3 Results and Discussion

Figure 2 shows an example of calculation of CM loading displacement in the first cham-
ber of the mill 4 × 13.5 m, from which it follows that for each cycle CM loading makes
a complex movement—along the axis of OU this trajectory is an elongated ellipse
(Fig. 2a), the major axis of which coincides with the longitudinal axis of OU crushing
cylinder, and relative to the plane ZOU (Fig. 2b)—slanted line whose slope angle is
equal to the angle ε of natural inclination of GB. In CLM mills, the CM loading of
the grinding bodies moves more intensively during the cycle (Fig. 2) with respect to all
coordinate axes than in conventional mills, hence the GBs perform more grinding work
and, naturally, additional energy is required for this.

Figure 3 shows the dependence of the amplitude of oscillations of the loading CM on
the size of the zone of active influence of the inclined partition relative to all coordinate
axes. The analysis of the graphical dependencies gives a reason to conclude that with
practically unchanged amplitude of oscillations of the loading CM relative to the axis
OU, the amplitude of oscillations along the axes OX and OZ increases by three times.
Moreover, large amplitudes of CM loading oscillations are achieved at smaller CM
natural slope angles and the larger the amplitude of CM loading oscillations, the more
intensive the grinding process in mills with GB CLM. This is practically an important
conclusion—mills with CLM loading should have the lowest possible ε angle of natural
slope of the GB, which intensifies the process of grinding the material as a whole.

To determine the amount of power required to move vertically M, let us calculate
the corresponding work, which is equal:

Au = gγ�zcV . (7)

there: V—the volume of GB moved by the inclined partition in one chamber of the mill;
�zc—change of coordinate of the loading CM along the axis OZ.

The corresponding power to lift the GB is:

Nu = gγVzc = gγR4Lz. (8)

Simultaneously with the movement of GBs relative to the vertical axis, they move
along the OU axis. The work spent on overcoming the frictional forces of GBs at their
horizontal movement is equal:

Af = fcgγ sV , (9)

there:
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Fig. 2 Relocation of the load center of mass in the first mill chamber 4 × 13.5 m: a in relation to
the axis OY, b in relation to the plane ZOY: ϕ = 0,3; ψ = 0.76; β = 50°; λ1 = λp = 2.63

Fig. 3 Dependence of the oscillation amplitude of the center of mass of the load on the size of
the active influence zone of the inclined partition. Relocation of CML: 1—along the axis OX;
2—along the axis OY; 3—along the axis OZ

f c sliding friction coefficient;
s the distance by which the center of the grinding bodies moves along the axis OU.
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Taking into account (9), the power consumed by the horizontal movement of the GB
relative to the axis OU is equal:

Nf = fcgγ sV . (10)

Taking into account (4), (5), we present formula (10) in the form

Nf = fcgγR4
[
L2x + L2y

]0.5
. (11)

Then the total additional power expended by the inclined partition to move the GB
will be equal:

NA1 = gγR4
(
v1z + f 1

(
ν21x + ν21y

)0.5)
. (12)

In the second chamber 4 GB of mills in the zone of active influence of the inclined
partition move as well as in the chamber 1, only the process of their movement is shifted
by 180°.

Therefore, for the second chamber of the mill, the additional power consumption is
written in the form:

NA2 = gγ1R
4
1

(
v1z + f 1

(
ν21x + ν21y)

0.5
))

, (13)

there: γ 1,R1, f 1—parameters characterizing the size and loading of the second chamber.
The total additional power required to move the GB by the inclined partition in the

BTM is equal:

NA = NA1 + NA2. (14)

Figure 4 shows the results of the calculation of additional power consumption for
the movement of GB in one chamber of the mill 4× 13.5 m. The graphical dependences
have a sinusoidal character and equal phase—π . The longitudinal displacement of GBs
Nf requires more energy than their vertical displacement, as evidenced by the larger
amplitude of the function Nf (ξ), than the function Nu(ξ). In the area of the rotation
angles of the crushing cylinder 0° < ξ < 180° the function Nu(ξ) has a negative value.
This is explainedby the fact that theGBs store energywhen the chamber length decreases,
some of which is subsequently spent on the longitudinal movement of the load when the
chamber length increases.

It is known from the theory of the BTM [2–4] that the maximum level of power
consumption corresponds to the maximum efficiency of the grinding process. In our
case, when the rotation of the crushing cylinder in the area of the angle 180°< ξ < 360°
the GBs possess the maximum energy. The mode of GB motion is avalanche-like, the
angle of GB selection is maximal, the height of GB fall is maximal and, naturally, the
impact energy at the point of fall is also maximal. From the graphs shown in (Fig. 4) it
follows that the share of impact grinding consumes about 40% of the additional energy,
and 60% of the share of grinding by abrasion.

As additional energy consumption is required for the CLM of grinding bodies, the
modernization of the existing BTM requires, respectively, an increase in the installed
electric motor power, or, in proportion to the value of the additional power, a reduction
in the mass of the GB.
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Fig. 4 Calculated dependence N (ξ): 1—Nu(ξ); 2—Nf (ξ); 3—NA(ξ)

4 Conclusion

Thus, the equations allowing to calculate the total additional power consumed by the
BTM drive during the CLM of grinding bodies, as well as its components consumed for
the lifting and longitudinal movement of the GB, were obtained. A comparative analysis
of the values of the additional power consumption components showed that the mode of
GBmovement is characterized by their avalanche-like fall, which significantly increases
the efficiency of the grinding process by impact, which consumes up to 40% of the addi-
tional consumed energy. The remaining 60% of the energy is spent on intensive grinding
by abrasion at CLM of GB. In order to reduce the amplitude of torque fluctuations on the
shaft of the crushing cylinder, it was proposed to reduce the mass of GB in proportion
to the value of additional power consumption.

Acknowledgements. Thisworkwas carried outwithin the framework of projectNo. 22-29-01438
supported by the Russian Science Fund.
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Abstract. Today a significant number of buildings and structures, which have
already exhausted their resource, require inspection and diagnostics that aims to
assess the technical condition, as well as making decisions on the possibility of
their further operation, the need for overhaul, reconstruction, etc.When examining
the construction of buildings and structures and assessing their technical condi-
tion it is not always possible to obtain complete statistical information about the
monitored parameters, and there may be a situation in which complete statistical
information may be obtained for part of the monitored parameters that allows to
identify the distribution law and parameters of this distribution, and for another
part of the parameters—incomplete. In such cases, when carrying out reliability
calculations of a structure, the use of probabilistic-statistical methods can lead to
inaccurate results and become incorrect. The combination of random and fuzzy
variables in such situations when carrying out reliability calculations of building
structures allows a more complete use of all statistical information obtained as a
result of the survey of structures. The paper proposes a particular methodology
for calculating the reliability of a beam with a corrugated wall by the criterion of
compressed chord bending in the plane of the wall.

Keywords: Reliability of building structures · Corrugated wall beam · Random
variable · Fuzzy variable · Reliability interval

1 Introduction

Ensuring the safe operation of buildings and structures is one of the key issues of the
construction industry. Throughout the entire life cycle of buildings and structures are
exposed to various factors that can have a negative impact on their technical condition,
as well as lead to accidents, the consequence of which can be the collapse of building
structures or the building as a whole, which, in turn, not to mention the material damage,
can lead to more significant and serious consequences, namely the injury and possible
loss of life. It is worth noting that accidents of building structures and buildings in general
rarely occur without any preceding signs indicating the possible beginning of the exit
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of the structure from the serviceable (normal) state, i.e. in most cases before the onset
of emergency condition there is always a period of time during which visible defects
and damages appear in the form of developing unacceptable deformations, subsidence,
cracks, etc. With timely monitoring and inspection of building structures, there is an
opportunity to identify early signs that precede the onset of emergency conditions, to
take appropriatemeasures to restore, strengthen, prevent further destruction of structures,
as well as to address the issue of further operation of the building or structure.

Recently, both inRussia and abroad there have been a number of emergency collapses
of buildings and structures: the collapse of the Bassman Market structures in Moscow
(Russia, 2006); the collapse of a residential building in Henan Province (China, 2015.);
the collapse of a bridge at the entrance to the village of Egorovo (Russia, Perm Region,
2015); the collapse of part of a residential building in Perm (Russia, 2015); the collapse
of part of a barracks building in Omsk (Russia, 2015); the collapse of a road bridge in
Genoa (Italy, 2018), etc. The causes of these accidents were mainly: the unsatisfactory
condition (deterioration) of individual structural elements, their insufficient carrying
capacity, carrying out the restructuring (reconstruction) of buildings without assessing
the residual carrying capacity and reliability of building structures, the lack of timely
conducted inspections and monitoring of the technical condition of building structures.
The presented examples of emergency destructions confirm the relevance of the problem
of assessing the reliability of building structures of buildings and structures, especially
at the stage of operation, in order to prevent and exclude such destructive consequences.

To date, quite a large number of scientific works of Russian and foreign scientists is
devoted to the issues of development of calculations and reliability assessment of building
structures. A considerable part of these works is based on the use of probabilistic-
statistical methods for reliability calculation [1–6]. It is suggested to use these methods
to assess reliability in the current normative and technical documentation, provided that
there is a sufficient amount of complete and reliable information about the monitored
parameters, allowing for its statistical analysis. Infrequently at the stage of operation
of building structures there are situations when it is not always possible to get full and
reliable information about controlled parameters, in this case the probabilistic-statistical
methods cannot be applied at an estimation of reliability as they can lead to inaccurate
results. There is no information about how to calculate and evaluate the reliability of
building structures in this situation in the existing normative documents. In scientific
works of V. S. Utkin and his followers [7–9], B. D. Kaufman, S. G. Shulman [10, 11] and
others [11–13] the questions of calculations and reliability evaluation under the limited
statistical information about the controlled parameters are considered. In the absence
of complete statistical information, the provisions of fuzzy sets theory and possibility
theory, random sets theory, the theory of interval averages or generalized probabilities
can be used in calculations of reliability to describe uncertainties and simulate the lack
of sufficient background information. In order to receive the most exact and informative
result at calculation of reliability of a building structure it is necessary to aspire to the
fullest use of all available statistical information. So, for example, in practice there can
be a situation, when as a result of building structure inspection it is possible to receive
the full statistical information on a part of controlled parameters, and on other controlled
parameters the received statistical information is incomplete, i.e. in this case a part of
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parameters can be represented in the form of random variables, and another part—in the
form of fuzzy variables. Using the possibility method for reliability calculation in such a
situation, based on the theory of possibilities, representing all the parameters in the form
of fuzzy variables, will lead to the loss of useful statistical information about a random
variable, which will reduce the informational content of the obtained result of reliability
index calculation, because it will lead to its wider interval. Combining random variables
and fuzzy variables in calculations of the reliability of building structures allows the
most complete use of all available information.

This paper is a continuation of the work on the development of private methods of
calculating the reliability of building structures on the basis of the modernized method.

2 Methods and Materials

The reliability calculation based on the upgraded method consists in the fact that the
probability of an event (X ≤ Y) is established from the initial information. In this paper,
we will consider the case in which: X is a generalized load with limited information
(fuzzy variable), and Y is a generalized strength that has complete information (random
variable). X will be characterized by a distribution function of the form:

πX (x) = e−[(x−ax)/bx]2 , (1)

there ax = (Xmax + Xmin)/2, bx = (Xmax − Xmin)/(2
√− ln α),α ∈ [0; 1] [0; 1],α—the

level of risk (for tasks of construction mechanics we take α = 0.2).
The fuzzy variableX can also be graphically characterized by probability distribution

functions PX (x) and PX (x). Figure 1 shows these functions and their relation to πX (x)
according to Eq. (1).

Fig. 1 Distribution function (PX (x) ≤ PX (x) ≤ PX ) and probability density function ρY (y)/

The random variable Y will be characterized, for example, by a normal distribution
with a probability distribution density:

ρY (y) = 1√
2πSY

e
− (y−mY )2

2S2Y , (2)

there mY—mathematical expectation; SY—standard deviation.
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Figure 1 conventionally shows the function according to Eq. (2) (conventionally
because they have different units of ordinates and the same notation of the argument x
and y = x are adopted hereafter).

Using the theory of reliability calculation by the modernized method to determine
the reliability interval, we present formulas for the lower and upper values of failure-free
operation:

P =
∞∫

S

ρY (y)PX (x)dx andP =
∞∫

S

ρY (y)PX (x)dx, (3)

there S—failure-free operation area.
Let us take it according to Fig. 1: PX (x) = 1 − πX (x) = 1 − e−[(x−ax)/bx]2 at x >

ax , PX (x) = πX (x) = e−[(x−ax)/bx]2 at x ≤ ax. Taking into account the Eqs. (1), (2), (3)
and Fig. 1 the calculation formulas will look like:

P =
ax∫
0

1√
2πSY

e
− (x−mY )2

2S2Y · 0dx +
∞∫
ax

1√
2πSY

e
− (x−mY )2

2S2Y ·
(
1 − e−[(x−ax)/bx]2

)
dx

P =
ax∫
0

1√
2πSY

e
− (x−mY )2

2S2Y · e−[(x−ax)/bx]2dx +
∞∫
ax

1√
2πSY

e
− (x−mY )2

2S2Y · 1(x)dx

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(4)

The reliability of a structural element according to the criterion X ≤ Y will be
characterized by the interval of failure-free operation values [P; P], the true value of
reliability will be within this interval.

3 Results and Discussion

Let us consider the calculation of reliability of a beam with corrugated wall, operat-
ing in the elastoplastic stage, according to the criterion of stability of the compressed
chord bending in the plane of the wall. The mathematical model of the limit state in
deterministic formulation will have the form:

Nf

ϕf Af Ryγc
≤ 1 or

Nf

ϕf Af σT
≤ 1 or σ ≤ σT , (5)

there Nf—belt compression force (Nf =M1/h1, thereM1—maximum bending moment
occurring in the middle third of the beam length between the bracing points); ϕf —
coefficient, which is determined as for a centrally-compressed rod; Af—the area of the
compressed belt (gross);Ry—the strength of steel to the yield strength (for the limit state,
instead of Ry, we take the yield strength σT ); γ c—coefficient of working conditions.

When determining the reliability of elements of building structures at the stage of
operation it is not always possible to obtain complete statistical information about the
parameters of the mathematical model of the limiting state. Let us write Eq. (5) taking
into account the variability of some parameters denoted by the symbol “∼”:

σ̃ = M̃1

ϕf Af h1
≤ σ̃T , (6)
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there ϕf , Af , h1—we take as deterministic values. The moment from the operating load
M1 is defined as the sumof the bendingmoments (Mperm) from the permanent and (Mtem)
temporary load. The bending momentMperm from the permanent load on the beam can
be assumed to be a deterministic value and determined by the methods of strength of
materials. The bending momentMtem from the temporary load can be determined from
the results of measurements of deformations in the chords of the beam, and since the
information obtained about the temporary load acting on the beam can be limited and
non-uniform, M̃1 = Mperm + M̃tem and respectively σ̃ will be assumed a fuzzy variable.
The yield strength σ̃T of the beam material can be determined, for example through the
hardness of the steel using the experimental and theoretical scratch method. The use
of this method in some cases allows complete statistical information about the yield
strength, as a result σ̃T can be considered as a random variable. Thus, to calculate the
reliability of a beam with a cross-corrugated wall, we consider the case in which:

σ̃—a fuzzy variable with a distribution function of the form:

πσ (σ ) = e−[(σ−aσ )/bσ ]2 , (7)

there aσ = (σmax + σmin)/2, bM1 = (σmax − σmin)/(2
√− ln α), α ∈ [0; 1].

σ̃T—a random variable that varies according to the normal distribution law with a
probability density distribution:

ρσT (σT ) = 1√
2πSσT

e
− (σT−mσT )

2

2S2σT , (8)

there mσT—mathematical expectation; SσT—standard deviation.
We use Eqs. (4), (7), (8) to determine the reliability of the beam:

P =
∞∫
aσ

1√
2πSσT

e
− (x−mσT )

2

2S2σT ·
(
1 − e−[(x−aσ )/bσ ]2

)
dx

P =
aσ∫
0

1√
2πSσT

e
− (x−mσT )

2

2S2σT · e−[(x−aσ )/bσ ]2dx +
∞∫
aσ

1√
2πSσT

e
− (x−mσT )

2

2S2σT dx

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

. (9)

The reliability of a beam with corrugated wall according to the criterion of stability
of the compressed chord bending in the wall plane will be characterized by the interval
of failure-free operation values [P; P], the true value of reliability will be within this
interval.

We suppose the following data were obtained as a result of the beam survey: mσT =
283 MPa, SσT = 24 MPa, aσ = 215 MPa, bσ = 20 MPa. Let us determine the reliability
of the beam with corrugated wall by the criterion of stability of the compressed chord
bending in the plane of the wall (Eq. 6). By substituting all the necessary data into Eq. (9)
we obtain the interval of failure-free operation values [0.974; 0.999]. We consider this
example by presenting the parameters: σ̃ and σ̃T—in the form of fuzzy variables. In
this case to calculate the reliability we will use the possibility method. We will use the
possibility distribution function of the form (1) to describe fuzzy variables: σ̃ and σ̃T .
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Fig. 2 Opportunity distribution functions πσ (σ ) and πσT (σT )

Let us present the possibility distribution functions πσ (σ ) and πσT (σT ) on the graph
(Fig. 2).

As aσ = 215 MPa < aσT = 283 MPa, the failure probability of the beam by the
condition of Eq. (6) is considered equal to one (R = 1). To determine the possibility of
failureQ at aσ < aσT wefind the value ofσ∗ abscissa of the intersection of the opportunity
distribution functions πσ (σ ) and πσT (σT ): |(σ∗ − 215)/20| = |(σ∗ − 283)/24|. We find
the root of the equation, which is in the interval [aσ ; aσT ], σ∗ = 245.9 MPa. Possibility

of failure is Q = α∗ = πσ (σ∗) = e−[(245.9−215)/20]2 = 0.092, the need for failure-
free operation is N = 1 − Q = 1–0.092 = 0.908. The reliability of the beam under
consideration according to criterion (6) will be characterized by the interval [0.908; 1].

Let us carry out additionally several variants of beam reliability calculations accord-
ing to the consideredmodel of limiting state (Eq. 6)with different initial data,modernized
and possibility methods. The obtained results of calculations are presented in Tables 1
and 2.

Table 1 Results of beam reliability calculations according to criterion (6) by the modernized
method

Initial data Reliability interval

aσ bσ mσT SσT [P;P]
210 19.8 282 23.9 [0.983; 0.999]

217 20 270 23.5 [0.918; 0.998]

220 21 281 24 [0.948; 0.999]

225 21.1 267 23.4 [0.821; 0.993]

231 21.8 280 23.9 [0.873; 0.997]

235 22 284 24 [0.871; 0.996]

238 22 273 23.7 [0.728; 0.985]

241 23.3 278 23.8 [0.736; 0.989]

245 23.5 275 23.7 [0.640; 0.978]

250 24 274 23.7 [0.545; 0.963]
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Table 2 Calculation results of beams reliability according to criterion (6) by the method of
possibility

Initial data Reliability interval

aσ bσ aσT bσT [N ;R]
210 19.8 282 23.9 [0.934; 1]

217 20 270 23.5 [0.773; 1]

220 21 281 24 [0.841; 1]

225 21.1 267 23.4 [0.590; 1]

231 21.8 280 23.9 [0.683; 1]

235 22 284 24 [0.678; 1]

238 22 273 23.7 [0.444; 1]

241 23.3 278 23.8 [0.460; 1]

245 23.5 275 23.7 [0.332; 1]

250 24 274 23.7 [0.223; 1]

Having compared the obtained results of reliability intervals calculation, we can
notice that when calculating reliability of beams by the probabilistic method (by pre-
senting σ̃T by fuzzy variable) useful statistical information about σ̃T is lost, which leads
to a wider reliability interval and reduces its informational content.

4 Conclusion

In this paper, a private method for calculating the reliability of a beam with corrugated
wall by the criterion of compressed chord bending in the plane of the wall has been
proposed. As a result of comparison of the obtained calculation results, it has been
shown that the modernized method is more informative in comparison with the possible
method of reliability calculation. Combining random and fuzzy variables in calculating
the reliability of building structures allows usingmore fully all the statistical information
obtained as a result of the survey.
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White Cement Clinker Roasting Intensification
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and N. S. Lubimyi
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Abstract. This article is devoted to the study of the intensifying ability of miner-
alizers in the production of white cement. Dried raw sludge was used as the initial
raw mixture Limited Liability Company «Holcim (Rus) Construction Materials».
The reagents CaF2 and NaF of “pure” qualification were used as mineralizers.
The intensifying ability of mineralizers of calcium fluoride and sodium fluoride
was studied under conditions of circulation and accumulation of alkali metal salts,
depending on the input method. To simulate the circulation and accumulation of
alkali metal salts, the reagent Na2CO3 of “pure” qualification was introduced into
the raw sludge in the amount of 3.5 wt% Na2O on clinker. Calcium fluoride was
introduced in the amount of 1.5 wt% CaF2, and sodium fluoride in the amount of
1.615 wt% NaF on clinker. Traditional (in the initial mixture) and separate input
of mineralizers were used. It has been found that the circulation and accumulation
of alkali metal salts lead to a decrease in the whiteness of the clinker. With the
traditional input, the efficiency of themineralizer at 1400 °C is low. The traditional
input of mineralizers has practically no effect on the whiteness of the clinker at
1400 °C. Separate input makes it possible to increase the efficiency of the action
of mineralizers and achieve a comparable degree of assimilation of free calcium
oxide in similar samples even at 1300–1350 °C. Separate input has a positive
effect on the whiteness of the clinker. The greatest efficiency was shown by sepa-
rate injection of calcium fluoride under conditions of circulation and accumulation
of alkali metal salts.

Keywords: White cement · Intensifier roasting ·Mineralizer · Separate input ·
CaF2 · NaF · Na2CO3

1 Introduction

The production of white cement is characterized by an increased cost compared to the
production of conventional cement. One of the factors that increase the cost is the special
composition of the raw mix. To obtain cement of high whiteness, the content of iron
oxide in clinker should not exceed 0.5% [1, 2]. As a result of the decrease in the content
of iron oxide, which is flux, the sinter ability of the rawmixture deteriorates. This makes
it necessary to increase the firing temperature to 1500 °C and above. This is one of the
reasons leading to an increase in the specific fuel consumption for clinker burning.

Theway out of this situation can be the use of roastingmineralizers [3–7]. At present,
the operation of rotary kilns in the cement industry is characterized by the presence of
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circulation and accumulation of alkali metal salts [8, 9]. According to studies [10, 11], in
the production of gray cement, the effectiveness of mineralizers depends on the presence
of circulation and accumulation of alkali metal salts in the system and on the method
of introducing mineralizers. Similar studies in the preparation of white cement have not
been carried out. Therefore, the purpose of this work is to study the effectiveness of the
action of mineralizers in the conditions of circulation and accumulation of alkali metal
salts, depending on the method of introducing the mineralizer.

2 Materials and Methods

Dried raw sludge was used as the raw mix Limited Liability Company «Holcim (Rus)
Construction Materials» (Table 1). Sludge has the following modular characteristics:
KH = 0.89; n = 3.56; p = 21.16.

Table 1 Chemical composition of dried sludge Limited Liability Company «Holcim (Rus)
Construction Materials» and clinker based on it (composition in mass %)

Page LOI CaO SiO2 Fe2O3 Al2O3 MgO SO3 Other

Sludge 36.03 43.85 15.00 0.19 4.02 0.40 0.1 0.41

Clinker – 68.55 23.45 0.3 6.28 0.63 0.16 0.64

To simulate the circulation and accumulation of alkali metal salts, the Na2CO3
reagent of “pure” qualification was introduced into the raw mixture in the amount of
3.5% Na2O in terms of clinker.

The reagentsCaF2 andNaFof “pure” qualificationwas used asmineralizers. Calcium
fluoride was introduced in the amount of 1.5%, and NaF in the amount of 1.615%, which
corresponds to the input of 0.73% F−. All concentrations of mineralizers are taken as
mass percent of the mass of clinker.

Mineralizers were introduced by traditional and separate methods [11].
The traditional input of the mineralizer is made into the initial raw mixture.
Simulation of the separate input of the mineralizer was carried out as follows. The

dried raw sludge or the dried raw sludge with Na2CO3 introduced into it was fired at a
temperature of 1100 °C. The isothermal holding time is 30 min. The roasting product
was crushed and crushed mineralizer was introduced into it. The resulting mixture was
returned to the furnace, heated to 1100 °C. Further firing was carried out at the required
temperature and isothermal holding time.

For firing, raw mixtures were molded into tablets weighing 2 g on a hydraulic press
by manual effort.

The clinker was fired in a laboratory furnace with silicon carbide heaters. Furnace
heating rate 10 °C/min. Isothermal exposure time 10 min.

As a result, the following mixture compositions were obtained:

N 1—control composition without additives;
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N 2—3.5% Na2O;
N 3—1.5% CaF2 (traditional mineralizer input);
N 4—1.615% NaF (traditional mineralizer input);
N 5—3.5% Na2O + 1.5% CaF2 (traditional mineralizer input);
N 6—3.5% Na2O + 1.615% NaF (traditional mineralizer input);
N 7—1.5% CaF2 (separate input of the mineralizer);
N 8—1.615% NaF (separate input of the mineralizer);
N 9—3.5% Na2O + 1.5% CaF2 (separate input of the mineralizer);
N 10—3.5% Na2O + 1.615% NaF (separate input of the mineralizer).

The effectiveness of mineralizers was evaluated by the content of free calcium
oxide in clinker samples after firing. The content of free calcium oxide in clinker was
determined using the ethyl glycerate method [12].

The whiteness of the clinker was evaluated by the brightness coefficient (BC) deter-
mined using an PhG-2 photoelectric gloss meter. Standard—white polished BaSO4
plate.

3 Results and Discussion

When comparing the samples obtained with the traditional input of the mineralizer
(Fig. 1a), one can see that the mineralizing ability of the mineralizers manifests itself at
temperatures of 1300–1350 °C.

Fig. 1 The influence of the traditional input ofmineralizers on a) the content of free calciumoxide;
b) clinker brightness coefficient; N 1—control composition without additives; N 2—3.5% Na2O;
N 3—1.5% CaF2; N 4—1.615% NaF; N 5—3.5% Na2O + 1.5% CaF2; N 6—3.5% Na2O +
1.615% NaF

At a firing temperature of 1300 °C, the highest content of free calcium oxide is
observed in composition N 1 and is 34.1%. The lowest content of free calcium oxide
is observed in composition N 6 and is 20.8%. There is a significant difference in the
efficiency of the introduced mineralizers. In this case, the highest brightness coefficient
(Fig. 1b) is observed in composition N 1 (BC = 87%), and the smallest is observed in
composition N 2 (BC = 80.5%).
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At a firing temperature of 1350 °C, the highest content of free calcium oxide is
observed in composition N 1 and is 19.8%. The lowest content of free calcium oxide is
observed in compositionN6and is 16.2%.Thedifference in the efficiencyofmineralizers
is not as pronounced as at 1300 °C. In this case, the highest brightness coefficient
(Fig. 1b) is observed in composition N 1 (BC = 85.5%), and the smallest is observed
in composition N 2 (BC = 79.5%). Free calcium oxide is a white crystalline substance,
so a high content of it in clinker will increase the brightness coefficient. Therefore it is
necessary to compare samples with comparable free calcium oxide content.

At a firing temperature of 1400 °C, for compositions N 2–N 6, the content of free
calcium oxide is almost at the same level as the control composition N 1 (CaOfree =
15.4%). For example, N 5—15.7%; N 6—15.9%. Therefore, at a given temperature, the
difference in the efficiency of various types of mineralizers is minimal.

At the same time, the brightness coefficient of the clinker (Fig. 1b) whenmineralizers
are introduced (compositions N 3–N 6) is almost identical to the brightness coefficient
of the control sample N 1 (BC = 78.5%). Entering Na2CO3 (composition N 2) reduces
the brightness coefficient of the clinker (BC = 77%).

With the introduction of mineralizers in a separate way, an increase in the
effectiveness of the action of mineralizers occurs (Fig. 2a).

a b

Fig. 2 The effect of separate input of mineralizers on a the content of free calcium oxide; b
clinker brightness coefficient; N 1—control composition without additives; N 7—1.5% CaF2;
N 8—1.615% NaF; N 9—3.5% Na2O + 1.5% CaF2; N 10—3.5% Na2O + 1.615% NaF

At a temperature of 1300 °C, the lowest content of free calcium oxide is observed
in composition N 9 and is 11.1%. Differences in the efficiency of mineralizers are
pronounced.

At a temperature of 1350 °C, the lowest content of free calcium oxide is observed
in composition N 10 and is 7.4%. Differences in the efficiency of mineralizers are
pronounced.

Therefore, at a firing temperature of 1300–1350 °C, the separate input of the min-
eralizer (compositions N 7–N 10) causes a more complete assimilation of free calcium
oxide than at 1400 °C in similar samples with the traditional input of the mineralizer (N
3–N 6). For example, in composition N 5, the content of free calcium oxide at 1400 °C
is 15.7%, and in composition N 9 at 1300 °C, it is 11.1%.



340 D. A. Mishin et al.

The lowest content of free calcium oxide at 1400 °C is observed in the composition
of N 9 (CaOfree = 5.2%), while in the control sample it is 15.4%.

At a firing temperature of 1400 °C, the maximum brightness coefficient (Fig. 2b) of
the clinker (BC= 79%) is observed for composition N 10 at CaOfree = 6.9% compared
to the control sample N 1 (BC = 79%) at CaOfree = 15.4%. From this we can conclude
that with an equal degree of assimilation of free calcium oxide, clinker with the use of
a separate input of the mineralizer will have a higher clinker brightness coefficient.

4 Conclusion

The presence of circulation and accumulation of alkali metal salts during the firing of
white clinker leads to a decrease in its whiteness.

With the traditional input of mineralizers in the production of white cement, they are
characterized by low efficiency.

Entering mineralizers in a separate way increases the intensifying ability of
mineralizers.

Clinker with the use of a separate mineralizer input has a higher clinker brightness
coefficient.

The greatest efficiency was shown by separate injection of calcium fluoride under
conditions of circulation and accumulation of alkali metal salts.
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The Influence of Electric Current on the Water
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Abstract. With the constant development of the cement industry, the require-
ments for quality indicators of the produced Portland cement are being tightened,
which creates some difficulties in cement production. But at the same time, these
requirements have a positive impact on the construction industry. One of such
indicators of quality is the water separation of cements. It is believed that the
process of water separation is influenced by many factors, such as: the presence of
active mineral additives, surface-active substances, the specific surface of cement,
the chemical activity of tricalcium aluminate, clinker and the type of gypsum.
In the construction industry, there is a practice of using electricity to heat con-
crete during the winter period of concrete work. In this case, both reduced (down
to 100 V) and increased (up to 400 V) voltages are used. Also, the main effect
leading to an increase in the strength of concrete is hardening at elevated tempera-
tures. The process of water separation is strongly influenced by the sedimentation
stability of the cement slurry. And the sedimentation stability is affected by the
ζ-potential of the particles. By itself, the ζ-potential has an electrical nature, so it
must be influenced by an electric current. This fact should lead to a change inwater
separation. However, the effect of low voltage electric current on the processes
of hydration and water separation has not been studied. Therefore, the purpose
of the scientific work is to study the effect of an electric current with a voltage
of 1.5 V on the process of water separation of cements. In this work, the effect
of an electric current of 1.5 V on the water separation of cements from various
manufacturers was studied using 5 different arrangements of positive and nega-
tive electrodes in a cylinder with cement mortar. A salt battery (manganese-zinc)
was selected as a power source. It has been established that a low-voltage direct
electric current equal to 1.5 V affects the process of water separation. The greatest
impact was made on factory cements CJSC «Maltsovsky Portland cement» CEM
I 42.5N and CJSC «Oskolcement» CEM I 42.5N. For cement CJSC «Maltsovsky
Portland cement» CEM I 42.5N, a direct electric current with a voltage of 1.5 V
reduces water separation by 86%, and for CJSC «Oskolcement» CEM I 42.5N
water separation increases by 327%.

Keywords: Portland cement · Water separating · Electric current · Tricalcium
aluminate · Gypsum dehydrate · ζ-potential · Sediment stability · Slag
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1 Introduction

Water separation is one of the important indicators of cement quality. This phenomenon
is a form of segregation in which some of the water in the mixture tends to rise to the
surface of the freshly placed concrete. The high value of water separation prevents the
production of a homogeneous product and the adhesion of cement hardening in concrete
with aggregate, which leads to a decrease in the strength of the concrete product, frost
resistance and a decrease in the corrosion resistance of concrete. It is believed that the
process of water separation is influenced by many factors, such as: the presence of
active mineral additives, surfactants, the specific surface area of cement, the chemical
activity of tricalcium aluminate, clinker, and the type of gypsum [1–11]. These factors
change the ζ-potential of cement particles. A change in the ζ-potential changes the
sedimentation stability of the cement suspension in water. It should be noted that the
rate of the ettringite formation reaction has the main effect on water separation [5, 12].
And the rate of formation of ettringite is probably affected by a change in the specific
surface area, the use of surface-active substances and active hydraulic additives.

During hydration processes, the formation of ettringite proceeds through the dissolu-
tion of gypsum inwater and the diffusion of ions to particles of tricalcium aluminate [13].
It is possible to influence the rate of diffusion in aqueous solutions and, consequently,
to control the rate of formation of ettringite by using an electric current.

In the construction industry, there is a practice of using electricity towarmup concrete
in winter concreting. In this case, reduced (down to 100 V) and increased (up to 400 V)
voltages are used [14–17]. When an electric current passes through the laid concrete, it
heats up. Therefore, many authors believe that the main effect that increases the strength
of concrete is hardening at elevated temperatures. Other effects have been little studied.
Due to the fact that the use of high voltages is expensive, it was decided to study the
effect of low voltage currents (≈ 1.5 V) on the water separation process.

Therefore, the purpose of the scientific work is to study the effect of an electric
current with a voltage of 1.5 V on the process of water separation of cements.

2 Materials and Methods

To determine the effect of electric current on the water separation process, cements from
various manufacturers were used (Table 1). Diagrams for connecting electric current to
cementmortar when determiningwater separation are shown in Fig. 1. In the installation,
positive graphite electrodes from salt batteries were used. The electrodes are connected
by a PuGV 1 × 0.75 wire to a regulated DC power supply MCH K3010DW with an
output voltage of 0–30 V (adjustable) and an output current of 0–10 A (adjustable).

The method for determining the water separation of cements is carried out in
accordance with GOST 310.6-2020.
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Table 1 List of cements used in the study of the effect of electric current on the process of water
separation

№ Cement Manufacturer

1 PC 500 D0 JSC «Belarusian Cement Plant»

2 PC 500 D0 JSC «Krichevcementnoslate

3 CEM I 42.5N JSC «Krichevcementnoslate»

4 CEM I 42.5N CJSC «Maltsovsky Portland cement»

5 CEM CEM I 42.5N CJSC «Oskolcement»

6 PC 500 D0 JSC «HeidelbergCement Volga»

7 CEM II/A–X 32.5B CJSC «Belgorod cement»

8 CEM III/A–X 32.5B CJSC «Belgorod cement»

9 CEM I 42.5N JSC «Novoroscement»
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a) Scheme 1

h cylinder = 380 mm

b) Scheme 2

h cylinder = 380 mm

c) Scheme 3 d) Scheme 4

e) Scheme 5

Fig. 1 Schemes for connecting electric current to cement mortar when determining the water
separation of cements: scheme 1 (a), scheme 2 (b), scheme 3 (c), scheme 4 (d), scheme 5 (e)
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3 Results and Discussion

To study the effect of electric current on the water separation of cements, a number of
experiments were carried out. For each of 9 cements from different manufacturers (Table
1), water separation was determined without the action of an electric current and under
the influence of an electric current with a voltage of 1.5 V using 5 different arrangements
of positive and negative electrodes in a cylinder with cement mortar (Fig. 1). The results
are presented in Table 2.

Table 2 Influence of 1.5 V electric current on water separation of cements from different
manufacturers

№ Cements Water separation under the action of electric current voltage
1.5 V (%)

Water
separation
without
electric
current
(%)

Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5

1 JSC «Belarusian cement
plant»
PC 500 D0

– 10.9 13.9 9.2 9.3 11.6

2 JSC
«Krichevcementnoslate»
PC 500 D0

15.8 17.9 18.2 16.1 17.1 19.0

3 JSC
«Krichevcementnoslate»
CEM I 42.5N

19.6 19.1 17.9 18.8 18.3 20.3

4 CJSC «Maltsovsky
Portland cement»
CEM I 42.5N

3.4 3.4 3.0 3.2 3.0 22.0

5 CJSC « Oskolcement»
CEM I 42.5N

21.1 20.9 22.8 23.7 22.8 4.9

6 JSC «Heidelberg Cement
Volga»
PC 500 D0

20.7 21.3 21.5 21.1 21.2 19.2

7 CJSC «Belgorod
cement»
CEM II/A–SH 32.5B

23.7 24.5 24.7 24.8 19.2 24.5

8 CJSC «Belgorod
cement»
CEM III/A–SH 32.5B

19.6 20.9 21.8 20.0 20.1 21.0

9 JSC «Novoroscement»
CEM I 42.5N

27.1 26.6 27.7 26.7 25.9 27.1

According to the data obtained (Table 2), it was noted that an electric current with a
voltageof 1.5V inmost cases helps to reduce thewater separationof various cements, but,
for example, in CJSC Oskolcement CEM I 42.5N and JSC HeidelbergCement Volga PC
500 D0 water separation, on the contrary, it increased. Of the 9 different manufacturers,
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it is worth noting the cements of CJSC “Maltsovsky Portlandcement” CEM I 42.5N and
CJSC “Oskolcement” CEM I 42.5N. If at CJSC “Maltsovsky Portlandcement” CEM I
42.5N an electric current with a voltage of 1.5 V significantly reduces water separation
by 86%, then at CJSC “Oskolcement” CEM I 42.5N, on the contrary, it contributes to
its increase by 327%.

These indicators confirm the ability of electric current to regulate thewater separation
of cement.

Also during the experiment, it was found that in the cements of CJSC «Belgorod
cement» CEM II/A–SH 32.5B and CJSC «Belgorod cement» CEM III/A–SH 32.5B,
water separation decreases with increasing wt.% of slag in cement, and the electric
current actually does not affect this process (Fig. 2).

Fig. 2 Graph comparing the results of water separation of cements with slag

This fact is due to the fact that slag is more difficult to grind than clinker. Because
of this, the cement component will be greatly over-grinded. The sedimentation stability
of the entire system is determined by the particle size. Due to the over-grinded cement
part, there is an increase in the stability of the system. On such a system, the effect of
electric current will be negligible.

4 Conclusion

As a result of the data obtained, it can be argued that the low-voltage direct current equal
to 1.5 V can regulate the process of water separation.

The greatest impact was made on factory cements CJSC «Maltsovsky Portland
cement» CEM I 42.5N and CJSC «Oskolcement» CEM I 42.5N. For cement CJSC
«Maltsovsky Portland cement» CEM I 42.5N, a constant electric current with a voltage
of 1.5 V reduces water separation by 86%, and for CJSC «Oskolcement» CEM I 42.5N
it increases by 327%.
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Abstract. Westudied the change in elastic-strength parameters of polymers based
on epoxy resin Etal-247 and hardeners Etal-45M, Etal-1472, Etal-45TZ2 depend-
ing on the intensity of the cyclic tensile load (soft loading mode). The cycling
levels were 40, 60 and 80% of the sample tensile strength without pre-cycling. We
found that the tensile strength and relative elongation after cycling and subsequent
stage of destruction for all levels of cyclic exposure vary in fairly narrow ranges.
We revealed that for samples after pre-cycling, the strength characteristics are
slightly higher compared to similar indicators without cyclic exposure, which is
typical for cyclically hardeningmaterials.We offer an algorithm for estimating the
effect of cyclic loads on the kinetics of failure accumulation in polymeric materi-
als. We studied the effect of cyclic loading level on the kinetics and the specific
index of failure accumulation in samples of epoxy polymers. It is shown that a
decrease in the level of tensile cyclic stresses from 80 to 40% with a simultaneous
increase in the number of loading cycles (to achieve one level of loading) leads
to an in-creased total failure rate, by 1.4–1.9 times on average. Stability of the
specific index recorded at the stage of breaking and significantly lower values of
the total number of accumulated failures of the Etal-247/Etal-1472 composition
indicate the greatest prospects for the use of this polymer subjected to cyclic loads.

Keywords: Epoxy polymers · Failure accumulation · Low cycle fatigue ·
Hysteresis losses · Cyclically hardening materials

1 Introduction

Various polymer materials are currently widely used in the construction industry. Mod-
ern technologies make it possible to make materials with increased performance char-
acteristics in combination with a lower cost, material consumption and labor intensity
of the production process. The introduction of new building materials requires devel-
oping research on the laws of the destruction process and increasing the reliability of
forecasting the polymer material durability.

One of the most important operational properties of materials is dynamic fatigue—
gradual accumulation of micro-failures in the material subjected to repeatedly variable
stresses (or deformations), leading to a change in its structure and properties, formation
and development of cracks, and subsequent destruction [1]. According to the results of
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studies [2–4], the strength indicators of polymer composite materials when tested for
dynamic fatigue differ significantly from similar indicators determined when exposed to
static loads. Under the variable loads, both hardening and softening processes can occur,
associated with compaction or loosening of the polymer structure as a result of repacking
macromolecules, formation and redistribution of residual microstresses, changes in the
structure due to various mechanochemical processes [5].

The nature of fatigue failure depends on the level of stresses [6]. Thus, at maximum
cycle stresses less than the elastic limit, thematerial is deformed elastically, however, due
to the complex multicomponent structure of materials, alternating microplastic defor-
mation occurs in individual weak grains, which multiple repetition leads to the origin of
microscopic cracks, their development, fusion into a main crack and final destruction of
the part (multi-cycle fatigue). In cases where the maximum stresses of the cycle exceed
the elastic limit, plastic deformations occur in much greater volumes of the material
(compared to the size of the structural elements), accumulating, they reach the limit
value, which, as a consequence, leads to the sample destruction (low-cycle fatigue).

This paper determines the dependence of elastic-strength characteristics of epoxy
polymers, determining the change in the total failure rate, the achievement of which
leads to the destruction of samples, depending on the level and number of cycles of
tensile stresses, as well as the type of polymer under study.

2 Methods and Materials

The object of the study were samples of polymer material based on epoxy resin Etal-247
(TU 2257-200-18826195-02 ed.1) and hardeners Etal-45M (TU 2257-045-18826195-
01), Etal-1472 (TU 2257-1472-18826195-04), Etal-45TZ2 (TU 2257-045-18826195-
01). Dumbbell samples were tested in accordance with GOST R 57143-2016 “Polymer
composites. Method of fatigue testing under cyclic tension” subjected to mild cyclic
amplitude loading. The target cycling levels are 40, 60 and 80% of the sample tensile
strength without pre-cycling. Stress levels were rounded to a multiple of 5 MPa in order
to compare the results obtained for different compositions of polymer materials tested
in parallel. The number of cycles for the cyclic impact levels of 40 and 60% is calculated
based on the value of the total loading work equivalent to 5 cycles of tensile load for the
80% level (Table 1).

Table 1 Cyclic load levels in MPa adopted to achieve the same level of operation at different
loading amplitudes

Cyclic load level (%) Loading level (number of cycles) depending on the epoxy
polymer hardener, MPa (pcs.)

Etal-45M Etal-1472 Etal-45TZ2

40 10 (25) 20 (27) 15 (20)

60 15 (10) 30 (11) 20 (10)

80 20 (5) 40 (5) 25 (5)
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Movement speed of the clamps of AGS-X series tensile testing machine with the
TRAPEZIUMXsoftwarewas 2mm/min, reading frequencywas 0.01 s. Test temperature
was 23± 2 °C and relative air humidity was 50± 5%. At least 5 samples were tested at
each cyclic load level.

The study used an approach based on the of fractal analysis methods of time series
recorded with a high frequency of taking readings (0.01 s.) to assess the failure accu-
mulation kinetics under the action of tensile loads, the expediency of which was proved
earlier [7–10]. For calculations, we used a software package in Python (Certificate of
registration of the computer software No. 2022612647 “Calculation of local and integral
fractal indices of deformation curves of polymer materials samples”).

3 Results and Discussion

When processing the data of studying the dependences of elastic-strength characteristics
on the level and number of cycles of tensile stresses, as well as the type of polymer
under study, it was found that the tensile strength and elongation after cycling and the
subsequent stage of destruction for all levels of cyclic action on samples of polymer
materials vary in fairly narrow intervals (Fig. 1). Therefore, for a polymer based on
epoxy resin Etal-247 and hardener Etal-45M, the tensile strength after cyclic exposure
to various levels is in the range from 30 to 33 MPa, for Etal-1472—54.5–55.8 MPa, for
Etal-45TZ2—31.6–32.7 MPa. The range of variation of relative elongation at tension
does not exceed 0.6% (Fig. 1b). This stability of elastic-strength characteristics of the
polymer materials under study at different scales of cyclic loading is obviously due to
the fact that the calculated total loading work for all deformation cycles was taken as a
constant in the study.

Fig. 1 Dependence of the tensile strength (a) and relative elongation (b) at tension on the cyclic
loading level with the corresponding number of cycles (horizontal dashed lines show the levels of
properties registered for samples tested without the cyclic exposure)
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For samples without pre-cycling, the strength characteristics (see horizontal dashed
lines in Fig. 1a are slightly lower compared to similar indicators after cyclic expo-
sure. The tensile strength for polymer Etal-247/Etal-45M is lower by 14–25%, Etal-
247/Etal-1472—5–7%, Etal-247/Etal-45TZ2—6–15%; elongation at tension for the
above compositions—respectively, by 12–19, 13–28 and 10–15%.

Materials experiencing variable loads during operation, depending on the structural
condition, loading conditions and operating temperature, can either harden (the width of
the hysteresis loop decreases with soft loading, with hard loading—the stress increases
with increasing number of cycles), or soften (with soft loading, thewidth of the hysteresis
loop increases with increasing number of loading cycles, and under severe loading, an
increase in the number of loading cycles is accompanied by a drop in tension in cycles),
or remain stable, demonstrating the constancy of deformation parameters (the width of
the hysteresis loop or tension in cycles) throughout the entire service life [6, 11].

Figure 2 shows graphical dependences of hysteresis losses under cyclic loading for
40 (a), 60 (b) and 80% (c) of the applied load on the tensile strength without pre-cycling.
It is established that at all levels of cyclic deformation, samples of polymer materials
show a decrease in hysteresis losses from cycle to cycle, which indicates the material
hardening (within the selected number of cycles). The cyclic hardening process has a
damped asymptotic character and practically stops after the first 10–20 (depending on
the material) loading cycles.

Figure 3 shows graphical dependences of changes in the accumulated failure rate
and specific indicators of polymers based on epoxy resin Etal-247 cured by Etal-1472,
calculated only for the failure stage, as well as jointly for all loading stages. For compo-
sitions Etal-247/Etal-45M and Etal-247/Etal-45TZ2, these dependencies are of a similar
nature; quantitative indicators for all compositions are given in Table 2.

We found that the failure stage (taking into account the previous cyclic loads at
the 80% level of mechanical exposure) corresponds to the accumulation of defective
elements in the polymer structure, amounting to 16.1–18.4% of their total number. A
decrease in the level of tensile cyclic stresses from 80 to 40% with a simultaneous
increase in the number of loading cycles (to achieve one level of loading operation)
leads to an increase in the total failure rate (ω), on average, by 1.6 times when using the
Etal-1472 hardener, by 1.9 times for Etal-45M, and by 1.4 times for Etal-45TZ2. At the
same time, the accumulated failure rate only for the destruction stage (ωdest.) varies in
a fairly narrow range—4.5–5.4% for Etal-1472, 5.0–5.8% for Etal-45 M, and 4.3–5.3%
for Etal-45TZ2. This additionally confirms the sufficiently high stability of the studied
polymers under low-cycle loading.

To assess the effect of the tensile load intensity, we compared total failure rate
accumulated over the first 5 cycles (Table 2). We found a monotonous increase in this
indicator for all the studied polymers with an increase in the applied tension level from
40 to 80%, which, regardless of the composition, is about 240%. When comparing the
total number of failures accumulated during the first 5 cycles of mechanical action of
the same level (20 MPa), we found an increase in this indicator in a number of poly-
mers cured by Etal-1472, Etal-45TZ2 and Etal-45M, from 5.3 to 10.6%. Significantly
lower values of the total number of accumulated failures, as well as the specific index
stability recorded at the stage of destruction of the polymer based on Etal-247/Etal-1472
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Fig. 2 The change in the values of hysteresis losses depending on the sequence number of cyclic
loading at the level of 40 (a), 60 (b) and 80% (c) of the tensile strength without prior cycling of
samples of polymer materials based on epoxy resin Etal-247 and hardeners Etal-45M, Etal-1472,
Etal-45TZ2

Fig. 3 The change in the accumulated failure rate (a) and specific index (b) of the polymer based
on epoxy resin Etal-247 cured by Etal-1472, VS the cyclic loading level

(θdest. = 0.08− 0.10%/MPa), indicate the greatest prospects for the use of this polymer
under cyclic loads.
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Table 2 The change in the average accumulated failure rate and the average specific index of
polymers based on epoxy resin Etal-247 cured by Etal-45M, Etal-1472, Etal-45TZ2 VS the cyclic
loading level

Grade of hardener Cyclic loading level, MPa
(number of cycles)

Accumulated failuresa, % Specific
indexb,
%/MPa

m∑

1
ωi

5∑

1
ωi ωdest. ω θdest. θ

45 M 0 – – 5.8 – 0.22 –

10 (25) 25.5 4.5 5.0 30.5 0.16 0.98

15 (10) 14.3 7.3 5.0 19.3 0.17 0.64

20 (5) 10.6 10.6 5.4 16.1 0.16 0.49

1472 0 – – 5.4 – 0.10 –

20 (27) 24.6 5.3 4.5 29.1 0.08 0.54

30 (11) 18.0 8.2 4.7 22.7 0.09 0.41

40 (5) 12.5 12.5 5.4 17.9 0.10 0.32

45TZ2 0 – – 5.3 – 0.18 –

15 (20) 21.7 5.5 4.3 25.9 0.12 0.75

20 (10) 19.2 9.8 4.6 23.8 0.15 0.79

25 (5) 13.5 13.5 4.9 18.4 0.16 0.58
athe average total number of failures in a series of samples:

∑m
1 ωi—when exposed only to cyclic

loads;
∑5

1 ωi—when exposed to 5 loading cycles; ωdest.—when exposed to a destructive load;
ω—accumulated throughout the sample testing
bspecific index, defined as the ratio of the total share of accumulated failure to the ultimate strength
of a polymermaterial sample: θdest.—onlywhen analyzing the stage of failure; θ—when analyzing
of the whole loading history (cyclic impacts and failure stage)

4 Conclusion

The proposed approach for assessing the kinetics of failure accumulation in polymer
materials samples under cyclic loads and subsequent destruction stage allows us to
separate the loading stages by calculating the accumulated number of failures for each
loading cycle and for the destruction stage. The proposed criteria for evaluating the
behavior of polymers under mechanical loads (accumulated failure rate and specific
index) make it possible to describe the behavior of polymer material samples regardless
of loading conditions. It is also advisable to use this approach to assess the durability of
materials in various conditions of aggressive exposure.

The studies on the analysis of the effect of cyclic loading mode on the change in the
physical and mechanical parameters of polymers based on epoxy resin Etal-247 cured
by Etal-45M, Etal-1472 and Etal-45TZ2, demonstrates the greatest prospects for the use
of Etal-247/Etal-1472 polymer.
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Abstract. Due to a complex chemical composition and microstructure of many
functional materials the problem of optimizing their parameters for applied pur-
poses is associated with determining of charge carrier transport mechanisms.
To modify the properties of CaSO4 · 0.5H2O we prepared composite sam-
ples: (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05 and (CaSO4 · 0.5H2O)0.90–
(FeSO4 · 7H2O)0.10. In a dry atmosphere all studied samples also had a spe-
cific conductivity of about 10–9 S cm–1. It has been established that with an
increase in relative humidity (RH) of the environment the specific conduc-
tivity increases according to a power law up to 10–7 S cm–1. The measure-
ments were carrying out at a constant temperature of 28 °C and RH range
of 35–90%. To study a proton conductivity of studied compounds a method
of impedance spectroscopy was using. Conductivity was measuring in the fre-
quency range 20 Hz–5MHz. In (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05 sam-
ples and (CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 at above 40% RH gran-
ular conductivity was observed, an additional linear section was observed in
(CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 samples which is responsible for
the conductivity along grain boundaries.

Keywords: Electrical conductivity · Citrogypsum · RH granular conductivity ·
Grain boundaries · Ferroelectric

1 Introduction

Recently, a role of functionalmaterials has increased in technology and especially in elec-
tronics [1, 2]. The physical and chemical properties of functional materials are sensitive
to external influences such as temperature, electric field, magnetic field, pressure, humid-
ity, pH value, optical radiation wavelength, adsorbed gas molecules [3, 4]. Functional
materials cover a wide range of organic and inorganic materials such as ferroelectric
BaTiO3, magnetic field sensor La1–xCaxMnO3, surface acoustic wave sensor LiNbO3,
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semiconductor light detectors CdS, CdTe, high temperature piezoelectric Ta2O5, fast
ion conductor Y2(SnxTi1–x)2O7, high temperature superconductors, etc. The need of the
industry stimulates fundamental and applied research aimed at creating new solid-state
functional materials, studying their structure and physical properties. Due to a complex
chemical composition and microstructure of many functional materials the problem of
optimizing their parameters for applied purposes is also associated with the determina-
tion of the mechanisms of charge carrier transfer and the study of ion transport processes
in solids. This, in turn, led to the discovery of new objects with ionic conductivity. These
materials, called ionic conductors, have begun to be actively used in a variety of devices
used in electronics and energy. For example, all solid oxide fuel cells, lithium-ion bat-
teries, gas discharge membrane sensors, etc., contain solid crystalline or polymer ion
conductors and are never used in single crystal form. It is necessary to understand the
features of ion transport in these systems. Even greater relevance to this problem is given
by the use of common natural materials as functional materials and materials accumu-
lated in the form of industrial waste, which are a by-product of technological processes.
Calcium sulfate dihydrate (CaSO4 · 2H2O) is a waste product of the production of food
citric acid, called citrogypsum [5]. This by-product cannot be used directly due to its
physical properties [6, 7]. This research aims to modify the properties of citrogypsum
and find new applications.

2 Materials and Methods

The object of the study was the waste of biochemical production of citric acid—citr-
ogypsum (Belgorod, Russia). Its physicochemical properties are described in detail in
[8]. Calcium sulfate dihydrate (CaSO4 · 2H2O) as a result of anhydration at 200 °C for
1 h, first transferred to anhydrous gypsum (CaSO4). Then, as a result of exposure of
anhydrous gypsum in the open air in order to gain moisture from atmospheric air for
24 h, semi-aqueous gypsum was obtained (CaSO4 · 0.5H2O).

In order to modify the properties of CaSO4 · 0.5H2Owe prepared composite samples
of citrogypsum: (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05 and (CaSO4 · 0.5H2O)0.90–
(FeSO4 · 7H2O)0.10. Iron sulfate was used as an alloying element (FeSO4 · 7H2O).
From CaSO4 · 0.5H2O and FeSO4 · 7H2O stoichiometric samples were prepared using
analytical balance LV 210-Awith an accuracy of 0.0001 g. Ferrous sulfate was dissolved
in water and citrogypsum was added to the resulting solution. The resulting mixture was
pressed under a pressure of 22 MPa. After drying in air at room temperature for 2 h,
samples were cut out in a parallelepiped form 9.2 × 7.2 × 2.2 mm3 in size. Silver was
deposited on large faces by magnetron sputtering using a BH-2000 setup. Contacts for
research were fixed by silver-containing glue.

To study a proton conductivity of the studied compounds the method of impedance
spectroscopy was using. The conductivity was measuring using RLC meter AM-3026
AKTAKOM in the frequency range of 20 Hz–5 MHz at an alternating signal amplitude
of 1 V without DC polarization. The measurements were carrying out at a constant
temperature of 28 °C and a RH range of 35 to 90%. RH and temperature were measured
using AOSONG DHT11 sensor.
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3 Results and Discussions

Figure 1 shows the electrical conductivity values of three compositions: semi-
aqueous citrogypsum (CaSO4 · 0.5H2O) and composite samples with the addition of
iron sulfate (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05 and (CaSO4 · 0.5H2O)0.90–
(FeSO4 · 7H2O)0.10 depending from RH in the range of 35–90% at a temperature of
28 °C.

Fig. 1 Dependences of electrical conductivity of CaSO4 · 0.5H2O, (CaSO4 · 0.5H2O)0.95–
(FeSO4 · 7H2O)0.05 and (CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 on RH at 28 °C

At 35% RH all studied samples have a conductivity of about 10–9 S cm–1. With an
increase in the RH of the environment the specific conductivity increases according to
a power law up to 10–7 S cm–1. The dependence of electrical conductivity for all three
samples has three linear segments that satisfy the equation:

log10 s = a × RH + b. (1)

The coefficients a and b were determined from the linear plots of the log10σ (RH)
dependence and are shown in Table 1.

The proton conductivity of the studied samples was determined from the analysis of
the impedance hodographs at 35, 40, 50, 60, 70, 80% RH. We further mean the Faraday
impedance and its dependence on the frequency of the alternating current [9]. For all
samples at 35% RH the impedance hodograph is a system of straight lines. A typical
citrogypsum impedance hodograph is shown in Fig. 2.

The citrogypsum impedance hodograph with increasing humidity remains
unchanged. However, for doped samples: (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05
at RH 40, 50, 60, 70, 80% and for (CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 at 40,
50, 60, 70% RH impedance hodograph is a semicircle. A typical hodograph for doped
samples is shown in Fig. 3.
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Table 1 The values of the coefficients a and b from the Eq. (1)

Sample a b RH (%)

(CaSO4 · 0.5H2O) 0.1013 ± 0.0055 – 12.77 ± 0.22 35–46

0.0338 ± 0.0018 – 9.55 ± 0.09 47–57

0.0228 ± 0.0006 – 8.73 ± 0.05 58–90

(CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05 0.0386 ± 0.0025 – 10.07 ± 0.10 35–46

0.0175 ± 0.0013 – 9.11 ± 0.06 47–57

0.0266 ± 0.0011 – 9.48 ± 0.08 58–90

(CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 0.0633 ± 0.0058 – 11.16 ± 0.23 35–46

0.0317 ± 0.0020 – 9.76 ± 0.11 47–57

0.0403 ± 0.0011 – 10.10 ± 0.08 58–90

Fig. 2 Typical impedance hodograph CaSO4 · 0.5H2O at RH = 35% and T = 28 °C

An electrochemical circuit can be described by constructing an electrical equivalent
circuit from the simplest elements: resistors and capacitor [8]. According to this model
representation the impedance hodograph (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05
(Fig. 3) will correspond to a parallel connection of resistors and capacitor (Fig. 4) [8].

When the elements of the electrical circuit are connected in parallel, their conductivi-
ties add up. Therefore,with a known resistance of a resistor and capacitance of a capacitor
for the circuit shown in Fig. 4, the reciprocals of the active and reactive resistances are
added.
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Fig. 3 Impedance hodograph (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05 at RH = 60% and T
= 28 °C

Fig. 4 Impedance for parallel connection of resistors and capacitor [2], axes: Z ′ and Z ′′—active
and reactive resistance, respectively

The semicircle in Figs. 3 and 4 indicates ionic conductivity and corresponds to the
grain boundary impedance [9] which makes it possible to calculate the capacitance of
samples indicated in Table 2.

The right boundary of the semicircle of the impedance hodograph, a typical graph of
which is shown in Fig. 3, shifts to the right with increasing RH. This suggests that with
increasing RH in the samples the active resistance increases because based on Table 2
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Table 2 Capacity of samples of citrogypsum doped with iron sulfate

RH
(%)

C (nF)

(CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05 (CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10

40 0.114 0.117

50 0.112 0.103

60 0.108 0.102

70 0.106 0.093

80 0.110 0.109

the capacitance value remains almost constant and does not depend on humidity for both
formulations.

For the sample (CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 at 80%RH the impedance
hodograph is shown in Fig. 5.

Fig. 5 Impedance hodograph of (CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 at RH = 80% and
T = 28 °C

The impedance hodograph is a semicircle corresponding to the grain conductivity
and a linear segment responsible for the conductivity along grain boundaries [10].

4 Conclusions

Citrogypsum is a material obtained as waste in industrial processes for a production of
citric acid and waste disposal is an important environmental issue. In order to expand the
field of application of semi-aqueous gypsum (CaSO4 · 0.5H2O) an attempt was made
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to optimize its parameters for applied purposes and study the mechanisms of charge
carrier transfer. In order to modify its properties iron sulfate was used as an alloying
element. Composite samples were obtained: (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05
and (CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10. It was found that at 35% RH all the
studied samples had a conductivity of the order of 10–9 S·cm–1. With an increase in
RH of the environment above 40% the conductivity increased according to a power
law up to 10–7 S·cm–1. In samples (CaSO4 · 0.5H2O)0.95–(FeSO4 · 7H2O)0.05 and
(CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 granular conductivity was observed at RH
above 40%, in the sample (CaSO4 · 0.5H2O)0.90–(FeSO4 · 7H2O)0.10 at above 80% RH
is an additional linear region responsible for the conductivity along grain boundaries.
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Abstract. The article presents the results of experimental studies of shear defor-
mation on the process of grinding materials. The following values are taken as the
investigated values: molding pressure, the angle of force exertion, the value of the
weighted average size of the crushed particles and the pressing layer. As a result
of mathematical planning of the experiment, regression equations were obtained
and graphical dependences of the influence of the studied factors on the degree of
material grinding and their final density were constructed. Organogenic limestone
and clinker with an isotropic texture are the studied materials. The conducted
studies allowed us to find out the range of rational values of the pressure value
when grinding materials with different textures and physico-mechanical proper-
ties. The range within the limits for organogenic limestone is P = 75–150 MPa,
and for clinker P = 150–225 MPa. The magnitude of shear deformations affects
the degree of grinding. It is established that with an increase in the angle of appli-
cation of force and shear deformations up to 45°, the degree of grinding of the
studied materials increases.

Keywords: Building material · Shear deformation · Grinding process ·
Mechanism of destruction

1 Introduction

Rocks used as raw materials in the production of various building materials are natural
compounds formed in various geological, cosmochemical, sedimentary and other pro-
cesses. These rocks include energy reserves thatwill enable to significantly reduce energy
consumption. In our opinion, materials with anisotropic texture have huge reserves for
energy saving.

In order to obtain the cement, millions of tons of clinker should be grinded. Its
isotropic texture is formed in the decarburization zone of the furnace due to high tem-
peratures followed by abrupt cooling [1, 2]. Scientists [3–5] from various countries
are researching various technologies and equipment for grinding materials in order to
improve the efficiency of raw material processing. Many scientists both in our country
and abroad were engaged in energy saving issues when grinding materials, these are:
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Gridchin A., Sopin M., Alferov V., Pustovoy K., Romanovich A., Amini E., Redkin G.
M., Kolesnikov A. V., D. Elmo and others [6–11], who created modern ideas about the
theory of destruction of brittle materials.

The provision of directionalmovement ofmaterials to theworking bodies of crushing
equipment was applicable only for materials with anisotropic shale texture [12, 13].
However, this technique does not work with materials with anisotropic texture, such as
rocks which received defects during their primary processing and semi-finished products
because of these defects in a chaotic order.

In our opinion, the volume-shear deformation during grinding materials with an
isotropic defective texture by pressure between the working bodies of roller will provide
destruction in the direction of the cracks formed and thereby reduce the specific energy
consumption. This can be ensured, since the force action in the units is carried out from
the moment of capture by the working bodies until complete destruction. However,
the process of volumetric shear destruction is influenced by a number of factors: the
magnitude of the grinding force, the direction of shear deformation, the initial volume
and size of pieces.

As a result, we conducted research to study the cumulative effect of these factors on
the efficiency of the destruction process of materials with different textures and physical
and mechanical characteristics [14–16].

2 Methods and Materials

The crushing process of materials and density after the particles deformation are signifi-
cantly influenced by: the value of the extrusion pressure P, the angle of force action α, the
weighted average size of the source material davg. and the thickness of its layer during
the grinding of Hbase [2, 17]. The degree of shredding and the compaction coefficient
were taken as output parameters.

The studies were carried out on a STU-50 hydraulic press with a measurement
accuracy of ± 1 MPa, the maximum pressing force was 50 · 104 · N. The studies were
carried out in a cylindrical mold with a punch diameter DN = 40 × 10−3 m, with
a different cut angle on both sides of its working surface, which made it possible to
change the direction of force application.

The degree of grinding of materials was determined by the following expression:

E =
(
1− davg.

Davg.

)
· 100% , (1)

where Davg., davg. are the weighted average size before and after the force exertion.
To study their cumulative effect on the output parameters of the process, themethodof

mathematical planning of the experiment according to the central composite orthogonal
plan of the CCOP-24 was applied.

The conducted studies enable to establish the levels and steps of variation of the
studied factors (Table 1).

After processing the results of experimental studies on a computer, equations were
obtained to determine the degree of grinding E and the compaction coefficient (2–5),
depending on the magnitude of the extrusion pressure P, the angle of application of
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Table 1 Levels of factor variation

Variation step The value of the variable parameters

− 1414 − 1 0 + 1 + 1414

P, MPa 80 37 70 150 230 263

α, degr. 15 8.8 15 30 45 49.2

davg., 10–3 m 3.2 1.8 3.1 6.3 9.5 10.8

Hbase, 10–3 m 10 20.9 25 35 45 49.1

force α, the weighted average size of the feedstock davg. and the initial height of the
compressible layer of Hbase, which took the form for clinker Ei, Kk and organogenic
limestone E2, K2:

Ei = 17.06− 3.54 P+ 048α + 1.736 · davg. − 0.1736 · Hbase

− 0.001P2 + 0.001 Pα + 0.006P · davg.+
+ 0.007α · davg. − 0.002α · Hbase − 0.012 · davg. · Hbase

+ 0.002 · H 2
base − 0.005α2 − 0.13d2

avg. (2)

Ek = 26.14+ 0.216P+ 0.574α + 5.5davg. + 0.9 · Hbase − 0.001P2+
+ 0.003P · davg. + 0.008αdavg. − 0.01 · davg. · Hbase

− 0.008α2 − 0.239d2
avg. − 0.007 · Hbase (3)

The study of the magnitude of the coefficients and their interaction in the regression
equations allows us to draw conclusions:

• The molding pressure has the greatest influence on the amount of crushing of clinker
and organogenic limestone, since the coefficient at P is the largest. The positive
sign at α, davg. indicates that the degree of grinding increases with increasing shear
deformations and the weighted average particle size of the source material.

• A small value of the coefficients with a minus sign, at the Hbase, indicates a slight
decrease in the degree of grinding with an increase in the initial layer of the crushed
product, which confirms the implementation of the self-grinding process in the mate-
rial layer. All interaction effects, with the exception of Hbase, increase the degree of
grinding of the studied materials [12, 13].

Kk = 1.38+ 0.007 P− 0.011 · davg. + 0.004α − 0.003Hbase − 1.5× 10−5P2+
+ 4.3× 10−5P · davg. − 7.6× 10−5α2 + 6.3× 10−5α · davg. − 2.1× 10−5Hbase

(4)

Ki = 2.63+ 0.004 P− 0.046 · davg. − 0.029 · Hbase + 5× 10−5 P · davg.

+ 8× 10−5α2 + 2.1× 10−5α · davg. + 1.3× 10−5αHbase − 5.6× 10−4H 2
base

− 1.4× 10−6 P2 − 8.5× 10−6 P · Hbase + 2.5 (5)



Improving the Quality of Building Materials Due… 367

3 Results and Discussion

The analysis of Eqs. (3–4) shows that an increase in any of the parameters P, α, davg.
causes and increase in the compaction coefficients, while an increase in the thickness of
the initial layer of particles of the Hbase negatively affects its growth. But the effect of
its interaction with α and P with a plus sign indicates that the compaction coefficient is
influenced by the values of shear deformation and molding pressure rather than the size
of the initial layer of the material. With an increase in shear deformation, the mobility
of the grains of the crushed material increases, this leads to their better packaging.

According to the obtained Eqs. (2)–(5), graphical dependencies were constructed
(Figs. 1, 2 and 3).

Fig. 1 Influence of the magnitude of shear deformation on the degree of fineness and compaction
coefficient: at (davg. = 6.3× 10–3 m,Nix. = 25× 10–3 m); 1—organogenic limestone, 2—clinker

The analysis of the graphical dependence E, Ki = f (α; P) for studied materials
shows that an increase in the molding pressure to 150 MPa for organogenic limestone
and up to 225MPa for clinker leads to an intensive increase in the degree of grinding and
compaction coefficient. A further rise in the pressing pressure up to 300 MPa leads to
a slight increase in output indicators. For example, an increase in the molding pressure
(Fig. 1a) from 37 to 150 MPa for organogenic limestone and up to 225 MPa for clinker
leads to an increase in the degree of grinding and, from Ei = 49.4% to Ei = 64.2% and
fromEavg. = 40.8% to 64.1%, i.e. by 14.7% and 13.2%, and their compaction coefficient
increases by 24% and 49%, respectively.
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Fig. 2 Effect of shear value and weighted average particle size on fineness and compaction factor:
(P = 150 MPa, Nix. = 35 × 10–3 m); 1—organogenic limestone, 2—clinker

A further increase in the extrusion pressure to P = 263 MPa entails a slight increase
in output parameters, so the density for organogenic limestone increased by 4%, and for
clinker by 5%. This concludes that the saturation threshold for organogenic limestone
occurs earlier than for clinker due to its lower strength. The rational values of the grinding
pressure during the grinding of these materials are equal: for limestone Ri = 150 MPa
and clinker Pk = 225 MPa, which indicates the effectiveness of their destruction.

With an increase in the angle of the punch cut from both sides from 0 to 45° (Fig. 1a–
c), and, consequently, shear deformation, at P = 150 MPa, the degree of grinding for
organogenic limestone and clinker increases from 64.2 to 70.6% and 58.7 to 68.6% by
10.0% and 16.8%, and the compaction coefficient increases from 2.1 to 2.2 and from
1.8 to 2.0, i.e. by 5% and 10%. This indicates the efficiency of using shear deformation
when grinding materials.

A further increase in the value of the punch cut angle from α = 45° to α = 49.1°
(Fig. 1d) does not raise output indicators for clinker and organogenic limestone. An
increase in the angle of the double-sided section of the punch, and the shear deformation
of the particles, in the range from 0 to 45 raises the efficiency of the grinding process,
which effectively develops defects obtained in production or mining of rocks and their
primary crushing.

The study of the dependence (E,Ky = f
(
α; davg.

)
(Fig. 2a) made it possible to find

out that an increase in the value of the angle of the two-sided cut of the punch α from
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Fig. 3 Influence of the magnitude of shear forces and the initial thickness of the material on
the degree of fineness and compaction coefficient: (P = 150 MPa, davg. = 1.8 × 10–3 m);
1—organogenic limestone, 2—clinker

8.8° to 45°, and, consequently, shear deformation, raises the degree of grinding and the
density of the materials. Thus, for the fraction (davg. = 1.8 × 10–3 m), the degree of
grinding increases for clinker from 44 to 52%, and for limestone from 47 to 53%.

With an increase in davg. ot 1.8× 10–3 to 10.8× 10–3 m, the degree of grinding for
limestone increased from E = 50.8% to E = 80.6%, i.e. by 29.8%, and for clinker from
E = 52.4% to E = 79.6%, i.e. by 27.4%, and the compaction coefficient by 15.8% and
14.3%, respectively (Fig. 2a–d).

A further increase in the angle of the double-sided cut of the punch to 49.20 does
not lead to an increase in output indicators. It is concluded that shear deformation has a
significant impact on the efficiency of the grinding process, and its rational parameter is
limited by a two-sided cut of the punch at an angle of 45°.

The analysis of the graphical dependence (E,Ky = f (α;Hbase)) (Fig. 3) showed
that with an increase in the height of the crushed layer of the studied materials, the
efficiency of the destruction process decreases but remains quite high, as evidenced by
a slight change in the output values.

Thus, with an increase in the thickness of the layer from Hbase = 20.8 × 10–3 m to
Hbase = 49.1 × 10–3 m (α = 45°), the grinding degree of organogenic limestone and
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clinker decreases from E = 70.4% to E = 66.8% and from E = 67.1% to E = 64.1%,
i.e. by 3.6% and 3%.

This study established rational parameters: the magnitude of shear deformation for
organogenic limestone P = 150 MPa, for clinker P = 225 MPa, the inclination angle
of the working surfaces = 45°. The influence of the initial weighted average size of the
crushed material and the thickness of the layer on the output parameters of the process
is studied. It was found that with an increase in the thickness of the layer from 20 to
50 mm, the fineness factor for the studied materials decreases by 3–4%. This indicates
the effectiveness of shear deformation on the self-grinding of particles in the layer.

4 Conclusions

We can draw the following conclusions:

1. Many scientists who described the mechanism of destruction of solids with different
textures have been engaged in energy saving issues when grinding materials of
natural and man-made origin.

2. A technique has been developed to study the effect of the volume-shear deformation
for different particle sizes of crushed materials with different textures and its initial
layer thickness on the efficiency of the process.

3. Regression equations were obtained to determine the cumulative effect on the degree
of grinding and compaction coefficient of organogenic limestone and clinker during
their grinding of the following technological factors: the magnitude of the pressing
pressure and the angle of application of force, the weighted average size of the initial
product and the height of its layer.

4. As a result of the analysis of graphical dependencies obtained from regression
equations, it was found that:

• The pressure value and the effective parameter and its rational value are within the
limits of 150 MPa for organogenic limestone, and 225 MPa for clinker.

• Increasing the angle of the double-sided cut of the punch to 45°, as well as shear
deformations raises the degree of grinding of the materials under study and increases
the efficiency of the process.

• With an increase in the height of the initial layer from 20.8 to 49.1 mm, the degree
of grinding for the studied materials is slightly reduced by 3–4%. This indicates the
effectiveness of shear deformation on the self-grinding of their particles in the layer.
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Water-Resistant Clay and Slag Composite
Materials of Autoclaved Hardening
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Abstract. The water resistance of autoclaved silicate materials can change in a
wide range. The strength of calcium-silicate brick in the water can decrease up
to 30%, which is explained by its high open porosity and possible content of
some free hydrated lime, which on contact with water after some time passes into
its soluble state, forming pores and cavities. The most water-resistant are dense
silicate concretes, the cementing bond of which consists of hydrosilicates CSH
(B), tobermorite, xonotlite. The paper considers clay-slag autoclaved compos-
ite materials, obtained with the use of steelmaking slaking slags and polymin-
eral clay, of the following composition, wt%: slag—60; clay—40; lime—5, over
100%. As a water-repelling admixture the usage of oil-extracting industry waste
kieselguhr sludge, generated at winterization stage of oil refining during oil clar-
ification from waxes and wax-like impurities, was considered. Kieselguhr sludge
contains 65% of organic matter, including 3.8% of vegetable waxes and wax-
like substances, which provides it with hydrophobic properties. The findings have
demonstrated that the optimal sludge content makes up 0.8% of solid components
weight, which provides consistent strength and reduces water sorption and cap-
illary suction of clay-slag autoclaved composite concrete samples almost by half
in comparison with control samples of concrete without the additive. The operat-
ing principle of the sludge consists in leaching of amorphous silica, contained in
diatomite, and its participation in low-basic hydrated calcium silicates synthesis
in autoclaving conditions with the subsequent impregnation of the silicate matrix
with the released hydrophobic components of sludge, which contain, among other
substances, vegetable waxes and wax-like components.

Keywords: Water-resistance · Clay and slag autoclaved composite material ·
Volumetric hydrophobization · Kieselguhr sludge · Compression strength ·
Water sorption · Capillary suction

1 Introduction

Among a wide variety of wall materials autoclaved silicate composites have found
the most widespread application, which is due to their high physical–mechanical and
performance properties.

The fundamental concept of obtaining silicate materials is solidification of lime-
silica compositions as a result of synthesis of hydrated calcium silicates with various
basicity grades at the increased temperature and vapor pressure.
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From 20 to 50% of materials cost is made up by expenditures for raw components.
So, the problem of increasing silicate materials production efficiency can be solved by
cutting costs for key rawmaterials, technological processes intensification and improving
the product quality by using technogenic raw materials or naturally-occurring materials,
which are traditionally not used in autoclaving technology. The water resistance of
autoclaved silicate materials can change in a wide range. The strength of calcium-silicate
brick in the water can decrease up to 30%, which is explained by its high open porosity
and possible content of some free hydrated lime, which on contact with water after some
time passes into its soluble state, forming pores and cavities. The softening coefficient
of silicate concretes in the water usually varies within the range 0.65–0.8.

The most water-resistant are dense silicate concretes, the cementing bond of which
consists of hydrosilicates CSH (B), tobermorite, xonotlite. This is achieved by the proper
selection of CaO and SiO2 ratio, the proper fineness of grinding, adding blast-furnace
slag as an admixture etc. Many researchers have experimentally proved that the water
resistance of silicate concretes can be no lower than that of Portland cement concrete.

Water resistance of materials correlates well with their resistance to adverse envi-
ronmental factors, and, consequently, their durability. Durability of building materials
in structures is determined, on the one hand, with environmental effects of physical,
chemical or mechanical nature, as well as their combinations. And, on the other hand,
it is determined with endogenous processes, which to a great extent are conditioned
by physical and chemical properties of building materials’ components: chemical and
mineralogical composition of clinker, pore space structure and permeability of material.
So, the problem of increasing building materials durability can be solved in a variety of
ways [1].

First of all, in order to improve technological and performance characteristics of
concrete products it is necessary to effectively protect them from the adverse impact of
water, in other words—to increase water resistance of concrete products.

Moisture, penetrating into the capillary system of materials, starts filling the pores
and causes the increased water sorption, low water-resistance and frost-resistance, high
shrinkage and water permeability, i.e., low materials durability in general. At soluble
salts diffusion on the surface of materials the efflorescence is formed. The increase of
buildingmaterials’ water sorption over standard allowable values causes deterioration of
their technological and performance characteristics—increase of porosity, decrease of
strength, frost-resistance and corrosion resistance, which can result in decay of buildings
and structures.

To increase water resistance of building materials and products various methods are
used, which can be conveniently divided into two large groups (Fig. 1):

• technological methods, modifying the materials’ structure;
• hydrophobization.

Technological methods compact the structure of materials by using air-entraining,
plasticizing or thickening admixtures, ormolding of harshmixes by pressing or vibration
pressing.
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Fig. 1 Methods of increasing water resistance of silicate materials

Thus, in the work [2] the possibility of increasing strength and water resistance of
press-formed articles based on gypsum binders and magnesium cement by changing
their structure is shown. Such effect is achieved by adding carbonate-containing sludge
of heat-and-power stations chemical water treatment and mono-ammonium phosphate
to gypsum binders, and microsilica and fine-ground burnt mined rock—to magnesium
cement. It is demonstrated that on the surface of microcrystalline structure elements
of pressed gypsum materials the shielding protective films of poorly soluble calcium
phosphates are formed. And the increase of strength and water resistance of press-
formed articles made of modified magnesium cements is explained by the formation of
poorly soluble magnesium hydrosilicates, hydroaluminates and hydroalumosilicates in
the solidified material, and by the formation of a complex combined structure, which
contains coagulation, condensation and crystallizationphases.Concretes are usually con-
sidered to be hydrophilicmaterials, i.e. wettablewithwater. One of the efficientmaterials
water-resistance increasing methods is hydrophobization—superficial and volumetric.

The most widely known modifiers of silicate concretes’ hydrophilic mineral sur-
face, providing it with hydrophobic (water-repelling) properties, are the compounds,
which belong to different classes: long-chain alcohols, fatty acids, alkyl-substituted
silanes, containing Si-Hal or Si-OR fragments, derivatives of phosphonic acids with
long hydrocarbon radicals. With the increase of grafted hydrocarbon chains length, the
hydrophobic behavior of the coating increases as well [3]. The most widely used class
of water-repelling agents is organosilicon compounds [4, 5].

There is a practice of providing surfaces with superhydrophobic properties. These
properties are achieved by the formation of microroughness and nanoroughness, created
by a film, based on a dispersion or emulsion with the added aggregates from 0.1 to
200 μm. As the dispersed material titanium, aluminum or silicon oxides can be used,
with the specific surface up to 200 m2/g. [6]. Similar to a lotus leaf’s rough surface,
this structure facilitates the formation of water drops on the surface and the removal of
mechanical impurities by their entraining with these drops [7].
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The work [8] presents the research data concerning the waterproofing efficiency of
dense concretes for paving and airfield slabs with an «Aquastat» impregnating com-
pound. It has been determined that as a result of impregnating, a concrete sample is not
wetted with water and acquires hydrophobic properties; with that, the water sorption of
samples, treated during 24 h under atmospheric pressure is reduced by 3 times, and of
samples, treated for 0.5 h under vacuum is reduced by 5.5 times. It has been revealed
that the water-repelling properties of materials, impregnated with «Aquastat», allow the
fine-grained concretes approximating the properties of dense concretes and increase the
durability of pavement and airfield slabs, treated with the «Aquastat» compound.

The most promising is the volumetric hydrophobization method, based on adding
a special component to the mix, which provides a finished item with water-repellent
properties. Adding the admixture atmix preparation stage allowsmodifying the structure
of material, and not only its surface.

There are various methods of adding water-repelling admixtures to a concrete mix:
deposition of the admixture on a mineral excipient, mixed grinding, saponification of
water-insoluble products, sulfonation, emulsification, agglomeration into granules, pel-
lets, tablets, granulated powders. The usage of organic biogenic additives, recovered from
peat raw material and added at cement milling in amount 0.5–10% of solid components
weight of dry building mixes is also known.

In the works [9, 10] water-soluble organosilicon compounds FES-50, Tiprom S and
GKZH 11 were used as water-repelling admixtures. The findings have demonstrated
that the admixtures under study increase frost-resistance and reduce water sorption of
fine-grained concrete, and inhibit the initial and final setting of cement paste, especially
at high dosages. The application of Tiprom S admixture in amount 0.2% of the cement
weight increases frost-resistance by 250 cycles in comparison with the control sample.
The lowest water sorption of concrete was achieved at the combined adding of Tiprom
S and FES-50 admixtures in amount 0.1% of the cement weight.

For volumetric hydrophobization of sand-cement concretes the application of paraf-
fin emulsions, obtained from a mix of paraffin components (solid paraffin, paraffin
slop wax) and non-ionic emulsifiers, is known. The usage of emulsions increases the
workability, strength, water resistance and salt resistance of concretes.

The volumetric hydrophobization of pressed slag-lime cements (SLC), obtained
from the Lipetskmetallurgical works slag and an alkaline activator NaOH,which various
water-repellingmaterials, added in amount 2% of SLCweight, was studied. The findings
have demonstrated that the most efficient are organometallic water-repelling agents—
zinc stearate and calcium stearate, which have a long-termwater resistance coefficient—
0.99 and0.98.With that, they donot affect the strength properties ofmaterials, facilitating
the active binder setting in aqueous media and the compression strength gain during
100-days aging in the water.

The most promising way for cost-cutting of both superficial and volumetric
hydrophobization is using industrial production waste as water-repelling components.
Thus, the usage of organosilicon fluids rectification vat residues, a hydrophobic
organomineral modifier, based on technical-grade lignosulfonates, is known. In the work
[11] it is suggested using heavy oil residues recycling products as water-repelling admix-
tures—a compositematerial in the form of fine powder. These recycling products contain
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water-repelling wax compounds and silica-containing sorbents, which increase strength
and water resistance of set cement by volumetric hydrophobization of the material.

The purpose of this research is to study the opportunity of increasing the water
resistance of clay-slag autoclaved compositematerials by using an organomineral sludge
waste of oil-extracting industry as a water-repelling admixture.

2 Methods and Materials

As original raw components for carrying out the research the steelmaking slag of JSC
«Oskolsky electrometallurgical works» (JSC «OEMW»), Stary Oskol, Russia, was used,
the chemical composition of which is presented in Table 1. A distinctive feature of this
slag is its unstable structure, i.e. the slag is prone to dicalcium silicate disintegration as
a result of polymorphic transformation of 2CaO·SiO2 from β- into γ-modification in the
process of slag cooling.

Table 1 Chemical composition of raw materials, wt%

Material SiO2 Al2O3 Fe2O3 CaO MgO R2O MnO Cr2O3 TiO2

Gorodische clay 66.25 11.86 4.73 1.21 2.45 5.48 – – 0.78

OEMW slag 23.90 3.00 12.00 46.30 7.50 0.23 1.8 0.9 –

Mineral part of sludge
(diatomite)

86.54 2.40 0.89 5.85 0.54 0.36 3.26 – 0.14

According to the X-ray phase analysis findings (Fig. 2), the basic minerals of the
slag include γ-dicalcium silicate (shannonite), okermanite, iron oxides—wustite and
magnetite, calcium ferrites and some amount of free calcium hydroxide.

To obtain clay-slag autoclaved composite materials the clay from a deposit in the
Gorodische settlement, Belgorod region, Russia, was used. The sample was presented
with light-brown medium-density loose rock; its chemical composition is presented in
Table 2.

The mineral composition of clay was evaluated on the basis of X-ray phase analysis
findings (Fig. 2b). According to the obtained data, the Gorodische clay is characterized
with polymineral composition, and contains two groups of clay minerals—kaolinite and
the prevailing montmorillonite group minerals. The presence of some impurity min-
erals—calcite and free silica—should be also noted. The clay-slag mix of the follow-
ing composition was used, wt%: Gorodische clay—40; hydraulic-cooled OEMW slag,
fraction 0–5 mm—60; lime (CaO)—5, over 100%.

The weighed raw components were mixed and moistened with water to moisture
content 28%. The cylindrical samples of clay-slag composite materials 3 cm high and
3 cm in diameter were shaped by semidry molding at specific pressure 20 MPa, and
autoclaved under factory conditions at steam pressure 1 MPa.

As a modifying water-repelling admixture the application of oil-extracting industry
waste kieselguhr sludge (WKS) from the «EFKO» plant, Alekseevka, Belgorod region,



Water-Resistant Clay and Slag Composite Materials… 377

Fig. 2 X-ray phase analysis of raw materials: a hydraulic-cooled OEMW steelmaking slag,
fraction 0–5 mm, b Gorodische clay

Table 2 Composition of the organic part of kieselguhr sludge, wt%

Component Value

Phospholipids 3.9

Monoacylglycerides 5.3

Diglycerides 13.2

Polyatomic alcohols 6.0

Free fatty acids 3.2

Triglycerides 63.8

Waxes 3.8
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Russia, was considered. Kieselguhr sludge is the waste, generated at winterization stage
of oil refining during oil clarification from waxes and wax-like impurities.

WKS is a dingy-white slow stock with organic impurities content up to 65%. The
mineral part of the sludge is represented with diatomite—sedimentary rock, formed
by siliciferous frustules of microphytic diatomic algae—diatoms and radiolarians. The
main component of the siliciferous frustule (skeleton) is presented with amorphous
siliceous hydrates of various hydration degree—opal varieties of the type mSiO2·nH2O;
the crystalline component is presentedwith quartz impurities. The chemical composition
of mineral part—diatomite, is presented in Table 1.

The composition of organic part of kieselguhr sludge is presented in Table 2. The
presence of vegetable waxes and wax-like substances in amount 3.8% in the organic
part of kieselguhr sludge provides it with high hydrophobic properties—contact angle
of wetting is 130º (Fig. 3).

Fig. 3 Water drop on the surface of waste kieselguhr sludge

3 Results and Discussions

The sludge was added in amounts of 0.5; 0.8; 1; 1.2 and 1.5% of solid components
weight. The results, presented in Fig. 4, have demonstrated that the optimal admixture
content makes up 0.8%, which provides a slight increase of compression strength in
comparison with the control sample.

In Fig. 5a, b the water sorption kinetics and capillary suction kinetics of a clay-slag
autoclaved silicate concrete control sample and of a sample with the optimal amount of
kieselguhr sludge are presented. The results have shown that adding the sludge reduces
thewater sorption and capillary suction of concrete samples almost by half in comparison
with control samples of silicate concrete. This indicates the change of the material’s
structure and type of porosity.

As it is known, the drawbacks of volumetric hydrophobization include the adverse
influence on setting processes as a result of mixture particles shielding, which can cause
compression strength decrease [10, 12].
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Fig. 4 The influence of kieselguhr sludge content on strength properties of clay-slag autoclaved
composites

In this case the strength properties decrease takes place at sludge content over
1%. Adding sludge in amounts up to 1% results in stabilization and slight increase of
strength properties. It may be assumed that this is due to peculiarities of sludge particles
structure—waxes and wax-like substances are placed on diatomite surface.

The operating principle of sludge particles consists in leaching of amorphous sil-
ica, contained in diatomite, and its participation in low-basic hydrated calcium silicates
synthesis in conditions of high temperatures and pressure with the subsequent impreg-
nation of the silicate matrix with the released hydrophobic components of sludge, which
contain, among other substances, vegetable waxes and wax-like components.

So, the obtained findings confirm the feasibility of using oil-extracting industrywaste
kieselguhr sludge as a water-repelling admixture for clay-slag autoclaved composite
materials. It should be noted that the optimal sludge content makes up 0.8% of solid
components weight, which provides high hydrophobic properties of composite materials
and their stable strength properties.

The carried-out research confirms the possibility of increasing service life (durabil-
ity) of the composite clay-slag autoclaved concrete and the structures, made of it, in
actual operating conditions.

4 Conclusions

Based on the results of the research, the following conclusions can be drawn:

• oil-extracting industry waste kieselguhr sludge can be used as a water-repellent
additive for clay-slag autoclavable composite materials;

• the optimal sludge content makes up 0.8% of solid components weight, which pro-
vides high hydrophobic properties of composite materials and their stable strength
properties;
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Fig. 5 Water sorption kinetics (a) and capillary suction kinetics (b) of clay-slag autoclaved
composite material samples with the optimal kieselguhr sludge content

• adding the sludge reduces the water sorption and capillary suction of concrete samples
almost by half in comparison with control samples of silicate concrete.
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Abstract. The ability of some soil grains to move relative to others makes them
look like liquids. At the same time, each particle of a granular medium, taken
separately, has all the properties of a solid body. These particles form a granular
body capable of absorbing external compressive loads, which makes granular
bodies look like solids. In the article, considering soils as a dispersed, discretely
isotropic medium (granular system), theoretically, by modeling the contact of soil
particles with a solid smooth surface, the area of actual contact at various levels
of convergence is established. At the same time, reference curves for the contact
of various sands were established using their relative magnitude. For five types
of sands, contact characteristics were determined depending on their density. For
clay, loam and sandy loam, the dependence of the relative actual contact area on
the plasticity number is determined. At the same time, in the range 0.25 ≤ Ip ≤
0.75, analytical dependences for sandy loam, loam and clay of the relative actual
contact density on the plasticity number Ip were determined.

Keywords: Soil · Grainy media · Particle contact · Solid surface · Flow index

1 Introduction

Knowledge of the patterns of formation of the actual area of contact of soil particles
with a solid surface is necessary for calculating the external friction of soils [1–3]. The
doctrine of actual contact areas is an integral part of the fractional interaction of soil with
a solid surface [4–6]. When a granular medium comes into contact with a solid surface,
the contact will not be continuous, only at certain points on the surface will they perceive
the load applied to the ground. The sum of such discrete contact areas forms the actual
contact area (ACA). Thus, the ACA determines that area of the surface of the contacting
bodies, where their force interaction is realized. The nature of the formation of areas
of contact between a soil particle and a solid surface is shown in Fig. 1. The formation
of the ACA under load occurs as a result of the introduction or collapse of individual
microroughnesses, and when a tangential load is applied, plastic displacement of a softer
material.

In this paper, the interaction of soils with a solid surface was considered based on
the following assumptions:
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Fig. 1 The nature of the formation of areas of contact between a soil particle and a solid surface

• soil is considered as a dispersed, discretely isotropic medium (granular system),
consisting of granular particles and pores;

• the formation of the friction force of soils occurs at the points of actual contact, while
the nominal, contour and actual area of contacts differ;

• the roughness of a smooth solid surface is negligible compared to the roughness of
sandy soils, so it can be neglected.

Themost important characteristic of themicrogeometry of a rough surface, including
a dispersed medium in contact with a solid surface, is the support surface curve, which
characterizes the distribution of material (soil particles) in contact with a solid surface
[7–10].

Initially, the curves of the supporting surface were built on the basis of surface
profilograms, while the sums of sections of microroughnesses of a straight line drawn
at a certain distance from the base to the length of the taken profile were plotted along
the abscissa axis, and the distances from the base of the profile to the selected section
were plotted along the ordinate axis (Fig. 1).

2 Methods and Materials

The reference curve is expressed in relative terms [10]. In this case, the ratio of the cross-
sectional area at a given level As to the contour area Ac is plotted along the abscissa axis,
i.e. the area of the rough surface, and along the ordinate axis—the ratio of convergence a,
equal to the difference between the maximum height of the irregularities and the height
of the given level to the maximum height of the irregularities, i.e.:

• relative proximity:

ε = a

Hmax
; a = Hmax − εi. (1)
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• relative cross-sectional area at some level:

ηs = As

Ac
. (2)

Using the above method, reference curves were constructed for four types of sandy
soil: coarse sand (well-rolled), medium-sized sand, and two types of fine sand with
different granulometric composition.

Particles of four types of sandy soil with different granulometric composition were
modeled as spheres of different diameters.

At the same time, they resorted to calculating the weighted average diameter for
each type of soil according to the formula:

Ds.v. = D1 · q1 + D2 · q2 + . . . + Dn · qn
q1 + q2 + . . . + qn

, (3)

where D1, D2,…, Dn are the diameters of sand particle fractions; q1, q2,…, qn is the
weight of each fraction of particles in a given type of sand.

Thus, coarse sand was modeled in the form of spheres with a diameter of 1.21 mm
(according to the granulometric composition, they are 97.9%); sand of medium size was
modeled in the form of spheres with a diameter of 0.375 mm (72%) and spheres with a
diameter.

0.175 mm (15%); fine sand of the first type contained spheres 0.375 mm in diameter
(22.7%) and 0.175 mm in diameter (61.3%); fine sand of the second type was modeled
in the form of spheres with a diameter of 0.175 mm (32%) and spheres with a diameter
of 0.1 mm (51%). At the same time, the weighted average diameter of the four types
of soils studied was: coarse sand—Ds.v. = 1.2 mm, medium-sized sand, 0.34 mm, fine
sand of the first type, 0.192 mm; fine sand of the second type—0.129 mm.

The calculation model of the interaction of sandy soil particles with a solid smooth
surface is shown in Fig. 2a.

Fig. 2 Calculation model of contact of sandy soil particles with a hard-smooth surface (a); cal-
culation scheme for determining the contact area of sand particles at different levels of approach
(b)

Themaximumheight of the irregularitieswas divided into five levels. The calculation
scheme for determining the contact area of sand particles at different levels of approach
in a flat formulation of the problem-a is shown in Fig. 2b.
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The formation of the contact area, in addition to the level of approach, is influenced by
the packing density of sand particles, which is characterized by the porosity coefficient
e = n/m. According to [11], the proportion of solid particles per unit volume of soil
m = 1

1+e .
It is natural to assume that the distribution law of soil particles in an arbitrary cross

section (Fig. 2a) and in the contact zone is the same, then the number of particles at the
contact (along the A-A line) corresponds to the proportion of solid particles in the soil
volume.

Thus, for the types of sand under consideration, it is possible to construct reference
curves in relative terms: 1 − ε and η.

Taking into account the classification of sands in construction according to the density
of composition, the reference curves were calculated and plotted in relative values for
the soils under consideration with a porosity coefficient of 0.5; 0.8 and 1.0.

To bring sand particles closer to a solid surface, five levels are taken according to
Fig. 2b. With a known proportion of solid particles in contact with a solid surface at
given porosities, the actual contact areas are calculated using the expression:

As = Ds.v. · sin α · 1

1 + b
, (4)

in this case, the contour area on which the spots of actual contact are located is taken
as 20 Ds.v., then the relative cross-sectional area of sand particles at a certain level is
determined by the ratio:

η = As

20Ds.v.
. (5)

3 Results and Discussion

On Fig. 3 shows the reference curves for the contact of sands with a hard smooth surface:
coarse sand, medium size sand and fine sand of various densities.

Further studying the relationship between the volumetric and contact characteristics
of sandy soils and based on the assumption, the number of contacts of particles of a
granular medium, modeled by spheres with a diameter of Ds.v., with a solid surface for
maximum packing (e = 0.258) and maximum porosity (e = 0.476) was theoretically
calculated.

Based on the geometric characteristics of the sandy soil model, the number of par-
ticles in the soil skeleton was determined. The number of sandy soil particles that will
be in contact with a hard smooth surface depends on the normal pressure on the soil and
the porosity (density) of the soil—e.

Taking into account the classification of sands by particle size and composition
density, five types of sands were considered: gravelly (Ds.v. = 2.3 mm); large (Ds.v. =
1.155 mm); medium size (Ds.v. = 0.375 mm); fine (Ds.v. = 0.172 mm) and silty (Ds.v.

= 0.075 mm), in dense, medium density, and loose composition with the corresponding
porosity coefficients.
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Fig. 3 Reference curves of contact of coarse sand (Ds.v. = 1.25 mm) with a hard smooth surface:
1—at porosity coefficient e= 0.5; 2—at e= 0.8; 3—at e= 1.0 (dashed lines) and sand of medium
size (Ds.v. = 0.34 mm) and fine sand (Ds.v. = 0.175 mm): 4—for sand of medium size with e =
0.5; 5—for sand of medium size with e = 1.0; 6—for fine sand with e = 0.5; 7—for fine sand
with e = 1.0 (solid lines).

Taking the unit of soil volume as 1.0 × 1.0 × 1.0 cm, the number of soil particles in
the skeleton was set equal to m = 1/(1 + e), considering the volume of the particle with
a diameter of Ds.v. equal 1

6πD
3
s.v., togda koliqectvo qactic

m
1
6πD3

s.v.
.

Based on this, the number of particles in a volume of 1.0 cm3 and the number of
contacts of sand particles with a hard smooth surface were determined depending on
their density. The results of the study of the contact characteristics of gravelly, coarse
and medium-sized sand are shown in Fig. 4.

Fig. 4 Dependence of the number of contacts of sand particles (nk) with a hard smooth surface
on the particle diameter (Ds.v.) and soil density (e): 1—for gravelly soil Ds.v. = 2.3 mm; 2—for
coarse sand Ds.v. = 1.155 mm; 3—for sand of medium size Ds.v. = 0.375 mm
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The obtained results of theoretical studies of the dependence of the number of con-
tacts of sand particles of different granulometric composition and density with a hard
smooth surface are consistent with the reference contact curves for the same sands of
different densities, obtained by modeling the contact of sandy soil at different levels of
approach (Fig. 2).

Taking into account that cohesive soils, according to the classifications, are subdi-
vided into sandy loam, loam and clay, the dependences of the fluidity index and the
relative actual contact area on the plasticity number are considered for them (Fig. 5).

Fig. 5 Dependence of the flow index and the relative actual contact area on the plasticity number:
1—for sandy loam; 2—for loams; 3—for clays

According to the data obtained, at the second stage of compaction of clay soils during
the period of plastic deformation, the straight section for sandy loam has an inclination
to the abscissa axis of 63°, for loams, the angle of inclination is 51°, and for clay, 31°.
This indicates that the stage of plastic deformations is minimal in sandy loams (0 < Ip
< 7), somewhat larger in loams (7 < Ip < 17), and clays have a very large range of
plastic deformations Ip > 17 (Fig. 5). On the presented dependences of the formation
of the relative actual area of contact of clay soils with a solid surface on the plasticity
number, it is traced how the physical state of clay soils: solid, semi-solid, hard-plastic,
soft-plastic and fluid step by step affects the formation of the actual contact area with a
smooth solid surface.

4 Conclusion

Thus, based on the assumptionsmade, studying the interaction of a granularmediumwith
a smooth solid surface based on the developed computational model when approaching
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under normal pressure, as well as studying the features of contacting clay soils with a
solid surface, the authors made the following conclusions:

Having determined the weighted average particle diameter for four types of soils
under study, they were modeled as a sphere with a diameter equal to the weighted
average diameter with porosity coefficients e, and an expression was established for
calculating the actual contact area.

Based on the geometric models of five types of sand (gravelly, coarse, medium-
sized, fine and dusty) and their density (dense, medium-density and loose) with the
corresponding porosity coefficients, the number of contacts of sand particles with a hard
smooth surface was theoretically determined.

The obtained dependences of the flow index and the relative actual contact area on the
plasticity number for three types of cohesive soils (sandy loam, loam and clay) showed
that at the second stage of compaction (during the period of plastic deformations), the
straight sections have a different slope: to the abscissa axis: for sandy loam—63°, for
loams—51°, for clays—31°.
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Abstract. The article is devoted to columnswith local prestressing of tensile rein-
forcement. Such columns can be used with large eccentricities of the longitudinal
force, for example, in industrial buildings. Prestressing of the reinforcement in
the structures under consideration is created using tension couplings. The design
of columns with local prestressing is described. The derivation of resolving equa-
tions for determining the stress–strain state at the manufacturing stage is given,
taking into account the nonlinear properties of concrete. The calculation model
is based on the hypothesis of plane sections. The problem is reduced to a sys-
tem of two equations for axial deformation and element curvature. An algorithm
for the numerical solution of the resulting system is described, which is imple-
mented in the Matlab environment. A formula for the deflection of the element at
the manufacturing stage is obtained. Verification was performed by comparison
with the finite element software package LIRA in three-dimensional nonlinear
formulation.

Keywords: Reinforced concrete · Prestressed columns · Manufacturing stage ·
Local prestress · Numerical modeling

1 Introduction

Reinforced concrete structures currently form the basis of industrial and civil con-
struction and largely determine the level of its development. In recent years, there has
been significant progress in the theory and practice of reinforced concrete structures,
but the possibilities for their further improvement are not completely exhausted. This
mainly applies to structures with prestressing, which makes it possible to efficiently
use high-strength reinforcement, significantly reducing metal consumption and thereby
significantly reducing construction costs [1–3].
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Existing research and design developments on prestressed reinforced concrete struc-
tures are mostly devoted to structures in which the reinforcement is pre-tensioned, which
can significantly improve the crack resistance of reinforced concrete elements [4–6].

Traditional methods of manufacturing prestressed reinforced concrete structures
involve pulling prestressing reinforcement over the entire length of the element. This
causes negative effects at the end sections—non-closing cracks appear on the upper faces
of the elements, local fragmentation of concrete occurs due to the action of concentrated
forces at the ends of the structure [7]. In addition, when the bending moment is variable
along the length of the element, the reinforcement and the level of prestress determined
by the maximum force for the end lightly loaded sections will be redundant [8].

In existing publications on prestressed concrete, elements with local prestressing of
reinforcement are practically not given attention. There are only fewworks on reinforced
concrete beams with local prestressing [9–12].

However, prestressing of tensile reinforcement may be required not only for beams,
but also for eccentrically compressed columns with large longitudinal force eccentrici-
ties. In the case of flexible columns, due to the occurrence of additional eccentricity of
the longitudinal force caused by the deflection of the element, the bending moment in
such structures is not constant along the length, and the creation of prestresses along the
entire length of the element is impractical [13].

We offer a new type of reinforced concrete columns with local pre-stressing. In the
process of concreting the columns, sinuses are left in the areas that will be further subject
to pre-tension (Fig. 1).

With a constant reinforcement class along the length of the column, the reinforcing
bars of the tension zone consist of two sections connected by couplings. In couplings,
a right-hand thread is cut in half of the length, and a left-hand thread is cut in the other
half. Appropriate threads are cut at the ends of the joined reinforcing bars. Depending
on the direction of rotation of the coupling, the ends of the rods approach or move away,
and thus pre-tension or compression stresses are created. After creating prestresses, the
sinuses are concreted.

The purpose of this work is to develop a model for the stress–strain state (SSS)
calculation of such structures at the manufacturing stage.

2 Methods

When deriving the resolving equations for the calculation of stress–strain state, the
following hypotheses are accepted:

1. Hypothesis of plane sections;
2. No influence of prestressing reinforcement on the stress–strain state of the support

sections (0 ≤ x ≤ (l – l0)/2 and (l + l0)/2 ≤ x ≤ l) at the manufacturing stage, where
l0 is the length of the local prestress zone, l is the length of the column);

3. The stress concentration at the junction of the stressed and non-stressed sections
of the column, associated with a change in the dimensions of the cross section, is
neglected;
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Fig. 1 Design of the column with local prestressing

Taking into account the hypotheses introduced, the bending moment in the pre-
stressed zone is constant at the manufacturing stage, and there are no stresses in the
concrete and reinforcement in the support sections. The calculation scheme for the first
stage is shown in Fig. 2.

Whenderiving equations, in order to take into account the nonlinearwork of concrete,
we will assume that its modulus of elasticity changes along the height of the section,
how it is done, for example, in [14–16]. We consider tensile stresses to be positive for
concrete and reinforcement, which is shown in Fig. 3.

The deformation of the concrete in the prestressed zone, taking into account the
hypothesis of plane sections, is written as:

εb = ε0 − yχ, (1)

where ε0 is the axial deformation, χ is the element curvature, y is the coordinate relative
to the geometric center of gravity of the section (excluding sinuses).

The values ε0 and χ are constant in the area l0. Stresses in concrete are defined as
follows:

σb(y) = Eb(y)εb = Eb(y)(ε0 − yχ). (2)

The stresses in the reinforcement As
′ are found from the condition of its joint work

with concrete:

σ ′
s = Es

(
ε0 − y′

sχ
)
, (3)
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Fig. 2 Calculation scheme for determining the SSS at the manufacturing stage

Fig. 3 Equilibrium of the cut-off part in the manufacturing stage

where Es is the elasticity modulus of the reinforcement.
We compose the sum of the moments for the point C (according to Fig. 4), which

divides the height of the section in half:

σspAsys =
∫

A

σb(y)ydA + σ ′
sA

′
sy

′
s, (4)
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Fig. 4 Changes of stresses in concrete along the height of the section

where A is the area of the concrete section, σ s
′ are the stresses in the compressed (at

the stage of loading with the compressive force F) reinforcement, σ sp are the stresses in
the pretensioned reinforcement, As and As

′ are respectively the area of the pretensioned
and compressed (at the stage of loading with the compressive force F) reinforcement,
ys and ys′ are respectively the distances (in absolute value) from the geometric center of
gravity of the section to the centers of gravity of the reinforcement As and As

′.
The integral over the concrete area in (4) is written as:

∫

A

σb(y)ydA = b0

h/2∫

−h/2

σb(y)ydy + (b − b0) ·
h/2∫

−h/2+a0

σb(y)ydy, (5)

where b0 is the width of the section in the zone of local prestressing, h is the height of
the section.

Next, we compose the sum of the projections on the longitudinal axis of the column:

σspAs + σ ′
sA

′
s +

∫

A

σb(y)dA = 0. (6)

The integral in (6) is calculated by analogy with (5).
Substituting (2) and (3) into (4), we obtain the following equation:

ε0

⎛

⎜
⎝EsA

′
sy

′
s + b0

h/2∫

−h/2

Eb(y)ydy + (b − b0)

h/2∫

−h/2+a0

Eb(y)ydy

⎞

⎟
⎠−
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− χ

⎛

⎜
⎝EsA

′
s

(
y

′
s

)2 + b0

h/2∫

−h/2

Eb(y)y
2dy + (b − b0)

h/2∫

−h/2+a0

Eb(y)y
2dy

⎞

⎟
⎠ = σspAsys.

(7)

The second resolving equation for themanufacturing stage is obtained by substituting
(2) and (3) into (6):

ε0

⎛

⎜
⎝b0

h/2∫

−h/2

Eb(y)dy + (b − b0)

h/2∫

−h/2+a0

Eb(y)dy + EsA
′
s

⎞

⎟
⎠−

− χ

⎛

⎜
⎝b0

h/2∫

−h/2

Eb(y)ydy + (b − b0) +
h/2∫

−h/2+a0

Eb(y)ydy + ESA
′
sys

⎞

⎟
⎠ = −σspAs. (8)

The system of Eqs. (7) and (8) can be written in the following form:
[
ES −EI
EA −ES

]{
ε0

χ

}
=

{
σspAsys
−σspAs

}
. (9)

The EI value is the bending stiffness in the section l0, EA is the cross-sectional
stiffness in central tension or compression, the ES value with a constant modulus of
elasticity of concrete along the section height is equivalent to the product of the modulus
of elasticity of the reduced section and the static moment.

The problem of the SSS determining is solved by the method of successive approx-
imations. The height section is divided into ny parts Δy. The stress–strain diagram for
the compressed zone can be given by the Sargin formula used in Eurocodes:

σ

R
= kη − η2

1 + (k − 2)η
, (10)

where η = ε/εR; εR is the strain value at the top of the diagram; R is the strength of
concrete; coefficient k determines the curvature of the diagram σ − ε; k = 1/λR, where
λR is the coefficient of the secant modulus change at the top of the diagram σ − ε.

The value of εR is determined by the empirical formula obtained by Nesvetaev et al.
[17]:

εR = α(R/E0)
0.5, (11)

where α = 0.058 for heavy concrete.
As a first approximation, we consider that the concrete modulus of elasticity is

constant along the height of the section. Axial deformation and element curvature are
determined from Eq. (9). Then stresses in concrete are determined by formula (2).
Further, the secant modulus E(ε) is calculated from the total deformation εb.

After calculating the secant modulus, the modulus of elasticity of concrete at each
point is corrected according to the formula:

Ei+1 = (
Ei + E(ε)

)
/2, (12)
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where Ei is the concrete modulus of elasticity in the current approximation, Ei+1 is the
concrete modulus of elasticity in the next approximation.

The criterion for the end of the iterative process is the condition:

|σi − σi−1|
σi

· 100% < δ, (13)

where σ i and σ i−1 are, respectively, the maximum absolute value of the stresses in the
current and previous approximations, δ is the specified calculation accuracy in percent,
which we take equal to 0.1%.

The deflection in the middle of the column can be calculated by the formula:

f = ρ −
√

ρ2 −
(
l0
2

)2

+ l(l − l0)

4ρ
, (14)

where ρ = 1/χ.

3 Results and Discussion

Let us consider the example of calculation with the following initial data: b = 25 cm,
h = 12 cm, l = 180 cm, l0 = 95 cm, b0 = 14 cm, a0 = 5.5 cm, Eb0 = 3.47·104 MPa,
compressive strength of concrete R = 46.4 MPa, tensile strength Rt = 2.9 MPa, σsp =
400 MPa, diameter of reinforcing bars d = 12 mm, reinforcing bars snap coordinates
ys = y′

s = 3 cm.
Figure 4 shows the theoretical graph of the stresses change in concrete along the

height of the section at the stage of creating prestresses. The dashed line corresponds to
the solution according to the simplified method, when the non-linearity of concrete in
the compressed zone is not taken into account.

There is no noticeable difference between the calculation taking into account the
nonlinear stress diagram in the compressed zone and the simplified approach at the
stage of prestressing.

The theoretical deflection at the moment of prestresses creation was 1.23 mm.
Also, to control the reliability of the results, finite element modeling of the pre-

stressing stage in the LIRA software package was done. The calculation was performed
in a physically non-linear formulation, concrete was modeled by volumetric FE in the
form of parallelepipeds, and reinforcement was modeled by bar FE. The law of concrete
deformation was assigned exponential, and elastic work was taken for reinforcement. In
order to save machine time, a quarter of the structure was considered. The prestress was
modeled by a concentrated force F = σ spAs. The maximum deflection value obtained
in LIRA was 1.27 mm, which differs from the author’s solution by 3.3%. Isofields of
vertical displacements are shown in Fig. 5.

4 Conclusion

The resolving equations are obtained and the algorithm for calculating the stress–strain
state of columnswith local prestress at themanufacturing stage is developed. Verification
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Fig. 5 Isofields of vertical displacements in LIRA

was performed by comparison with the calculation using the finite element method in the
LIRA software package in a three-dimensional nonlinear formulation. The discrepancy
of the results does not exceed 5%. It was also found that at the stage of prestresses
creation, one can neglect the nonlinearity of the work of concrete in the compressed
zone.
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Abstract. One of the most important advantages of polyurethane foams is the
ability to produce products in one step. Foaming and curing of this insulation
does not require heat supply due to the exothermic synthesis reaction that occurs
when two or more liquid components are mixed, with simultaneous adhesion
of polyurethane foam to various surfaces due to good adhesion to almost any
materials. At the same time, having a low density, this foam polymer is able
to withstand fairly large loads. Samples were taken from the tailings filtration
field of the Stoilensky GOK (Gubkin, Russia) from various sites as the studied
raw materials, their granulometric and chemical compositions were determined,
and the harmonic diameters of the filler particles were determined. Based on
the calculation results, the dependence of the foaming coefficient on the average
harmonic diameter of the filler was determined. An experiment planning matrix
has been developed, based on the results of which mathematical models of the
dependence of the coefficient of foaming of laboratory samples of polyurethane
foam filled with tailings were built. Three zones of tailings are considered based
on the results of sampling. Analyzing the results obtained, a quantitative and
qualitative assessment of the influence of each factor separately, as well as their
combination, on the change in the “composition–properties” system was derived.

Keywords: Polyurethane foam ·Mineral filler · Ferrous quartz wet magnetic
separation waste · Foaming rate

1 Introduction

Due to its porous structure, polyurethane foam is one of the best thermal insulation
materials. Due to low diffusion, the time for changing the initial thermal conductivity is
not long enough [1–3].

Formation of polyurethane foams Polyurethane foams are formed by the interaction
of isocyanates having more than one reactive group (–N=C=O) with polyols containing
at least two reactive hydroxyl functional groups in the molecule [4–6].

During the foaming and curing of the polymer, bubbles form in the polymer solution,
and the bubbles growand stabilize. Therefore, regardless of the difference between foams
and polyurethane foams in colloidal gas–liquid systems, the phenomena occurring in
mobile systems are in full accordance with the laws of colloidal chemistry [7].
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For example, the bubbles that form in a polyurethane foam system are similar to the
bubbles in a water-soap system. At the same time, it is clear that such a comparison is
impossible in terms of the duration of the existence of bubbles in the foam due to the
rapid increase in the viscosity and elasticity of the polymer phase [8, 9].

According to Plateau’s rules, the most probable form of gas structural elements are
dodecahedral pentagonal dodecahedrons, in each edge of which three films converge, the
angles betweenwhich are equal to 120°. The edges of the polyhedron are characterized by
thickenings (Plateo-Gibbs channels), their shape in cross section is a spherical triangle,
which is clearly shown in Fig. 1.

Fig. 1 Unit cell of polyurethane foam: a scheme; b microstructure (×50 magnification)

The fillers that make up polyurethane foams change the parameters of the foam-
ing process, which, in turn, changes the macrostructure and properties of polyurethane
foams. Since fillers are not always compatible with the polymer to a certain extent, it is
not possible to unambiguously assess the effect of fillers as negative. Sometimes fillers
act as emulsion stabilizers.

2 Methods and Materials

In this article, for the first time, a variant of filling polyurethane foam with industrial
waste from mining and processing plants, and specifically, with waste from the wet
separation of ferruginous quartzites (hereinafter referred to as tails) [1–3], is proposed.
The scheme of the tailing’s filtration field is shown in Fig. 2.

After selecting models from the tailings filtration fields, their chemical (Table 1) and
granulometric (Table 2) compositions were determined.

The conducted studies showed that the samples do not differ significantly in their
chemical composition (Table 1), but they differ in particle size distribution (Table 2).

Under the influence of the hydraulic energy of the water flow, fractionation of the
tailings particles and their differentiation in size and specific gravity of various minerals
occur [10–12]. The largest and heaviest particles fall out near the pulp outlet and form
the so-called drain or pulp outlet zone at the tailings. The layout of the tailings sections
depending on their granulometric composition is shown in Fig. 3.
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Fig. 2 Scheme of the tailings filtration field in the section: 1—main slurry pipeline; 2—dam from
aquiclude; 3—distribution pipeline; 4—main filtration field; 5—site of deposition of silt residues
of tailings; 6—pulp spreading directions; 7—tailings located in the water

This zone extends approximately 50 m from the exit point (zone 1). Areas of average
and specific gravity form intermediate zones (zones 2 and 3) with a total width of 120–
170 m. The smallest and lightest particles are carried away to the polar zone, where they
are covered with water and form the so-called silt (zone 4). This tailings structure is
preserved after the completion of the alluvial layer in the filtration zone.

3 Results and Discussion

When planning the experiment, the following factors were taken as variable factors:
the consumption of tailings and the ratio between the components. For a more detailed
explanation of the mathematical model of polyurethane foam, orthogonal central pro-
gramming is used, which depends on variables in the form of second-order polynomi-
als. Table 3 shows the planning conditions that show the natural values of the coding
coefficients.

Let’s say the average consumption of waste, clay and sand is 30% by weight of
polyurethane with a variation of 20%. The average ratio of the levels of polyisocyanate
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Table 1 Chemical composition of material samples

Model No. Chemical composition, %

SiO2 Fe Fe2O3 FeO CaO MgO Al2O3 The rest

Zone 1 1 66.3 12.2 9.1 5.6 2.3 2.5 0.8 1.2

2 65.4 11.8 9.5 5.9 2.6 2.8 0.5 1.5

3 66.8 12.6 9.7 4.8 2.1 2.1 0.48 1.42

4 66.3 13.1 8.6 4.9 2.9 2.8 0.53 1.07

5 65.8 12.8 9.4 5.2 2.5 2.3 0.59 1.4

Mean 66.12 12.5 9.26 5.28 2.48 2.5 0.58 1.318

Zone 2 6 67.7 10.8 10.3 5.3 1.8 1.6 0.9 1.6

7 68.3 10.3 11.5 4.4 1.7 1.9 1.2 0.7

8 66.9 11.1 10.8 5.6 2.1 1.7 0.7 1.1

9 68.1 10.8 11.3 4.7 1.5 2.1 0.8 0.7

10 66.8 11.2 10.9 5.1 1.9 1.8 1.1 1.2

Mean 67.56 10.84 10.96 5.02 1.8 1.82 0.94 1.06

Zone 3 11 68.7 9.6 12.2 5.1 1.3 1.2 1.2 0.7

12 69.3 8.1 12.1 4.8 1.8 1.5 1.3 1.1

13 67.8 9.3 12.8 4.5 1.5 1.3 0.9 1.9

14 69.7 9.1 11.1 4.2 1.9 1.8 1.4 0.8

15 68.7 8.8 12.1 4.8 1.7 1.7 1.1 1.1

Mean 68.84 8.98 12.06 4.68 1.64 1.5 1.18 1.12

and polyol components was taken as 1, since the recommended ratio for the polyurethane
component without fillers is 100:100. The range of change is 0.1.

The essence of the method is to determine the mathematical relationship between
the given properties and the use of materials, the properties of parts and process factors.
Depending on the number of factors and the situation of the problem being solved, the
number of tests is carried out according to a given corresponding plan. The planning
matrix and experimental data are given in the Table 4.

The results of the experiment are processed using mathematical statistics to obtain
algebraic equations that reflect the relationship between the studied properties and the
initial factors, using regression equations, you can build graphs and nomograms that
allow you to quickly adjust as each factor changes. The value of the output parame-
ter. When using a nomogram, the output parameters can be kept at a given level by
appropriately modifying the factors included in the regression equation.

Based on the equations obtained, a mathematical model was constructed for the
dependence of the foaming coefficient of laboratory samples of polyurethane foam on
the factors under study (Fig. 4).
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Table 2 Granulometric composition of laboratory samples of the material

Model No. Fraction content, %, with fraction size, mm

1–0.5 0.5–0.25 0.25–0.1 0.1–0.05 < 0.05

Zone 1 1 18.5 28.6 39.3 8.8 4.8

2 21.3 28.7 36.2 10.5 3.3

3 20.7 27.4 38.8 9.4 3.7

4 22.4 29.3 37.2 8.3 2.8

5 20.3 26.7 40.5 9.3 3.2

Mean 28.14 38.4 9.26 3.56

Zone 2 6 10.6 18.3 47.1 14.4 9.6

7 8.1 19.6 47.8 13.7 10.8

8 9.9 18.8 46.1 12.4 12.8

9 9.2 20.1 48.2 13.3 9.2

10 8.3 18.9 46.8 13.5 12.4

Mean 19.14 47.2 13.46 10.96

Zone 3 11 4.1 9.7 53.6 16.4 16.2

12 3.8 8.6 56.1 15.2 16.3

13 4.7 7.8 55.8 17.1 14.6

14 5.1 8.4 56.2 18.2 12.1

15 3.4 8.1 54.6 16.6 17.3

Mean 8.52 55.26 16.7 15.3

In the transition from coded factors to natural ones, the optimal ratio of components
was found, which is 100:100.

4 Conclusions

Thus, the possibility of using waste from the processing of ferruginous quartzites of
the Stoilensky GOK (Russia) as a mineral filler for polyurethane foam has been exper-
imentally proven. The structure of the newly obtained composite insulation was stud-
ied. Mining industry wastes (tailings) are embedded in a polyurethane matrix and are
intrastructural.



404 L. A. Suleymanova et al.

Fig. 3 Scheme of location of tailings sections depending on their granulometric composition
(material sampling by zones)

Table 3 Experiment planning conditions

Factor Level of variation Interval of variation

Natural view Coded view + 1 0 − 1

Filler consumption, % X1 50 30 10 20

Component ratio X2 1.1 1.0 0.9 0.1

Table 4 Planning matrix and experimental data

No. of experience Factors K foam models of polyurethane foam filled with tails

X1 X2 Tails of zone 1, ×
1000

Tails of zone 2, ×
1000

Tails of zone 3, ×
1000

1 + 1 + 1 630 520 420

2 + 1 − 1 610 510 410

3 − 1 + 1 1070 680 480

4 − 1 − 1 1050 670 470
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Fig. 4 Mathematical model of the dependence of the coefficient of foaming of laboratory samples
of polyurethane foam filled with tailings: a zone1; b zone 2; c zone 3
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