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Preface 

Dear colleagues! 

III International Conference on Materials Physics, Building Structures and Tech-
nologies in Construction, Industrial and Production Engineering (MPCPE 2022) 
has been held on April 26–28, 2022, at Vladimir, Russian Federation. The confer-
ence encompasses key directions of scientific and scientific-practical research in all 
aspects of industrial and civil construction, including numerical–analytical methods 
for calculating building structures, buildings, and facilities; the strength and deforma-
bility of construction materials and structures; structural and functional materials in 
the construction industry and other production technologies; design and operation 
of building structures and engineering systems; the application of achievements in 
applied physics in construction and related industries, as well as current issues of 
energy and resource conservation in construction. 

The conference was organized by Vladimir State University named after 
Alexander and Nikolay Stoletovs in partnership with Peter the Great St. Petersburg 
Polytechnic University (St. Petersburg, Russian Federation) and Research Institute 
of Building Physics of Russian Academy of Architecture and Construction Sciences 
(Moscow, Russian Federation). Vladimir State University named after Alexander 
and Nikolay Stoletovs is renowned in the domestic construction science largely due 
to its scientific school of reinforced wooden structures, established at the Depart-
ment of Building Structures. The study and development of such structures have 
been conducted at the university since the 1970s. The majority of the developed and 
tested building structures have been implemented in actual construction projects. The 
accumulated experience in the research and operation of reinforced wooden struc-
tures attests to their sufficiently high characteristics and prospects for their appli-
cation in modern construction. Currently, the scientific team is focused on creating 
various types of composite structures and is conducting several research projects in 
this field. In addition to the development of new structures, the university’s depart-
ment of building structures excels in technical inspection and design of buildings 
and structures, as well as the improvement of existing building constructions.

v



vi Preface

As editors, we would like to express our sincere gratitude to all participants for 
their valuable contributions and their keen interest in the conference. The scientific 
level exhibited in the presented materials was exceptionally high, reflecting the dedi-
cation and expertise of the researchers involved. We are truly appreciative of the 
effort and thought put into each submission. We would also like to extend our grati-
tude to the members of the Program Committee and the reviewers for their diligent 
work. Their commitment to conducting a thorough analysis of the submitted mate-
rials and engaging in constructive discussions has been instrumental in maintaining 
the scholarly rigor of the conference. Their expertise and attention to detail have 
significantly contributed to the quality and coherence of the conference proceedings. 
The collaborative efforts of all participants, including researchers, reviewers, and 
committee members, have ensured the success of this academic event. It is through 
the dedication and professionalism of each individual involved that we have been 
able to uphold the conference’s standards of excellence. 

Saint Petersburg, Russia Nikolai Vatin 
Conference Chairman
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Three-Dimensional Stress State of Earth 
Dams Under Static Loads 

Doniyor Juraev , Paxridin Matkarimov , and Mirziyod Mirsaidov 

Abstract The article is devoted to the study of the stress–strain state and strength 
of various earth dams under the action of static loads. The stress–strain state of 
the Gissarak, Sokh and Pachkamar earth dams built in Central Asia is studied in a 
three-dimensional formulation under the action of body forces and hydrostatic water 
pressure. It was established that under the action of body forces and hydrostatic 
water pressure, the plane deformed state for some dams is realized in a very narrow 
range along the length of the dam, and for other dams, this state is realized in a wide 
range. The equivalent stress for the three-dimensional stress state of the dams under 
consideration was estimated using the fourth maximum-strain-energy theory, and 
the results obtained were compared with the allowable stress for the soil material of 
the dams, which showed sufficient strength of these dams under the action of static 
loads. 

Keywords Earth dam · Three-dimensional problem · Static load · Stress–strain 
state · Equivalent stress · Maximum-strain-energy theory 

1 Introduction 

When designing earth dams in seismic regions, there arises the problem of choosing 
a calculation model for studying their stress–strain state (SSS) and dynamic behavior 
in general. In most cases, simplified plane design schemes are used in the study of 
such types of structures.
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Simplified design schemes are unable to describe many effects of the spatial work 
of real structures. In this regard, the material of the structures is often used non-
rationally. This causes an overrun of the material and the impossibility of providing 
the required margin of safety and reliability of the structure. 

The solution to the above problem, considering the factors listed, can be most fully 
obtained using numerical methods, for example, the finite element method (FEM) 
or the finite difference method (FDM) [1–5, 22]. 

To date, there are a number of scientific publications devoted to the study of the 
stress–strain state of earth structures, both in a plane or spatial formulation. 

The stress–strain state of various earth dams in a plane or spatial formulation 
is considered in [6–15]; this formulation takes into account the design features of 
structures, the moisture properties of soil, the interaction of structures with the water 
environment of the reservoir, and other features of structures. 

The study in [16] presents the results of the assessment of the stress–strain state of 
high earth dams depending on time (consolidation analysis) in a plane formulation. 
Some results of calculations to determine the effect of water pore pressure on the 
stress–strain state and subsidence of the dam are analyzed. 

In [17], the stress state of earth dams under static and dynamic effects was studied 
by the finite element method, taking into account the elastic–plastic strain of the soil 
of the dam. The numerical results obtained were compared with the results of field 
measurements during the Wenchuan earthquake. 

The study in [18] analyzes in detail the use of non-traditional materials (rock and 
soil mixes) to ensure the stability of the slopes of earth dams. 

In [19], scientific achievements and main conclusions are described; i.e. accumu-
lated experience in the construction of high rock-and-earth dams is systematically 
summarized, and major technical issues are discussed, including control of strains, 
seepage, slope stability, safety assessments and other issues related to earth dams. 

In [20], a review and analysis of the results of studies of the stress–strain state 
of rockfill dams with a reinforced concrete screen, performed by different authors, 
were presented. The results of analytical, experimental and numerical studies are 
considered. The models used to reproduce the non-linear nature of the screen defor-
mation and rockfill in the numerical simulation of the stress–strain state of dams are 
described. 

As the review shows, the stress–strain state and strength of earth dams, taking into 
account design features and real work in a three-dimensional formulation, were not 
studied sufficiently, therefore, research in this direction is of great scientific interest. 
The prediction of the behavior of earth dams should be based on the most complete 
consideration of all factors affecting their SSS and strength under various types of 
loads. 

Based on the above, this work is devoted to the development of methods for 
assessing the stress–strain state and strength of the Gissarak, Sokh, and Pachkamar 
earth dams built in Central Asia in a three-dimensional formulation, taking into 
account the design features, physical and mechanical properties of building materials. 
In this article, the finite element method (FEM) is used as a computing tool.
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2 Methods 

A three-dimensional non-homogeneous deformable system (Fig. 1) is considered 
here, i.e. a model of an earth dam that occupies volume V = V1 + V2 + V3. The area 
of the base of the system along the bottom is Σ,,

4 and the areas of two coastal faces
Σ,

4, Σ
,,
4 are rigidly fixed; the surface of the lower slope and crest are stress-free. It 

is assumed that body forces →f and hydrostatic water pressure →p act on surface Sp of 
the earth dam. 

Here: V1, V3 are the volumes of the upper and lower prisms, V2 is the volume of 
the core. 

It is necessary to determine the components of the displacement vectors and the 
components of the stress tensor in a three-dimensional body (Fig. 1) under the action 
of force →f , and water pressure →p. 

For the mathematical formulation of the problem, the principle of virtual displace-
ments, the generalized Hooke’s law, the Cauchy relation for a three-dimensional body 
[8], and kinematic boundary conditions are used. 

Boundary conditions are:

→x ∈ Σ,
4 + Σ,,

4 + Σ,,,
4 : →u = 0 (1)  

Here →u = {u1, u2, u3} = {u, v, w} are the components of the displacement vector of 
the point of the body; {x} = {x1, x2, x3} = {x, y, z} are the coordinates of the point 
of the body; i, j, k = 1, 2, 3. 

We determine the functions of displacements →u(→x), strains εij(→x) and stresses σij(→x) 
arising under static forces ( →f ) and pressure (→p) in the body of the system (Fig. 1).

Fig. 1 Calculation scheme of a non-homogeneous three-dimensional system 
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The finite element method (FEM) is the most appropriate in order to solve this 
problem for a domain of non-canonical shape (Fig. 1); it allows taking into account 
both the geometry features and the properties of the material of the system. 

Here, the domain occupied by the body is divided into sub-domains with different 
physical and mechanical characteristics, then the sub-domains are automatically 
partitioned into finite elements. As a result, a discrete model of the system is created. 

When solving this three-dimensional problem, first-order volumetric elements 
were used in the form of tetrahedra with 12 degrees of freedom. A linear function is 
used to approximate the displacement field inside a volumetric tetrahedron. 

The procedure of the finite element method allows us to reduce the three-
dimensional problem under consideration to a system of non-homogeneous high-
order algebraic equations, i.e.: 

[k]{u} = {P} (2) 

Here: [K ] is the stiffness matrix for the system under consideration (Fig. 1); {u} are 
the sought-for components of the displacement vectors, in the nodes of the finite 
element; {P} are the components of external forces (body and surface ones) acting 
on the nodes of the finite element. 

In the study of specific three-dimensional problems, the partition of given domain 
V into finite elements is performed considering the design features and physical and 
mechanical properties of the material of different parts of the dam. When solving 
this problem, the computer programs developed by the authors, and the standard 
ABAQUS programs were used. When solving specific problems, the number of 
unknowns in these equations reached 68,493. 

3 Results and Discussion 

The stress–strain state (SSS) and the strength of the Gissarak, Sokh, and Pachkamar 
earth dams are investigated in the article under the action of body forces and 
hydrostatic water pressure, in a three-dimensional formulation. 

Body forces →f acting on the structure and the hydrostatic pressure of water in the 
upstream face acting on the upper slope of the dam were taken as external impacts, 
determined by the following formula

→p = ρ0g( h − x2) (3) 

here, ρ0 is the density of water; h is the height of reservoir filling. 
The study was performed for the following earth dams built on the territory of the 

seismic region of Central Asia. The main geometric parameters of these structures, 
as well as the physical and mechanical characteristics of soil in various sections of 
the dam, were taken from the design data:
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1) Gissarak dam (Fig. 2), H = 138.5 m high, built on the Aksu river in the 
Kashkadarya region of Uzbekistan, with slope coefficients m1 = 2.2, m2 = 1.9. 
Retaining prisms 1 are laid out of rock mass with the following physical and 
mechanical parameters E = 3600 MPa, soil specific gravity γ = 1.9 tf/m3 , 
Poisson’s ratio ν = 0.3 and cohesion coefficient C = 2 kPa. Core 4 is laid 
from loam with physical and mechanical parameters - E = 2400 MPa, soil  
specific gravity γ = 1.7 tf/m3 , Poisson’s ratio ν = 0.35 and cohesion coefficient 
C = 20 kPa. The transition zone is of sandy-gravelly soil. The crest of the dam 
is b = 16 m wide and L = 660 m long. 

2) Sokh dam, H = 87.3 m high, was built on the Sokh River in the Fergana region, 
with slope coefficients m1 = 2.5, m2 = 2.2. Retaining prisms are laid from 
pebbles with physical and mechanical parameters - E = 3550 MPa, specific 
gravity of soil γ = 2.1 tf/m3 , Poisson’s ratio ν = 0.35 and cohesion coefficient 
C = 10.9 kPa. The core is laid from loam with physical and mechanical param-
eters E = 2400 MPa, soil specific gravity γ = 1.75 tf/m3 , Poisson’s ratio ν = 
0.35 and cohesion coefficient C = 30 − 50 kPa. The crest of the dam is b = 
10 m wide and L = 487.3 long. 

3) Pachkamar dam, H = 70 m high, erected in Kashkadarya region, with slope 
coefficients m1 = 2.25, m2 = 2.25. Retaining prisms are from sand-pebbles 
with physical and mechanical parameters E = 3600 MPa, soil specific gravity 
γ = 2.25 tf/m3 , Poisson’s ratio ν = 0.3 and coefficient of cohesion C = 11 kPa. 
The core is laid from loam with physical and mechanical parameters E = 
2400 MPa, soil specific gravity γ = 1.78 tf/m3 , Poisson’s ratio ν = 0.35 and 
cohesion coefficient C = 30 kPa. The crest of the dam is b = 8 m wide and L = 
589 m long.

Fig. 2 Cross section of the Gissarak dam 1 - retaining prisms, 2 - I layer of transition zones, 3 - II 
layer of transition zones, 4 – core 
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3.1 Evaluation of the Stress–Strain State of Earth Dams 

The SSS of earth dams is studied in a three-dimensional formulation. The calculation 
results are the components of displacement vectors u1, u2, u3, strains ε11, ε22, ε33, ε  
and stresses σ11, σ22, σ33, σ  for all points of the structure (Fig. 1). 

To analyze the results in the characteristic transverse and longitudinal sections of 
the dam, isolines of equal values of the components of displacements, strains, and 
stresses were constructed. 

Figure 3 shows the distribution field of equal values of vertical u2 - (along the 
x2 axis) and longitudinal u3- (along the x3 axis) displacements in the middle of the 
longitudinal section of the Gissarak (a, d), Sokh (b, e), and Pachkamar (c, f) dams 
obtained in a three-dimensional formulation under the own weight of the structures.

An analysis of the results presented (Fig. 3), shows that in the longitudinal section 
of the Gissarak dam, there is a sharp change in the distribution pattern of vertical u2 
and longitudinal u3 displacements of points from the middle part of the dam to the 
coastal slopes (Fig. 3a). This indicates a significant influence of the left and right 
banks on the value of vertical and longitudinal displacements of the middle part of 
the dam. 

For this dam (Fig. 3a), a plane deformed stress state is realized in a very narrow 
range (a section marked in blue) since the geometric dimensions of this dam in three 
directions are of the same order. 

For the Sokh and Pachkamar dams, the area where the plane-deformed stress state 
is observed is quite large (Fig. 3b, c) since for these structures the influence of coastal 
slopes on the stress state of the structure is insignificant (a section marked in blue). 

The values of longitudinal displacements u3 in the left and right slopes of all dams 
increase sharply. This phenomenon can lead to the formation of transverse cracks in 
the upper part of the dams adjacent to the banks. 

Along with this, the value of displacements (i.e., absolute deformation) of the 
profile points of the dams under consideration depends significantly on considering 
the level of water filling in the reservoir. In this case, the distribution pattern of 
displacements in the body of the dam completely changes, the symmetry is broken, 
and the absolute deformation of the dam significantly depends on the value of water 
pressure in the upstream face, which is especially evident when calculating the 
structure for the case of a completely filled reservoir. 

Figure 4 shows lines of equal levels of horizontal σ11 (a), vertical σ22 (b) and 
shear σ12 (c) stresses of the Gissarak dam under its own weight and hydrostatic water 
pressure when the reservoir is completely filled. Such results were also obtained for 
the Pachkamar and Sokh earth dams in three-dimensional and spatial formulations 
at different levels of reservoir filling.

The results obtained also showed that in the central part of the Sokh and Pachkamar 
dams, the conditions of plane deformation of the theory of elasticity are observed, 
which are not observed in the Gissarak dam.
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а) 2 

b) 2 

c) 2 

d) 3 

e) 3 

f) 

m,u 

m,u 

m,u 

m,u 

m,u 

m,u3 

Fig. 3 Distribution field of equal values of vertical u2 (along the x2 axis) and longitudinal u3 (along 
the x3 axis) displacements in the middle of the longitudinal section of the Gissarak (a, d), Sokh 
(b, e) and Pachkamar (c, f) dams in a three-dimensional formulation under the action of their own 
weight



8 D. Juraev et al.

а) , aPM11σ 

b) , aPM22σ 

c) , aPM12σ 

Fig. 4 Isolines of equal values of horizontal σ11 a vertical σ22 b and shear σ12 c stresses for the 
Gissarak dam in 3D formulation when the reservoir is completely filled

3.2 Strength Assessment of Earth Dams 

Using the results obtained in paragraph 3.1 for stresses, the strength of the three 
dams under consideration was estimated in a three-dimensional formulation using the 
maximum-strain-energy theory. It is assumed that the potential energy of deformation 
of the material in the elastic region is the sum of the potential energy of a change in 
its volume and the potential energy of a change in its shape.
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b) 

c) 

a) 

Fig. 5 Isolines of equal values of equivalent stress σequiv in the body of the Gissarak a Sokh b and 
Pachkamar c earth dams 

In accordance with the requirements of the maximum-strain-energy theory, the 
following condition must be met at all points of earth dams: 

σequiv 

/
1 

2

[
(σ1 − σ2)2 + (σ1 − σ3)2 + (σ3 − σ2)2

] ≤ [σ ] (4) 

Here σ1,σ2,σ3 are the principal stresses, and [σ] is the allowable normal stress. 
To assess the strength of the Gissarak, Sokh, and Pachkamar earth dams in a three-

dimensional formulation under the action of their own weight and hydrostatic water 
pressure in a completely filled reservoir, the values of equivalent stress σequiv at all 
points of the dam body were determined using expression (4). The results obtained, 
i.e. isolines of equal values of σequiv for the average cross-section are shown in Fig. 5. 

To compare the results of σequiv with the value of [σ], the following estimate can 
be made: in [21], it was noted that the high strength of individual particles of gravel-
pebble soil predetermines the boundary of mass damage at [σ ] = 2.0 ± 0.5 MPa  
(the values of [σ] were determined experimentally).
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An analysis of the distribution pattern of equivalent stress σequiv in the body of 
the dams shows that the value of σequiv in the body of the dams under consideration 
completely satisfies the condition of the maximum-strain-energy theory of mechanics 
(4) at all points of these dams. The results obtained show that the required strength of 
the dams under the action of body forces and hydrostatic water pressure is ensured 
at completely filled reservoirs. 

4 Conclusions 

1. The Stress–strain State and Strength of Three Earth Dams of Different Heights 
in a Three-Dimensional Formulation Under the Action of Body Forces and 
Hydrostatic Water Pressure Were Studied. 

2. It was determined that under the action of body forces and hydrostatic water 
pressure, the plane deformed state for the Gissarak dam is realized in a very 
narrow range along the length of the dam, and for other dams, this state is realized 
in a wide range. 

3. Equivalent stress for the three-dimensional stress state for these dams was esti-
mated using the maximum-strain-energy theory and the results obtained were 
compared with the allowable stress for soil; this showed sufficient strength of 
these dams under the action of static loads. 
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Abstract The study of the reasons for shortening the period of concrete protection 
of steel reinforcement and the development of ways to increase its duration are the 
basis for increasing the durability of reinforced concrete products and structures. 
To increase the durability of reinforced concrete products, calcium stearate in an 
amount of 0.7 wt. % was introduced into the cement paste at the preparation stage 
to ensure volumetric hydrophobization. Corrosion studies of steel reinforcement in 
cement stone were carried out under the conditions of exposure to a 2% MgCl2 solu-
tion. Breaking of the passivity of reinforcement in cement stone without the addition 
of calcium stearate occurs after about 6 months of exposure to an aggressive envi-
ronment, in hydrophobized cement stone after 9 months of liquid corrosion. The 
electrochemical behavior of steel reinforcement in conventional and hydrophobized 
concrete was evaluated using polarization measurements. The calculated corrosion 
rates of steel reinforcement in cement stone have small values, but over time aggres-
sive particles will accumulate near the surface of the reinforcement, which will 
contribute to the intensive development of corrosion processes. Corrosion of rein-
forcement in cement concrete without the addition of a hydrophobizer proceeds 1.3 
times faster than reinforcement in hydrophobized concrete. However, it takes much 
longer to reach the maximum concentration of chloride ions at the surface of steel 
reinforcement in concrete with a hydrophobizer, therefore, corrosion processes will 
begin to develop later. 
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1 Introduction 

Due to the physical, chemical and mechanical characteristics, concrete used in various 
environments is exposed to various aggressive components that reduce its durability. 
The durability assessment is related to the expected performance characteristics of 
the product and consists in determining the factors that are crucial for the destruction 
of the material depending on its composition and properties, determining changes 
caused by the interaction of the material with external aggressive substances, and 
measuring damage over time. 

Corrosion of reinforced concrete proceeds in two phases and is directly related to 
corrosion of steel reinforcement (Fig. 1). During the initial phase, the steel reinforce-
ment is protected by a layer of concrete. The duration of this phase is determined 
by the rate of penetration of aggressive particles through the concrete layer to the 
reinforcement surface and the corrosion processes occurring in the concrete [1–3]. 
Due to the provision of good quality and lower permeability of concrete, as well as a 
greater coating thickness, the period of initiation of corrosion of steel reinforcement 
in reinforced concrete structures can be increased. The second phase begins after the 
depassivation of the surface of the steel reinforcement and ends with the processes 
of destruction of the reinforced concrete structural element due to the accumulation 
of corrosion products of the reinforcement [4–6]. To increase the service life of rein-
forced concrete products, it is necessary to study the reasons for the reduction of the 
first phase and develop methods for the duration of the second phase. 

The penetration of water into concrete is the main cause of all major phys-
ical and chemical degradation processes in reinforced concrete products [8–12].

Fig. 1 Periods of the beginning and development of corrosion of reinforced concrete [7] 
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To prevent the entry of water and aggressive particles dissolved in it deep into 
the concrete, hydrophobization is resorted to. Due to the decrease in water absorp-
tion, the amount of liquid aggressive medium entering the concrete decreases, and, 
therefore, the degree of its corrosion destruction decreases [13–15]. The introduc-
tion of hydrophobic additives into the concrete composition or the treatment of the 
concrete surface with special penetrating compounds increases the water resistance of 
concrete, prevents the occurrence of corrosion processes and damage to the concrete 
structure [16–19]. All this contributes to the durability of concrete and reinforced 
concrete structures. 

The positive effect of concrete hydrophobization usually lies in the fact that this 
type of treatment prolongs the period before the onset of corrosion. When corrosion 
begins, the hydrophobicity of the surface of the pores of the cement stone effectively 
prevents the penetration of the liquid medium and reduces the rate of corrosion. 
The absence of chloride penetration into hydrophobized concrete was found on the 
motorway pier after 7 years of operation [20–22]. 

Corrosion resistance of reinforced concrete with hydrophobic additives requires 
additional study to determine the regularity of mass transfer. To assess the contribu-
tion of hydrophobization to the durability of the structure, it is necessary to know 
how effectively this treatment method prevents the penetration of various aggressive 
substances, and how long this efficiency can be maintained. 

2 Materials and Methods 

The studies were carried out on bars of reinforcement made of rolled steel A500C, 
filled in a cylindrical shape with Portland cement of the CEM I 42.5N grade with a 
water-cement ratio W/C = 0.3. 

Calcium stearate in the amount of 0.7 wt. % was introduced as a hydrophobic 
additive at the cement mixing stage. This amount of hydrophobizer is necessary to 
obtain concrete of the W8 waterproof grade. As a result of volumetric hydrophobiza-
tion, insoluble calcium stearate is deposited on the surface of the pores of cement 
stone concrete [23]. 

After curing for 28 days in air, the samples were placed in containers with a 
2% MgCl2 solution as an aggressive medium. The MgCl2 solution concentration of 
20 g/l was accepted as highly aggressive towards concrete [24]. 

The reinforcement potential in the cement stone was measured for 24 months. 
Determination of the electrode potential of the surface of steel reinforcement in 
concrete was carried out by a non-destructive method of measuring the potentials 
of the half-element. The measurement is performed by installing a reference elec-
trode connected to the negative pole of the voltmeter on a concrete surface through 
a moistened sponge. The positive pole of the voltmeter is connected to the steel 
reinforcement. The measurement scheme is shown in Fig. 2. The voltmeter readings 
are taken after the device readings are stabilized. Readings are considered stable if
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Fig. 2 Scheme for measuring the potential of the reinforcement surface in concrete by the method 
of half-element potentials with one reference electrode 

they remain unchanged for at least 15 s when measured in the operating mode of the 
device with a discreteness of 1 mV. 

To recalculate the potential of steel reinforcement with respect to the hydrogen 
electrode EMe, it is sufficient to add the potential of the comparison electrode Ec.e to 
the potential of the Em measured by this method, taken with its own sign.: 

EMe = EM + Ec.e. (1) 

The measurement of the polarization resistance was carried out at alternating 
current in a two-electrode cell, which is a glass with a capacity of 150 ml with a 
lid in which the electrodes are attached (Fig. 3). The electrodes in the form of rods 
are made of St3 steel. The working surface is 0.6 cm2, the non-working part of 
the electrodes is isolated from the solution by a glass shell. The distance between 
the working parts of the electrode was 20 mm. The cell was filled with the studied 
phosphating solution, then it was connected to the measuring device. The resistance 
of the system under study was recorded initially every 20 s, after 5 min – every 60 s 
for 30 min at room temperature with one type of solution.

Polarization measurements provided information about the electrochemical 
behavior of steel reinforcement in cement stone and allowed us to calculate the 
corrosion rate: 

K − 
m =

j · A 
z · 26, 8 , (2)
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Fig. 3 Diagram of an experimental installation for conducting polarization measurements: 1 – 
electrochemical cell; 2 – programmer; 3 – potentiostat; 4 – two-coordinate recording device; 5 – 
working electrode; 6 – auxiliary electrode; 7 – reference electrode

Kh = K − 
m 

8, 76 
ρMe 

, (3) 

where: K −m is negative mass change indicator, g/(m2 · h); j is corrosion current 
density, A/m2; A is atomic mass of metal, g/mol; z is valence of the metal; 26,8 is 
Faraday ‘s constant, A·h/mol; Kh is deep corrosion index, mm/year; ρme is metal 
density, g/cm3. 

3 Results and Discussion 

It can be seen from Fig. 4 that at the initial stage the steel reinforcement changes poten-
tial, which is due to the formation of a passive film on its surface. In hydrophobized 
cement stone, steel reinforcement remains passive for 9 months, then the poten-
tial decreases slowly. Breaking of the passivity of reinforcement in cement stone 
without the addition of calcium stearate occurs after about 6 months of exposure to 
an aggressive environment. At potential values below -100 mV, steel enters an active 
state when corrosion processes can begin to develop, but at an extremely low rate 
[7]. With a further decrease in the potential, the corrosion process of steel becomes 
more intense and more cathodically controlled.

The polarization curves (Fig. 5) show that the corrosion current density is higher 
in cement stone without additives, hence the corrosion of steel reinforcement will 
proceed faster. Anodic dissolution of reinforcement in cement stone without additives 
begins at a surface potential of about -290 mV and actively continues until the
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Fig. 4 The change in the potential of reinforcement made of rolled steel A500C in cement stone 
under conditions of liquid corrosion in a 2% MgCl2 solution

potential increases to 760 mV. The passive state of the metal surface does not last 
long. Then pitting formation begins on the surface of the steel. In hydrophobized 
cement stone, anodic dissolution of steel begins at a potential of -255 mV. The active– 
passive state of the surface occurs at a potential of 340 mV. There is no breaking of 
the passivity of the steel surface, since the cement stone has a dense structure and 
prevents the entry of aggressive particles to the metal surface.

Table 1 shows the corrosion rate indicators calculated according to formulas (2) 
and (3) for the maximum achieved value of the corrosion current.

When aggressive particles accumulate near the surface of steel reinforcement in an 
amount sufficient to destroy its passivation and the beginning of the development of 
corrosion processes, corrosion of reinforcement in cement concrete without the addi-
tion of a hydrophobizer proceeds 1.3 times faster than reinforcement in hydropho-
bized concrete. However, it takes much longer to achieve such a concentration of 
chloride ions at the surface of steel reinforcement in concrete with a hydrophobizer. 
It has been established [25] that the threshold value of chloride ion concentrates 
are achieved in concrete grades for water resistance W8 after 3 years. To achieve 
such a concentration of chloride ions at the surface of the reinforcement in concrete 
without hydrophobic additives at liquid corrosion in a 2% MgCl2 solution, it will 
take 174 days. 

These calculated data are confirmed by the results of experimental studies of 
changes in the potential of steel reinforcement in cement samples exposed to 2% 
MgCl2 solution (Fig. 4).
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Fig. 5 Polarization curves of reinforcement made of rolled steel A500C in cement stone under 
conditions of liquid corrosion in a 2% MgCl2 solution

Table 1 Corrosion rates of reinforcement made of rolled steel A500C in cement stone after 
24 months of liquid corrosion in 2% MgCl2 solution 

Type of cement stone Mass change indicator K −m , , g/  
(m2·h) 

Deep corrosion index Kh, mm/year 

Without additive 1.05·10–4 1.17·10–4 

With a hydrophobizer 0.8·10–4 0.894·10–4

4 Conclusion 

Volumetric hydrophobization allows to reduce water absorption and increase the 
density of cement stone, which means to reduce the amount of aggressive medium 
entering the concrete and reduce the degree of corrosion destruction of steel 
reinforcement. 

It has been experimentally established that the change in the electrode potential 
of the surface of steel reinforcement in concrete begins after 6 months of samples 
being in a 2% MgCl2 solution, in the case of corrosion of hydrophobized concrete – 
after 9 months, however, no significant change in the potential of reinforcement was 
recorded for 2 years.
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The values of the corrosion rate of steel reinforcement in concrete show that the 
dissolution of the metal surface at the initial stage of operation of a reinforced concrete 
product in a liquid chloride-containing medium of a high degree of aggressiveness 
occurs slowly. By introducing calcium stearate into the cement mixture at the stage of 
concrete production, it is possible to significantly increase the period of preservation 
of the passive state of the reinforcement steel surface in concrete and reduce the rate 
of corrosion after the accumulation of a critical concentration of chloride ions at the 
surface of the reinforcement. 
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Modular Construction. Modular 
Ventilated Façade Concept 

Irina Leonidovna Kotlyarskaya , Aleksei Sergeevich Sinelnikov , 
Nikolai Ivanovich Vatin , Darya Viktorovna Nemova , 
Nikita Artemovich Iakovlev , 
and Rustamkhan Alimkhanovich Abdikarimov 

Abstract The object of research is a modular ventilated facade. This design was 
developed based on ventilated façade and modular façade systems. The combination 
of the two systems will result in a more advanced and modern design. The research 
methods used in the work are the analysis and review of the literature, the modeling 
of the structure, and the calculation of the bearing capacity of the facade pillar. The 
concept of a modular ventilated facade with cassette cladding, as well as using solar 
panels, is proposed. Thermoprofile TS150-50-2.0 used in the facade concept has a 
section weakened by notches in the section wall. The bearing capacity of the rack 
profile of the facade according to the calculation in the SCAD software package is 
provided. 

Keywords Energy-efficient buildings · Ventilated façade ·Modular facade ·
Modular ventilated façade · Enclosing structure · Bearing capacity · Reduced wall 
thickness 

1 Introduction 

Modular buildings are made up of prefabricated components and assemblies (called 
modules) that are transported and assembled on-site to form a building. Since the 
modules are manufactured under controlled conditions at the factory and are not 
exposed to different climatic factors during the manufacturing process, they are of 
the best quality. The demand for this technology is also explained by its advantages 
in the speed of construction and compliance with sustainable development trends. 
Examples of such buildings [1]:
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1) The Collins House building in Melbourne (Australia) is currently the tallest 
modular building in the world with 60 floors. 

2) The Tower T30 and Tower J57 Mini Sky in China are notable for setting the world 
record for being the fastest building in the world. The T30 tower was completed 
in just 15 days, while the J57 Mini Sky tower was completed in just 19 days (at 
a rate of three floors per day). 

3) The Clement Canopy Tower (40 floors) is the tallest modular building in 
Singapore. 

In practice, in addition to volumetric modular construction, panel modular 
construction is also used. It is a construction of flat elements, but with a complete 
finish [2, 3]. Such an element is a modular facade. Modules are structural elements 
consisting of individual metal profiles forming a flat frame. It is filled with insulation 
and lined with decorative materials. There are modular facades with and without a 
translucent part. 

Modular facades can be divided into several groups: 

1) Reinforced concrete panels 
A reinforced concrete panel is a large-sized flat element of a factory-made 

structure. It consists of a concrete frame, insulation, and cladding. 
2) Sandwich panels 

Sandwich panels are a three-layer structure consisting of metal outer and inner 
linings and a middle part (core), interconnected by an adhesive composition [4–6]. 
Sandwich panels are also produced on production lines. They are mainly used in 
prefabricated buildings. 
3) Frame-sheathing walls 

This kind of wall is a multi-layer non-load-bearing structure, consisting of a 
frame (usually made of light steel thin-walled structures), filling the cavity of the 
frame with materials for thermal insulation or sound insulation, wall cladding 
(external and internal), and external cladding. 
4) Translucent modular structures 

They are external non-bearing walls, consisting of a frame, fasteners, seals, and 
translucent and opaque filling. According to the composition, there are varieties 
of cable-stayed, frameless, combined, two-layer construction. Such structures are 
installed at a distance from the building frame, in-wall openings, and between 
floor slabs [7, 8]. 
5) Ventilated modular walls 

They differ from typical ventilated facades in that the facades are assembled 
at the factory and delivered to the facility ready for installation in the form of 
large-format facade modules with cladding, which are mounted on pre-installed 
special brackets. 

There is very little scientific literature about the latter type of modular facade. 
Although the phrase “Modular ventilated facades” is well-established, nothing is 
found when searching through the scientific database.
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The movement of air masses in a ventilated facade allows ventilation of the 
structure. Thus, mold formation and further destruction of the insulation and the 
load-bearing wall do not begin inside the system [7, 9–11]. 

The advantages of a modular facade are its quick installation, reduced load on 
the foundation, as well as the quality of the modular components of the facade. 
Facade modules are completely manufactured in the factory. During the manufac-
turing process, they are not affected by climatic factors. Also, this design leads to a 
reduction in construction waste (25%) [12]. 

Both directions are promising and complementary. Based on their combination, 
it is possible to create a rational and energy-efficient facade design. 

Preliminary calculation of the rack of a modular ventilated facade is also subject 
to consideration. The calculation is necessary to understand at the first stage whether 
it is possible to use a thermal profile in a structure to improve its thermal properties 
and lighten the weight of the structure. 

The purpose of this study is to determine the potential of the concept of a modular 
ventilated facade and its prospects in the modular construction of buildings. 

To achieve this goal, this study was carried out in several stages:

- to propose, based on the studied literary material, the concept of a modular 
ventilated facade;
- to determine the reduced wall thickness of the section of the thermoprofile 
TS150-50-2.0 (rack of a modular ventilated facade). 

2 Method  

In the first part of the article, the computer simulation method is used. Based on the 
analysis of existing variants of ventilated and modular facades, new types of facades 
are proposed. They are executed in the Revit software package. 

In the second part of the work, for the proposed version of the facade, the reduced 
wall thickness of the section of the thermal profile TS150-50-2.0 (modular ventilated 
facade rack) is determined. 

In the European regulations EN 1993-1-1 (3.5) [13–15] and SP 260.1325800.2016 
“Cold-formed thin-walled steel profile and galvanized corrugated plate constructions. 
Design rules” [16], the calculation of thin-walled cold-formed profiles is based on 
determining the geometry of the “effective” section of the profile. This technique 
is based on the theory of stability of a compressed rectangular plate with different 
boundary conditions, developed by Timoshenko S.P. [17]. The standard [16] contains 
a methodology for determining the effective cross-section [13–15]. The work is based 
on the normative methodology [16]. 

Thermoprofile TS150-50-2.0 used in the facade concept has a section weakened 
by notches in the section wall. In the normative documents considered above, there 
is no calculation method for considering the perforation area when determining 
the geometry of the effective section. In engineering practice, there is a simplified 
method for accounting for a perforated section, based on its exclusion from the wall
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of the “effective” section. With this approach, the bearing capacity is determined 
according to the American AISI standard “North American Specification for the 
design of cold-formed steel structural members”. Accounting for perforation is to 
reduce the resulting bearing capacity by multiplying by a factor of 0.8 [6]. 

The classical solution to the problem of accounting for perforation is based on 
replacing the perforated section of the section with a solid plate with a reduced 
thickness. The further algorithm for determining the geometry of the “effective” 
section coincides with [13–15]. The search for the thickness of a solid section wall 
plate, which is equivalent to a plate with notches, assumes that the critical compressive 
stresses are equal for both types of plates. This method involves the determination 
of the stability coefficient Kperf . for a compressed square perforated plate supported 
around the perimeter. It is determined by the finite element method. The stability 
coefficient for a solid plate Kgr . under similar conditions is assumed to be 4. The 
advantage of the classical approach is its versatility (section perforation can have any 
regular pattern). 

The practical application of a similar approach was proposed in the work of P. 
Salmi [18]. Instead of stability coefficients, critical values of compressive stresses 
are determined. The plate thickness reduction factor was determined according to 
Eq. 1: 

kred  = 
/

σcr. per f 

σcr.plaim 
(1) 

where σ cr.perf is critical compressive stress of the perforated plate and σ cr.plain is 
critical compressive stress of a solid plate. 

Equation 1 allows determining the reduction factor for a compressed rectangular 
plate. It is an important difference from the classical solution. The aspect ratio of 
the width and length of the compressed plate according to [17] directly affects the 
actual value of the critical compressive stress and the number of half-waves of the 
buckling form. For this reason, when using the formula, it is necessary to accurately 
determine the reduction factor iteratively. 

3 Results and Discussion 

3.1 The Modular Ventilated Façade Concept 

The starting stage in the implementation and production of a building structure is 
the development of its concept. New ideas must, first of all, meet such requirements 
as practical significance, simple feasibility, economic rationality, environmental and 
social public safety, etc. The idea of a modular ventilated façade meets all these 
requirements. This design is as energy efficient as a ventilated façade. It helps to 
avoid unnecessary heat loss, which means that fuel resources are saved. Saving fuel
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resources leads to a cleaner environment. The modularity of the design reduces the 
installation time of the façade. Thus, builders work less on the construction site and 
the risks of accidents on the construction site are reduced. It is a safer mounting 
method. 

The design of the ventilated facade module consists of a frame made of light steel 
thin-walled structures (pillars and guides). Insulation in the form of plates is placed 
in the frame. The internal lining will be made of reinforced cement-mineral sheets 
AQUAPANEL. The outer cladding is composite panels. They are three-dimensional 
panels with iklies (cassette holders) riveted to the vertical sides, which provide hidden 
fastening. The outer cladding is fastened based on the U-kon fastening facade system. 

A graphical representation of the modular ventilated façade concept is shown in 
Fig. 1.

The outer cladding can also consist of solar panels (Fig. 2), which have proven 
themselves as a source of autonomous (independent) energy supply [19–21].

3.2 Determination of the Reduced Wall Thickness 
of the Section (Thermoprofile TS150-50-2.0) 

External enclosing structures, as a rule, are designed from a perforated profile. It 
is also used in the concept of a modular ventilated facade. The perforated profile 
in the section wall has a section weakened by notches. Due to the location of the 
perforation in a checkerboard pattern in the wall of the section, it was possible to 
reduce the thermal conductivity of the profile, avoiding the formation of a cold 
bridge [22]. This decision harmed the overall bearing capacity of the thin-walled 
cold-formed profile. 

The solution to the problem was carried out based on the finite element method 
with a partition step of 3 mm. The thickness of the plates is 1.95 mm. The dimensions 
of the wall plates were set considering the section thickness, 148 × 148 mm (Figs. 3, 
4).

The boundary conditions were chosen so that the compressed plate was supported 
along the entire perimeter. The load was set in the form of a uniformly distributed 
along the line on one of the transverse sides in the plate plane. 

The reduced wall thickness of the section is 1.32 mm according to the methodology 
written above. 

The rack profile was calculated for the peak wind load of the II wind region of the 
Russian Federation. The pitch of the posts of the modular facade is p = 0.6 m. The 
height of the post is 3 m. The coefficient of redistribution of forces for a continuous 
two-span beam scheme is n = 1.25 (for example, the area near the window). 

The calculated distributed load from the peak wind load on the rack of the modular 
facade q is 198 kgf/m according to Eq. 2. 

q = 264 · n · p (2)
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Fig. 1 Modular ventilated facade a 3D view b section no.1 c section no.2
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Fig. 2 Modular ventilated facade with solar panels

Fig. 3 Perforated plate

The calculated bending moment in the post of the modular facade My is 0.223 tf 
· m according to Eq. 3. 

My = q · l
2 

8 
(3)
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Fig. 4 Perforated thermoprofile

The design shear force in the post of the modular façade Q is 0.297 tf according 
to Eq. 4. 

Q = q · l 
2 

(4) 

The calculation of the cold-formed profile TS 150-50-2.0 was performed 
according to [16]. The coefficient of use for strength under the combined action 
of the longitudinal force N and bending moments My and Mz is 0.476 (considering 
the loss of local stability), which is less than the maximum allowable value is 0.95. 

4 Conclusions 

1. Based on the studied literature on modular facades and ventilated facades, a 
combined design is proposed. The modular ventilated façade has the advantages 
of both façade systems. The facade is both energy-efficient and quickly assembled. 

2. The bearing capacity of the profile TS 150-50-2.0 with the given parameters 
(section step, loads) is ensured. 

Accordingly, this design at the initial stage proved to be promising and requires 
further detailed consideration. 
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Thermal Characteristics of a Modular 
Additive Enclosing Structure 

Irina Leonidovna Kotlyarskaya , Nikolai Ivanovich Vatin , 
and Darya Viktorovna Nemova 

Abstract The object of the study is a modular wall panel made on a 3D printer. 
Previously, this sample was tested in climatic chambers. The aim of the study is to 
assess the energy efficiency potential of the additive structure under study based on 
a more detailed analysis of the data obtained from the experiment in the climatic 
chamber and the thermal imaging performed. The work uses numerical and analyt-
ical methods. The heat transfer coefficient was calculated based on the data on the 
distribution of temperature and heat flux over the surface. The heat transfer coeffi-
cient U is equal to 0.464 W/m2 °C. This value is higher than the normative value 
for Saint- Petersburg, Russia (climate zone according to the Köppen-Geiger climate 
classification is Dfb). For the comfortable use of these modular additive panels, it is 
necessary to additionally insulate them. An analysis of thermal imaging of the addi-
tive structure showed that the temperature is distributed unevenly over the surface. 
Under the same conditions, the temperature variation can be more than 10 °C. This 
factor can significantly affect the overall heat transfer coefficient of the structure. 

Keywords Energy-efficient buildings ·Modular building · 3D printing · Additive 
technology · Enclosing structure · Heat transfer coefficient · Thermal imaging 

1 Introduction 

Prefabrication is a process in which building components (modules) are manufac-
tured in a factory and delivered to a construction site to form a building [1]. There 
are three classes of prefabricated structures: element 1D, panel 2D, and volumetric 
3D systems (Fig. 1) [2].

Panel 2D and 3D bulk buildings are also known as modular buildings. It allows 
more than 70% of the building to be prefabricated in the factory before it is transported 
for assembly at the construction site. Factory manufacturing of modular components
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a b c  

Fig. 1 Modular building systems (a) elemental (b) panel (c) volumetric

varies greatly from static factory floors to conveyor belts and even robotic module 
production. 

Modular construction offers significant advantages over traditional construction: 

1) Faster production (by 50%); 
2) Better predictability of construction completion time [3–6]; 
3) Better quality of construction (The materials used in modular buildings are the 

same as in classical construction but of better quality. The reason is that the 
components are manufactured under controlled conditions in the factory and are 
not exposed to long-term climatic factors during the construction process); 

4) Waste reduction (Most of the waste on a construction site is generated during 
the concreting process. This process and related works lead to the formation of 
more than 80% of all construction waste [7–9]); 

5) Reducing the number of visits to the object of delivery vehicles up to 70%; 
6) Reducing the noise level by 30–50%; 
7) Improving safety at the construction site (Reported accidents are estimated to be 

reduced by more than 80% compared to intensive conventional construction); 
8) Reduced theft on the construction site (Most finishes and expensive exterior 

elements are installed already at the factory in the module). 

The use of prefabricated construction is most relevant for the creation of typical 
apartment buildings, hotels, schools, hospitals, offices, student dormitories, and other 
types of buildings, where preference is given to repeating elements [6, 10, 11]. 
Repetitive units may include building components such as rooms, corridors, and 
finished plumbing modules [12]. 

One of the innovative options for creating ready-made building modules is the 3D 
printing method. 3D concrete printing (3DCP) is also known as Additive Manufac-
turing AM [13]. 3DCP implies an automated process during which concrete structures 
are created by extruding concrete layer by layer through a digitally controlled nozzle
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[14]. With the use of additive technology, it is possible to manufacture both individual 
elements of a building and the building itself. Buildings and building elements (wall 
modules, for example) made by 3D printing can have a complex geometric shape in 
terms of plan and height. This contributes to the creation of expressive architecture 
[15]. Theoretically, 3D printing can allow any shape to be printed [16, 17]. 

3D printing technology is actively developing. Therefore, it becomes important 
to study the structures made in this way from the point of view of thermal properties 
and to assess the potential of their energy efficiency. 

In the article [18] modeling was carried out for the thermotechnical study of a 
wall enclosing structure made in an additive way. The article describes modeling in 
the Ansys software package with different configurations of the internal edges of the 
structure (internal mesh). The authors considered the temperature distribution and 
conducted a physical experiment in climatic chambers. After carrying out the cycles 
of the experiment, the design was examined using a thermal imager for thermal 
imperfections and irregularities. 

Designs made using 3D printing are non-standard. For structures of this type, the 
existing norms for calculating the resistance to heat transfer are hardly applicable. 
In article [18] with the help of mathematical modeling, the heat transfer coefficient 
of one of the options for such wall structures was calculated. The U-value was 1.18 
W/m2·°C. The purpose of this work is to assess the energy efficiency potential of 
the modular additive structure under study based on a more detailed analysis of the 
data obtained in the previous work on the experiment in the climate chamber and the 
thermal imaging performed. 

The object of the study is an additive panel made by a 3D printer (Fig. 2). The 
size of the completed sample is 390 mm × 680 mm × 310 mm [18]. Now, this panel 
is a separate module from which a wall can be assembled. Also, the enclosing walls 
of the building can be initially made according to this principle. They may have an 
internal configuration that affects thermal inhomogeneity and heat leakage. 

Fig. 2 Modular additive 
wall panel made by a 3D 
printer
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2 Method  

The actual heat transfer coefficient U (or heat transfer resistance R) of any enclosing 
structure, including a modular additive enclosing structure, can be determined by 
testing it in climatic chambers using a non-destructive method. The data obtained 
during the laboratory experiment is processed and applied for further calculations. 
The research method used in this work to calculate the heat transfer coefficient U is 
numerical. 

The study of thermal inhomogeneity is carried out by a non-destructive method 
using thermal imaging. The Fluke TiS60 + Thermal Imager (Fluke Corporation, 
USA; Fluke Corporation, USA) was used for this part of the experiment. 

3 Results and Discussion 

3.1 Calculation of the Heat Transfer Coefficient 
of the Structure 

Three cycles of tests were carried out in the climatic chamber. Temperature and heat 
flow were recorded every 15 min using special sensors. Based on the data obtained 
on temperature and heat fluxes in the previous work [18], the total heat transfer 
coefficient of the enclosing structure is calculated. The temperature on the surface of 
the structure is unevenly distributed. Taking this fact into account, the heat transfer 
coefficient is calculated by Eq. 1: 

Ured  
0 =

Σ
Fj · Ui 

oj  

F 
(1) 

To determine Ured  
0 , thermal sensors were located in the center of thermally homo-

geneous zones of the building envelope. The layout of the sensors on the thermally 
homogeneous zones of the panel is shown in Fig. 3:

In Eq. 1: F is the area of the surface through which the flow passes (for the 
presented model F = 0.2108 m2). Fj is the area of the characteristic isothermal zone 
(for the presented model, the area of each characteristic zone is 0.0702 m2). Ui 

oj  is 
the heat transfer coefficient of the characteristic isothermal zone, W/ m2·°C. It is 
calculated by Eq. 2: 

Ui 
oj  =

qi 
j 

t i int, j − t i ext, j 
(2) 

where: 
i is the index indicating the number of the experiment;
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a b  

Fig. 3 The layout of the sensors, Revit model:(a) 3D model, (b) Top view

j is the index indicating the number of the isothermal zone; 
tint and text are average values of measurements of temperatures of internal and 

external air for the billing period; 
q is the measured actual heat flux density averaged over the billing period. 
Data were selected at which the temperature on the surface of homogeneous zones 

did not differ from the average by ± 0.5 °C. This is a steady-state heat flow. 
The final values are presented in Table 1. 
In Saint-Petersburg, Russia (climate zone according to the Köppen-Geiger climate 

classification [19–21] is a humid continental climate with warm summers, Dfb, Fig. 4) 
the enclosing wall structures must have a heat transfer coefficient U of 0.324 W/ 
m2·°C and a heat transfer resistance R of 3.08 m2·°C/ W. The value of the heat transfer 
coefficient obtained during the experiment (0.464 W/ m2·°C) is greater, and the heat 
transfer resistance (2.15 m2·°C/ W) is less. For comfortable use in practice, the studied 
wall structures will require additional insulation. Without additional insulation, this 
design can be used in climatic zones with warmer winters.

Table 1 Summary table with heat transfer coefficients of isothermal zones in three tests 

Zone Test 1, U, W/ m2.°C Test 2, U, W/ m2.°C Test 3, U, W/ m2.°C 
Zone 1 U1 

01 = 0, 481 U2 
01 = 0, 597 U3 

01 = 0, 558 
Zone 2 U1 

02 = 0, 371 U2 
02 = 0, 462 U3 

02 = 0, 430 
Zone 3 U1 

03 = 0, 379 U2 
03 = 0, 471 U3 

03 = 0, 434 
U1 = 0, 409 U2 = 0, 509 U3 = 0, 474 

Final U U = 0, 464 
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Fig. 4 Location of the study 
area on the global climate 
map 

3.2 Study of Thermal Engineering Heterogeneity 
of the Structure 

A thermal imaging study was carried out for a short period after being removed from 
the climatic chambers (Fig. 5, Fig.  6). The temperature of the outer edges of the 
structure after being removed from the climatic chambers quickly becomes equal to 
room temperature. Figure 5 shows a view of the structure from above, which makes 
it possible to consider the change in temperature along the upper plane.

Line 0 (L0) runs along the solid face of the structure. Line 1 (L1) passes through 
all the internal ribs of the structure. The character of L0 is smoother than the character 
of L1. L1 has curves and extrema. Along with L0, the temperature changes smoothly. 
The temperature of the investigated face in the area of triangular recesses is 17–18 °C. 
In the area of a rectangular recess, the temperature begins to rise rapidly to 23 °C. 

The graph of L1 reflects the temperature distribution along with it and shows 
all the temperatures that fell into the nearest space near the line L1. Not only the 
temperatures of the structure are affected, but also what is in the shooting area. The 
temperature on the back side is 14–15 °C (the back side was in a cold chamber), 
in the middle part of the structure the temperature is 15.5–17 °C, and on the front 
side, the temperature is 20–21.5 °C (the front side was in a warm chamber). These 
temperatures characterize the change in temperature over the upper surface. In trian-
gular recesses, the temperature along the inner walls varies in the range of –4.7 °C 
to + 8.9 °C. The lowest temperature (−4.7 °C) is observed at the inner corners of 
the recesses. 

The investigated wall structure is made in an additive way. The structure was 
formed during the layer-by-layer hardening of the building mixture. Thus, the edges 
of the structure are not smooth surfaces. They have specific irregularities in the form 
of thinning and broadening. This design is interesting from the point of view of 
thermal inhomogeneity. Figure 7 and Fig. 8 consider temperature changes along the
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Fig. 5 Thermal image of the investigated additive wall panel. Top view 

Fig. 6 Y-Profile
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characteristic line L0 on the surface of the structure (the back side of the structure 
under study, which was in the cold chamber). 

It can be seen that the design is maximally thermally inhomogeneous. On the addi-
tive face, the temperature varies from 4.98 °C to 14.17 °C. To study the heat transfer

Fig. 7 Thermal image of the investigated additive wall panel 

Fig. 8 Y-Profile 
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coefficient U, as many temperature sensors as possible for this type of structure are 
required. 

4 Conclusions 

1. The heat transfer coefficient U of the modular additive wall panel was obtained 
based on the data on the distribution of temperatures and heat flows from the 
experiment in the climatic chamber. It amounted to 0.464 W/ m2·°C. This param-
eter is higher than allowed in the regulations for Saint- Petersburg, Russia (climate 
zone according to the Köppen-Geiger climate classification is Dfb). It is not 
recommended to use the original design. The design requires additional insulation. 
2. Analysis of thermal imaging showed that the temperature of the outer edges of 
the structure after being removed from the climatic chambers quickly becomes 
equal to room temperature. In the internal recesses of the structure (especially in 
triangular ones), the temperature remains negative for a long time. 
3. The ribbed (wavy) structure of the additive panel significantly affects the 
temperature distribution over the surface. The temperature variation on the same 
surface can be 10 °C. This fact significantly affects the final heat transfer coeffi-
cient U or resistance to heat transfer R. The most accurate determination of these 
parameters requires the use of as many sensors as possible in the course of a 
physical experiment. 
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Stability of the Right-Bank Slope 
of the Oka River 

Igor Gandelsman and Artem Gandelsman 

Abstract The article analyzes the engineering and geological conditions of the 
right bank, which is in a state of dynamic equilibrium, of the Oka River in the city of 
Pavlovo. Calculation schemes have been compiled to perform calculations of the total 
static stability of the slope for two calculated cases in the existing natural state and 
taking into account the water saturation of the water-bearing rocks, the boundaries 
of the landslide zone for various cases have been determined. The article identifies 
possible risks, analyzes the main models of the behavior of the soil base taking 
into account negative factors, calculates the stability of soil massifs using various 
known methods. The geometric scheme of the computational model was built on 
transverse profiles. The width of the calculated area was chosen in such a way that 
there were no changes in the stress–strain state of the array due to the introduction of 
artificial boundary conditions along the edges of the finite element grid. The method 
of calculating stability based on numerical modeling programs by reducing strength 
characteristics has a number of advantages over the traditionally used methods of 
calculating stability based on the equations of limiting equilibrium. Based on the 
results of calculations, the boundaries of the landslide zone for various cases were 
determined by the method of circular cylindrical sliding surfaces (SAM). A potential 
landslide zone has been identified, including residential development. Based on the 
calculations performed, it is proposed to provide alternative measures to ensure the 
safety of buildings falling into a landslide zone to ensure reliable fastening and 
minimal impact on the existing slope. 
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1 Introduction 

During the construction of buildings, land plots located on the banks of rivers and 
ravines are sometimes used. During the operation of these buildings, atmospheric 
influences are inevitable, man-made, as well as changes in hydrogeological condi-
tions are possible. Anti-landslide measures for these objects are not always carried 
out in the proper volume, the volume and structure of green spaces are insufficient. 

All this can lead to the loss of stability of slopes, the formation of landslides that 
threaten existing buildings and people living in them [1–13]. When operating such 
facilities, it is advisable to monitor the condition of the slope, make dynamic forecasts 
of its reliable operation when the initial conditions of their operation change. 

The theoretical foundations and methods for calculating slopes are described in 
the works of domestic researchers S.S. Vyalov, Yu.K. Zaretsky, Z.G. Ter Martirosyan 
[1–3], A.A. Bartolomey, G.V. Postoev [4], A.B. Ponomarev [5], A. Torgoev [6] and 
foreign scientists A. Bishop [7], N. Morgenstern [8], E. Bromhead [9, 10], G. Gitirana 
[10], A. Federico [11], A. Malkavi [12], S. Gshvind [13], K. Komamura, D.N. Loops, 
A.P. Hwang AP [14], A.W Skempton [19], H. Herrmann [22], K.Cha [24], etc. el. 

Despite numerous studies, it is still important to ensure the stability of specific 
slopes in various localities [14–18, 19–21]. 

The criterion for ensuring the stability of the slope is the condition that the calcu-
lated values of the generalized shear forces on the collapse prism do not exceed the 
forces of the ultimate resistance of the soil mass or the moments of forces tending to 
turn (overturn) and hold the soil mass. This calculation is allowed to be performed 
only for the simplest forms of the sliding surface separating the collapse prism from 
the stationary soil mass (in the form of a straight line segment or a circle). In general, 
stability calculations are performed for arbitrary shapes of the sliding surface. The 
slope stability coefficient (slope) is found as the minimum value of kst for all possible 
test sliding surfaces. The slope stability coefficient (slope) can be found both using 
traditional methods of the theory of marginal equilibrium (with or without split-
ting the slide prism into compartments) and elastic–plastic calculations by the finite 
element method using the method of reducing strength characteristics. 

The article considers the issues of the current state of the landslide slope, presents 
the results of the calculation taking into account various models of the soil base. 
Based on the results, work is proposed to prevent landslides on this section of the 
Oka River bank. 

2 Methods 

The climate of the design area is moderately continental with moderately harsh and 
snowy winters and moderately warm summers. The wind regime is formed under 
the influence of physical and geographical features. Cyclonic activity is predominant 
here for most of the year. The area belongs to the zone of sufficient moisture. The
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annual precipitation is 527 mm. The height of snow by the end of winter (the second 
decade of March) reaches 50 cm. 

The geological structure of the site up to the studied depth of 70.0 m involves 
deposits of quaternary age (QIV) (soil-vegetation layer (pdQIV), alluvial sands pulver-
ized (aQIV), loess loams deluvial-solifluction loams (prQII-III) and medium-sized 
sands (dsQII-III), sediments of the upper Permian system (P3). 

The absolute level of the roof of deposits varies from 70.7 to 124.8 m of the Baltic 
system. The absolute mark of the sole of the deposits varies from 70.6 to 124.5 m. 

The hydrogeological conditions of the site up to a depth of 20.0–70.0 m 
(January- February 2022) are characterized by the presence of Quaternary and Upper 
Permian aquifers. The groundwater level is recorded at depths of 0.9–13.7 m, which 
corresponds to the absolute marks of 69.8–111.1 m of the Baltic system (Table 1). 

The aquifer is unpressurized, the water-bearing soils are quaternary sediments. 
The Upper Permian clays (P3) serve as a water barrier. The aquifer is fed by infiltration 
of atmospheric precipitation. The Oka River is an area of both supply and discharge 
of groundwater. The aquifer has a hydraulic connection with the Oka River. 

One of the most important tasks in the practice of construction is to assess the 
stability of soil slopes. The criterion for ensuring slope stability the dependence 
for the stability coefficient kst is the condition: kst = R/F ≥ (γn·ψ)/γd. The slope 
stability coefficient is found as the minimum value of kst for all possible test sliding 
surfaces. The slope stability coefficient can be found using traditional methods of 
the theory of ultimate equilibrium, or by elastic–plastic calculations using the finite 
element method using the method of reducing strength characteristics. In construction 
practice, to determine the stability of a ground structure or slope, the methods of 
marginal equilibrium of the following authors are used - Shakhunyants, Maslov, 
Tertsagi, Bishop, Morgenstern, Spencer and others. Calculation methods are divided

Table 1 Physical and mechanical characteristics of soils 

No Name of the 
engineering-geological 
element 

standard values calculated values (α = 0.85) Calculated 
values (α = 0.95) 

ρ, g/  
sm3 

c. kPa ϕ, deg E, 
MPa 

ρ, g/sm3 C, kPa ϕ, 
gdeg 

ρ, g/sm3 c. kPa ϕ, deg  

1 sand dusty, medium 
density, saturated with 
water (aQIV) 

1.95 2 26 11 1.95 ± 0.00 2 26 1.95 ± 0.01 1,3 24 

2 clay semi solid, loess, 
subsidence (prQII-III) 

1.97 25/15 20/18 11/ 
10 

1.97 ± 0.01 22/14 18/7 1.97 ± 0.02 20/12 17/7 

3 Clay semi solid 
(dsQII-III) 

2.10 41/ 
34(19) 

14/ 
11(14) 

15 2.10 ± 0.01 37/ 
30(17) 

13/ 
10(7) 

2.10 ± 0.02 34/ 
27(15) 

12/ 
9(5) 

4 Sand medium size, 
medium density 
(dsQII-III) 

2.00 1 35 30 2.00 ± 0.00 1 35 2.00 ± 0.01 0,7 32 

5 Clay solid 
(P3) 

2.01 87/ 
64(45) 

30/ 
21(17) 

21 2.01 ± 0.02 81/ 
58(41) 

28/ 
19(14) 

2.01 ± 0.03 77/ 
55(39) 

26/ 
18(15) 

6 Clay of medium 
strength 
(P3) 

Rc = 26.9/31.3 MPa 
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by mechanisms: satisfying the general equilibrium of moments (Fellenius, Bishop), 
methods of equilibrium of forces (Shaunyants, Kray, Maslov-Berer) and methods 
of equilibrium of moments and forces (Yanbu, Morgenstein and Price, Spencer). A 
number of assumptions are made in the computational model [7–9, 15]: the solidified 
body hypothesis is used; a certain shape of the sliding surface is allowed; stresses 
are replaced by forces; assumptions about groundwater pressure and seismicity are 
made. The general sequence of application of limit equilibrium methods is such 
that they are first set by the sliding surface, after which the position of the critical 
sliding surface with the minimum value of the stability coefficient is determined by 
iterations. As follows from the above sequence, the disadvantage of this approach is 
that the sliding surface is set before the calculation begins. As a rule, the decision 
on the possible shape of the sliding surface is made on the basis of calculations on 
circular cylindrical or polygonal (pre-defined) sliding surfaces [19]. 

The slope stability coefficient (slope) can be found both using traditional methods 
of the theory of marginal equilibrium (with or without splitting the slide prism into 
compartments) and elastic–plastic calculations by the finite element method using 
the method of reducing strength characteristics. 

Thus, based on the need to cover as many cases encountered in practice as possible 
(heterogeneous geological structure, presence of groundwater, seismic impacts, etc.), 
the methods of marginal equilibrium have many assumptions and simplifications, 
but at the same time they allow obtaining sufficient results for practice in the case of 
engineering-geological conditions of moderate complexity. 

The method of determining stability, devoid of the described disadvantages, is 
the method of reducing strength. According to the underlying principle, the sliding 
surface is determined automatically by the calculation input. From the provisions of 
soil mechanics, it is known that the stress state at any point of the soil is considered 
as the limit in the case when a slight additional effect disturbs the equilibrium and 
leads the soil into an unstable state. The destruction of the soil occurs as a result 
of overcoming the internal forces of friction and adhesion between the particles on 
certain sliding surfaces. 

In general, the stability of the structure is determined by the safety coefficient, 
which is the ratio of the maximum possible strength of the soil to the minimum value 
necessary to ensure the equilibrium of the actions. 

The SRM – shear reduction method is implemented in programs based on the 
finite element and finite difference method (Midas GTS NX, Plaxis, GEO5, Phase2, 
FLAC). The fracture prediction is carried out by simultaneously lowering both shear 
strength indicators: cr = c/kst, ϕr = ϕ/kst. 

A significant advantage of the strength reduction method in comparison with the 
methods of limiting equilibrium is that the sliding surface and the stability coefficient 
are determined simultaneously during the calculation process.
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The analysis of the comparison of stability calculations based on the methods 
of limiting equilibrium and strength reduction for a large number of parameters 
of embankments with different configurations showed that such methods as Taylor 
(calculated by untrained strength cu), Bishop, Morgenstein (strength was given by 
effective characteristics c’ and ϕ’), which can be considered proven However, they 
do not have much difference with calculations using the strength reduction method. 
Discrepancies of several percent are due to the fact that MPR uses exclusively circular 
cylindrical sliding surfaces, and the method of reducing strength has no restrictions 
on the geometry of the fracture mechanism [13, 14, 16, 20, 21]. 

The method of calculating stability based on numerical modeling programs by 
reducing strength characteristics has a number of advantages over the traditionally 
used methods of calculating stability based on the equations of limiting equilibrium. 
For simple cases, all methods give the same result, in other cases, the discrepancies 
reach up to 20%. 

3 Results and Discussion 

Calculations of the overall stability of the slope are carried out in a flat formulation. 
The position of the design section is timed to the most characteristic section of the 
slope. Stability calculation is performed for the existing terrain of the territory. The 
calculation scheme (see Fig. 1). The topography and geological structure of the site 
is taken from the materials of engineering surveys. 

Fig. 1 Calculation scheme of the ground slope
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Table 2 Results of slope 
stability calculations Section Calculation result γc·γn Condition 

Bush 

1–1 1.01 1.15 Not being executed 

2–2 0.73 1.04 Not being executed 

Calculations of the general static stability of the slope in a flat formulation were 
performed for two design cases: design case No. 1 (main) – the slope is considered in 
the existing state, the physical and mechanical characteristics of soils in the natural 
state; design case No. 2 (special) - the slope is considered in the existing state, taking 
into account the water saturation of the water-bearing rocks. 

The load from transport and buildings is 30 kN/m2. Seismic loads are not taken 
into account, since the estimated seismicity is less than 7 points. 

The calculation results are shown in Table 2 (see Figs. 2, 3). The boundaries of the 
landslide zone for potential landslide phenomena for a slope in a natural and water-
saturated state are determined by the method of circular cylindrical sliding surfaces. 
The boundary corresponding to the value of the bush stability coefficient kst = 1.15 is 
determined, beyond which the slope stability is ensured in accordance with regulatory 
requirements. For a slope in a water-saturated state, a boundary corresponding to the 
value of the stability coefficient kst = 1.04 is determined, beyond which the slope 
stability is ensured in accordance with regulatory requirements. 

Fig. 2 Calculation results of slope stability in Sect. 1–1
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Fig. 3 Results of stability calculation by the method of circular cylindrical sliding surfaces of the 
slope in Sect. 1–1 

Fig. 4 The area of potential landslide phenomena
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4 Conclusions 

Based on the results of the slope stability studies, taking into account the existing 
relief, the following conclusions can be drawn: 

1. the slope is in the existing state, the physical and mechanical characteristics of 
the soils are determined in the natural state, the stability coefficient was kst = 
1.01; 

2. the slope in the existing state, taking into account the water saturation of aquifers, 
the stability coefficient was kst = 0.73. 

The slope is not stable. The stability coefficients obtained as a result of calculations 
do not meet regulatory requirements. 

2. According to the results of calculations by the method of circular cylindrical 
sliding surfaces, it is clear that existing buildings fall into a potential landslide zone. 
The boundaries of landslide zones for different cases are shown in Fig. 4. 

3. Based on the results of calculations, it was determined the need to take measures 
to ensure the safety of buildings and structures falling into the landslide zone (removal 
of buildings from the landslide zone, implementation of anti-landslide measures, 
etc.). As an alternative, it is possible to use the Titan anchor system designed to solve 
a wide range of engineering tasks. One of the main areas of its application is anti-
landslide fastening and stabilization of slopes, fixing unstable steep sections of the 
coastal strip. The use of this technology, especially in combination with Geobrugg 
slope reinforcement systems, avoids the use of bulky support and enclosing struc-
tures, allows you to quickly and efficiently carry out work in a confined space without 
negative destructive effects on nearby objects and ensure reliable operation of the 
slope for decades. 
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Seismic Isolation of NPP Turbine Unit 
Using Dry Friction Devices 

Ibrakhim Mirzaev and Malikjon Turdiev 

Abstract The possibility of reducing the acceleration of NPP turbine unit during 
earthquakes with the use of devices working on the principle of dry friction is inves-
tigated. A review of works on seismic isolation of structures is given. Problems for 
calculation of structures with seismic isolation using the principle of dry friction 
are formulated. A new algorithm for solving seismodynamics problems of structures 
in the presence of dry friction forces has been proposed. Vibration of a seismically 
isolated NPP turbine unit has been calculated for four different earthquakes on the 
basis of seismogram and accelerogram records with intensity 8–10 points on MSK-64 
scale. Influence of vertical component of seismic wave on the process of horizontal 
vibrations of the structure is studied. Displacements and accelerations of the base 
of the structure and the turbine unit are given in the form of diagrams and tables. 
The degree of reduction of horizontal acceleration of the turbo-generator when using 
seismic isolation from 2.4 to 12 times in comparison with the maximum acceleration 
of the base is shown. 

Keywords Seismic waves · Seismic isolation · Fluoroplastic · Dry friction ·
Seismogram · Slider · Turbine unit 

1 Introduction 

The object of the study in this paper is the seismic isolation of the turbine unit of 
a nuclear power plant (NPP) using dry friction devices (flat slider, fluoroplastic) 
between its foundation and the base. 

Turbine unit is the main device of NPP, and its protection from the action of 
earthquakes is an important task for those regions where it is planned to build NPP 
[1]. For the Republic of Uzbekistan, this task is relevant, because in Jizzakh region 
it is planned to build and put into operation NPP by Russian specialists. Uzbekistan
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is a seismic active zone. Seismic isolation of NPP is considered by different models 
in [1–4]. 

Seismic isolation devices do not allow the full passage of seismic wave energy 
from the base to the structure, as a result of which the acceleration of the points 
of the structure will be several times less than the acceleration of the base. This in 
particular is confirmed in [5] where the results of laboratory experiment on the model 
of a rigid building with seismic-isolating sliding belt made of steel and fluoroplastic 
with friction factor 0.04. The possibility of reducing the building acceleration up to 10 
times for an earthquake of intensity 10 points on MSK-64 scale is shown. By results 
of experiments on harmonic influence with frequency up to 10 Hz and acceleration of 
platform up to 10 m/s2 graph of change of relation between acceleration of structure 
and acceleration of seismic influence was built. 

Various methods of seismic isolation, damping and other structural solutions are 
used to reduce the impact of earthquakes on buildings and structures [6–14]. 

In [15, 16] the results of studies of spatial structures of buildings on the action 
of real earthquakes using the LS-DYNA software package are given. For certain 
types of buildings, an effective seismic isolation method is a sliding foundation 
using fluoroplastic [17, 18]. Numerical algorithms for solving dynamic problems for 
composite structures are considered in [19]. 

It should be noted that dynamic problems with dry friction are essentially nonlinear 
problems [20–23]. In [23] the problem of oscillator oscillation in the presence of 
dry friction force using slip and stick–slip modes was solved. The onset of sliding 
depends on the acceleration and masses of the rubbing elements, but in [23] this is  
related to their velocities. However, many researchers oversimplify the problem and 
actually arrive at a linear problem without justification and assessment of the error 
of the calculation model. In this work, to estimate the efficiency of seismic isolation 
of NPP turbine unit by dry friction devices, a numerical algorithm for solving a 
nonlinear dynamic problem is proposed [20–22]. 

2 Research Methods 

Let the horizontal and vertical motions of the base of the structure be given in the 
form of a seismogram of a real earthquake. Let us assume that the rooftop is separated 
by a flat slider [26] or a two-layer fluoroplastic [17, 18]. Sliders have a dry friction 
coefficient of 0.025 to 0.055 [26], and fluoroplastic provides a sliding coefficient 
of 0.05 or more [18]. In the horizontal direction, we will take Coulomb’s model of 
dry friction as a model of interaction between the base and the slab; in the vertical 
direction, we will consider them to be absolutely rigidly connected. 

The structure is represented by a one-dimensional shear model with concentrated 
masses and inertial-free elastic bonds [21] 

[M] · {Ü} + [C] · {U̇} + [K ] · {U } = {Q(t)}, (1)
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{U } = {Ust },
{
U̇

} = 0, at t  = 0, 

where [M] – diagonal mass matrix, the masses are located in the floor levels, 
[K ] – stiffness matrix, [C] = α · [M] + β · [K ] – viscosity matrix, {U } = 
{u0, u1, ..., un, v0, v1, ...vn}T –– displacement vector, ui , vi – horizontal and 
vertical displacements of masses, {Ust } – vector of displacements at the initial 
moment of time, the elements corresponding to the shear displacement are equal 
to zero, and the vertical displacement is determined from the solution of the static 
problem. 

Horizontal mass interaction condition [M0] of the skeleton with the foundation 
is [21] 

u0 = ug − ur , if |F0| <
∣∣Ff r

∣∣, i.e. under joint motion, (2) 

F0 = Ff r  , under sliding, (3) 

v0 = vg, (4) 

where u0, v0 – of displacement of the beam, ug , vg – horizontal and vertical displace-
ments of the base, i.e., approximated spline Hermite functions of the digitized earth-
quake seismogram, ur – is the displacement value at the moment of time at the begin-
ning of the current joint movement of the foundation and the dike, i.e. the difference 
between the values of foundation and dike displacements (at the initial moment of 
time ur = 0), F0 – unknown value of the adhesion force between the foundation and 
the dike, Ff r  = sign( ̇ug − u̇0) · f · P– value of the dry friction force, f – coefficient 
of dry friction, P– the pressure force on the sliding element of the foundation in the 
dynamic process, if vertical vibrations are not taken into account, then it is the weight 
of the structure [21]. The linear approximation of the earthquake seismogram gives 
an error in calculating the velocity and acceleration of the foundation, so its spline 
approximation is used. 

It should be noted that the vertical vibrations do not depend on the horizontal vibra-
tions of the structure, and the horizontal vibrations depend on the vertical vibrations 
of the structure through the condition (3), since during the vertical vibrations the 
pressure on the sliding foundation changes [21]. 

When moving together, the displacement u0 is determined by equality (2) and the 
equation of motion of the mass M1 looks like this [20–22]: 

M1 ü1 + k1u1 + c1 u̇1 − k2(u2 − u1) − c2( ̇u2 − u̇1) = k1u0 + c1 u̇0 . (5) 

In this case Q1 = k1u0 + c1 u̇0 , other vector elements {Q}, corresponding to the 
horizontal displacements of concentrated masses are equal to zero. The equation of 
the vertical motion of a mass M1 has a form similar to Eq. (5), in the right part 
we add M1g. Elements of a vector {Q}, corresponding to the vertical displacements
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of concentrated masses are equal to the values of weights of the corresponding 
concentrated masses [21]. 

Sliding with dry friction occurs only when condition (3) [21] is satisfied. The 
considered problem Eqs. (1), (2), (3) is a nonlinear problem and there are no condi-
tions for calculating the unknown function F0, as well as during the dynamic process 
the dimensions of the matrices change [M] and [K ]. 

When sliding, the equation for mass [M0] [21] 
M0 ü0 − k1(u1 − u0) − c1( ̇u1 − u̇0) = Ff r, that said Q0 = Ff r  .. 
To solve the problem as a whole, we use the following algorithm. At each time 

step we solve the problem in three statements [20]: 

1. Solve Eq. (1) with condition (2); 
2. Eq. (1) is solved with condition (3), at F0 = f · P; 
3. Eq. (1) is solved with condition (3), at F0 = −  f · P . 

At the same time the matrices [M] and [K ] in the first staging have the size 
of 2n × 2n (here n – floor number), and in the second and third productions 
(2n + 1) × 2n [21]. The choice of the true solution among these three solutions is as 
follows. If the relative velocities u̇g − u̇r in the second and third problem statements 
have different signs, then the true solution is the solution of the problem in the first 
statement, because the applied dry friction force makes move in different directions 
and hence the unknown force is less than the limiting value of the dry friction force, 
i.e. the masses of the lower and upper foundations move together without sliding at 
this step in time. If relative velocities in the second and third problem statements 
have the same signs, then the true solution is the solution of the problem in that 
statement in which the relative velocity by absolute value is the smallest, because the 
dry friction force is directed against the relative motion [20–22]. All three problems 
are solved by the Newmark method [24], the digitized earthquake seismogram is 
approximated by a spline Hermite function. The time step in the Newmark method 
should be less than the step of the earthquake record. 

3 Results and Discussion 

Let’s discuss the results of calculations on the example of seismic isolation of NPP 
turbine unit [1]. Let the model of the structure be represented as a three-mass system 
(Fig. 1.). Let the characteristics of the structure be given, as well as seismograms of 
the following strong earthquakes [25]:

1. Cairano 3 – 000,319 (16/01/1981, higher 8 according to MSK-64 scale, maximum 
acceleration – 1.47 m/s2, maximum displacement – 0.0029 m, digitization step – 
0.005 s, duration – 22.175 s); 

2. Nocera Umbra 2 – 000,856 (03/04/1998, higher 9 according to MSK-64 
scale, maximum acceleration – 3.73 m/s2, maximum displacement – 0.0054 m, 
digitization step – 0.005 s, duration – 40.990 s);..
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Fig. 1 Calculation diagram 
of a turbine unit with 
foundation 

3. Tolmezzo-Diga Ambiesta – 000,055 (06/05/1976, higher 9 according to MSK-64 
scale, maximum acceleration – 3.35 m/s2, maximum displacement – 0.039 m, 
digitization step – 0.005 s, duration – 46.535 s); 

4. Gazli - 000,074 (17/05/1976, higher 10 according to MSK-64 scale, maximum 
acceleration - 7.23 m/s2, maximum displacement - 0.1827 m, digitization step -
0.005 s, duration - 28 s). 

Turbine unit mass is 2.5·106 kg, turbine unit foundation mass is 5.0·106 kg. The 
shear stiffness of the equivalent spring between the turbo unit and the foundation 
is 1.0·108 N/m, and its vertical stiffness is 2.0·109 N/m. The horizontal and vertical 
stiffness of the foundation are 1.0·1010 N/m and 2.0·1010 N/m respectively. Atten-
uation coefficients are α = 0.94 s−1, β = 0.00116 s. In calculations, the coefficient 
of dry friction between the foundation and the foundation was taken in two variants 
0.025 and 0.05. 

When numerically solving dry friction problems, the time step must be chosen to 
ensure sufficient accuracy. In our example calculations, the time step was chosen to 
be 0.001 s. 

Figure 2 shows comparison of foundation and turbine unit displacements, and 
Fig. 3 the corresponding accelerations during the earthquake No.1, 8 point intensity. 
Dry friction coefficient f = 0.025. There is relatively big displacement of turbo-unit 
due to foundation sliding, but its accelerations have small values, the maximum value 
of this acceleration is 6.6 times less than the maximum acceleration of foundation. 
This shows that the device with dry friction made it possible to reduce the effect 
of an 8-point earthquake. In case of rigid connection of foundation with foundation 
the maximum acceleration of turbo-generator is 0.662 m/s2, and in case of using 
dry friction device - 0.224 m/s2, which is 3 times less. The reduction of the turbo 
unit acceleration is also affected by the spring shock absorbers installed between the 
foundation and the turbo unit [1].

In Fig. 4 and Fig. 5 shows the same comparisons at the value of dry friction 
coefficient f = 0.05. Increasing the dry friction coefficient by a factor of two slightly 
changes the vibration pattern of the structure. The oscillations of the turbo-unit have
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Fig. 2 Change of 
displacements in time of the 
base (a: umax = 0.00287 m) 
and turbine unit (b: umax = 
0.0112 m) 

Fig. 3 Changes in 
acceleration over time of the 
base (a: wmax = 1.47 m/s2) 
and turbine unit (b: wmax = 
0.224 m/s2)

a large amplitude relative to the displaced position, and the maximum value of its 
acceleration is 4 times less than the maximum acceleration of the base. The process 
of turbine unit vibration is strongly influenced by the value of the coefficient of 
dry friction of the seismic isolation device, the less friction, the less the maximum 
acceleration of the turbine unit. In both cases the run-out process is noticeable. 

Fig. 4 Change of 
displacements in time of the 
base (a: umax = 0.00287 m) 
and turbine unit (b: umax = 
0.0199 m) 

Fig. 5 Changes in 
acceleration over time of the 
base (a: wmax = 1.47 m/s2) 
and turbine unit (b: wmax = 
0.352 m/s2)
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Figure 6 and Fig. 8 compare the displacements of the base and turbo-aggregate, 
and Fig. 7 and Fig. 9 the corresponding accelerations during earthquake No.2, 9 
point intensity. At value of dry friction coefficient f = 0.025, as well as at f = 
0.05 as in previous cases residual shear occurs. At that accelerations have small 
values, maximum value of this acceleration is 12 and 7.7 times less, respectively, 
than maximum acceleration of foundation. Figures 2, 3,4 5, 6, 7, 8 and 9, shows that 
the turbine generator oscillates, after the action of tangible acceleration of the base, 
at its own frequencies. 

Figure 10 and Fig. 12 compare displacements of foundation, having maximal 
value 0.0388 m, and turbo-generator, and in Fig. 11 and Fig. 13 the corresponding 
accelerations during earthquake No.3, 9-point intensity. Maximum accelerations of 
turbo-generator at value of dry friction coefficient f = 0.025 and f = 0.05 decrease 
3.6 and 2.4 times accordingly in comparison with maximum acceleration of founda-
tion. Apparently, a relatively small decrease in the maximum value of turbine unit 
acceleration is related to the frequency composition of the earthquake.

Fig. 6 Change of 
displacements in time of the 
base (a: umax = 0.00542 m) 
and turbine unit (b: umax = 
0.0141 m) 

Fig. 7 Changes in 
acceleration over time of the 
base (a: wmax = 3.05 m/s2) 
and turbine unit (b: wmax = 
0.253 m/s2) 

Fig. 8 Change of 
displacements in time of the 
base (a: umax = 0.00542 m) 
and turbine unit (b: umax = 
0.0126 m)
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Fig. 9 Changes in 
acceleration over time of the 
base (a: wmax = 3.05 m/s2) 
and turbine unit (b: wmax = 
0.396 m/s2)

Fig. 10 Change of 
displacements in time of the 
base (a: umax= 0.0388 m) 
and turbine unit (b: umax= 
0.0768 m). 

Fig. 11 Changes in 
acceleration over time of the 
base (a: wmax = 3.09 m/s2) 
and turbine unit (b: wmax = 
0.862 m/s2) 

Fig. 12 Change of 
displacements in time of the 
base (a: umax = 0.0388 m) 
and turbine unit (b: umax = 
0.075 m) 

Fig. 13 Changes in 
acceleration over time of the 
base (a: wmax = 3.09 m/s2) 
and turbine unit (b: wmax = 
1.29 m/s2)
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Fig. 14 Change of 
displacements in time of the 
base (a: umax = 0.183 m) and 
turbine unit (b: umax = 0.103 
m) 

Figure 14 and Fig. 16 compare displacements of the base, having value 0.183 
m, and turbine unit, and in Fig. 15 and Fig. 17 corresponding accelerations during 
earthquake No.4, 10 point intensity. Maximum accelerations of turbine unit at value 
of dry friction coefficient f = 0.025 and f = 0.05, respectively, decrease 6.5 and 4.6 
times in comparison with the maximum acceleration of the base. 

Fig. 15 Changes in 
acceleration over time of the 
base (a: wmax = 7.23 m/s2) 
and turbine unit (b: wmax = 
1.12 m/s2) 

Fig. 16 Change of 
displacements in time of the 
base (a: umax = 0.183 m) and 
turbine unit (b: umax = 0.156 
m) 

Fig. 17 Changes in 
acceleration over time of the 
base (a: wmax= 7.23 m/s2) 
and turbine unit (b: wmax= 
1.57 m/s2).
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Calculation according to the linear theory, when the friction process is replaced 
by a weak spring, which does not correspond to the dynamic process of interaction 
of the structure with the base on the principle of dry friction, gives wrong results. 

The following four Tables 1, 2, 3 and 4 show the maximum displacements and 
accelerations of the base and turbine unit for different earthquakes at different values 
of the dry friction coefficient. 

The vertical component of the seismic wave has an ambiguous effect on the 
maximum displacements and accelerations of the turbine unit. Depending on the 
intensity of the earthquake and the spectral composition of its record, as well as 
on the mechanical characteristics of the structure, the maximum acceleration of the 
turbine unit may increase or decrease when the vertical component of the seismic

Table 1 Maximum values of horizontal displacement, foundation and turbo-aggregate acceleration 
without considering vertical component of earthquake (H) and with its vertical component (HV) at 
earthquake No.1 

f = 0.025 f = 0.05f = 0.05 
umax(m) wmax(m/s2) umax(m) wmax(m/s2) 
H HV H HV H HV H HV 

Grounds 0.00287 0.00287 1.47 1.47 0.00287 0.00287 1.47 1.47 

Turbine 
unit 

0.0112 0.0109 0.224 0.211 0.00199 0.0126 0.352 0.354 

Table 2 Maximum values of horizontal displacement, foundation and turbo-aggregate acceleration 
without considering vertical component of earthquake (H) and with its vertical component (HV) at 
earthquake No.2 

f = 0.025 f = 0.05f = 0.05 
umax(m) wmax(m/s2) umax(m) wmax(m/s2) 
H HV H HV H HV H HV 

Grounds 0.00542 0.00542 3.05 3.05 0.00542 0.00542 3.05 3.05 

Turbine 
unit 

0.0141 0.0149 0.253 0.257 0.0126 0.0135 0.396 0.388 

Table 3 Maximum values of horizontal displacement, foundation and turbo-aggregate acceleration 
without considering vertical component of earthquake (H) and with its vertical component (HV) at 
earthquake No.3 

f = 0.025 f = 0.05f = 0.05 
umax(m) wmax(m/s2) umax(m) wmax(m/s2) 
H HV H HV H HV H HV 

Grounds 0.0388 0.0388 3.09 3.09 0.0388 0.0388 3.09 3.09 

Turbine 
unit 

0.0768 0.0782 0.862 1 0.075 0.129 1.29 1.45
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Table 4 Maximum values of horizontal displacement, foundation and turbo-aggregate acceleration 
without considering vertical component of earthquake (H) and with its vertical component (HV) at 
earthquake No.4 

f = 0.025 f = 0.05f = 0.05 
umax(m) wmax(m/s2) umax(m) wmax(m/s2) 
H HV H HV H HV H HV 

Grounds 0.183 0.183 7.23 7.23 0.183 0.183 7.23 7.23 

Turbine unit 0.103 0.421 1.12 2.53 0.156 0.324 1.57 2.84

wave is taken into account. In our example, the greater the intensity of the earthquake, 
the greater the influence of the vertical component of the seismic wave on the shear 
accelerations of the turbine unit, i.e., the shear accelerations increase. 

4 Conclusions 

Flat sliders used for seismic isolation of structures allow the maximum value of 
acceleration to be reduced several times depending on the mass of the structure, the 
coefficient of dry friction and the nature of the seismic effect, i.e. the intensity and 
dominant frequencies. 

The vertical component of the seismic wave has an ambiguous effect on the 
maximum displacements and accelerations of the turbine unit. Depending on the 
intensity of the earthquake and the spectral composition of its record, as well as 
on the mechanical characteristics of the structure, the maximum acceleration of the 
turbine unit may increase or decrease when the vertical component of the seismic 
wave is taken into account. An increase in earthquake intensity leads to an increase 
in shear acceleration when the vertical component of the seismic wave is taken into 
account. 

Using a linear interaction model instead of the Coulomb dry friction model in the 
calculations will lead to erroneous results. 

It is necessary to make a conclusion about the efficiency of the used slider on 
the basis of calculations on sets of earthquake records, on the intensity and spectral 
composition of frequencies close to the chosen construction site. 
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Damageability Analysis of Industrial 
Building Structures 

Daria Tupitsyna and Albert Baiburin 

Abstract The article is devoted to the study of defects and damages of indus-
trial objects. Reports on inspections of industrial facilities are analyzed. Types and 
frequency of damages of various building structures are given. According to the 
results of damage analysis the most significant, statistically justified, damages and 
defects of building structures have been singled out. The ranking of damage types 
according to the frequency of their occurrence has been carried out. The obtained 
results make it possible to expand the information on the types, frequencies and 
causes of damages of standard structures of industrial buildings, which is important 
for ensuring their safe operation, substantiating the maintenance and repair plans and 
increasing the production efficiency. 

Keywords Industrial buildings · Defect · Damage · Criticality analysis · Building 
structures 

1 Introduction 

The service life of industrial buildings operating under normal conditions must be 
at least 50 years, the service life of structures exposed to highly aggressive media at 
least 25 years. These figures are specified in accordance with the recommendations 
of code of practice SP 255.1325800.2016 [1]. However, the actual service life of a 
building may be reduced if the structures suffer various damages or defects. 

There are many causes of damage to building structures. The following main 
classes of defects and damages can be identified: manufacturing defects in the 
factory, construction and installation defects on the construction site, operational 
damage, repair work defects. Possible operational causes of damage to building 
structures: atmospheric effects, ageing of materials, foundation settlement, increased
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loads, effects of workshop aggressive environment, increased humidity and temper-
ature, roof leaks, operation of lifting devices, accidental impacts, cut-outs due to 
technological needs, etc. 

Quantitative analysis of criticality of damages (defects) is a very time-consuming 
procedure requiring considerable expenses related to accumulation of statistics, 
mathematical processing of inspection results, and selection of criticality criteria. 
Classification of defects in construction by significance given in [2] is rather conven-
tional and does not take into account the frequency of observation and probability of 
detection of defects. 

The aim of the work was to analyse the types of damage and defects in industrial 
buildings on a large body of data from their inspections and industrial safety assess-
ments. Many works of domestic and foreign researchers [3–8] have been devoted to 
the study of damage to buildings and structures. 

According to [9], the following are the most common defects in building 
structures: 

1. Defects in metal structures: cracks in the base metal, welded joints; devia-
tions from the design position, geometric dimensions and non-design cut-outs 
contributing to weakening of elements and off-centre application of loads; local 
and general deformation of elements; disorder of bolted and riveted connec-
tions; defects of welded connections (undercuts, rough scales etc.); destruction 
of protective coatings and metal corrosion. 

2. Defects in reinforced concrete structures: destruction and spalling of concrete; 
baring and corrosion of reinforcement; cracks in concrete; damage to reinforce-
ment and embedded parts; bulging of compressed reinforcement; longitudinal 
cracks and destruction of compressed concrete; rupture or displacement of trans-
verse reinforcement in the area of inclined cracks; deflections and deviations 
from the design position; oiling, damping and corrosion of concrete. 

3. Defects in masonry structures: cracks in the masonry; violation of the geometry 
of structural elements; delamination of masonry due to failure to tie the rows 
together; destruction of masonry materials from erosion; bulging, bowing and 
other deformations. 

In order to carry out an objective assessment of the condition of the metal framing 
elements, according to [10], attention must be paid to the following defects: displace-
ment of columns and supports axes relative to the axis breakdown axes in the support 
section; columns deviation from vertical; difference in marks of support surfaces of 
neighbouring columns in a row and span; deflection arrow (curvature) of columns, 
framework struts, links on columns; cutouts of branches and gratings of through 
columns; loosening of anchor bolts fastening, etc. 

According to [11], the following characteristic damages of concrete and reinforced 
concrete structures can be identified: cracking in various structures, destruction of the 
protective layer of concrete, denudation and corrosion of reinforcement, corrosion 
of concrete. We also gathered statistics on the occurrence of the above damage 
with an indication of the percentage of defective structures. The most frequently
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occurring defects are corrosion of the concrete of the wall cladding, corrosion of the 
reinforcement of the cover slabs as well as failure of the concrete protection layer. 

The following characteristic defects are observed in steelwork [12]: cracks in truss 
and sub-truss elements, reduced depth of structural support, cracks in welded joints, 
and general bending of structures. 

From the analysed sources it is difficult to draw meaningful conclusions specif-
ically for industrial buildings due to the lack of heterogeneous data, methods of 
classification and assessment of defects and damages. In order to identify the main 
damages and defects of industrial building structures and to study their frequency 
and causes it is necessary to process a large amount of data. Such data was obtained 
after processing the results of survey of industrial facilities (workshops) of various 
structural systems. 

2 Methods 

In order to perform quantitative assessment of defects and damages, inspection and 
examination reports from more than 100 industrial facilities were analysed. Single-
storey industrial buildings from the metallurgical, mechanical engineering, energy 
and building materials industries were considered as objects of research. Years of 
commissioning ranged from 1902 to 2016: 1902–1940 - 10 objects; 1941–1970 - 61 
objects; 1971–1990 - 21 objects; 1991–2016 - 9 objects. 

In terms of structural design, the workshops investigated were divided into frame, 
wall and frame-wall buildings. In terms of structural design and materials used: full 
reinforced concrete frame; full metal frame; mixed frame (reinforced concrete and 
steel); stone bearing walls with different cover options. Practically all surveyed work-
shops had hoisting equipment in the form of overhead cranes and overhead cranes of 
capacity from 2 to 280 tons with different modes of operation: from repair to heavy. 
The degree of aggressiveness of the environment of the investigated productions was 
defined mainly as non-aggressive or slightly aggressive, less often as moderately and 
strongly aggressive. 

During data collection, the object, operating time, hoisting equipment, aggres-
sive workshop environment, structure, structural element, damage type and loca-
tion, damage magnitude and frequency as well as the probable cause were recorded. 
Frequency characteristics for the main types of damage and defects were then plotted. 
The frequency of damage was defined as the ratio of damaged structures (elements) 
to their total number at a given facility. 

3 Results 

The types and frequency of damage to reinforced concrete columns are shown in 
Fig. 1.
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Fig. 1 Damage (defects) to reinforced concrete columns 

As can be seen from the presented graph, the most common defect of reinforced 
concrete columns is spalling of concrete 25.3% and soaking of structures 12.1%. 
The least common are oiling of concrete and deviation of columns from the vertical. 

Types and distribution of damage to metal columns are shown in Fig. 2. 
For metal columns, corrosion of 41.8% and local bends of 10.1% can be distin-

guished as the most common, the least typical defect is the bending of the wall of the 
I-beam. Such a defect as the vertical deviation is also found in this type of structure, 
but less often than columns made of reinforced concrete. 

The distribution of damage to reinforced concrete trusses is shown in Fig. 3.
As can be seen, for reinforced concrete trusses the number of defects encountered 

is quite small, which is explained by their massiveness and durability. The most 
typical defects for this type of structures are minor spalling of concrete 29.6%, and 
soaking of elements 28.9%. 

The list of detected defects and damages of steel trusses are shown in Fig. 4.

Fig. 2 Damage (defects) to metal columns 
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Fig. 3 Damage (defects) to reinforced concrete trusses

Fig. 4 Damage (defects) to metal trusses 

The graph above shows that more than one third of the metal trusses are charac-
terised by corrosion 36.2%. The next highest frequency are local bends 7.3% and 
general bending of truss components 6.4%. Rare are detachment of the welded seams 
of the grille fastening as well as various undercuts, holes in the element flanges. 

Types and frequency of damage to trusses and columns are shown in Figs. 5, 6.
In the case of linking elements, the list of defects encountered does not depend on 

whether they are used for columns or trusses. Damage (defects) characteristic of links 
are as follows: corrosion, cutouts in elements, local bends, absence of communication 
elements, general bending of elements. However, the incidence of damage (defects) 
differs depending on the location of the structures. For example, more than half of the 
truss connections are susceptible to corrosion, but among the column connections 
this defect occurs in less than 4% of cases. This is due to the location of the ties 
and roof leaks. The opposite situation is due to mechanical damage to the structures,
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Fig. 5 Damage (defects) to truss connections 

Fig. 6 Damage (defects) to column connections

namely notches in the ties. This damage occurs in 7.3% of column connections and 
in less than 1% of truss connections. This is due to the positioning of utilities and 
equipment. 

Types and distribution of damage to prefabricated floor and roof slabs are shown 
in Fig. 7.

Note that more than half of the roof and floor slabs are subject to soaking 57.6%. 
This defect is the most frequent in this type of construction and is associated with 
leaks in roofs and gutters. The next most frequent defect is concrete corrosion in 
7.7% as a consequence of leaks. Most defects which are not caused by leaks and 
concrete corrosion occur in no more than 3% of structures. The absence of any 
damage (defects) is characteristic only for a quarter of the surveyed structures. 

The distribution of damage to brick walls is shown in Fig. 8.
The most characteristic damages to brick walls are atmospheric erosion, cracks 

and soaking. These defects occur in 10–23% of brick walls. Rare ones include 
spalling, peeling of protective coatings and biological damage to structures. 

The types and frequency of damage to steel crane beams are shown in Fig. 9.
As can be seen, the most frequent defect is structural corrosion 29.6%. A fifth of 

beams (19.2%) have disorder of bolted and riveted joints due to dynamic loads from
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Fig. 7 Damage (defects) to prefabricated floor and roof slabs

Fig. 8 Damage (defects) to brick walls

Fig. 9 Damage (defects) to metal crane girders
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Fig. 10 Damage (defects) to roofs 

the hoisting equipment of the workshops. Deformations of elements as well as local 
bends can be attributed to rare occurrences. 

The types and distribution of roof damage are shown in Fig. 10. 
As can be seen, the percentage of roofs without damage is quite small at just over 

3%. The most characteristic defects in the roof structures are joint failures in 28.8% 
and missing roofing elements in 25.5% (aprons, parapet protection, expansion joints 
etc.). 

4 Conclusion 

Based on the foregoing, the following conclusions can be drawn. The absence of 
defects is characteristic for about 45% of reinforced concrete and metal columns, 
while the most significant defect was soaking and spalling of concrete for reinforced 
concrete columns, corrosion and local bends for metal columns. The proportion 
of reinforced concrete and metal trusses without damage is approximately 33%. 
Damage-free linking elements are found in 29% of cover elements and in more than 
40% of column connections. The most frequent defect in column connections is 
a missing connection element in 23%, while corrosion is a characteristic defect in 
truss connections and is found in more than half of the examined structures. For 
prefabricated floor and roof slabs, no defects are found in only a quarter of the 
structures, and the most frequent defect is soaking, which occurs in almost 2/3 of 
the structures. A large proportion of external brick walls are subject to atmospheric 
erosion. The proportion of crane beams with damage is 57%. The most common 
damage to crane girders is corrosion and loose bolted connections. Almost 97% of the 
roofs have some kind of defects and damage: broken joints, complete or partial wear 
and tear, missing individual elements as well as clogged gutters, uneven and swollen 
roof mats. The main causes of damage are impacts during operation: corrosion, 
deformations from impacts, dynamic loads from cranes, atmospheric erosion.
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The results obtained provide more information on the types and frequencies of 
damage in typical industrial building structures, which is important for ensuring their 
safe operation and improving the efficiency of production. Further research will focus 
on the application of neural networks to process damage data for objective assessment 
and management decision-making in the operation of industrial buildings. 
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Concept of the Innovative Model 
of Architecture Formation 
of the «Smart» Redistribution 
of Single-Phased Electric Network 

Oleg Vdovin , Sergei Efimenko , Igor Chernorutsky , 
Anatolii Smetankin , Sergei Kolesnichenko, and Yliia Cimai 

Abstract The most common emergency situations, processes and phenomena in the 
electric supply industry are related to the occurrence of short circuits, voltage drops, 
short-term impulse voltages, current leakage, network overload, phase imbalance, 
etc. The transition of electrical equipment into pre-emergency or emergency mode 
of operation is implied by these situations. Consequently, current conducting parts 
are damaged or destroyed in the emergency mode of operation. Abnormal processes, 
which are not damage, arise in the pre-emergency mode of operation, but their long 
duration leads to the occurrence of an accident. The most common causes of pre-
emergency mode are short-circuiting currents; the emergency mode is caused by 
current and voltage overloads and skews. These adverse events call for the imple-
mentation of safety controls in the form of design and engineering solutions, as well 
as engineering and technical measures, aimed at protecting the electrical circuit of 
the consumer. 

Keywords Electric supply industry · Emergency situations · Short circuits ·
Voltage drop · Short-term impulse voltage · Current leakages · Network 
overloads · Phase imbalance 

1 Current Problems of the Electric Supply Industry 
and Methods of Their Solution 

Nowadays, safety controls that break the electric circuit in emergency situations are 
used in order to protect electrical equipment from damage and protect people from 
electric shocks. Such safety controls include circuit breakers (CB), residual current
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circuit breakers (RCCB), residual current operated circuit breakers with integral 
overcurrent protection (RCBO), surge protectors (SP), voltage relays (VR), etc. It is 
worth mentioning that these safety controls effectively perform in practice, however, 
their functionality is aimed only at localization of emergency situations in order to 
prevent possible consequences. Prevention actions that reduce equipment downtime 
and the number of emergency situations are not provided in such cases [1–3]. 

Taking into consideration the existing level of obsolescence and physical deprecia-
tion of equipment, targeted actions to prevent the occurrence of emergency situations 
are of particular importance. The demand for the development of design and engi-
neering solutions, as well as engineering and technical measures, which are function-
ally aimed at early diagnosis of abnormal processes in the circuit pre-fault condition 
and at finding ways to stabilize its parameters, is determined by the aforementioned 
facts. 

At present, improvement of the reliability of electric networks and power supply 
systems (ENPS) is carried out in two main directions [4]. On the one hand, there 
is preservation of the required operational performance under a natural decrease of 
the level of its technical condition (maintenance, current and overhaul repairs). On 
the other hand, there is a reservation of elements of the electric network (back-up 
generators, converters, lines). In one case, maintenance and repair of equipment 
provides physical restoration of the already obsolete resource, which was originally 
included in the design that at the moment does not meet the existing demand for 
consumption. In other cases, reservation reveals the issues of increased cost of the 
equipment and maintenance of unreasonably increased reserves of the system. 

In addition to this, it is worth noting that the existing technological structure 
in the electric supply industry has reached the limit of its efficiency according to 
the estimates of the Center of Strategic Research of the Russian Federation (CSR). 
These circumstances call for a set of design and engineering solutions, as well as 
engineering and technical measures, aimed not just at upgrading equipment in terms 
of restoring its technical characteristics, but rather at transforming the network and 
acquiring new qualitative capabilities. This applies to the active-adaptive properties 
that allow the emergence of a system with a new appearance – a “smart” energy 
system [1, 5]. 

Therefore, this approach forms a relevant request for the development of the 
ENPS structure based on a new concept called Smart Grid. The ENPS system is 
considered as a unified energy and information system in the Smart Grid approach. 
The technological process is controlled automatically, without human involvement, in 
the unified energy and information system, and it is aimed at improving the efficiency 
and reliability of the system. Nowadays, there has already been some work done on 
the implementation of individual elements of the Smart Grid approach, but it is limited 
only to collection and transmission of power system data by smart metering devices 
[2, 6]. It is premature to talk about a qualitative leap in the electric supply industry 
in the absence of the implementation of new control technologies and executive 
functionality in ENPS systems. 

Thus, the necessity to create a new system of views and principles of technological 
structure for controlling the parameters of the electric network arises.
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2 Conceptual Framework 

A complex system makes up the foundation of our concept. This system is based 
on the ternary logic of controlling the parameters of a single-phase / three-phase 
alternating current network, allowing the analysis of the current network states with 
the possibility of making operational changes in the circuit arrangement. It can be 
applied when it is necessary to stabilize the specified characteristics in order to 
increase the period of uninterrupted power supply to the object [7]. 

The foundational element of this complex system is an “intelligent” control 
module [8, 9]. This module is an electrical device in the form of multifunctional 
control unit (MCU), which analytical functionality is based on the extended (vari-
ation) ternary logic. Its structure can be considered as a structure of artificial fuzzy 
(hybrid) neural network (AFNN) type ANFIC – Adaptive Neural Fuzzy Inference 
System. 

AFNN MCU consists of three layers: input, hidden (logic layer), output. 

First Layer: The current electric network parameters are fed to the input, and they 
are normalized at the expense of the specified values in the input layer, thus, becoming 
relative values that are in the range (0, 1). 

Second Layer: Rules based on input variables and specified criteria implicitly form 
membership functions in the «IF» sub-layer, and the bilayer neural network of the 
«TO» sub-layer forms the output of this sub-layer due to weighting coefficients and 
normalized input parameters. 

Third Layer: A strong output signal based on the results obtained in the logic layer 
is received at the output. Multifunctional control unit (MCU) is an electric device 
designed to supply industrial and domestic single-phase loads 230 V / 50 (60) Hz 
from three-phase four-wire (five-wire) network and provide automatic switching of 
single-phase consumers to the phase of power supply optimal voltage level in order 
to increase the period of uninterrupted power supply of the object (consumer) [7]. 

It follows from the definition that three-phase power (L1, L2, L3 and N) is supplied 
to the input terminals of the MCU, and only the phases, which voltage is the closest 
to normal, come out. The transfer itself occurs during phase fluctuations, surges, 
skews, sags, complete failures or loss of power. The power consumption using MCU 
allows automatic transfer in order to redistribute the load of single-phase consumers 
in a “smart” way. Moreover, it prevents the occurrence of abnormal and emergency 
states of network. However, this definition is of generalized form and requires a more 
detailed consideration of the MCU device [10]. 

Let’s consider the existing electric supply system of 0.4 kV with one power supply 
source and twelve single-phase consumers with three options in the system V1, V2, 
V3. 

At the same time, V1 and V2 options do not provide for the use of MCU. 
Option V3 provides for the use of MCU. Consequently:
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– V1 is considered as the design one functioning under the uniform load. 
– V2 is considered as the design one functioning in critical modes with uneven 

loads and phase imbalance. 
– V3 is considered as an option of “smart” redistribution of the existing load 

eliminating the consequences of suddenly occurring critical modes of V2. 

3 Descriptive Examples of Calculations 

Electrical circuits, load distribution (connection) diagrams, situational load matrices, 
vector diagrams, and graphs of the current network parameters as well as tables of 
the results of the calculations are used in the article in order to visually demonstrate 
the consideration of the aforementioned options [6, 11].

ΔU = 
a1 Ma 

F 
(1) 

a1 is a coefficient; 
Ma is a moment of load 
F is a conductor cross-section (mm2) 

a1 = 
100 

yU 2 
H 

(2) 

γ is a specific conductivity 
U2 

H is a rated voltage 
Ma is a moment of load 
(a1 is 21.9 at 380 V for aluminum) 
(γ is 31.7 m/ohm*mm2 for aluminum) 

Ma = Pp · L (3) 

Pp is power (kW) 
L is line length (km) 
Ma is a moment of load 

Pp =
/
3U I  cos ϕ (4) 

Pp is power (kW) 
U is phase-to-phase voltage 
I is current 
cos ϕ is an angle of phase deviation of current to voltage 

I = P √
3U cos ϕ 

(5)



Concept of the Innovative Model of Architecture Formation … 81

4 System’s V2 and V3 Options 

4.1 V2 Option 

It is a system functioning in critical modes with uneven loads and phase imbalance. 
V1 option for subcritical modes is not considered. 

A brief technical description of the V2 option: the rated design solution of the 
system functioning in critical modes with uneven loads and phase imbalance, where 
the source of electricity is TP-10/0.4 kV transforming substation with T1 transformer 
of 100 kW capacity, and with VL-0.4 kV overhead line that has points of connection 
of loads of outgoing inputs into the consumer building. The Tables 1, 2 and 3 of 
calculated data of the network parameters for V2 option is presented below [6, 12].

It can be concluded from the obtained data in the table that there are uneven 
distribution of load and skewed network parameters. 

4.2 V3 Option 

It is a proposed system with the application of MCU installed at the inputs of the 
connected loads. It is considered to be the option of “smart” redistribution of the 
existing load that eliminates the consequences of suddenly occurring critical modes 
of V2 (Fig. 1).

Situational matrix of “smart” load redistribution for V3 option is presented in the 
Tables 4, 5 and 6 [6, 13].

It can be considered from the obtained data in the table that the problem of phase 
imbalance of V2 option is localized due to “smart” phase-by-phase redistribution, 
and, eventually, the network parameters are normalized [14]. The obtained data was 
translated into a graphical version using graphs and vector diagrams of the occurring 
load current parameters in order to make the processes taking place in the proposed 
options clearer. 

This option of events is considered as V1 option under conditions of suddenly 
occurring critical modes of phase imbalance due to unequal switching of non-
normalized consumption load. It is reflected in the parameters of network current: 

– Phase “A” is 3.0 kV 
– Phase “B” is 22.0 kV 
– Phase “C” is 5.0 kV 

V2 Option 
The vector diagram in Fig. 2 (on the left) shows the unequal magnitude of the 

vectors in each phase and the presence of a non-symmetric load with the occurrence 
of a vector of current potential of the ground conductor [15, 19].

The graph (Fig. 2, on the right) shows that the maximum value of the current is 
33.3 A in the phase «B», and the minimum value of the current is 7.52 A in the phase
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Fig. 1 Connection configuration as a result of automatic load redistribution

«A». However, there is a critical level of current potential that is equal to 27.4 A in 
the ground conductor [6, 20]. 

The vector diagram in Fig. 3 (on the left) shows the impact of the occurring event, 
which is reflected in the voltage values exceeding the established standard of 220 V. 
This affects the reliability of electric network and the quality of power supply to the 
consumers, which can have serious consequences:

– Phase «A» is 216.3 V 
– Phase «B» is 188.2 V 
– Phase «C» is 215.3 V 

The graph in Fig. 3 (on the right) demonstrates the unacceptable differences in 
phase parameters at a critical voltage drop on one of the phases: 

– Phase «A» is 1.7% 
– Phase «B» is 14.4% 
– Phase «C» is 2.1% 

V3 Option 
This version of events is seen as a result of localization of phase imbalance 

of V2 option due to «smart» phase by phase load redistribution and eventually 
normalization of network parameters. 

The vector diagram in Fig. 4 (on the left) shows that the vectors in each phase are 
equal and that there is no current potential in the ground conductor.

The graph in Fig. 4 (on the right) shows that current parameters are the same [6]. 
The vector diagram of the voltage (Fig. 5, on the left) demonstrates the results 

of normalization of power supply processes with restoring of the required voltage 
levels: phase «A» – 206.3 V, phase «B» – 211.9 V, phase «C» – 201,7 V.

The graph of the voltage drop in the line (Fig. 5, on the right) shows some phase 
difference of parameters, namely: phase «A» – 6.2%, phase «B» – 3.7%, phase 
«C» – 8.3%. 

This data indicates that the voltage parameters, in contrast to load current, have not 
restored to the required level of system’s symmetry. However, the electric network 
functions normally and remains stable in providing required reliability.
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Fig. 2 Vector diagram (on the left) and graph (on the right) of current parameters when phase 
imbalance occurs

Fig. 3 Vector diagram (on the left) and graph (on the right) of line to ground voltage parameters 
when phase imbalance occurs

Fig. 4 Vector diagram (on the left) and graph (on the right) of current parameters as a result of 
automatic phase imbalance localization and restoring of normal operation
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Fig. 5 Vector diagram (on the left) and graph (on the right) of line to ground voltage parameters 
as a result of restoring of normal operation

5 MCU Device and Its Behavior 

The following behaviors can be observed in retrospective view of the occurring 
processes when the MCU device is installed in a given electric network: 

V1 Option: System functions normally, specifically, the load is uniform, current 
values in all phases are the same and their graphs coincide. 

V2 Option: A sudden critical mode occurred, specifically, phase imbalance occurred 
due to unequal switching of non-normalized consumption load. 

Such conditions are sufficient for triggering MCU in order to normalize the 
network parameters using the method of phase by phase redistribution. 

V3 option is the result of problem localization. It is the resultant indicator 
of «smart» load redistribution and final normalization of the network parameters 
(Fig. 6).

The graphs visually demonstrate the process of localization of the problem. The 
sudden critical mode of phase imbalance is localized using «smart» phase by phase 
load redistribution by means of the MCU. As a result, the network parameters are 
normalized (Fig. 7).

However, it is worth mentioning that the example is limited to a simple open-ended 
radial main circuit. Since the example is illustrative, it does not reflect the scale of 
possibilities in practical application on more branched lines [5]. The application of 
the proposed electric supply scheme is more convenient in wide implementation [16]. 

As a result of modernization of equipment based on MCU, this scheme represents 
the quality of a «smart» energy system (Smart Grid) [17, 18] that has the properties 
of an artificial fuzzy (hybrid) neural network and consists of:

– Input: TP 10/0.4 kV power source, transforming substation; 
– I layer: SG-0.4 kV TP switch gear;
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Fig. 6 Diagram of the behavior of the process of automatic restoration of normal operation: the 
parameters of the voltage drop in the network are on the right; the parameters of load current are 
on the left

Fig. 7 Principle and architecture of electric network based on MCU
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– II layer: CS-0.4 kV cable separator; 
– III layer: input CS-0.4 kV cable separator of input of the object; 
– IV layer: IDD Input distribution device of the object; 
– V layer: LD load distribution cabinet of the object; 
– VI layer: PSC power supply cabinet for individual loads; 
– VII layer: LDB load distribution board for individual loads. 

Notation conventions: 
Generator – G 
Phases of a line – A, B, C 
Phase wires of a line – L1, L2, L3 
Consumption load – W 
Total load – ΣW 
Contact connection – X 
Multifunctional Control Unit – MCU 

6 Conclusion 

It should be recognized that the existing safety controls effectively perform their tasks, 
but their functionality is aimed only at localization of accidents in order to prevent 
possible consequences, and it does not provide preventive actions to reduce the emer-
gency downtime of equipment. However, taking into consideration the existing level 
of obsolescence and physical depreciation of equipment, targeted actions to prevent 
the occurrence of emergency situations are of particular importance. The demand 
for the development of design and engineering solutions, as well as engineering and 
technical measures, which are functionally aimed at early diagnosis of abnormal 
processes in the circuit pre-fault condition and at finding ways to stabilize its param-
eters, is determined by the aforementioned facts. The development of the electric 
network on the basis of integrated implementation of MCU allows creating a network, 
which architecturally and functionally has some properties of a neural network. The 
simple scheme of power supply of some number of apartment houses is considered 
as an example in the article. In fact, this structure contains different levels, i.e. initial 
level – transforming substation, second level – input switch gear of the house, third 
level – the floor distribution board, the fours – the consumer. Taking into account the 
automation of MCU operation, the hidden «smart» multilevel redistribution can be 
confidently considered. 
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Thermal Stress State of a Massive 
Concrete Slab in the Winter Building 
Period 

Polina Tyapkina , Kirill Semenov , Yuri Barabanshchikov , 
and Irina Lebedeva 

Abstract In this paper, a problem of the thermal cracking resistance according to 
the deformation criterion of a massive concrete foundation slab during the building 
period in winter was considered. The implementation of tent and thermal insulation 
has been justified by preventing freezing of an early-age concrete and generation of 
significant tensile stresses. Optimum time limits for the thermal protection elements 
removal should be calculated considering the thermal stress state of the slab. The 
winter concreting of the foundation slab, 2.0 m high and measuring 21.8 m × 63.8 m 
in plan, at outside temperatures of−35 °C, −25 °C and −15 °C, was examined. In this 
paper, the thermal cracking resistance in this paper was estimated according to the 
deformation criterion, which means that concrete elongation deformations should not 
exceed the ultimate concrete elongation. The thermal cracking resistance analysis 
is based on a calculation of the thermal stressed state of the concrete foundation 
slab during the hardening period and is carried out in the TERM software taking 
into account the influence of the curing temperature on the concrete thermophysical 
and deformation properties. Safe time limits for the thermal insulation and the tent 
removal have been calculated. A linear dependence of the optimum time limits of 
the thermal protection elements removal on the outside air temperature has been 
revealed. The values of cooling rate at the set points located on the top and side 
surfaces of the slab at various outside air temperatures have been defined. 
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1 Introduction 

Imposed loads and actions effect concrete and reinforced concrete structures during 
the building period. The heat liberation from cement hydration during the concrete 
hardening process, outside temperature fluctuations, solar exposure, impact on stress 
state of load-bearing elements. Thermal stresses occurring as a consequence of 
different technological factors and fire exposure may cause damage to the integrity of 
concrete structure [1–3]. Concrete deterioration can manifest itself in cracks, peeling 
of the clear cover and surface spalling of construction [4–6]. 

Due to technological and manufacturing reasons, it is preferable to concrete 
massive structures, such as foundation slabs, as a single block of equal height. A 
concrete hardening is accompanied by exothermic reaction. Heat exchange with the 
environment lead to the irregular temperature distribution along the block height [7, 
8]. As a consequence of this process the dangerous tensile stresses arises first on 
the surface of the foundation slab and then in its central zone [9, 10]. The alter-
nate freezing and thawing cycles in winter period cause disruptive action within the 
material of reinforced concrete structures [11, 12]. 

Sub-zero air temperature slows down the cement hydration process and cause 
freezing the water included in the concrete. Therefore, the setting and strength devel-
opment processes in young concrete do not take place if the critical strength has not 
yet been reached [5, 13]. In other words, freezing of early-age concrete leads to a 
disturbance of the concrete structure and a reduction of its strength properties. 

The calculation of the thermal stress state of concrete structures, as well as the 
assessment of thermal cracking resistance, are complex engineering tasks. Some 
researchers solve these problems in a simplified way. In the paper [14] the thermoe-
lastic problem does not take into account the creep deformation of concrete [15]. 
Most of the current practical calculation methods do not consider the influence of 
the curing temperature on the deformation characteristics of concrete [16] and its 
heat dissipation [17]. 

In order to prevent freezing of an early-age concrete and generation of significant 
tensile stresses, it is recommended to install thermal insulation on the surface of the 
concrete block and perform concreting in a tent (an enclosed temporary structure) 
during the winter period [18, 19]. Early removal of thermal protection elements can 
lead to the phenomenon of thermal shock: when temperature difference between the 
core of the structure and the surface increases significantly, resulting in the formation 
of temperature cracks. 

The studies [20, 21] calculate the optimum parameters of thermal protection in 
winter in a simplified way. Calculations of optimum time limits for the thermal 
protection elements removal taking into account the influence of the curing temper-
ature on the concrete thermophysical and deformation properties are not available at 
the present moment. 

The purpose of this paper is to evaluate the optimum time limits for removal of 
the concrete tent and the thermal insulation in winter building period. A research 
object is a NPP reactor foundation slab, 2.0 m high and measuring 21.8 m × 63.8 m
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in plan. The slab must be considered as a technically complex capital construction 
characterized by a high importance level. 

The 2.0 m thick slab is concreted in one block height for technological reason. 
The subgrade is a soft ground, and a subbase is a 100-mm-thick concrete base made 
of concrete B12.5. In winter building period the slab can be covered with a thermal 
insulation, and a tent can be erected. The practical value of this paper consists in 
determining safe time limits for the thermal insulation and the concrete tent removal, 
considering thermal cracking resistance of concrete. 

2 Materials and Methods 

The thermal cracking resistance analysis is based on a calculation of the thermal 
stressed state of the concrete foundation slab during the hardening period and is 
carried out in the TERM software developed by the staff on the Graduate School 
of Civil and Road Construction of the Institute of Civil Engineering at the Peter 
the Great St. Petersburg Polytechnic University. The program takes into account 
the influence of temperature and the passage of time on the thermophysical and 
deformative properties of concrete. 

The calculation is carried out using the two-dimensional calculation model shown 
in Fig. 1. Stress and temperature are functions of two spatial coordinates: X – hori-
zontal and Y – vertical. 

The thermal cracking resistance in this paper is assessed according to the deforma-
tion criterion. Concrete elongation deformations, determined in view of the concrete 
creep factor and variable deformation modulus, should not exceed the ultimate 
concrete elongation. In order to shorten the text of the paper, the results are presented 
only for the set points, which are located in the centre (core) of the slab as well as 
on its top and side surfaces and are marked in red in Fig. 1. 

Thermal and physical characteristics of the concrete B30 are defined by the 
concrete thermal conductivity λ = 2.67 W 

m·K and heat capacity c = 1.0 k J  kg·K . The  
deformation characteristics of concrete B30 are presented below.

Fig. 1 The structural model of the foundation slab 
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According to the paper, the instantaneous elastic deformation modulus of concrete 
is represented by the Eq. (1). 

E(t) = Emax (1 − eαtγ 
) (1) 

where Emax = 33100MPa  the limit value of the concrete deformation, and the 
slump of the concrete cone higher than 0.08 m and coarse aggregate with 0.04 m 
grain are used. Functional dependency parameters are α = −0.37, γ  = 0.72 and t 
stands for the current time. 

Concrete creep account according to straight line inherited theory of aging using 
the relaxation function is represented in the Eq. (2). 

R(t, τ  ) = A
(
1 − e−βτ α ) + (

B1 + D1e
−βτ α )e−γ1(t−τ ) + (

B2 + D2e
−βτ α)e−γ2(t−τ ) 

(2) 

where functional dependency parameters are as follows A = 0.7; B1 = 0.2; D1 = 
0.4; B2 = 0.1; D2 = 0.3; β = 3.61 · 10−6 sec−1; γ1 = 1.17 · 10−5 sec−1; γ2 = 
1.17 · 10−5 sec−1. 

The heat dissipation process follows the I.D. Zaporozhets equation, which is stated 
in the Eq. (3). 

Q(τ ) = Qmax

[
1 − (1 + AT τ )− 1 

m−1

]
(3) 

where Qmax the limit the concrete heat dissipation converges to; AT is the heat dissi-
pation rate coefficient indicating the heat dissipation rate at a constant temperature 
T; t is the order of the water hydration reaction that reaches from 1.1 to 2.3 for 
Portland cement depending on different types of additives. 

The heat dissipation process and deformation characteristics depend on the 
concrete hardening temperature. The temperature effect on heat dissipation is 
registered by the temperature function, which is given in the Eq. (4). 

fT = 2 
T1−T2 

ε (4) 

where ε is the characteristic temperature difference. That is, if, for example, 
T1 − T2 = ε then fT = 2, i.e., in case of the temperature rises by ε degrees, the 

heat dissipation rate is doubled. 
The adjustment time hypothesis is applied in this paper. At moments of equal 

heat dissipations, i.e., when Q1 = Q2 with Q1andQ2 being heat dissipation 
values at respective temperatures T1andT2, the heat dissipation relation and corre-
sponding timelines τ1andτ2 remain constant throughout the process and equal to the 
temperature function in the Eq. (5). 

(∂ Q/∂τ )1 
(∂ Q/∂τ )2 

= 
τ1 

τ2 
= fT = const (5)
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Parameters of the heat dissipation process were determined experimentally. The 
following results were obtained: the cement heat dissipation is q = Q C = 502.8 k J  kg ; 

the heat dissipation rate coefficient at 20 C° equals A20 = 6·10−5 sec−1 he hydration 
reaction order is m = 2.2 kg. The weight of cement in the concrete mix is C = 
350 kg m3 . 

The technological specifications for concrete casting in the tent are included in 
the calculations as follows. 

Temperature of the concrete mix equals 12 °C, air temperature in the tent equals 
5 °C.  

The insulation made of expanded polystyrene foam with the following characteris-
tics is placed on the top and side surfaces of the foundation slab: the coefficient of the 
heat dissipation layer is βnp = 4.8 W 

(m2·K ) ; thermal conductivity equals λ = 0.045 W 
m·K ; 

the layer thickness is equal to 0.008 m. 
The outside winter air temperature is assumed to be −15 °C, −25 °C, −35 °C. 
In order to study thermal cracking resistance in the foundation slab, it is necessary 

to investigate the change of thermal stresses in the centre and on the surfaces of the 
slab, when the tent is removed. Thus, the zones with the highest stresses are identified. 

The concrete thermal cracking resistance is measured in accordance with the 
deformation criterion. The tensile stresses must be less than some nominal strength, 
which is defined as the right-hand side of the inequality of the deformation criterion. 

Figure 2 shows a graph of the stresses in the slab as a function of time and a curve 
of the nominal strength of the concrete on the surface, when the thermal insulation 
remains on the slab and the tent is removed 4 days since the concrete casting. In this 
example, the outside temperature is assumed to be −25 °C.

The analysis of the results in Fig. 2 shows that thermal cracking resistance is not 
achieved at the top surface of the slab on the 6th day since the concrete casting. An 
increase of time limits for the tent removal is required. 

The time limits for the thermal protection elements removal are determined by 
the trial and error approach. The effect of the removal period on the development of 
tensile stresses on the top surface of the slab at an outside temperature of −25 °C is 
illustrated in Fig. 3.

In this case, the tent can be removed no earlier than 5 days after concrete casting 
of the slab. The optimum period for the removal of the tent and thermal insulation at 
different outdoor temperatures can be determined similarly. 

3 Results 

Figure 4 presents stress diagrams on the top and side surfaces of the slab at outside 
temperatures of −35 °C, −25 °C and −15 °C and at various periods of tent removal.

It can be concluded from Fig. 4 that the tent can be removed no sooner than 8, 
5 and 4 days after concrete casting at air temperature of −35, −25 and −15 °C, 
respectively.



100 P. Tyapkina et al.

-3000

-2000

-1000 

0 

1000 

2000 

3000 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21  

St
re

ss
 o

n 
th

e 
si

de
 su

rf
ac

e,
 k

Pa
 

Time, days 

(b) 

Stress on the side surface Strength limit of the surface

-3000

-2000

-1000 

0 

1000 

2000 

3000 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21St
re

ss
, k

Pa
 

Time, days 

(a) 

Stress on the top surface Stress in the centre of the slab 
Strength limit of the surface 

Fig. 2 Thermal stress evolution at T = −25 °C (the tent is removed 4 days since the concrete 
casting): a) at the centre of the slab and on the top surface; b) on the side surface of the slab
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Fig. 3 Evolution of thermal stress on the top surface of the slab at T = −25 °C
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Fig. 4 Evolution of thermal stress when the tent is removed: a) on the top surface of the slab; b) 
on the side surface of the slab

Once the tent is removed, the thermal insulation must be removed from the 
concrete slab. The safe removal of the thermal insulation assumes that no cracks 
will occur. Figure 5 presents the relationship between stresses on the top and side 
surfaces of the foundation slab and the time of thermal insulation removal at different 
temperatures:

−35, −25 and −15 °C. Safe time of tent removal was taken as 8, 5 and 4 days, 
respectively.
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Fig. 5 Evolution of thermal stress when the tent and thermal insulation are removed: a) on the top 
surface of the slab; b) on the side surface of the slab

It can be concluded from Fig. 5 that the thermal insulation can be removed no 
sooner than 13, 10 and 8 days after concrete casting at air temperature of −35, −25 
and −15 °C, respectively. 

Table 1 shows the chronology of the simulated and observed events examined in 
the analysis. Stress peaks on the 2nd day of both the removal of the tent (I peak) and 
the removal of the thermal insulation (II peak).

Figure 6 shows relationship between the period of the tent and the thermal 
insulation removal and the outside air temperature.
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Table 1 Time of stress peaks due to removal of the tent and thermal insulation 

T cp, °C Time, days 

The tent removal I peak the thermal insulation removal II peak 

−35 8 10 13 15 

−25 5 7 10 12 

−15 4 6 8 10
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Fig. 6 Evolution of the time limits for the thermal protection elements removal at T = −15 °C, T 
= −25 °C, T = −35 °C. 

The obtained linear dependence of the time limits for the tent removal (in days) 
is presented in the Eq. (6). 

t = −0.216 · T + 0.216 (6) 

where T is an outside air temperature, °C. 
The results of determining the cooling rate at the set points located on the top and 

side surfaces of the slab at various outside air temperatures are presented further in 
this paper. Figure 7 shows evolution of cooling rate over time, taking into account 
successive removal of the tent and thermal insulation at outside air temperatures of 
−35 °C, −25 °C and −15 °C.

It can be concluded from Fig. 7 that the highest cooling rate is achieved on the top 
surface of the slab after the thermal insulation removal, and on the side surface after 
the tent removal. The cooling rate of the slab after removal of the tent is maximum 
at an outside air temperature of −35 °C. After removal of the thermal insulation, the 
cooling rate of the top surface remains ≈20 °C/day, and the side surface ≈12 °C/ 
day, irrespective of the outside air temperature. 

In case of simultaneous removal of the tent and thermal insulation, the cooling 
rate of the concrete mixture increases significantly, so the safe time limits for the 
thermal protection elements removal are 37, 18 and 12 days after concrete casting at 
air temperature of −35, −25 and −15 °C, respectively.
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Fig. 7 The cooling rate: a) of the top surface of the slab; b) of the side surface of the slab

4 Discussion and Conclusion 

The time of tent removal is linearly dependent on the outside air temperature. While 
removing the thermal protection elements, it is recommended to remove the tent first, 
and the surface thermal insulation should be removed 4–5 days later. 

After the thermal insulation removal, the cooling rate on the top surface of the 
slab is 67% higher than the cooling rate on the side surface. As a consequence, the 
thermal stresses on the top surface of the slab exceed those on the side surface by 
22%. Thus, the thermal stresses on the top surface of the plate are critical. 

In the case of simultaneous removal of the tent and thermal insulation, the safe 
time limit of the thermal protection elements removal at −15 °C, −25 °C and − 
35 °C increases by 150%, 180% and 284% respectively.
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The maximum values of thermal stresses are reached in two cases: A) during the 
maximum exothermic heating of the slab; B) during the occurrence of “core-surface” 
temperature difference during removal of the tent and thermal insulation due to the 
increased cooling rate of the concrete mixture. In the first case, the maximum stress 
of type A is 11 kPa, while in the second case, the maximum stress of type B is no 
more than 22 kPa and depends on the outside temperature. 

Hazardous tensile stresses of type A can be decreased by installing special thermal 
insulation on the slab surface. Stresses of type B can be reduced by increasing the 
time limits of thermal protection elements removal. The maximum safe value of the 
mixture cooling rate equals 0.8 °C/hour and is practically independent of the outside 
air temperature. In this case the stresses of type B do not exceed the strength limit. 
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Shear Crack Resistance of I-Shaped 
Concrete Beams with Basalt FRP 
Stirrups 

Sergey Usanov and Murat Tamov 

Abstract This paper presents the results of experimental research on the shear crack 
resistance of I-shaped beams with BFRP transverse reinforcement. The tested spec-
imens had equal sizes and different angles of stirrups inclination, web reinforce-
ment ratio, and shear span-to-depth ratio (a/d). The group with a/d = 2.5 and 3.2 
also included beams with cold-drawn wire transverse reinforcement. The effect of 
varied parameters on the load of shear crack formation and the width of the cracks 
is analyzed. The maximum shear crack width in beams with inclined stirrups was 
slightly lower than that of beams with vertical stirrups. The corresponding difference 
in the crack width between twin beams differing only in the angle of stirrups incli-
nation was up to 10% and was more pronounced for beams with a/d = 3.2. In most 
cases, the shear crack width for beams with BFRP transverse reinforcement does not 
exceed the permissible values established by the codes of different countries. The 
exceptions mainly comprised beams with the lowest web reinforcement ratio. 

Keywords Crack resistance · I-shaped beams · Transverse reinforcement · Shear 
span · Basalt fiber reinforced polymers (BFRP) ·Web-shear cracks 

1 Introduction 

Fiber-reinforced polymer materials have been used in industrial and civil construction 
for more than 50 years [1]. For a certain period, there was not much demand for the use 
of FRP due to the long and costly process of its manufacturing. Now a growing amount 
of research confirms the feasibility of using FRP [2, 3], and more consumption of FRP 
in the construction industry is forecast [4, 5]. FRP bars are produced using different 
fibers such as glass (GFRP), basalt (BFRP), carbon (CFRP), aramid (AFRP), and 
others placed in a polymer matrix. The matrix is a thermoset compound and usually 
consists of epoxy or vinyl ester. The advantages of FRP over steel include corrosion 
resistance, light specific gravity, high tensile strength, non-magnetic properties, etc.
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Among the disadvantages are low modulus of elasticity, anisotropy, and the absence 
of a yield point [6, 7]. 

The use of FRP as transverse reinforcement instead of traditional steel reinforce-
ment in flexural members affects their shear strength. The reduced modulus of elas-
ticity of FRP leads to an increase of the width of shear cracks. This leads to a decrease 
of the aggregate mechanical interlock between the cracks and changes the magnitude 
of forces in the transverse reinforcement [8]. At the same time, it is known that in 
reinforced concrete beams the magnitude of the aggregate interlock forces is signifi-
cant and can lie in the range of 33–50% of the shear capacity of uncracked concrete. 
Anisotropy, high tensile strength and the absence of a yield point also have an impact 
on the shear behavior of FRP-reinforced concrete members (FRP-RC members). 

Most of the shear design methods implemented in building codes for FRP rein-
forced elements are similar to those used for steel reinforcement. At the same time, 
in most cases, codes do not contain methods for calculation of the shear cracking 
load or width of shear cracks only setting a general limit on the width of cracks in a 
member. 

In the design guidelines of the American Concrete Institute (ACI 440.1R-15) for 
FRP-RC members the width of inclined cracks is limited by the maximum allowable 
stresses in the transverse reinforcement Eεf,lim (E is the modulus of elasticity of the 
FRP, εf,lim = 0.004 is maximum strain). A similar provision is adopted in the ACI 
code for the design of reinforced concrete (RC) structures [9]. 

Due to the absence, both past and present, in ACI 440 of permitted shear cracks 
width, researchers (for example, in [10]) take the limit set for flexural cracks width (ca. 
0.5 mm) as such limit. This is higher than the maximum allowable crack width for 
RC elements −0.33 mm [9]. For FRP-RC members, a higher value of the maximum 
crack width is justified due to the high corrosion resistance of FRP and is set only 
to meet aesthetic requirements [11]. Shekhata et al. [10] showed that the strains of 
transverse reinforcement corresponding to the inclined cracks width of 0.5 mm are 
0.2% for CFRP bars and 0.35% for GFRP bars. Thus it was suggested that the value 
of 0.2% ought to be accepted as a limit to control the width of shear cracks. 

Russian design code SP 295.1325800.2017 also set the maximum tensile strength 
of FRP stirrups as 0.004Ef (also not exceed 0.5Rf or 300 MPa). The Institution 
of Structural Engineers (IstructE) guidance [11], which is a modification of the 
British codes BS8110 [12] and BS5400 [13], set the limit εf,lim for FRP transverse 
reinforcement at 0.25% [14]. 

Possible adjustment to εf,lim is still a subject of ongoing discussion. Pilak-
outas et al. [15], Valivonis et al. [16], and El-Ghandour et al. [17] based on the 
results of their own and other researchers’ tests suggest increasing εf,lim up to 0.45%. 
Ahmed et al. [18] indicated that the measured maximum value of strains of the trans-
verse reinforcement range from 1 to 2% for GFRP and from 0.8 to 1% for CFRP. 
Based on the test’s results [19] Fiko et al. [8] proposed to set the maximum allowable 
value of εf,lim depending on the type of fibers. For AFRP stirrups εf,lim should not be 
taken more than 0.7%, for CFRP and GFRP stirrups – more than 0.35% and 0.85%, 
respectively.
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Experimental researches of FRP RC members mainly include testing beams with 
a rectangular cross-section [20–23]. In [16] the author tested 4 twin specimens rein-
forced with GFRP transverse reinforcement. The longitudinal reinforcement of the 
beams consisted of steel rebars. The tests were carried out by three-point bending 
with a/d = 1.4. During the tests, shear cracks in all cases occurred later than flexural 
at loading levels in the range of 23.9–34.6% of the failure load. Said et al. [24] tested  
10 beams with cross-sectional dimensions 120 × 300(h) mm and GFRP bars as trans-
verse reinforcement and longitudinal reinforcement of the tension and compression 
zones. 

The stirrups in specimens were set at varying spacing. One of the beams had no 
transverse reinforcement. Flexural cracks within the zone with the largest bending 
moment appeared first. Then flexural cracks occurred in the shear span and grew 
into inclined cracks towards the load with increasing of the latter. The formation 
of inclined cracks took place within the range of 29.6–50.1% of the shear capacity. 
Before the failure, the width of the inclined cracks reached 1.5–3.5 mm. The cracking 
load and the shear capacity of the beams were calculated accurately by FE modeling 
using ANSYS software package. 

Inclined cracks in I-shaped beams generally occur at midheight and subsequently 
develop towards the flanges. Such cracks are commonly called “web-shear cracks” 
whereas cracks in rectangular beams developing from tension flange are called 
“flexure-shear cracks” [25]. The amount of experimental data on the shear crack 
resistance of I-shaped beams with FRP reinforcement is significantly less than that 
for rectangular beams. Kurt et al. [26] tested 12 I-shaped beams (24 results for 
shear spans overall) reinforced with longitudinal and transverse FRP reinforcement. 
The specimens differed in concrete strength, type, diameter, and spacing of FRP 
transverse reinforcement. The measurement of the width of the inclined cracks was 
carried out by a non-contact optical 3D deformation measuring system Aramis and 
by using crack gauges. The author notes that the cracking pattern in the tested spec-
imens is similar to that observed in RC beams. As the load increased the inclined 
cracks became flatter. Before the failure, the crack inclination angle ranged from 
23 to 40 degrees. The maximum inclined cracks width reached 0.7–3.0 mm and the 
displacement along the cracks was 0.2–1.7 mm. Other authors [10, 18] carried out 
tests of T-shaped beams with FRP transverse reinforcement. 

This paper studies the shear crack resistance with BFRP transverse reinforcement. 
To the authors’ knowledge, the latter was never previously used for the research of 
web-shear cracking. In total twenty-eight I-shaped beams were manufactured and 
tested.
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(a) 

(b) 

Fig. 1 Details of beams 

2 Experimental Program 

2.1 Test Specimens 

Specimens had the total length 2340 mm (effective span 2180 mm) and total depth h 
= 280 mm (effective depth d = 260 mm). The flange width of the beams was 200 mm 
and the web width was 30 mm (Fig. 1a). The shear reinforcement of beams consisted 
of single bars anchored into the bottom and top flanges. Shear reinforcement was tied 
to longitudinal bars to form reinforcement cages. The beams differed in the angle 
of inclination of transverse FRP bars αsw to the longitudinal axis and spacing of 
shear reinforcement (i.e. shear reinforcement ratio μsw). The group with shear span 
ratio a/d = 2.5 and 3.2 also included specimens with cold-drawn wire transverse 
reinforcement. Longitudinal reinforcement was identical for all beams (Fig. 1b). It 
consisted of steel bars Grade A500C in the amount sufficient to avoid flexural failure. 
Beams were tested in four-point bending with an a/d ratio equal to 1.6, 2.5, and 3.2. 
The list of beams, failure loads, and some parameters of crack resistance of beams 
are given in Table 1.

2.2 Material Properties 

The beams were cast from normal strength concrete made of the M500 Portland 
cement (JSC “Verkhnebakansky cement plant”, Novorossiysk). To ensure the good 
compaction of concrete for the web with small thickness, coarse aggregate with a
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Table 1 Parameters of beams and shear test results 

Beam Type of 
stirrups 

Qcrc, 
kN 

αcrc, 
deg. 

αcrc cr , 
deg. 

ls, cm acrc ult , 
mm 

Qult , 
kN 

Mode of 
failure 

B1.6-V-0.4 BFRP 7.7 33–39 39 3.9 0.46 54.9 WC 

B1.6-V-0.7 7.5 32–39 35 3.1 0.48 57.6 WC 

B1.6-V-1.0 14.7 41–43 41 3.5 0.44 77.4 WC 

B1.6-V-1.3 16.4 36–42 36 3.1 0.63 71.5 WC 

B1.6-N-0.4 13.6 40–42 40 4.8 0.78 61.7 WC 

B1.6-N-0.7 13.1 44–48 45 3.2 0.33 62.1 WC 

B1.6-N-1.0 14.5 38–41 38 3.4 0.44 76.2 WC 

B1.6-N-1.3 13.4 44–47 44 3.1 0.39 70.5 WC 

B2.5-V-0.4 BFRP 14.1 27–58 34 7.9 0.87 42.7 WC 

B2.5-V-0.7 15.1 26–46 28 6.2 0.57 47.1 WC 

B2.5-V-1.0 13.8 19–43 27 7.0 0.77 51.2 WC 

B2.5-V-1.3 13.1 19–43 33 5.5 0.65 57.1 SR 

B2.5-N-0.4 10.1 24–42 42 5.9 0.55 48.1 WC 

B2.5-N-0.7 13.6 33–48 36 5.6 0.65 50.3 WC 

B2.5-N-1.0 4.9 17–54 38 4.5 0.75 44.8 SR 

B2.5-N-1.3 8.9 21–57 39 4.1 0.72 55.4 WC 

BS2.5–1.0 Wire 
Vr500 

15.6 33–46 35 5.0 0.35 65.1 WC 

BS2.5–1.3 20.9 36–54 43 4.2 0.27 74.5 WC 

B3.2-V-0.4 BFRP 6.8 24–48 25 4.5 0.98 42.5 SR 

B3.2-V-0.7 11.2 28–49 42 3.6 0.60 48.7 WC/SR 

B3.2-V-1.0 9.0 17–45 22 6.0 0.87 47.2 SR 

B3.2-V-1.3 12.3 25–58 43 4.6 0.55 47.4 SR 

B3.2-N-0.4 11.1 26–42 33 5.9 1.18 42.8 WC 

B3.2-N-0.7 16.0 20–55 29 3.9 0.57 50.1 SR 

B3.2-N-1.0 11.1 21–46 39 6.1 0.60 46.3 WC 

B3.2-N-1.3 15.2 29–46 37 4.5 0.37 56.2 WC/SR 

BS3.2–1.0 15.6 31–39 39 5.1 0.47 62.5 WC 

BS3.2–1.3 19.8 32–45 40 4.1 0.30 70.8 WC 

Note: αcrc – range of shear cracks angle; αcrc cr – angle of critical shear crack, ls – average distance 
between shear cracks, WC - web crushing, SR – stirrups rupture

size of 3–10 mm was used for a concrete mix. The sand size modulus was 2.3, the 
content of clay and organic particles did not exceed 1.2%. The compressive strength 
of concrete was determined by testing prisms with the dimensions of 100 × 100 × 
400 mm at the age of 28 days and was in the range of Rb = 24.1 ÷ 30.7 MPa. 

Basalt fiber-reinforced polymer bars with a diameter of 4 and 6 mm and cold-
drawn wire with a diameter of 4.0 mm were used as transverse reinforcement of
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specimens. For BFRP bars standard tensile tests were carried out according to GOST 
31,938-2012 with the calculation of the ultimate strength σ t , the modulus of elasticity 
Ef , and the elongation at fracture εt . Tested samples were straight BFRP bars with 
steel couplings on their ends designed for clamping these couplings with the grips 
of the tensile testing machine (Fig. 2). The elongation of the bars was measured with 
strain gauges. Obtained mechanical characteristics of BFRP bars are summarized in 
Table 2. 

Bending of FRP rebars is possible only during their manufacturing. Precast C-
shaped shear BFRP reinforcement with a diameter of 4 and 6 mm for our experiment 
was provided by LLC “NZK” (Nizhny Novgorod). It is known that a small mandrel 
diameter of FRP rods can lead to their premature rupture in the bent zones [15]. 

According to ACI 440.1R-15 [1], the radius of the bend should not be less than 
3 diameters db of the bar. In Russian building code SP 295.1325800.2017, a similar 
minimum is set as 6db. Some researchers recommend that the bending radius of the 
FRP should be at least 4db, but not less than 50 mm [10]. In our research C-shaped 
BFRP bars (Fig. 3) had a bending radius equal to 35 mm, i.e. not less than the 
value specified by the aforementioned codes. As a result, the rupture of transverse 
reinforcement in the bent zone did not happen in any of the tested beams. 

Fig. 2 BFRP rods before and after standard tensile tests 

Table 2 Mechanical properties of BFRP bars 

Bar diameter, mm Tensile strength σ t , 
MPa 

Tensile strain εt , %, not  
less than 

Modulus of elasticity 
Ef , MPa  

4 1305 1.98 65,916 

6 1377 2.07 66,524 

Fig. 3 C-shaped BFRP transverse reinforcement
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Table 3 Mechanical properties of wire Vr500 bars 

Bar 
diameter, 
mm 

Proof 
strength 
σ 0.2, MPa  

Tensile 
strength 
σ vr , MPa  

Elongation per unit 
length, 
%, not less than 

Var. coeff. of 
tensile strength 
ν vr , MPa  

Modulus of 
elasticity 
Ef , MPa  

4.0 664 706 2.6 0.078 2.01·105 

Mechanical characteristics of wire Vr500 were determined according to GOST 
12,004-81. For testing 15 samples were taken from the same bundle, which meets the 
requirements of GOST 6727-80. The average values of the mechanical characteristics 
of wire are given in Table 3. 

2.3 Instrumentation, Test Setup and Procedure 

The beams were tested in a closed load-bearing frame in the structural laboratory 
of the Department of building structures of Kuban State Technological University. 
The specimens were placed with compressed flange down which made the control 
of formation and development of cracks more convenient. The load was provided by 
a hydraulic jack connected to a pump station. The magnitude of the support reaction 
was monitored by load cells. Deflections of beams on supports and in the middle of 
the span were measured by high-sensitivity strain gauge displacement transducers. 
Concrete strains within the shear span were measured with strain gauges glued along 
the assumed direction of principal compressive stresses. Three LVDT sensors were 
attached in the form of a rosette at the expected location of an inclined crack on one 
side of the beams for measuring strains. Another LVDT sensor on the opposite side 
of the beam measured the displacement along the shear crack. All measuring devices 
were connected to the TDS-530 data logger (TML). 

3 Results and Discussion 

No relationship between the shear force at first cracking Qcrc and the angle of incli-
nation αsw of the transverse reinforcement was found (Fig. 4). For both vertical 
and inclined shear reinforcement (Fig. 4a and 4b), Qcrc was about 10–33% of the 
failure load Qult . For beams with steel reinforcement (Fig. 4c) Qcrc was 15.6–20.9 
kN (24–28.1% of Qult).

Analysis of the test results revealed the following patterns for the Qcrc value:

– with an equal value of μsw inclined cracks in beams with steel transverse rein-
forcement occurred at higher loads than in FRP RC beams. On average, for beams 
with steel transverse reinforcement Qcrc was 54% larger;
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Fig. 4 Shear force at first web cracking for the FRP RC beams with inclined (a) and vertical (b) 
stirrups and for the RC beams (c)

– with an increase in a/d the Qcrc decreased. When a/d changes from 1.6 to 2.5, the 
decrease of Qcrc is more evident than when in the range of a/d from 2.5 to 3.2 for 
all angles of inclination of the FRP stirrups. In the latter case, for samples with 
inclined FRP stirrups, there is virtually no decrease of the Qcrc. 

Cracks in specimens with FRP transverse reinforcement formed mainly at the 
midheight and propagated to the flanges (web-shear cracks). In most cases, the first 
shear cracks were located in the middle of the shear span, less often in areas close 
to the load. As a rule, cracks reached the flanges of the beams several steps after 
their emergence, but in some cases, they immediately propagated through the entire 
height of the web. One to three cracks in the shear span initially occurred, the total 
number of cracks in the shear span in most cases did not exceed 6–8. 

During loading with a small shear span (a/d = 1.6) cracks occurred parallel to 
each other, forming 1–2 concrete struts in the direction between the load and the 
support. In specimens with a/d = 2.5 and 3.2 in the areas close to the supports and 
the loading points, cracks had a fan-shaped pattern, and in the middle of the shear 
span, the cracks were parallel to each other. 

Some crack resistance characteristics of beams are shown in Table 1. The range of 
values for the maximum shear crack width acrc,ult before the failure was 0.44–0.98 mm 
for beams with vertical FRP stirrups, 0.33–1.18 mm for inclined FRP stirrups, and 
0.27–0.47 mm for specimens with steel stirrups (Fig. 5).
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Fig. 5 Shear crack widths of the specimens 

The shear crack spacings decreased with an increase in the percentage of trans-
verse reinforcement and ranged from 3.1 to 7.9 cm for FRP RC beams and from 4.1 
to 5.1 cm for steel RC members. 

As can be seen from Table 1, the angle of the shear cracks’ inclination to the 
longitudinal axis of the FRP RC beams was in the relatively wide range of 17–58 
degrees. Critical shear cracks formed at an angle of 22–45 degrees. For specimens 
with steel transverse reinforcement, these angles were in the range of 31–54 degrees
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and 35–43 degrees, respectively. Thus, the angles of inclination of the critical shear 
cracks correspond to the values provided by the truss analogy adopted in the standards 
of the American Concrete Institute [1, 9] and Eurocode [27]. 

The previous research conducted in KubSTU showed that the crack width in I-
shaped beams with steel and mesh shear reinforcement increased with increasing the 
shear span, and the relationship was nonlinear [28]. For our beams, with the change 
shear span from 1.6d to 2.5d maximum crack width increased on average 1.47 and 
1.84 times for the vertical and inclined FRP transverse reinforcement respectively. 
With a further increase of shear span up to 3.2d, the growth of maximum crack width 
acrc,ult was less noticeable, and in one case, for beam B3.2-N-1.3, the acrc,ult was 
smaller than for a similar beam tested with a smaller shear span 2.5d. 

The values of acrc,ult in beams with inclined stirrups were slightly lower than 
those of the specimens with vertical stirrups. The corresponding difference of acrc,ult 
between twin beams differing only in αsw was up to 10% and was more pronounced 
for beams with a/d = 3.2. This is explained by the fact that with an inclined arrange-
ment of shear reinforcement, its angle with respect to the web cracks approaches 90º, 
and thus the development of tensile strains is better restrained. 

In Fig. 5 it can be seen that the maximum crack width for FRP RC specimens, 
most times did not exceed 0.8 mm, in some tests reaching a value of 1–1.2 mm. In 
latter cases, the failure occurred mainly due to the rupture of the stirrups. Beams 
with wire transverse reinforcement showed a smaller value of the acrc,ult , averaging 
0.35 mm with a maximum value of about 0.5 mm. 

4 Conclusion 

There is no unified approach in different building codes for FRP-RC members to 
assign the allowable crack width. The Russian SP 295.1325800.2017 “Concrete 
structures reinforced with fiber-reinforced polymer bars. Design rules” establishes 
the following allowable values of crack width: for short-term opening 0.7 mm, for 
long-term opening −0.5 mm (shown with vertical lines in Fig. 5). In Japanese [29] 
and Italian [30] codes, the allowable crack width is set at 0.5 mm. Canadian guidelines 
[31] the limit is 0.5 mm for structures exposed to harsh conditions and 0.7 mm for 
other cases. These requirements are mainly aimed at restricting the width of flexural 
cracks. The values of the maximum web-shear cracks width of the tested I-shaped 
FRP-RC beams demonstrate that even at high loads acrc,ult in most cases is less than the 
specified limit values. Significant (up to 30%) exceedance of those limits are cracks 
in beams with the lowest shear reinforcement ratio. Taking into account also the fact 
that the crack resistance calculations are made for the service loads, the openings 
of the inclined cracks observed in our tests can be considered acceptable. Thus, the 
relatively lower elastic modulus of FRP should not be considered a shortcoming 
hampering its use as shear reinforcement of I-shaped beams.
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Control Tests of Long-Span Laminated 
Timber Structures with Nodes 
on the Glued-In Rods 

Aleksandr Pogoreltsev 

Abstract Large-span laminated wooden structures have large dimensions and 
require the creation of knots and joints to divide the structures into technological 
elements, convenient for manufacturing and installation. This problem is solved by 
using both traditional and new types of knot joints. 

New types of knots include connections on glued rods. If in Europe there was the 
way to create knots with rods glued along the fiber of the wood, or along and across 
the fiber, in Russia the focus was on the knots of laminated wooden structures with 
reinforcing rods glued at an angle to the fiber of the wood. 

Under the leadership of S.B. Turkovsky the systems of knotted connections on 
glued rods - “CNIISK systems” were developed. Hundreds of objects were built 
using this system. 

Such objects often require control tests. In most cases, the tests are not performed 
on structures, but on fragments with assemblies in full size. The rationale and purpose 
of control tests are given. 

Examples of control tests during the construction of long-span buildings and 
structures with glued wood frameworks, carried out by the laboratory of wooden 
structures of the Kucherenko Central Research Institute of Scientific and Technical 
Cybernetics under the guidance of V.A. Kucherenko Institute of Wooden Architecture 
and Construction are given. 

Keywords Large-Span Wooden Structure · Control Tests · Glued Reinforcing 
Bar · Knot 

1 Introduction 

Glued wood structures combine lightness, strength, aesthetics, corrosion resistance 
and other positive characteristics. They allow you to implement a variety of archi-
tectural forms and gives an expressive visual effect in combination with other
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modern building materials. Glued laminated wooden structures are widely used in 
construction of long-span buildings and constructions. 

Elements of large-span laminated wooden constructions can have a great length, 
which causes difficulties in production and transportation. Especially it concerns 
bent laminated elements of arches, frames, meridional ribs of domes and other 
constructions. 

There is a necessity to divide long structures into technological elements with 
implementation of consolidating rigid joints. 

A typical solution adopted in Europe is the use of rigid joints with dowels or 
screws [1], including nodes with steel pads and spacers. 

In the second half of the last century the research and practical application of 
wooden structure joints on glued rods began. 

The first application of steel rods glued into the wood along the fibers in the nodes 
was proposed in the SoyuzDorNII [2]. Later, similar structural solutions were widely 
investigated abroad [3, 4] and others. 

Abroad, the study of knots paid more attention to rods with metric threads along 
the entire length, glued along the fibers [5–7], and those glued at an angle to the 
fibers were considered to strengthen wooden constructions [8, 9]. In the USSR and 
later in Russia, the corrugated reinforcement rods for reinforced concrete structures, 
glued at an angle to the fibers, were considered first of all for the joints. 

The first tests of the rigid beam joint on angled glued rods were carried out by 
S. B. Turkovsky in 1975. Although the joint was located in the area of maximum 
bending moment, the failure of the beam occurred outside the joint. 

The complex system of node joints of wooden structures on inclined glued rods -
CNIISK system - was developed under the supervision of S.B. Turkovskiy [10–18]. 
A particular case of inclined glued rods were rods glued perpendicular to the fibers. 

Hundreds of objects, including large-span ones, have been built using the 
“TSNIISK system” [19]. 

2 Control Tests 

When designing large-span laminated timber structures with nodes on glued rods, it 
is sometimes necessary to conduct control tests. The justification for the necessity 
of testing QDC nodes is as follows: 

– structures of unique structures with spans over 100 m, heights over 100 m, with 
cantilevered structures over 20 m; 

– buildings and structures of especially hazardous and technically complex objects, 
the list or classification of which is established by the national legislation; 

– Buildings and constructions with design and construction using brand new design 
solutions and technologies which have not been tested in construction practice 
and operation (experimental designs); 

– nodes of critical structures in the process of mastering the production;
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– large-span structures with manufacturing and (or) assembly defects. 

The reasons for the necessity of control tests of glued wood constructions with 
nodes on the glued rods are often the set of the reasons described above. 

Control tests of full-size long-span structures are carried out in rare cases. Usually 
the bearing capacity of such structures is determined by the bearing capacity of nodes. 
Therefore, tests are performed on the most loaded or poorly studied nodes. The test 
objectives are determined depending on the reason for the verification tests: 

– Determining the bearing capacity of a structure or assembly in the absence of 
standard calculation methods; 

– assessment of the correctness of the design solutions and calculation assumptions; 
– verification of manufacturability of nodes on glued rods; 
– quality control of structural fabrication; 
– Verification of assemblage ability and quality control during assembly; 
– expert evaluation of causes of structural failures. 

Often the control tests are complex and include several objectives. When testing by 
the specialists of V.A. Kucherenko Central Research Institute of Nuclear Power Engi-
neering, there are always additional objectives - issues of research on the operation 
of knotted joints on glued rods. 

3 Examples of Control Tests 

Let’s consider the experience of the control tests conducted by the staff of the Central 
Research Institute of Building Research named after V.A. Kucherenko. 

3.1 The Main Building of the Country Hotel in the Village 
of Lipki 

The three-story building has a near-circular shape in plan and is blocked by multispan 
beams set at radii with a 2.8º slope on straight sections. The largest diameter of the 
building is about 100 m. 

All roofing girders were made of unified elements with 140 × 1100 mm cross-
section, up to 20 m long, supplied at the factory with embedded parts of the same 
type at the ends, which turned these elements into continuous multispan beams by 
means of welding at assembling (see Fig. 1). Slanted glued rods with a gluing depth 
greater than the design depth were used to anchor the support plates. This ensured 
that the glued package was safeguarded against possible delamination and defects 
in the support areas, and compensated for some weakening of the glue joint during 
welding.
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Fig. 1 Covering beams in Lipki: (a) scheme of the continuous multispan girder; (b) structural 
scheme of the rigid joint and support node 

The most critical in the design of beams were the rigid joints on inclined glued 
rods, which were first used in the practice of large-span buildings construction. 
Since beams with joints were experimental designs and the Volokolamsk Factory 
was mastering the production of joints on inclined glued rods, control tests were 
conducted until the failure of the full-scale fragment with a rigid joint (see Fig. 2).

The joint failure was caused by the loss of stability of the steel butt-joint lining in 
the compressed zone with a load of more than 1.6 times higher than the design load, 
which, taking into account the test time, is more than required. 

The general view of the coating at the installation stage is shown in Fig. 3.

3.2 Farms at the Manezh Exhibition Center, Moscow 

The historical trusses of the Central Exhibition Hall (CEH) “Manezh” were designed 
and installed in 1817 by the Russian engineer A. A. Betancourt on the initiative and 
with the assistance of Emperor Alexander I. 

The 48-m span trusses made of 260 × 350 mm beams and up to 10 m long were 
the finest engineering work of that time and were the first of their kind in the world 
to be registered with UNESCO as a great engineering achievement. On March 14, 
2004, all wooden structures, including the unique trusses, were destroyed by fire. 

At a meeting of the Architectural Council of Moscow, held soon after the fire, the 
task of restoring the Manezh Central Exhibition Hall was set. It took six months to
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Fig. 2 Testing of a rigid joint: (a) an experimental fragment; (b) dependence of deflections in the 
middle of the span on the load P; dependence of the embedded part displacement on the force Na 
in it (1) and the movement of the support joint relative to the wood on the support reaction R (2)

Fig. 3 General view of the coating at the installation stage
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design, produce, assemble and install. The frames were to be made of glued wood 
preserving the structure, geometry and external similarity. 

The project design was preceded by the experimental-design works on a variant 
selection, testing and refinement of manufacturing techniques of the most responsible 
truss components (supporting, ridge and bottom chord joints). 

For the control tests, there was a prototype made in the form of a triangular sill-
less truss with a span of about 8 m and the cross-sections and junctions of full-size 
(see Fig. 4). The support nodes of the model differed from each other in design. One 
node was made with a steel bottom chord as a stop on the end of the top chord. The 
other node was made according to “CNIISK system” in the form of a wooden chord 
with a steel support for the upper chord on V-shaped anchors - rods glued at angles 
of +45° and −45° to the direction of wood fibers of the lower chord. The ridge knot 
was also made on glued rods. The bottom chord consisted of two parts - one steel, 
the other wooden with a rigid joint on glued V-shaped anchors in the middle of the 
span.

The design load was 820 kN. The loading was carried out up to the collapse in a 
press equipped with a special traverse (see Fig. 4a). 

At the first stage, loading was performed three times to the design load. The test 
results showed elastic operation of the assemblies. 

Further testing was carried out until failure by stepwise increasing load. Failure 
occurred under 1200 kN load from loss of stability of curvilinear part of compressed, 
and rupture of tensile bonded rods of V-anchors in the support node stop. In other 
nodes and in the junction of the lower chord, there were no signs of failure, including 
in the ridge node, tested by a special method of one-sided load. The sufficient bearing 
capacity of the main nodes and joints was confirmed by experiment. 

When designing the trusses, the support node, by which the collapse occurred, 
was rejected and the node with emphasis on the end of the upper chord was adopted. 
In October 2004, the installation of the new roof trusses was completed (see Fig. 5).

3.3 L-shaped Trusses with a Span of 48 m 

In the Palace of Sports in Strogino in the covering of the main hall for figure skating 
the unique for its time (2005) lenticular trusses from laminated wood 48 m long were 
used (see Figs. 6 and 7).

In static terms, the lenticular trusses are characterized by almost identical forces 
in all panels of both chords along the length of the span. The forces in the lattice 
are relatively small. This greatly simplifies their design. But the greatest shear forces 
between the girders are concentrated in the support nodes, which traditional connec-
tions have not been able to absorb before, even for the mid-span trusses. The problem 
was solved by the use of connections on inclined glued rods. 

Supporting rigid units of prefabricated truss liners with spans over 24 m are usually 
assembled in the factory. Joints of compressed and stretched chords and lattice nodes 
are assembled. Joints on the glue of the outermost elements of the upper and lower
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(a)

          (b)                                                                          (c) 

Fig. 4 Control tests of the experimental sample of the TSVZ “Manezh” truss: (a) general view; 
(b) loss of stability of the compressed rod at failure; (c) rupture and pulling out of the stretched bar

chords with different directions of wood fibers are performed in the factory, are 
unreliable. The design assumes that the glue joint is delaminated. Along the joint, 
glue rods are installed obliquely to replace the glue joint. 

When designing, it was taken into account that 48 m is the maximum span of 
trusses in Russia with wooden upper and lower chords. This caused the necessity 
of control tests. The purpose of tests were to evaluate the correctness of the taken 
design solutions and design assumptions, to check the manufacturing quality of glued 
wooden elements, to evaluate the deformability of tensile joints on inclined glued



126 A. Pogoreltsev

Fig. 5 Assembly of the Manezh Central Exhibition Hall trusses

Fig. 6 Figure skating competition hall 

Fig. 7 Design diagram of a lenticular truss with a span of 48 m
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rods, to study the stress–strain state of the junction zone of the upper and lower 
chords. 

A block of two trusses taken from a set of fabricated structures having the largest 
number of manufacturing defects was subjected to the test (see Fig. 8a) [20]. The 
design load was 1500 kN. The loading mode was adopted as staggered by 20% of 
design load, which amounted to 300 kN. The loading was carried out by reinforced 
concrete foundation blocks and piles. At each stage, readings of deflectometers, strain 
gauges, and load cells glued in the supporting zone were recorded (see Fig. 8b). 

When the load reached 1800 kN, or 1.2 of the design load, the welded joints of 
the bonded reinforcing bars and the steel plate in the support assembly failed. The 
assembly was strengthened without removing the load.

(b) 

(a) 

(c) 

Fig. 8 Control tests of a block of two lenticular trusses with a span of 48 m: (a) general view in 
the process of loading; (b) load cells in the supporting zone; (c) pushing through the bars with 
subsequent crushing on the support 
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The tests were continued the next day. Failure occurred at a holding step of 2700 
kN, or 1.8 of the design load. The cause of the failure was the penetration of the 
glued rods in the truss support node (Fig. 8c). 

The test results showed that all the nodes on the glued rods, except for the support 
rods, met the load-carrying capacity requirements. Modifications were made to the 
support assemblies of all subsequent trusses to prevent failure of the welded joints. 

4 Conclusion 

Joints on glued rods including “CNIISK system” are an effective type of joints for 
large-span glued wooden constructions. 

Conducting control tests of large-span structures and, first of all, control tests of 
knots make it possible to determine the actual load-bearing capacity, to confirm the 
correctness of the design decisions and calculation assumptions made, the quality of 
manufacturing, to assess the causes of structural failure, etc. 

Such tests increase the safety of laminated wooden structures of critical buildings 
and constructions. 
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Conceptual Design a Mobile Agricultural 
Settlement by Geometric Modeling 

Tojiddin Juraev 

Abstract The article is devoted to the application of geometric modeling in the 
design of building structures and engineering systems. The article provides a solu-
tion to the problem of developing the concept of a mobile agricultural settlement by 
justifying the use of geometric modeling methods. The proposed concept is inno-
vative, as it provides a comprehensive solution to socio-economic problems. The 
analysis of the state of the problem was carried out, as well as the implemented 
projects and foreign experience over the last 50 years was studied. The Bukhara 
region of the Republic of Uzbekistan is considered as an example. An agricultural 
settlement intended for the cultivation of fruit and vegetable products was chosen as 
the object of modeling. The simulated object as a system is divided into elements 
and each element is modeled separately and all elements in the aggregate based on 
intra-system relationships. This approach makes it possible to ensure the mobility 
of each element and the entire system. In the proposed concept, the living area, 
the vegetable garden, as well as fences are mobile elements. Therefore, modeling 
is performed on these elements. The simulation was performed by operating with 
geometric parameters, namely the shape, position and dimensions of the system 
elements. Possible variants and various combinations of mobile elements according 
to geometric parameters are proposed, allowing the effective operation of this system. 

Keywords Conceptual design · Geometric modeling · Land plot ·Mobility ·
Geometric parameters 

1 Introduction 

Construction is one of the most important sectors of the economy, and its role as one 
of the main components in major projects is invaluable. This is clearly evident in 
modern Uzbekistan, as a developing country where fundamental reforms require the
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implementation of major socio-economic projects in various sectors of the economy. 
In such projects, the use of compact building structures and engineering systems 
is becoming increasingly important. A number of such projects are being imple-
mented in the agricultural sector of the Republic of Uzbekistan, which has been and 
remains one of the main sectors of the economy [14, 18, 21]. This is justified by 
the fact that solving the problems of food security, environmental ecology, employ-
ment and other global problems of humanity in the modern world are directly related 
to agriculture [5, 7]. Therefore, the government of the country pays great atten-
tion to the development of this sector, which requires the further implementation 
of large socio-economic projects of the agro-industrial complex, which also include 
building structures and engineering systems. At the same time, the development of 
such projects that save material resources and are aimed at solving the above global 
problems is considered one of the urgent tasks in the design and operation of building 
structures and engineering systems [3, 4, 16]. It is known that the development of 
projects implemented in a particular sector of the economy requires an integrated 
approach, taking into account the links with other sectors. Therefore, it is considered 
appropriate to implement large projects covering various sectors of the economy on 
the basis of previously developed concepts. This is also reflected in the successfully 
implemented socio-economic projects of the Republic of Uzbekistan [14, 18, 21]. Of 
course, the development and implementation of such projects will be carried out by 
a group of experts with the involvement of specialists from relevant fields. However, 
the initial idea, as a concept aimed at solving an existing problem, is first developed 
by one or more scientists, and then submitted for consideration to an expert group for 
further development and implementation. The presentation of the concept in many 
cases is based on the geometric parameters of the project being developed [8–12]. 
Therefore, this work is devoted specifically to the development of the concept of 
a "Mobile agricultural village" for the agro-industrial complex and it provides the 
results of geometric modeling of the elements of this concept. 

2 Methods 

As you know, the study, research and design of objects, processes and phenomena is 
carried out by various modeling methods. Geometric modeling, as one of the most 
common modeling methods, has a number of advantages, its visibility and simplicity 
of solution and primacy of geometric parameters. At the same time, models of objects, 
processes or phenomena are developed by operating with geometric parameters. 
And geometric parameters are divided into three categories: parameters related to 
size, shape and position in space. Here, the operation of geometric parameters must 
be understood as changing the parameters of one category in order to change the 
parameters of other categories. Since these categories are interrelated, a change in 
the parameters of one category necessarily leads to a change in the parameters of 
other categories, for example, a quantitative change in dimensional parameters can 
lead to a qualitative change in the parameters in shape and (or) in position. At the 
same time, depending on the problem being solved, in some cases one category of
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parameters is decisive in relation to the other two categories. Often changing the 
quantitative values of the dimension, the necessary shape or position is obtained. 
For example, if parameters related to dimensions are used as defining parameters in 
the design of building structures and engineering systems, then parameters related 
to shape and position are used in their geometric modeling. It should also be noted 
that the parameters in form and position are primary in relation to the parameters 
in dimension. Consequently, in order to achieve the required results in the design 
of building structures and engineering systems, as well as any technical object, it is 
advisable to use geometric modeling in the preliminary design stage, mainly in shape 
and position [1, 8–12]. Based on this, the proposed concept was developed on the 
basis of the geometric modeling method. The contours of land plots for agriculture, 
with residential buildings and adjacent infrastructure that are part of the structure of 
the agro-industrial complex are considered as modeling objects. And the subject of 
the study is the layout of these objects by optimal arrangement of their elements. 
In this problem, the issues of the layout of the elements of the object are solved by 
operating with geometric parameters, i.e. the choice of optimal shapes, sizes and 
positions of its elements. 

3 Results and Discussions 

3.1 Analysis of Problem 

As you know, the settled population in the territory of present-day Uzbekistan has 
been mainly engaged in agriculture for centuries, but its socio-economic situation 
has always been difficult. Even in Soviet times, when more than half of the country’s 
population was employed in agriculture, the laws of the planned economy did not 
provide sufficient profit for the rural population. In the years of independence, this 
problem began to be solved by land reforms, which led to an improvement in the 
economic and social situation of the rural population. Naturally, the increase in 
population, the deterioration of the ecological condition of the lands and outdated 
methods and means of farming did not allow achieving the desired results and led to 
new socio-economic problems in the agricultural sector of the economy. Of course, 
the current agrarian reforms that have been carried out have made it possible to 
solve long-overdue problems and noticeably improve the state of the problem, as a 
result of which the agricultural sector has finally become profitable and attractive 
for business [14, 21]. However, we cannot stop there, it is necessary to develop new 
socio-economic, scientific and technical projects for agriculture, taking into account 
the current problems and problems of the near future. These projects should have 
integrated solutions and be more focused on the development of small and medium-
sized businesses in the agricultural sector. A comprehensive analysis of the state of 
this problem in Uzbekistan shows the following: First, recently in Uzbekistan, as in
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the whole world, there has been an increasing shortage of land resources for farm-
land. This, as is well known, is the result of an increase in the world’s population, 
requiring the transfer of part of the land resources for farmland for housing, industrial 
and communication facilities. In addition, the increase in the world’s population has 
also led to an increase in the need for agricultural products, solutions to which cannot 
be achieved only by increasing yields, it is also necessary to find ways to expand 
land resources for farmland. Secondly, as a result of the ongoing socio-demographic 
changes and technical and economic progress, there is a tendency to increase the 
number of employment in the production and service sectors than in agriculture, 
both due to the relocation of the population from rural to urban, and due to changes 
in farming technologies. Thirdly, the above changes have led to a shortage of jobs 
and to a decrease in the natural quality of agricultural products, especially fruit and 
vegetable products. All these circumstances require solving problems comprehen-
sively by organizing attractive jobs in agricultural production [2, 4, 6, 13, 17, 20]. In 
recent years, a number of fundamental socio-economic reforms and major projects 
at the state level of both local and international mass staff have been carried out in 
the agricultural sector of Uzbekistan. For example, according to the Resolutions of 
the President of the country, such major social projects as “Providing rural popula-
tion with affordable housing” have been implemented. And as business projects, we 
can cite the creation of LLC “Bukhara Agro Cluster” by the Decree of the CM of 
the Republic of Uzbekistan. There are also international projects, for example, the 
implementation of the agricultural project “BUHARA VARNET” together with the 
Turkish company “Varnet” specializing in glass greenhouse systems (Glass Green-
house Systems). Such projects are aimed not only at the construction of production 
facilities of the agro-industrial complex, but also at the construction of residential 
buildings and adjacent infrastructure. Although these projects are qualitatively devel-
oped, successfully implemented and solve the tasks assigned to them, they require 
further prospecting work. Such projects should be developed not only as separate 
social or business projects; they should also comprehensively solve socio-economic 
problems. They need to be adapted to the peculiarities of the regions, i.e. agro-climatic 
conditions; the mentality of the population, the economic and ecological state of the 
region, etc. must be taken into account. 

3.2 Land Allocation Projects 

Let’s consider the state of the problem on the example of the Republic of Uzbekistan. 
If we consider the periods since the 70 s of the last century, up to 0.16 ha of land 
have been allocated by the State for families living in rural areas. Naturally, with 
an increase in the population and the need for agriculture, the area of allocated 
land began to decrease to 0.12 ha, and subsequently, with the complication of this 
situation, it was temporarily discontinued. But during the years of independence, due 
to the difficult economic situation of the country and taking into account the high
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housing needs of the population, the allocation of land plots with an area of 0.06 ha 
was resumed, but with redemption through auctions (Fig. 1). 

However, with the improvement of the economic condition of the country since 
the 2000s, the implementation of social programs to provide the rural population 
with affordable housing, the area of which was 0.06 ha, was launched. As a result, 
large-scale work was carried out on the construction of individual housing based 
on standard projects for rural residents. Only during the period 2009–2016, 69,557 
comfortable residential buildings with a total area of 9,573 thousand square meters 
were built on 1,308 residential areas in the village. Housing conditions have been 
improved by over 83.5 thousand rural families (Fig. 2). 

Taking into account the current socio-economic conditions of the Republic of 
Uzbekistan, the new leadership of the country has implemented “Affordable Hous-
ing” projects on updated projects. The Decree of the President of the Republic of 
Uzbekistan on the program for the construction of affordable residential buildings 
on updated standard projects in rural areas for 2017–2021 was adopted. As a result, 
projects were implemented providing for the provision of residential buildings to the 
population, located on land plots of 0.04 and 0.02 ha (Fig. 3).

Fig. 1 Land plots with an area of 0.16 ha, 0.12 ha and 0.06 ha in rural areas 

Fig. 2 Implementation of 
the projects “Affordable 
housing with a backyard 
garden” 
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Fig. 3 Updated projects “Affordable housing with a backyard garden” 

The practice of developing and implementing projects for the allocation of land 
plots in the Republic of Uzbekistan shows their social nature, i.e. they are aimed at 
providing the population of rural areas with housing with a vegetable garden and are 
not related to agricultural production. And projects related to agricultural production, 
for example, Bukhara Agro Cluster LLC, as business solutions are not directly related 
to solving social problems. Therefore, it is advisable to develop projects aimed at 
simultaneously solving both social and economic problems. Of course, there are 
such projects, for example, the project “Smart greenhouses with a house” (“Akilli 
seraevlar”) of the Turkish company “Varnet” (Fig. 4). Although this project is very 
successfully developed, it is more aimed at a business project and it needs to be 
adapted to local conditions of implementation. Therefore, the main factor of success 
in the implementation of such projects can be called their mobility, which ensures 
rapid adaptation.

3.3 Geometric Modeling the “Mobile Agricultural 
Sattlement” 

Modeling Goals and Objectives. Considering projects for the allocation of land 
plots with a backyard garden, it is possible to identify the following trends based 
on the above-mentioned well-known reasons: reduction of the total area of land; 
decrease in the specific area of the garden in relation to the living area, improve-
ment of the layout schemes of the living area. These trends define the task for the 
development of the concept of “Mobile agricultural sattlement”. The tendency to 
reduce the area of land plots, as noted above, occurred for natural reasons, and is 
a factor that must be taken into account when solving the problem. The tendency 
to decrease the specific area of the vegetable garden is a problem that needs to be 
solved in the task. The tendency to improve the layout schemes is the way to solve the 
problem. The proposed concept took into account the above-mentioned global and
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Fig. 4 “Smart greenhouses with a house” (“Akilli seraevlar”) of the Turkish company “Varnet”

regional factors. The proposed concept, as a design project, was developed on the 
basis of geometric modeling. This concept provides for the improvement of housing 
and working conditions of the rural population, infrastructure facilities and engi-
neering and communication networks of the agro-industrial complex on the basis of 
modern urban planning requirements, rational use of land resources and the devel-
opment of rural settlements. The aim of the project is to develop a layout scheme 
of a typical project of agricultural plots with residential buildings “Mobile agricul-
tural sattlement” for the agro-industrial complex aimed at the rational use of land 
resources. Currently, a significant part of the rural population, including the popula-
tion of district centers with land plots, is engaged in agriculture. Agriculture, being 
the main or additional activity of the rural population, allows partially providing the 
country’s population with employment, agricultural products and income. There-
fore, the state supports the population engaged in agriculture in every possible way, 
and currently a number of projects have been implemented for the construction 
of standard houses with private plots of land. Of course, as a result of the imple-
mentation of these projects, many of the planned tasks were solved. However, the 
changes taking place in the agricultural sector of the country’s economy, related 
to the current socio-economic conditions and scientific and technological progress, 
require the development of more modern projects based on the use of innovative 
agricultural machinery and technologies and aimed at a comprehensive solution to 
current socio-economic problems. In solving this problem, we will consider the issue 
of the activity of the population engaged in agriculture in relation to land plots. It can 
be divided into three categories: 1) Farming in the land plots of your own vegetable 
garden; 2) Farming in land plots leased from other owners; 3) Farming in land plots 
as a hired worker to other owners. All categories have their advantages and disad-
vantages analysis, which allows us to draw the following conclusions: It is necessary 
to create economic, legal and technical and technological conditions for the use of
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land resources in the proposed system. Moreover, these conditions should ensure the 
mobility of the system, in changing conditions for the terms of use and the volume 
of use of land resources. 

Geometric Model of the Master Plan. As already explained above, the problem 
will be solved by methods of geometric modeling. Modeling of the elements of 
the “Mobile Agricultural Settlement” object will begin with the development of a 
geometric model of its master plan (Fig. 5). At the same time, we will designate 
the following elements: 1) The outer border of a mobile agricultural settlement is 
bounded by main roads; 2) Internal roads between pairs of rows of cells, where 
their number is determined by the number of pairs of rows of cells Rr = 2Nr-1 
(Table 1); 3) The adjacent territory with the necessary communication; 4) Production 
and service and social facilities for a mobile agricultural village with the necessary 
infrastructure. These objects are proposed to be located on the sides of pairs of rows; 
5) Residential buildings of land, i.e. cells of an agricultural settlement; 6) Vegetable 
gardens of land, i.e. cells of an agricultural settlement; 7) Fencing of land, i.e. cells of 
an agricultural settlement. The last three elements, i.e. residential buildings, vegetable 
garden and fences, defining the contour of the cells of land plots, ensures the mobility 
of the agricultural village. Therefore, these objects are subject to primary geometric 
modeling. 

Geometric Modeling the Elements. This problem is solved by geometric modeling 
of the contour of cells placed in the selected general contour for land plots. Based on 
the geometric parameters of the contour of the cells as a simulated object, we apply 
two-dimensional modeling. The shape, position and dimensions of the contour of the 
cells are considered as geometric parameters. We select the geometric parameters of 
the contour of the cells of land plots based on the practice of designing and allocating 
land plots in the Republic of Uzbekistan. 

The Shape of the Contour of the Cells. In the practice of designing land plots, 
traditionally, the splitting of the contour of land plots into various polygons is used,

Fig. 5 Geometric model of the master plan “Mobile agricultural settlement”: 1-roads along the 
outer border, 2-internal roads, 3-adjacent territory, 4-infrastructure, 5-living area, 6-vegetable 
garden, 7-fences
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Table 1 Structure of living space premises 

htdiwlanimonyBhtdiwmuminimyB 
(lr×br) 2(br×br) 2(lr×br) 2(br×br)+(lr×br) 4(br×br)

and the rectangle is the most optimal. Therefore, for this task, a general contour is 
selected, divided by a rectangular grid into cells in the form of rectangles with a 
Sc = bc × lc area. In this case, the contour of the cell includes an area for housing 
buildings and a vegetable garden for agriculture. 

The Positions of the Contour of the Cells. As you know, the positions of the contour 
of the cells are determined relative to the road and communication, where the front 
side of the cells, i.e. the width of bc are located parallel and along the road. Accord-
ingly, the back sides of the cells in width are common to adjacent cells in the adjacent 
row. And the sides of the cells, i.e. the length of lc are perpendicular to the road and 
are common to adjacent cells in a row. 

Dimensions of the Sides of the Cells. When choosing the aspect ratio, factors such 
as the divisibility of the general contour into cells, the cost of fencing along the 
perimeter length Pc = (bc + lc) × 2 cell contours and the construction of roads and 
communications are taken into account. In the current conditions of the development 
and implementation of such projects, there are ample opportunities for developers 
to choose the size of the general contour by divisibility into cells, whereas previous 
administrative and bureaucratic obstacles limited designers in this. As is known, the 
smallest length of the perimeter Pc of the rectangle contour for a given area Sc is 
obtained with a square, i.e. if the sides are equal lc = bc, where lc/bc = 1. And  
the increase in the difference in the lengths of the sides of the contour is directly 
proportional to the increase in the length of the perimeter of the contour, i.e. lc/bc 
→ ∞ ↔  Pc → ∞, within 0 < bc < lc, where Sc = const. Reducing the size of bc 
allows you to save land resources by reducing the number of internal roads (Fig. 6). 
Although reducing the size of bc allows you to save land resources, this will lead 
to an increase in the lengths of the perimeters of the contour of cells, the relative 
costs of fencing which in the past had their significance. However, modern building 
materials and technologies for fences, as well as their price relative to square meters 
of land plots, make it possible to optimally divide the general contour into cells, 
choosing the optimal lengths of the sides of the contour of the cell. If we take into 
account that the reduction in the width of the contour cells is directly proportional 
to the reduction in the cost of roads and communications along its length, then the 
task is reduced to determining the minimum value of the width of the land cell. Since 
the proposed land plots include, in addition to the vegetable garden and the area for
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(b)(a) 

Fig. 6 Increasing the area of the vegetable garden by changing the size of the sides of the cells: a)-
the existing breakdown; b)-the proposed breakdown 

buildings, the minimum value of the width of the bc cell is determined by the size of 
the premises of the living area. 

Choosing the Optimal Size of the Living Space. As you know, the living area 
consists of various rooms, the volumes of which are determined by the length lr and 
width br. According to the well-known rules, we choose the height of hr premises 
equally for all premises. To simplify the task, br is equated to hr, and lr is multiplied 
by hr, assuming lr × br = 2 h  for residential premises and br × br = hr for auxiliary 
premises. This will make it possible to develop a universal prefabricated building 
structure consisting of lb beams with a length equal to hr and ensure the mobility 
of residential buildings. In this case, we have the smallest module of rooms with the 
dimensions of the hr cube and the largest module of rooms with the dimensions of 
hr × hr × 2 h. To specify the task, based on the requirements of the “Building codes 
and regulations” for residential buildings, we choose the optimal value hr = 3 m. 
Then we determine the optimal size of the minimum living area of 36 m2, consisting 
of such living spaces as a bedroom with a bathroom (6 × 3), a kitchen (3 × 3) and 
an entrance hall (3 × 3). To reduce the occupied area of residential buildings, we 
will place these premises on two floors and get the minimum size of the area for 
residential buildings equal to 3 × 6 = 18 m2. As a result, we get a minimum width 
equal to three meters, i.e. br = hr = 3m  and a nominal width of the cell contour equal 
to six meters, i.e. lr = 2 h  = 6 m. On the basis of these dimensions, 5 variants of the 
structure of the premises of the living area are proposed according to the minimum 
and nominal width (Table 1). According to these options, various combinations of 
the location of the premises can be made: left/right, front/rear and lower/upper. 

Determining the Length of the lc Cell. The cells are usually placed in rows, the 
optimal placement is two adjacent rows, when the front sides of the cells are located
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outside along the road communication, and the rear sides are located adjacent from 
the inside. In existing projects, there are various options for the location of the 
building in a cell, i.e. partially on the front and back sides and on the sides. For 
optimal use of the buildings’ land area, we place only on the front side of the cell 
width, and we place the vegetable garden on the back side of the cell width. Through 
each pair of adjacent rows of the cell we conduct road communication. To set the 
cell length, various factors must be taken into account. For example, since one of the 
main goals of the project is the efficient use of land resources for agriculture, we take 
into account such a factor as irrigation technology, according to which the maximum 
length of the furrow, depending on the soil structure, should not exceed 200 m, the  
average value of which is 100 m. For the convenience of calculating the area of the 
general contour for land plots and taking into account the practice of allocating areas 
for land plots in currently implemented projects, it is proposed to choose the optimal 
length equal to lc = 54 m and divisible by hr. 

“The Total Area of a Mobile Vegetable Garden”. Its shape is rectangle and its width 
is determine along the road communication by the sum of the minimum widths of 
cells located along the road, i.e. Σ = lr × Nr. And its length is determined by 
the total length of the vegetable gardens of two adjacent cells located in a pair of 
adjacent rows, i.e. 2(lc-lr) = 2(54–6) = 96 m, which also provides the average value 
of the maximum length of the irrigation furrow. Based on these dimensions, various 
variants of cell contours are proposed according to the proposed shape, position and 
dimensions of the sides (Table 2). 

Cell Fencing. For this project, fences also have the character of mobility. The fence 
consists of columns with a height of hr without taking into account the incoming 
part in the ground. The columns are arranged in the vertical and horizontal directions 
of the general contour, the distances between them are equal to lr. The columns also 
serve as support posts for precision farming systems operating in both vertical and 
horizontal directions. It is proposed to use polycarbonate panels and (or) polyethylene 
film as an enclosing material. Fencing can be carried out in various versions around 
the perimeter, which ensures its mobility.

Table 2 A variant of the contours of the cells of land plots 

Cell’s contour Cell’s category Total area Garden Living area 

Minimal - 0,5 
(0,0162 hectare.) 

3×54= 
162 m2 

3×48= 
144 m2 

(3×6)×2= 
36 m2 

Nominal - 1,0 
(0,0324 hectare) 

6×54= 
324 m2 

6×48= 
288 m2 

(6×6)×2= 
72 m2 

Supplemental - 1,5 
(0,0486 hectare) 

(6+3)×54= 
486 m2 

(6+3)×48= 
432 m2 

((3×6)+(6×6))×2= 
108 m2 

Maximal - 2, 0 
(0,0648 hectare) 

(6+6)×54= 
648 m2 

(6+6)×48= 
596 m2 

((6×6)+(6×6))×2= 
144 m2 
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4 Conclusions 

In this context, agricultural land plots are considered as an agricultural production 
facility with the use of precision farming systems and intensive crop cultivation 
technologies. This is due to the fact that the land plots of this project provide for the 
cultivation of agricultural crops intended, in addition to providing for the own needs 
of the owners of land plots, also for the sale of products, both on the domestic market 
and for export. The peculiarity of the project is that the land plots qualify as a vegetable 
garden and they provide for the cultivation of fruit and vegetable crops, which require 
relatively more labor than technical crops. This allows full or partial employment 
of the population, an increase in fruit and vegetable production and more efficient 
use of land resources. In such a village, it is easier to organize careful production, 
grow naturally pure products and apply precision farming systems. All these issues 
are urgent tasks not only for Uzbekistan, but also for the global community. 
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Reinforced Concrete Structures 
for the “Harmonica” Resistance Model 
in Bending with Torsion 

Vladimir Kolchunov and Maxim Protchenko 

Abstract A calculation model of reinforced concrete structure at bending with 
torsion has been constructed. The deformation effect has been discovered, the phys-
ical essence of which is the additional deformation effect when the continuity of 
concrete and reinforcement discontinuity is broken for an ellipsoid-shaped crack. A 
special two-cone fracture mechanics element for a single strip is used for the crack. 
The Saint–Venant principle is fulfilled from the adhesion of the peri-armature zone, 
where the deformations of the concrete adjacent to the cracks change their sign to 
compression. In helical, elliptical and harmonic spatial cracks, the crack opening, 
longitudinal and transverse shifts are determined through the guide cosines. When 
analyzing the complete picture of crack formation during loading, the levels of spatial 
cracks are distinguished when comparing the functional or discrete value. Crack 
opening is the accumulation of relative conditional concentrated mutual displace-
ments of reinforcement and concrete on the sections and banks of the crack. which is 
calculated using the Thomas-Kolchunov hypothesis. The stiffness of spatial bending 
cracks with torsion in elastoplastic compressed concrete is obtained by projecting 
linear and angular deformations (stresses) using tensor diagrams. The stiffness of 
spatial bending cracks with torsion in elastoplastic compressed concrete is obtained 
by projecting linear and angular deformations (stresses) using tensor diagrams. 
Approximation of rectangular cross-sections using small squares in matrix elements 
for stiffness characteristics with tensile medium working reinforcement is performed. 
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1 Introduction 

Composite and precast-monolithic reinforced concrete structures in the construction 
and reconstruction of buildings and structures are characterized by the general resis-
tance of concrete with different properties of strength and deformability [1–5]. This 
determines a number of specific parameters of calculation and design of composite 
structures leading to redistribution of internal forces, including at complex resistance. 

Relevance. The study of strength, crack resistance and stiffness of reinforced 
concrete structures in bending with torsion for the first and second group has been 
conducted in many (theoretical and experimental) works [6–13], where increasing 
attention is paid to the development of models of deformation of reinforced concrete 
using and developing the basic provisions of fracture mechanics [1, 8, 9]. 

2 Working Assumptions of the Deformation Model 

In the calculation model of reinforced concrete structures in bending with torsion, 
the elasticity coefficients of concrete and reinforcement in the cross section I-I (vbi , I ; 
vs j , I ), as well as in the spatial section k-k (vbi , k ; vs j , k) are used. When solving the 
direct problem between external influences, as a rule, their ratio (Q:M:T) is always 
given. 

The calculation models are based on the following basic assumptions: 
A generalized computational model of complex resistance is constructed in the 

form of a supported block formed by a spatial crack and a compressed zone of 
concrete closed to it, and a second block between the vertical transverse rectangular 
sections of reinforced concrete structures under the joint action of bending moment 
and torsional moment. The bilinear surface of the spiral or x-shaped crack with the 
spatial patterns of the i-th level cracking due to the detachment perpendicular to 
the main deformations of the limiting elongation of concrete has been constructed 
(Figs. 1, 2 and 3).

• Determination of the reaction from the deformation effect of concrete and rein-
forcement in the crack is performed using the deformation effect of Prof. V.I. 
Kolchunov and the double-console element (DCE); 

• For cross-sections, hypotheses of relative linear and angular deformations during 
deplanation changes and jump-cracking between the upper and lower fibers of 
concrete and reinforcement to determine their relationships in distances from the 
neutral axis using a special geometric figure for the elastic and plastic areas are 
proposed. 

• The first and second functionals are used to determine deformations, and the third 
and fourth functionals are used to determine bending and torsional moments, 
respectively.
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Fig. 1 Calculation model of resistance of reinforced concrete structure under the combined action 
of bending moment and torsional moment, longitudinal and transverse forces for spiral a or x-shaped 
b spatial crack

• Different levels of cracking are distinguished. The tensile strain of the concrete 
between cracks continues to increase until a new crack appears in this area (Figs. 1 
and 2). 

• Crack opening is considered as an accumulation of relative conditional concen-
trated mutual displacements of reinforcement and concrete in the areas located 
on either side of the crack (Thomas-Kolchunov hypothesis. 

• The components of the dowel force as a “triplet” of forces in the working longi-
tudinal and transverse reinforcement crossed by the spatial crack k are taken into 
account [14, 15]. 

• Stresses of longitudinal and transverse forces for i-th and j-th elements in the 
matrix are developed for approximation of any rectangles using their small squares 
of the design model of reinforced concrete blocks (Figs. 1 and 2). The longitudinal 
and transverse shifts in helical and icy spatial cracks have been determined using 
the guide cosines l, m, n (Fig. 3).
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Fig. 3 Double-console element at bending with torsion in model A a and model B b
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3 Solving Equations 

By constructing a function of many variables with Lagrange multipliers F
(
Rsup, x , 

xB , γQ, t , γT , k , σs, I , σS, k , qsw, rig , qsw, le  f  , qsw, σ , c, λ1, λ2, λ3, λ4, λ5, λ6, λ7, λ8, 
λ9

)
, using equations and equating the partial derivatives of all its variables to zero, we 

obtain an additional system of equations. 
After appropriate algebraic transformations, we can obtain equations with respect 

to the unknown dangerous spatial crack cinc(c): 

cinc(c) = −a15a17, (1)  

a41 · [cinc(c)]3 + a42 · [cinc(c)]2 + a42 · cinc(c) + a44 = 0. (2) 

In this case the constraint from the geometry of the rectangular section applies 

cinc(c) ≤ cu = 2 · h · ctg(α) + b · ctg(α) ≈ 2h + b. (3) 

The coefficients included in the equations include all the design parameters of the 
proposed calculation model (see Figs. 1, 2 and 3). 

Professor V. Kolchunov discovered the effect of reinforced concrete [2–4, 7, 8, 
14–19], the physical essence of which is the additional strain effect of the reaction 
of reinforcement and concrete for an ellipsoidal crack at a distance of two diameters 
of the working armature from the axis of its rod or its alternate kinematic crack, 
associated with a violation of the continuity of concrete. Determination of velocity 
in the reduction of potential energy ζbu and additional work is determined on the 
basis of the fracture mechanics functional [19]. In this case, the parameter t∗ in 
accordance with the Saint–Venant principle and studies of the peri-armature zone 
using semi-analytical and numerical methods in the first approximation is equal to 
three reinforcement diameters. 

As a result, the deformation effect of reinforced concrete for the opening of spatial 
cracks in a small individual strip of the left and right double-console element (DCE) 
is developed. 

For the faces of the structure, displacement and rotation of the axes are performed 
for tearing (±0, 5a∗); for transverse displacement (±0, 5b∗); for longitudinal 
displacement (±0, 5c∗) in Figs.  3, 4: 

⎧ 
⎪⎨ 

⎪⎩ 

xi = (xc ± 0.5a∗, i ) · (±li ); 
yi = (yc ± 0.5b∗, i ) · (±mi ); 
zi = (zc ± 0.5c∗, i ) · (±ni ). 

(4)

The tensile stresses in the selected sections are distributed according to the law of 
the square parabola from the neutral axis to the point where the sign of its stresses 
changes. Their maximum value is limited by the value Rbt .
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Fig. 4 Combined computational model and model of duble-console element in bending with torsion 
for a separate (middle) strip

Performing differentiation after algebraic transformations, we obtain the depen-
dence (function) linking the tangential force near the crack �T

(
hcrc, ζτ , εq1el , b, 

t , η1, η2, η5, η7, η8, η14, η15
)
with the length hcrc using the new concrete constant 

ζbu. The iterative process is organized by using a two-cone element as a transi-
tional element between the dependencies of fracture mechanics and the equations of 
reinforced concrete theory. 

The distance between spatial cracks lcrc, i and the crack opening width acrc are 
determined from the relative mutual displacements of reinforcement and concrete 
εs(x) for the differential equation and boundary conditions 

dεg(x) 
dx  

+ Bεg(x) = 0 (5)
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Crack opening is the accumulation of relative concentrated mutual displacements of 
reinforcement and concrete on the banks of the crack during the development of the 
Thomas-Kolchunov scientific hypothesis [14–18, 20–23, etc.]: 

acrc = ϕ1 · ϕ2 · ϕ3 · kr ·
[
−2�T 

G · t + 
2B3 

B 
(1 − e−B·(0.5lcrc−t∗) ) + 2B2(0.5lcrc − t∗)

]
. 

(6) 

Here kr is coefficient depending on the distance of two diameter of the protective 
layer of reinforcement to the contact surface with the reinforcement, - deplanation 
of concrete in the section with a crack; ϕ1, ϕ2, ϕ3 - coefficients from the building 
codes. 

The rigidity of reinforced concrete structures Dpq (p, q−1, 2, 3, 4) in bending with 
torsion has been obtained from the approximation of rectangular cross-sections using 
small squares in matrix elements ai j . n - the total number of small squares; j - cross 
sections along the x-axis, j = 1–6. The relative longitudinal deformation εb, 0,  x , j , i of 
the neutral axis bending fiber (second functional and hypothesis of linear deforma-
tions [23, etc.]), the curvature 1 

rx , j , i 
of the longitudinal axis in the considered cross 

section and the twist angle ϕA, j , i (first functional and hypothesis of angular defor-
mations [23, etc.]) were found for compressed concrete, longitudinal and transverse 
reinforcement. 

The dependencies connecting the relative deformations and stresses of concrete 
and reinforcement have the form εb, j , i = ε0, b, j , i + 1 

rx , j , i 
· Zbx , j , i ; εs, j , i = 

ε0, s, j , i + 1 
rx , j , i 

· Zsx , j , i . Then additionally have found forces and displacements 
(in the crack), dowel forces, relative angular deformations, torsional rotation angle 
ϕA, B, l2, sum, j , i ϕb, l2 + ϕb, l2, add = ϕ2, A, j

(
Mt , i · l j · Y3, i (z, y)

)
/
(
Mt · Ab, ,  i · zb, t , i

)±(
0, 

5�crc, zx  ± 0, 5�crc, yx
) · kr , displacement of lateral force of compressed concrete 

and working reinforcement. 
We obtain the elements of the matrix Dp, q , where the physical meaning through the 

new functionals using the deformation hypothesis with the stretching of the working 
reinforcement and the average coefficient ψs, m and ψsw, m , φ = Mt /N+∑

Mt , i /N ; 
η = Mt /Mx + ∑

Mt , i /Mx ; x = Mt /Q + Mt /
∑

Pi . In structural mechanics for 
internal and external forces, for example Msup = Mbend − Rsup ·am, b− N ·ex − Mt /η. 

4 Conclusion 

1. In reinforced concrete the effect of Professor Vladimir Kolchunov is developed, 
the physical essence of which is the additional deformation impact with the 
violation of the discontinuity of concrete and reinforcement continuity (at a 
distance of three diameters of the working reinforcement from the axis of its 
rod). When determining the width of crack opening, a two-column element for 
a single strip of composite structures is used. The Saint–Venant principle is used
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to bond the near-armature zone, where the deformations of the concrete adjacent 
to the cracks change its sign. 

2. In the spatial crack surface, the strain and stress diagrams are 
constructed from cutting a special two-column element (for the parame-
ters �bt , i , ∗, m, rig1,�bt , i , ∗, m, rig2,�bt , i , ∗, m, le  f  1, �bt , i , ∗, m, le  f  2) using  the i-axes  
(after displacement and rotation of the axes: xi = (xc ± 0.5a∗, i ) · (±li ); 
yi = (yc ± 0.5b∗, i ) · (±mi ); zi = (zc ± 0.5c∗, i ) · (±ni ) and angles αi , βi , θi ) 
for tearing, transverse and longitudinal shear. 

3. Along the longitudinal and transverse reinforcement of reinforced concrete struc-
ture in spiral, x-shaped and harmonic-shaped spatial cracks for opening use 
guide cosines l, m, n. This shows the analysis of determining the full pattern 
of cracking during loading, different levels of cracking for the distance between 
adjacent cracks are distinguished. With increasing load the crack opening width 
increases, and on the other hand, decreases with decreasing distance between 
cracks. 

4. Crack opening is the accumulation of relative displacements εg(x) of reinforce-
ment and concrete located on both sides of the crack in the form of an elliptical 
crack instead of an alternative kinematic form, - the development of the Thomas-
Kolchunov hypothesis. In this case, depending on the distance to the contact 
surface with the reinforcement (the coefficient kr at a distance of three diameters 
or the protective layer of the reinforcement), the deplanation of the concrete in 
the section with the crack is taken into account. 

5. The stiffness and opening of spatial cracks of reinforced concrete structures 
under bending with torsion in elastoplastic compressed concrete, as well as coef-
ficients ϕi , j , ν(λ) for projecting linear and angular deformations (stresses) using 
the tensors of the compressed concrete diagram have been obtained. The approx-
imation of rectangular cross-sections using the small-square 4 × 4 matrix for  
stiffness characteristics from D11 to D44, as well as the inverse transition where 
known 1 rx , ϕ, ε0 and�Q or unknown Mx , Mt , N , Q are performed. To determine 
the tensile strength of the average working reinforcement, the basic parameters 
ψs, m and ψsw, m are applied for the convolute expressions and in the full form. 
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Improvement of Methods of Inspection 
of Steel Structures of Overhead Power 
Line 

Nikolai Senkin 

Abstract The purpose of this publication is to develop proposals for updating and 
improving the methodology of technical inspection of steel structures of overhead 
power lines and assessment of technical condition. It is noted that there is a high 
proportion of damage to steel supports associated with aging of elements and corro-
sion wear. Considering the protective layer of corrosion products, there is a decrease 
in the aggressive effect of the atmosphere on the speed of the corrosion process. A 
method for determining the thickness of corrosion wear for the future with known 
wear for a known time of operation of the overhead line is proposed. This technique 
is confirmed by control measurements of the thickness of the corrosion layer in 1987 
and in 2022 on steel supports of a 35 kV overhead line commissioned in 1972. An 
overhead power transmission line consists of a large number of transmission line 
supports, therefore, an integral assessment of the technical condition in points is 
more convenient for drawing up promising works on the reconstruction of overhead 
lines and repair of damaged structures. 

Keywords Steel Structures · Overhead Power Lines · Technical Inspection ·
Corrosion · Damages · Repairs 

1 Introduction 

Damages, including emergency, and corrosion wear of the steel structure (SS) are 
considered as mandatory attributes of its actual operation, which lead to loss of 
bearing capacity and disruption of the functioning of the structure. Back in 1952, 
Professor G. A. Shapiro wrote in the book “The actual work of steel structures of 
industrial workshops” that “when investigating an operational structure, it is advis-
able to perform the following complex of works: inspection, testing, calculation 
and reinforcement of structures… A complete survey should be carried out at the
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first stage, drawing up dimensional drawings and studying the operating conditions 
(operating modes, loads, atmosphere, soils …), the characteristics of steel struc-
tures and concrete foundations, the condition of elements, assemblies, and parts, 
welded and bolted joints, as well as identifying metal corrosion losses and the most 
damaged weaknesses in the structure” [1]. In the classic textbook “Metal structures” 
by Professor Yu. I. Kudishin emphasizes that during the examination it is necessary to 
identify both defects in the design or imperfections of structures that manifest them-
selves in the process of design, manufacture, and installation, as well as damage that 
occurs during operation. At the same time, the necessity of anticorrosive protection 
of overhead power transmission lines (overhead lines) operating in the open air is 
emphasized [2]. 

The relevance of the article is due to the high consumption of steel and the signif-
icant length of overhead power transmission lines of voltage classes 0.4–750 kV in 
Russia. Thus, since 2014, the scale of activity of the Russian Electric Power Company 
Rosseti has grown significantly: the length of transmission lines has increased by 
more than 150 thousand km—up to 2440 thousand km as of 2022 [3]. 

In practice, the loss of anticorrosive protection of overhead line steel structures 
during operation, for example, a layer of hot-dip galvanizing, indicates the presence 
of a significant impact of aggressive components of the atmospheric environment on 
the structure, leading to a decrease in the durability of the IC. Nevertheless, despite 
the loss of anticorrosive coating, steel structures of metal and reinforced concrete 
overhead line supports continue long-term trouble-free operation in different climatic 
conditions, while the technical service life of the T often significantly exceeds the 
economic one (Te = 50 years) and reaches 100 years or more. 

The purpose of this publication is to develop proposals for updating and improving 
the methodology of technical inspection of steel structures of overhead lines and 
assessment of technical condition. 

2 Technical Inspections to Improve the Reliability 
of Overhead Lines 

There are numerous documented cases of emergency damage to steel structures with 
a voltage of 35–750 kV [4, 5]. So, for 11 years of observation (1997–2007) on 110– 
750 kV overhead lines, 283 out of 9.5 thousand cases of technological violations were 
caused by damage to steel supports with the fall of 121 supports. At the same time, 
the 7.5% share is associated only with aging and corrosion, mainly atmospheric, 
and the greatest damage to the SS with a 26.2% share is associated with theft of 
wire and elements of steel supports [5]. First of all, struts, braces, belt corners, steel 
support diaphragms located near the earth’s surface are subject to corrosion wear, 
therefore, the topic of control and protection against corrosion of SS overhead lines 
is very relevant. Thus, according to the results of periodic inspections of the overhead 
line, including checking the condition of the metal structure and the anticorrosive
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Fig. 1 A unique hyperboloidnsupport for the 110 kV overhead line crossing over the river. Oka 
128 m high, erected in 1927–29 on the left bank 12 km from Dzerzhinsk, Nizhny Novgorod region 
(photo by the author, 2014) 

coating, the need for a specialized technical inspection of the operated overhead line is 
determined [6, 7]. It is a timely inspection of the technical condition of steel structures 
of overhead power lines that allows us to identify both unfavorable environmental 
factors in which the overhead line support is operated, and to determine the critical 
elements of the SC that have the greatest damage, including corrosion wear. 

For example, for a long time from the 1920s to the 1990s, there was a unique special 
110 kV overhead line crossing over the river. The eye is based on eight hyperboloid 
mesh supports up to 128 m high developed by the great Russian engineer V. G. 
Shukhov [8]. And when there was a threat of destruction of the last highest support, 
due to the vandal theft of almost a third of the steel struts of the lower tier in the 
“zero” years, the transfer of this technical object as a monument of cultural heritage 
was carried out under the patronage of the Branch of Center and Volga Region
- Nizhnovenergo, which performed the inspection and restoration of the damaged 
unique design (Fig. 1). 

3 Method for Determining the Corrosion Wear of Steel 
Structures of Overhead Lines 

It is known from experience that it is almost impossible to completely get rid of 
corrosion losses, so it is rational to allow corrosion of steel elements, but considering 
the controlled wear of overhead line support structures and the state of corrosion 
protection. 

At the same time, it is necessary to consider the positive nature of the corrosion 
products formed on an unprotected surface, on which, under conditions of open 
exposure, protective solid layers of iron corrosion products are formed from colloids,
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and in places with shade and high humidity, loose layers with a corroding surface of 
steel are formed [9]. Approximation of the results of 11-year studies of the Institute 
of Physical Chemistry of the USSR Academy of Sciences, obtained in the 1970s, 
shows a significant increase in corrosion wear for unprotected low-carbon steel at 
the beginning of exposure with its attenuation by the end of 11-year observation 
[9]. A significant influence of aggressive air conditions on the rate of the corrosion 
process is noted when considering the protective layer of corrosion products. On this 
basis, GOST 9.040–74 (2021) [10] provides a formula for determining the expected 
corrosion losses of the mass of Mt over a long period of operation with a coefficient 
n, considering the effect of corrosion products on the speed of the corrosion process. 
This formula Eq. (1) is transformed in the author’s article [11] and allows, with a 
known thickness of the corrosion layer δ1 in mm during the time τ1 that has passed 
since commissioning, to obtain the desired thickness of corrosion wear δτ at the time 
τ: 

δτ = δ1(τ/τ1)
n (1) 

where n is a dimensionless coefficient that considers the effect of corrosion products 
on the rate of the corrosion process, assumed to be 0.2–0.4 for a rural area, 0.5–0.6 
for an industrial area. 

Consequently, with known δ1 in mm during the time of τ1 obtained because of 
the survey, it is convenient to obtain the required thickness δτ at the time of τ, and 
this is confirmed by the results of measurements made by the author in June 2022 
(Fig. 2).

The corrosion rate of steel elements is significantly influenced by the angle of incli-
nation of the elements to the horizontal, which proceeds twice as fast on horizontal 
elements than on vertical ones [12]. In addition, the corrosion process is significantly 
affected by the height of the element location, so it is most intense up to a height of 
1–1.5 m from the ground surface [13, 14]. 

The application of a zinc coating with a thickness of at least 80 μm (microns) using 
hot-dip galvanizing is the main way to ensure anticorrosive protection of elements of 
steel overhead line supports. The service life of such a coating in a mildly aggressive 
environment with a corrosion rate of 1–5 μm per year is at least 4–20 years [15]. 

In 1982–1990, the Department of Industrial and Civil Engineering of the Ukhta 
Industrial Institute, under the guidance of the author, carried out studies of corrosion 
wear of steel supports of 35–110 kV overhead lines of the Komienergo Company 
in the Komi Republic [11]. In 1987, corrosion wear was measured on steel supports 
of a 35 kV double-chain overhead line, commissioned in 1972 and running along 
Cosmonauts Avenue in the city of Ukhta. And in June 2022, a control check of wear 
after 50 years of operation of this line took place (Figs. 2 and 3), the results of which 
confirmed the high reliability of the proposed “Methodology for determining the 
corrosion wear of steel structures of overhead lines”.

However, in the proposed formula (1), it is advisable to assign the following coef-
ficients n to the safety margin, taken to be 0.6 for a mildly aggressive environment, 
0.8 for a medium aggressive environment and 1.0 for an aggressive environment, like
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Fig. 2 Forecasting charts corrosion wear δ of unprotected steel, calculated according to the recom-
mended method, considering attenuation corrosion rates in time τ depending on the degree of 
aggressiveness of the air environment (coefficient n = 0.2…1.0 proportional to the degree of 
aggressiveness)

those adopted in the Standard “Methodological guidelines for assessing the technical 
condition of overhead lines and the residual life of overhead line components” [16]. 
At the same time, for structures with protective anticorrosive coatings, the duration 
of operation is calculated after the destruction of such coatings. Criteria for assigning 
parameters of aggressiveness of the air environment are determined in accordance 
with the requirements of the Code of Rules of SP 28.13330.2017 “Protection of 
building structures from corrosion|” [17]. 

4 Methodology of Inspection of Steel Structures 
of Overhead Line Supports 

Technical inspection of overhead line metal structures is carried out in accordance 
with the requirements of interstate standards GOST 31,937-2011 “Buildings and 
structures. Rules of inspection and monitoring of technical condition” [18], GOST 
27,751 “Reliability for constructions and foundations. General principles” [19], SP 
13-102-2003 “Rules for the inspection of load-bearing building structures of build-
ings and structures” [20], the industry standard of the organization of PJSC FGC
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Fig. 3 Anchor-angular a and intermediate b supports of a 35 kV double-chain overhead line, on 
the lower struts and braces of which corrosion wear was measured (photo by the author, June 2022)

UES STO 56,947,007–29.240.55.111-2011 “Guidelines for assessing the technical 
condition of overhead lines and the residual life of overhead line components” [16] 
and Standard Operating Instructions for overhead power lines with a voltage of 35– 
800 kV (RD 34.20.504-94) [21]. In accordance with these Rules, the survey is a set 
of measures to determine and evaluate the actual values of the controlled param-
eters that characterize the operational condition, suitability, and operability of the 
objects of study and determine the possibility of their further operation or the need 
for restoration and strengthening. 

The method of inspection of construction structures with an assessment of the 
technical condition of structures overhead line supports, is based on numerous studies 
and tests since the beginning of the twentieth century, primarily under the guidance of 
outstanding Russian scientists and engineers N. N. Aistov, V. A. Trull, K. P. Kryukov, 
A. A. Zevin, E. V. Gorokhov, L. V. Yakovleva, V. M. Gerasimova, V. V. Alekseeva, C. 
V. Krylova, L. V. Timashova, P. I. Romanova, L. I. Kachanovskaya, R. S. Kaverina, 
G. A. Suchkova, etc. and has a long, never-ending period of positive development. 

In 2007–2008, the author was the head of several works carried out by the Center 
for Overhead Line Engineering of JSC “Firm ORGRES” (Moscow), to survey the 
technical condition of 110–500 kV overhead lines for the purpose of their recon-
struction and extension of operational life in various regions of Russia. It should 
be noted the special methodological approach of ORGRES, which was used in the
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comprehensive examination of overhead lines. Then a Program, a Calendar plan and 
a “Methodology for conducting a survey of overhead lines” were attached to the 
work contract, in which qualitative quantitative criteria for assessing the technical 
condition of structures were assigned (in the form of a table). 

This Technique was developed by an outstanding researcher Leonid Vasilyevich 
Yakovlev (1932–2007), who for a long time successfully led the full-scale testing 
of elements as part of the Civil Engineering laboratory of JSC “Firm ORGRES” 
in Hotkovo, Moscow region. Even now, this Technique represents a higher and 
differentiated level of assessment of the technical condition of an energy facility, 
combining qualitative and quantitative evaluation criteria that are directly related 
to the reliability characteristics of overhead line structures in comparison with the 
current industry standard of the organization of PJSC FGC UES STO 56,947,007– 
29.240.55.111-2011 “Guidelines for assessing the technical condition of overhead 
lines and residual resource of overhead line components” [16]. 

The Table 1 presents quantitative and qualitative indicators as criteria for assessing 
the technical condition of steel structures of overhead lines, proposed in the form of 
reliability coefficients according to the Method of L. V. Yakovlev (column 1) and a 
point score (column 2). 

For example, in 2007, a technical survey of 220 kV overhead lines in Khakassia 
was carried out, as a result, the technical condition of this line was recognized as 
limited-operable with an integral reliability coefficient of the surveyed sections with 
reinforced concrete (32 pcs.) and steel (33 pcs.) supports: K = (0,80·32 + 0,88·33)/ 
(32 + 33) = 0,84 <0,9, where 0.80 and 0.88 are the average values of the reliability 
coefficients in accordance with the table (column 1) [22]. The quantitative integral 
relative estimate proposed by the author (column 2) is Ka = (2,30·32 + 2,90·33)/ 
(32 + 33) = 2,60 points <3 consequently, the technical condition is limited and 
workable, which requires the organization of planned repairs or reconstruction of 
the line within 5 years. 

The overhead power line is made up of a large number of transmission line 
supports, so an integral assessment of the technical condition in points is more 
convenient for concluding promising works.

Table 1 Criteria for assessing the technical condition of the overhead line structure 

Quantitative indicators of the 
condition of the structure condition 
Reliability coefficient K 

Score in 
points 

Qualitative indicators of the technical of the 
structure (GOST 31,937–2011) [18] 

≥1 4 The state is normative, corresponding to the 
normative and technical documentation 

1–0.9 3 Working condition 

0.9–0.7 2 The condition is limited-operable 

0.7–0.5 1 The condition is unacceptable, emergency 
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5 Conclusions and Suggestions 

Proposals have been developed to update and improve the methodology of tech-
nical inspection of overhead line steel structures, including the Methodology for 
determining the degree of corrosion wear and assessing the technical condition. 
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compressive load. The aim was studying the strength and features of the stress–strain 
state of square-section tube-concrete structures samples, made of concrete of classes 
B40 and B80, taking into account their flexibility. The experimental part of the 
work was carried out using modern equipment and devices certified and metrologi-
cally certified. Probabilistic-statistical calculation methods were used to process the 
array of experimental data obtained. According to the requirements of the current 
regulatory documents, before the tests, the measurement error assessment by the 
tensoresistive method was carried out. The features of force resistance revealed in 
experiments testify to the operation of a concrete core and a steel tube under condi-
tions of a volumetric stress state. The deformation nature of the steel tube suggests 
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than it would be in the assumption of its operation in uniaxial compression. It indi-
cates a noticeably greater contribution of concrete to the perception of the force Nu 

exp 

in comparison with the conditions of uniaxial compression. The main conclusion of 
the experiments follows from it. It is advisable to increase the strength of square-
section tube-concrete structures by using high-strength concrete and providing more 
effective indirect reinforcement for it. The power resistance features of square-section 
tube-concrete structures revealed in the experiments must be taken into account when 
calculating their strength. 

Keywords Tube-concrete elements of square cross section · Spiral 
reinforcement · Axial compression · Tensoresistor method · Force resistance 

1 Research Methods 

The object of the experimental study were samples of square-section tube-concrete 
structures, both with spiral reinforcement of the concrete core, and without rein-
forcement, perceiving a short-term compressive load. The aim was studying the 
strength and features of the stress–strain state of square-section tube-concrete struc-
tures samples, made of concrete of classes B40 and B80, taking into account their 
flexibility. 

Nowadays, square-section tube-concrete structures under axial compression have 
been investigated. 4 series of prototypes were manufactured with cross-sectional 
dimensions of 100 × 100 mm and a height of 520 mm to solve the experimental set. 
Metal plates 10 mm thick were welded to the specimens ends. Each series was based 
on 3 twin samples [1–3]. 

All samples in one series were cut off from one tube and end-faced. One series was 
additionally supplied with a frame with spiral reinforcement (Figs. 1, 2). The frame 
was made of longitudinal reinforcement bars ∅6 A500C (GOST R 52,544-2006) 
and reinforcing wire ∅5 Bp 500 (GOST 6727-80), which was wound around the 
longitudinal bars of the frame in a spiral with a pitch of 30 mm. In order to preserve 
the design shape of the core, the longitudinal and spiral reinforcements were tied with 
knitting wire. Yield strength of reinforcing wire is A500C σs,y = 552 MPa, Bp500 
σs,y = 548 MPa. Tensile strength at break, respectively, σs,u = 735 MPa and σs,u = 
730 MPa. The spiral winding diameter in the plan was 82 mm. The main samples 
parameters of each series were as follows: B-45 series - tube-concrete samples made 
of heavy concrete of class B45, enclosed in a shaped square tube with dimensions 
100 × 100 × 4 mm, height 520 mm, made of steel of class C345; B-80 series -
samples similar to the B-45 series, but made of B80 class concrete; series S-80 -
specimens similar to series B-80, but made of prestressing concrete of class B80 
with a self-stressing value of 2 MPa; SA-80 series - samples similar to the S-80 
series, but with a frame with spiral reinforcement.
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Fig. 1 Frames with spiral 
reinforcement for installation 
in square-section 
tube-concrete structures 

Fig. 2 Frames with spiral 
reinforcement for installation 
in square-section 
tube-concrete structures 

The following materials were used as components for prototypes manufacturing: 
portland cement M500 (GOST 10,178-85); sand from the Magnitogorsk sand quarry 
with a fraction of 0–5 mm; crushed stone from the Beloretsk granite quarry with a 
fraction of 5–10 mm; superplasticizer Sika «ViscoCrete» 5-600 SP; Ebelit (multi-
functional action modifier) ; electric-welded tubes ∅219 × 5 mm according to GOST 
10,705-80; profile steel tubes 140 × 140 × 4 mm according to GOST 30,245-2003; 
fittings A500C ∅6 mm according to GOST R 52,544-2006; fittings Bp500C ∅5 mm  
according to GOST 6727-80; base plates 10 mm thick made of steel grade St3. The 
concrete mixture compositions for all the studied series are presented in Tables 1, 2, 
3 and 4. 

Before the prototypes manufacturing, shell tubes segments of the required dimen-
sions were prepared. Billets of the required length were cut from one shell tube and 
end-faced on a lathe. For the first series, the initial concrete class B45 of increased 
strength was adopted. Such concretes are recommended for using a shell tube made 
of steel grade 09G2S. For the other three series, high-strength concrete is adopted, 
having a class of axial compressive strength B80.
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The technology for manufacturing samples of all series was the same. Initially, 
a concrete mixture was made to form the structure core. Then, the shell tube with a 
temporarily installed metal plate, which prevents the concrete mixture from flowing 
out of the tube, was installed on a vibrating table and securely fastened to it with 
bolts. Then, gradually, in small parts, the concrete mixture was placed into the tube 
(100 ÷ 150 mm each). Self-compacting concrete mixtures were used. At the end 
of the molding process, the top of the shell tube was covered with a metal plate, 
similarly to the lower end, in order to avoid shrinkage deformations in the initial 
stage of the concrete hardening process. The lower and upper typesetting plates were 
pulled together with steel bands. The sample was moved for 48 h to the area reserved 
for storage at a temperature of 20 ± 3 °C [4–8]. 

After two days, the metal plates were removed from the ends, the element ends 
were cleaned, and end plates 10 mm thick were welded to the shell tube with a contin-
uous seam. All welds were coated with grease to ensure tightness. These activities 
created favorable conditions for the hardening of the concrete core. The difference in 
the samples manufacturing of the SA-80 series was that before installing the sample 
on the vibrating table, a rod frame and wire reinforcement was installed inside the 
tube (longitudinal - 6 rods ∅6 A500C, ring -∅5 Bp500). Strain gauges with a base of 
5 mm were glued to the longitudinal and spiral frame reinforcement. Control concrete 
samples in the form of cubes and prisms were made with dimensions of 100 × 100 
× 100 mm and 100 × 100 × 400 from one batch, in accordance with GOST 10,180-
2012. Prior to their stripping, the samples were stored in wet sawdust, excluding 
moisture evaporation from them, in a room with an air temperature of (20 ± 5) °C. 
After stripping, the control concrete cubes and prisms were stored in accordance 
with GOST 10,180-2012. The self-tension control of self-stressing concrete was 
carried out in accordance with GOST 32,803-2014. Concrete self-stress was deter-
mined using three control samples-prisms 100 × 100 × 400 mm in size, molded and 
hardened in special dynamometric jigs (Fig. 3). 

During the concrete expansion, the conductors create an elastic deformations 
limitation, equivalent to 1% of the longitudinal reinforcement of the prism specimens. 
Conductors were measured daily for concrete at the age of 1–7 days and further at 
the age of 10, 14 and 28 days. Each time the measuring device was checked with a

Fig. 3 Control samples-prisms in conductors 
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standard (Fig. 4). The measurement results were recorded in the test log for prism 
specimens in conductors when determining the concrete self-stress. The compressive 
strength of stress concrete was determined in accordance with the requirements of 
GOST 10,180-2012. The samples age at the testing time was 30 days. Control samples 
tests of concrete were performed on an IP-2000 hydraulic press. Electrical strain 
gauges with a base of 50 mm were used to measure the longitudinal and transverse 
prisms deformations. The strain gauges readings were recorded using a universal 
portable multichannel measuring and computing complex MIC-036 (Fig. 5). 

The studied samples of square-section tube-concrete structures were tested in 
a vertical position on a hydraulic press 2PG-500 with a short-term compressive 
load. The experimental part of the work was carried out using modern equipment 
and devices certified and metrologically certified. Probabilistic-statistical calculation 
methods were used to process the array of experimental data obtained. According to 
the requirements of the current regulatory documents, before the tests, the measure-
ment error assessment by the tensoresistive method was carried out. The features of 
force resistance revealed in experiments testify to the operation of a concrete core 
and a steel tube under conditions of a volumetric stress state. Electric strain gauges 
were used on longitudinal reinforcement with a base of 5 mm and on a shell tube 
with a base of 20 mm to measure the longitudinal and transverse deformations of

Fig. 4 Checking the measuring device 

Fig. 5 Measuring and 
computing complex 
MIC-036 
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Fig. 6 Electric strain gauges arrangement on a steel tube-sheath 

materials during testing (Fig. 6). The readings of strain gauges were recorded using 
a universal portable multichannel measuring and computing complex MIC-036. On 
the shell tube, strain measurements were duplicated by Aistov strain gauges with a 
scale division of 0.001 mm [9–13]. 

2 The Measurement Error Determination 
by the Tensoresistive Method 

According to the requirements of the current regulatory documents, before the tests, 
the measurement error assessment by the tensoresistive method was carried out. The 
error is the difference between the instrument reading and the true measured value:

Δε = εpr − εor (1) 

The error depends on the measured deformation level, the measuring device type 
and the experiment conditions. The tensoresistive method of measuring deformations 
makes it possible to exclude errors due to voltage fluctuations in the power supply 
network of the device and the temperature factor. The influence of intrinsic creep of 
strain gauges is eliminated due to the strain gauges design and the short experiment 
duration. In this case, the total limiting error of strain measurement is determined 
by the error associated with the strain sensitivity coefficients S spread of the strain 
gauges used and the error ϕ and ϕo of reading the device and is calculated by the 
following formulas:

Δε = 
/
D2 

s + D2 
f + D2 

f 0 (2)

Δε = Δε 

ε 
= 

1 

ε 

/
D2 

s + D2 
f + D2 

f 0 (3)
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Ds = 
∂ε 
∂ S 

∗ Δs = Δs 

S 
∗ ε = Δs ∗ ε (4) 

Ds –partial error due to the spread of the strain gauge factor S, its value is entered 
as an average value for a batch of strain gauges; 

Df , Dfo– partial reading errors ϕ and ϕo. 
It was assumed that random measurement errors are subject to the normal distri-

bution law when determining the error. The error estimation of results statistical 
processing was carried out according to:

Δs ≤ 2σs (5) 

where σs =
/

1 
n−1 

nΣ
i−1

(
Si + S

)2 
– standard deviation S; 

n – the number of strain gauges in the evaluated batch; 
S – arithmetic mean value of quantity S, 

S = 
1 

n 

nΣ
i−1 

Si (6) 

During testing, eight strain gauges were glued onto the steel tube-shell. The strain 
sensitivity S of all strain gauges was selected in such a way that it did not differ by 
more than 0.02 in the selected sensors batch. Then: 

σs =
/

1 

8 − 1
[
(2.10 − 2.12)2 + (2.11 − 2.12)2 + ... + (2.14 − 2.12)2

] = 0.0214 

(7)

Δs0.0214 ∗ 2 = 0.0428 

The partial error Ds at the deformations level 1000 × 10–5 is: 

Ds = Δsε = 0.0427 ∗ 1000 ∗ 10−5 = 42.7 ∗ 10−5 (8) 

Total error:

Δε = 1 

1000 ∗ 10−5 

√ (9) 

or ≈4.3%, which provides the required (no more than 6%) measurement accuracy. 
The ends support of the samples was assumed to be hinged. The samples were 

placed on the press in a vertical position and carefully centered. The axial compressive 
load was applied for a short time. The load was transferred simultaneously to the 
concrete core and the steel shell. Since the stress concentration usually manifests 
itself in the upper and lower end zones, before testing, bandages were fixed at the
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Fig. 7 Mechanical devices 
scheme during the test for 
central compression: 1 - dial 
gauges; 2 - Aistov strain 
gauges 

Fig. 8 General view of the  
sample during testing 

ends of the steel shell tubes in height equal to half the external size of the sample 
cross section. Mechanical devices scheme during the test for central compression is 
shown in Fig. 7. General view of the sample during testing is shown in Fig. 8. 

3 Research Results 

In accordance with the requirements of GOST 30,245, GOST 30,432, GOST 32,803, 
GOST 6727, GOST 52,544 and GOST 10,180, before testing specimens of all 
columns series, the strength and deformation characteristics of the starting mate-
rials were determined. Strips 400 × 20 mm in size were cut from its to determine the 
mechanical characteristics of the tube steel in tension walls. The destruction nature 
of steel strips samples is shown in Fig. 9. The mechanical tests results of steel tubes 
are shown in Table 5.



Square-Section Tube-Concrete Structures Studying Under Axial … 173

Fig. 9 Test result of steel strip samples 

Table 1 The concrete 
mixture composition for 
samples of the B-45 series 

Material name Quantity per 1 m3 

Cement, kg/m3 443 

Sand, kg/m3 704 

Crushed stone, kg/m3 945 

Embelite, kg/m3 -

Sika «ViscoCrete», l/m3 6.65 

Water, l/m3 177 

W/C 0.4 

Table 2 The concrete 
mixture composition for 
samples of the B-80 series 

Material name Quantity per 1 m3 

Cement, kg/m3 465 

Sand, kg/m3 714 

Crushed stone, kg/m3 936 

Embelite, kg/m3 -

Sika «ViscoCrete», l/m3 7.0 

Water, l/m3 167 

W/C 0.36 

Table 3 The concrete 
mixture composition for 
samples of the S-80 series 

Material name Quantity per 1 m3 

Cement, kg/m3 465 

Sand, kg/m3 688 

Crushed stone, kg/m3 912 

Embelite, kg/m3 93 

Sika «ViscoCrete», l/m3 9.0 

Water, l/m3 167 

W/C 0.36
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Table 4 The concrete 
mixture composition for 
samples of the SA-80 series 

Material name Quantity per 1 m3 

Cement, kg/m3 465 

Sand, kg/m3 688 

Crushed stone, kg/m3 912 

Embelite, kg/m3 93 

Sika «ViscoCrete», l/m3 9.0 

Water, l/m3 167 

W/C 0.36 

Table 5 The mechanical tests results of steel tubes 

Sample type Quantity, pcs Yield strength σ y, 
MPa 

Tensile strength 
σ u, MPa  

Elasticity modulus 
Es, MPa  

Steel strip with a 
section of 20 × 
4 mm  

5 372 520 2.05 × 105 

Table 6 The mechanical 
tests results of steel tubes Series R, MPa Rbu, MPa Eb,MPa 

B-45 60.1 48,1 38,410 

B-80 91.7 82,1 42,545 

S-80 94.2 84,5 42,830 

SA-80 93.2 83,9 41,750 

The test results of concrete control samples are shown in Table 6. The following 
designations are used here: 

R – cubic compressive strength of the original concrete; 
Rbu – prismatic compressive strength of the original concrete; 
Eb –initial modulus of concrete elasticity. 
The materials strength characteristics were used to determine the expected 

breaking load Nu and to assign the load step value of square-section tube-concrete 
laboratory samples. The samples were loaded in steps of 5–10% from Nu up to 0.7 
Nu. Further, at Nu more than 0.7 Nu, the loads were loaded in steps of 0.05 Nu until 
the compressive load began to drop. During the 10-min exposure at each stage, the 
readings of all measuring instruments and sensors were recorded. The main results of 
testing samples of square-section tube-concrete structures are presented in Table 7. 
Here, the prism strength values of the initial concrete R and the concrete self-stress 
values P are given. The average yield strength of steel σ of profile tubes is assumed to 
be 372 MPa for all samples. Table 7 shows the experimental breaking loads N exp u and 
the forces N th  bp equal to the sum of the maximum forces in the concrete (reinforced 
concrete) core and steel shell assuming their work in uniaxial compression [14–24].
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Table 7 The main results of testing samples of square-section tube-concrete structures 

Series, sample R, MPa P, MPa N exp u , 
kN 

N th  b , 
kN 

N th  bp , 

kN 
nb = N 

th  
b 

N th  bp 

k = N 
exp 
u 

N th  bp 

B-45–1 48.1 0 867 372 779 0.48 1.11 

B-45–2 48.1 0 867 372 779 0.48 1.11 

B-45–3 48.1 0 900 372 779 0.48 1.15 

B-80–1 82.1 0 1100 636 1042 0.61 1.05 

B-80–2 82.1 0 1150 636 1042 0.61 1.10 

B-80–3 82.1 0 1163 636 1042 0.61 1.11 

S-80–1 84.5 2 1200 654 1060 0.62 1.13 

S-80–2 84.5 2 1220 654 1060 0.62 1.15 

S-80–3 84.5 2 1200 654 1060 0.62 1.13 

SA-80–1 83.9 2 1450 650 1116 0.58 1.30 

SA-80–2 83.9 2 1480 650 1116 0.58 1.33 

SA-80–3 83.9 2 1480 650 1116 0.58 1.33 

Mean 1.11 

The quantitative assessment of indirect reinforcement influence, due to the 
restraining effect of the steel tube and spiral reinforcement (if any) is made using the 

coefficient k = N 
exp 
u

/
N th  bp 

. The results obtained indicate that in all four series there 

is the indirect reinforcement effect. The samples strength turned out to be noticeably 
higher than the sum of the maximum forces in the concrete (reinforced concrete) 
core and steel shell, assuming their work in uniaxial compression. The average value 
of the coefficient k was: 

– 12.3% for samples of the B-45 series; 
– 8.7% for samples of the B-80 series; 
– 13.3% for samples of the S-80 series; 
– 32% for samples of the SA-80 series. 

The obtained values of the coefficient k confirm the well-known fact that with an 
increase in the strength of the original concrete, the effect of indirect reinforcement 
decreases. At the same time, the positive effect of prestressing concrete precom-
pression in samples of the S-80 series is clearly visible. This circumstance should be 
taken into account when designing square-section tube-concrete structures. The indi-
rect reinforcement effectiveness was affected by the spiral reinforcement presence 
to an even greater extent. The coefficient k here turned out to be of the same order 
as in the centrally compressed tube-concrete elements of a circular cross section. At 
the same time, it is obvious that in cases of eccentric compression, a square tube 
can be more efficient than a circular one. According to the measuring results of 
the sample deformations, the dependencies «n-ε» were constructed, where n is the 
relative value of the compressive load n = N

/
N exp u 

; ε is the relative deformation of
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the sample (positive values are axial shortening deformations, negative values are 
transverse elongation deformations). Characteristic dependencies «n-ε» are shown 
in Figs. 10–13. According to these dependencies, it can be seen that the axial defor-
mations of specimens without helical reinforcement already at the loading level n = 
0.85 ÷ 0.9 amounted to 0.0038…0.0045. Significant plastic deformations developed 
with a further increase in the load. The concrete core and the steel tube deformed 
together. Therefore, it can be concluded that the ultimate deformability of the concrete 
core is significantly higher compared to the deformability of uniaxially compressed 
concrete. 

In specimens of the SA-80 series with helical reinforcement, axial deformations 
reached about 1.4–1.5% by the failure time. It was revealed that additional indirect 
reinforcement in the form of a spiral significantly increases the limiting deformations

Fig. 10 Characteristic 
dependence «n-ε» for  
samples of the B-45 series 

Fig. 11 Characteristic 
dependence «n-ε» for  
samples of the B-80 series
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Fig. 12 Characteristic dependence «n-ε» for samples of the S-80 series 

Fig. 13 Characteristic dependence «n-ε» for samples of the SA-80 series

of tube concrete samples. According to these dependences, it can be determined that 
the elastic work limit of the elements was achieved at loads equal to (0.58 … 0.65) 
Nu. For samples made of prestressing concrete, the elastic work limit was slightly 
higher compared to other samples. At the same time, for all samples, axial shortening 
deformations were much less than the limiting ones and amounted to the order of Eel 
= 110 × 10–5…Eel = 155 × 10–5. 

Analyzing the dependencies presented in Figs. 3, 4, 5 and 6 the following features 
can be noted of the outer steel shell, reinforcing cage and concrete core in the studied
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samples. The entire process of power resistance can be conditionally divided into 
three stages. The first is the quasi-elastic element work. In samples of the SA-80 
series, spiral reinforcement is practically not included in the work. The relative 
elongation strains of the helix did not exceed 64 × 10–5. The elastic–plastic stage 
comes next. Here, microcracks begin to form in the concrete core, which contributes 
to an increase in its volume. The steel tube-shell gradually changes into a fluid state. 
By the end of this stage, the stresses in the concrete core reach the upper cracking 
limit. In samples of the SA-80 series, the stresses in the longitudinal reinforcement 
at this stage do not exceed 60% of the yield strength. Spiral reinforcement is actively 
included in the work. The presence of indirect reinforcement in the concrete core 
inhibits the intense microcracks formation. In samples with tension concrete, the 
the upper and lower boundaries of crack formation become higher. The longitudinal 
reinforcement of the frame (if any) works practically in conjunction with concrete. 

The last work stage is plastic in nature. In the longitudinal and transverse direc-
tions, there is a sharp increase in the element deformation. The stresses in the longi-
tudinal reinforcement reach the yield point. In helical reinforcement, the stresses also 
reach the yield point. A further increase in the load became impossible due to a sharp 
increase in deformations. Despite the high-strength concrete use in most samples, 
the destruction nature has always been plastic. At the moment of destruction, folds 
formed on all side faces of the samples at approximately the same element height. 
Local buckling of the steel tube was observed, which was more pronounced in the 
middle zones of the side faces. The concrete was crushed in places where the folds 
were formed. End plates were removed from some of the samples after testing. Then 
their steel tube-shell was cut in the vertical direction. The samples destruction nature 
with a view of the steel tube-shell and the exposed reinforced concrete core are shown 
in Fig. 14. 

The shell tube was difficult to separate from the concrete core. The adhesion was 
so high that pieces of concrete were removed from the steel shell in elements with

)b)a 

Fig. 14 Samples view of the SA-80 series after destruction: a - the formation of a fold on the shell 
side surface; b - spiral rupture 
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self-stressing concrete and the spiral frame. It turned out that in all the examined 
samples, the corrugations formed on the steel tube as a result of the loss of local 
stability were filled with crushed concrete. A rupture of helical reinforcement was 
found in the places where corrugations are formed and concrete is crushed in a sample 
of the SA-80 series. The absence or presence of a spiral frame in steel-tube concrete 
samples significantly affects its behavior in the limit state stage. The limiting axial 
strains in specimens with helical reinforcement increased by about 2 times compared 
with specimens strains of other series. 

At the same time, the average strength of SA-80 samples series turned out to 
be 22% higher compared to analogue samples without spiral reinforcement of the 
S-80 series. This fact is due to an increase in lateral pressure on the concrete core 
due to additional indirect reinforcement. The SA-80 and B-45 samples strengths 
comparison indicates that the central compressive strength of the improved design 
of square-section tube-concrete structures turned out to be 67% higher compared to 
traditionally used concrete pipe elements. 

4 Conclusion 

The features of force resistance revealed in experiments testify to the operation 
of a concrete core and a steel tube under conditions of a volumetric stress state. 
The deformation nature of the steel tube suggests that its walls experience not only 
compression in the axial direction. Stretching and bending of the walls from the 
lateral pressure of the concrete core is also observed. Thus, the tube contribution to 
the perception of the force N exp u is significantly less than it would be in the assumption 
of its operation in uniaxial compression. It indicates a noticeably greater contribution 
of concrete to the perception of the force N exp u in comparison with the conditions 
of uniaxial compression. The main conclusion of the experiments follows from it. 
It is advisable to increase the strength of square-section tube-concrete structures by 
using high-strength concrete and providing more effective indirect reinforcement for 
it. The power resistance features of square-section tube-concrete structures revealed 
in the experiments must be taken into account when calculating their strength. 
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Investigation of the Stress–Strain State 
of Wooden Beams with Rational 
Reinforcement with Composite Materials 

Danila Chibrikin , Usov Alexey , and Anastasia Lukina 

Abstract The preservation of retro structures in the monuments of wooden archi-
tecture is an important task. During long-term operation (100 years or more), retro 
wooden structures are exposed to atmospheric and environmental adverse environ-
mental influences. The load-bearing capacity of retro wooden structures can be 
restored by modifying local destruction zones with polymer compositions. In the 
proposed technologies for restoring the load–bearing capacity, the peculiarities of 
changing the stress–strain state of wooden beam retroconstructions with locally 
destructive sections that have undergone modification have not been sufficiently 
investigated. Having studied the existing technologies of modification and reinforce-
ment of retro structures, a new method of modification is proposed. The restoration 
of the bearing capacity of the elements of retro wooden structures with destruc-
tive damage to wood is assumed to be modified by the component composition 
of a polymer composition with a carbon filler under excessive pressure of pulsed 
action. The developed modification technology according to the results of the study 
is effective. 

Keywords Restored retro wooden beams · Component composition · Polymer 
composition ·Wood modification · Technological mode 

1 Introduction 

The issue of restoring elements of retro wooden structures when creating technical 
and technological solutions, because of which the bearing capacity of wooden retro 
structures is restored without the use of external reinforcement systems, while main-
taining the original appearance is an urgent task. In the modern foreign practice of 
construction in recent years, there are more and more examples of the introduction 
of wood as a material for load-bearing structures.
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The solution of this issue determined the purpose of the work – the restoration of 
the bearing capacity of the elements of wooden retroconstructions with destructive 
damage to wood [1–3]. 

In Russia, there is a greater number of monuments of wooden architecture that have 
structural, technical and architectural features, in which wood is the main material. 
This concept includes manors, temples, engineering and household structures. The 
most common in the central part of Russia: Suzdal Museum, Vasilevo (Tver region), 
Kostroma Sloboda, New Jerusalem (Moscow region), Shchelkovsky Farm (Nizhny 
Novgorod). Also in the Vladimir region there are 161 preserved farmsteads built 
using wooden elements. Structural elements of wooden monuments, which include 
floor beams and coverings, wooden piles, wooden log walls, roof truss system, the 
service life of which exceeds 100 years or more, are defined as retroconstruction. 
As a result of the environmental impact and the lack of timely repair work of retro-
construction elements, their destruction, loss of strength and destruction occurs. The 
existing methods of retroconstruction restoration are based on their partial replace-
ment or external reinforcement of elements that lead to a change in the appearance 
of retroconstructions of the monument of wooden architecture. 

A typical retro wooden structure that is used in the monuments of wooden 
architecture, the manor, is a wooden beam [4–6]. 

It is established that the change in temperature and humidity conditions has a 
major impact on the condition of the wooden structure [7–9]. It is worth noting 
that the supporting parts of wooden beams are the most susceptible to destruction 
[10–14]. 

Having studied the existing technologies of modification and reinforcement of 
retro structures, a new method of modification is proposed [15–19]. 

The restoration of the bearing capacity of the elements of retro wooden struc-
tures with destructive damage to wood is assumed to be modified by the component 
composition of a polymer composition with a carbon filler under excessive pressure 
of pulsed action [6, 20–22]. 

The object of the study is a beam wooden retroconstruction with destructive 
damage to wood, restored with polymer compositions [23–27]. 

To achieve this goal the following tasks were set: 

1. To analyze retro wooden beam structures with local destruction zones that have 
undergone modification. 

2. To develop a technology for restoring the load-bearing capacity of retro wooden 
beam structures with modification. 

2 Methods 

The technological solution for the restoration of retro beams consists in the modifi-
cation of local destruction zones with a component composition with a carbon filler, 
the method of overpressure pulse action and consists of the following processes [28, 
29]: preparatory, basic, final (Fig. 1, 2).
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Fig. 1 Visual view of the technological scheme 

Fig. 2 Retro beam modification process 

The preparatory process includes the following types of work: 

a) inspection of wooden retroconstructions; 
b) setting the required temperature and humidity mode of operation; 
c) device of equipment for modification; 
d) formwork device for unloading retro beams. 

The main process includes the following types of work: 

a) modification of zones subject to destruction by the method of overpressure; 
b) control of the parameters of the modification equipment.
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Fig. 3 The scheme of the 
wood modification injector 

The final process includes the following types of work. 

a) inspection of modified zones with destruction of retro forms; 
b) dismantling of modification equipment; 
c) dismantling of the formwork. 

The retro beam modification process consists of the following steps: 

a) Definition of the modification zone; 
b) Preparation of holes for modification 
c) Preparation of component composition with carbon filler; 

When retro beams are modified, the surface is divided into zones in which injectors 
are arranged. The installation of injectors is recorded in the work protocol. The 
injector is installed in increments of 200 mm, the diameter of the holes is 5 mm. 
The holes for the installation of injectors are made by drilling perpendicular to the 
surface. Before the device of the injector, the hole must be cleaned of dust (Fig. 3). 

The modification equipment has the following functions: 

a) performs modification with the installation of a certain amount of component 
composition with carbon filler; 

b) provides the required flow of the component composition into the wood structure; 
c) the ability to quickly clean the injector in case of obstruction. 

Modification is carried out under the influence of the technological mode of modi-
fication: 10-5-10-5-10 – for 10 min, a wooden retrobalker is injected with a compo-
nent composition of a polymer composition with a filler, then maintained for 5 min, 
then the working pressure is repeated for 10 min with alternation. The overpressure 
is 0.2–0.4 MPa. 

3 Results and Discussion 

During the tests, three technological modes were investigated: 

– 30 min (For 30 min the sample was injected with a polymer composition using 
the influence of overpressure) (Fig. 4);
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Fig. 4 Technological mode – 30 min 

– 15-5-15 min (For 15 min the sample was injected with a polymer composition, 
then the sample “rested” for 5 min, then the injection of the polymer composition 
was repeated for 15 min) (Fig. 5); 

– 10-5-10-5-10 min (For 10 min the sample was injected with a polymer compo-
sition, then the sample “rested” for 5 min, then the injection of the polymer 
composition was repeated for 10 min, alternating) (Fig. 6).

Fig. 5 Technological mode – 15-5-15 min 
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Fig. 6 Technological mode – 10-5-10-5-10 min 

4 Conclusions 

Based on the results of the research, the following conclusions can be drawn: 

1. As a result of the conducted research, the hypothesis about the possibility of 
restoring the bearing capacity of the elements of wooden retroconstructions with 
destructed damage has been experimentally proved. The data obtained as a result 
of the calculation clearly illustrates that the design load on the reinforced beam 
is 2 times greater than that on the non-reinforced one. For the reinforced beam, 
the calculated load was 1800 kg/m, for the non-reinforced one 900 kg/m. At 
the same time, the ultimate strength of the reinforced beam decreased by 40% 
relative to the non-reinforced one. 

2. Technological modes of wood modification with local destruction zones were 
established to restore the bearing capacity: 10-5-10-5-10 – for 10 min the wooden 
sample was subjected to injection with a component composition of a polymer 
composition with a filler, then maintained for 5 min, then the working pressure 
was repeated for 10 min with alternation. 

3. A technical solution is proposed, the task of which is to create a method of local 
modification of wood in wooden structures without the use of baths, chambers 
and other large-sized equipment, with minimal consumption of raw materials 
and energy resources. 

4. The developed technology for restoring the load-bearing capacity of retro struc-
tures with destructive damage to wood can be used in the restoration work of 
cultural heritage objects and reinforcement of wooden structures. 
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Strength and Deformability of Butt Joints 
Made of Wood with Local Modification 

Artem Strekalkin , Mikhail Sergeev , Dmitry Reva  , 
and Vladimir Rimshin 

Abstract The article describes the design and technological solutions for the nodal 
joints of wooden structures with local wood modification. The results of numerical 
and experimental studies on the bearing capacity and deformability of such joints 
are presented. Numerical studies were carried out using the Ansys program. As 
a modifying composition, a compound based on dimethacrylic polyester with the 
addition of a hardener and a curing initiator is proposed. Experimental studies were 
carried out using a modernized hydraulic bench for testing beam structures made of 
wood. The results obtained allow us to speak about an increase in the bearing capacity 
of wood in nodal joints due to modification by 29–30%. The possibility of local wood 
modification has been proved. Design solutions for aluminum connectors are given, 
which allow modifying wood in production conditions and on the construction site. 
The setting for the local modification of the wood of the contact zones, consisting of 
a vacuum pump, a compressor and a container for modification, is considered. Based 
on the studies carried out, it can be argued that it is important to increase the physical, 
mechanical and operational characteristics of wood due to local modification. Further 
research is aimed at improving the technology of modification and design solutions 
for connections. 

Keywords ANSYS · Construction · Dowel · Finite Element · Joint · Simulation ·
Structure · Timber ·Wood ·Modification · Buildings 

1 Introduction 

Structures made of solid and glued wood have always been widely used in Russia and 
the CIS countries. Its widespread use is due to the absence of corrosion, resistance 
to aggressive environments, sufficient strength characteristics and the possibility
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Fig. 1 SHERPA type 
connectors 

of various modifications and design improvements. In addition, unlike reinforced 
concrete and steel, wood is an environmentally friendly and renewable building 
material. Extremely relevant in the last few decades is the direction of a multi-storey 
wooden structure [1–9]. The use of new design solutions based on the use of wood-
composite structural materials, such as CLT, LVL, OSB, made it possible to increase 
the height of buildings made of wooden structures up to 18 floors [10–18]. One 
of the ways -to increase the bearing capacity of wood structures is to improve the 
connections between the bearing elements [19–26]. Depending on the method of 
transmission of forces, the interface of structural elements of wooden and glued 
structures are divided into two large groups: glueless joints on mechanical bonds 
and adhesive joints. The connection of wooden structures on aluminum connectors 
of the SHERPA type is widely used [16, 18–20] (Fig. 1). 

2 Methods 

To analyze the stress–strain state of the butt joint of wooden structures, several studies 
were carried out in the ANSYS Workbench software package. Figure 2 shows the 
models of the studied compounds. For the most accurate execution of all elements



Strength and Deformability of Butt Joints Made of Wood with Local … 193

of the connection, the simulation of the investigated joint was carried out in the 
Autodesk Fusion 360 program, followed by the import of the model into ANSYS 
Workbench. 

We have proposed connections on aluminum plates, different from the above-
mentioned. The investigated connectors have a unique design that allows for local 
modification of wood. A general view of the connectors is shown in Fig. 3.

Fig. 2 General view of connectors: a) connector with a protruding part, b) connector with a groove 
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Fig. 3 Nodal connection of 
elements of wooden 
structures, made in the 
software package Autodesk 
Fusion 360 

For the engineering calculation of the butt joint, a transtropic model of wood, 
isotropic models of screws and aluminum connectors were selected. 

When modeling the joints under study in the ANSYS Workbench software 
package, it is necessary to take into account the boundary contact conditions wood-
steel, aluminum-aluminum and wood-aluminum. For this, contact pairs of the Fric-
tional type are used, that is, a non-linear contact that takes into account the coefficient 
of friction. The values of this coefficient for couples in the framework of this study 
are as follows: 

– for a pair of wood - steel ktr = 0.6; 
– for a pair of wood - aluminum ktr = 0.5; 
– for a pair of aluminum - aluminum ktr = 1.25. 

The assignment of the strength characteristics of materials was based on the 
data obtained during a series of preparatory tests and materials from the ANSYS 
Workbench library. 

Depending on the series of experiments, the load was set differently for 
comparison with the results of experimental studies. 

– to simulate the testing of local samples for pulling out screws from an array of 
ordinary and modified wood, the increment in the movement of the plate pulling 
out the bolt was 10 mm per minute; 

– to simulate tests of butt joints of elements of wooden structures, the load was 
applied step by step to one of the wooden elements with a step size of 2 kN. 

For simplified identification of samples, the following symbols have been 
introduced: 

– SD - butt connector connection of wood elements; 
– SDM - butt connector connection of wood elements with local modification of 

the contact zones with the composition of dimethacrylic polyester.
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To conduct experimental studies, the existing hydraulic bench for testing beam 
structures was modernized. the modification scheme is shown in Fig. 4. 

Wood modification was carried out using a mobile wood modification unit, shown 
in Fig. 5. 

Fig. 4 Experimental setup. modernization for testing nodal connections: 1 - power floor; 2 – stand 
frame; 3 - support of the secondary beam; 4 - support of the main beam; 5 - secondary beam; 6
- main beam; 7 - connector: 8 - hydraulic jack connected to a dynamometer; 9 – deflection meter 
PAO 6; 10 - dial indicators 

Fig. 5 Mobile wood 
modification unit



196 A. Strekalkin et al.

The installation consists of two pumps - a vacuum pump and a compressor, a 
vacuum bag in which a modified wood element is placed, a container for modification 
and lines that supply the modifying composition and remove air from the vacuum 
bag. 

3 Results and Discussion 

Comparison of theoretical, numerical and experimental studies of the connections 
of beam elements is given in Table 1. 

Figure 6 shows the dependence of displacements on the applied load in numerical 
and experimental studies. 

Table 1 Results of engineering, numerical and experimental studies of compounds of the SD, SDM 
series 

Index Destruction load, kN Displacement, mm 

Testing of SD series connections 

Engineering calculation 61.06 -

Ansys 62.85 12.32 

Experiment 52 11.4 

Testing of SDM series connections 

Engineering calculation 82.6 -

Ansys 81.8 9.34 

Experiment 72 8.84 

Fig. 6 The dependence of displacements on the applied load in numerical and experimental studies
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Based on the experimental studies of butt joints of elements of wooden structures, 
as well as on the retention of one screw in an array of wood, it seems possible to 
calculate the coefficients that allow taking into account the physical and mechanical 
properties of wood when determining the bearing capacity of the screw for pulling 
out: 

kmd = 72 kN/52 kN = 1.32 (1) 

4 Conclusions 

According to the results of the experiment on a full-size butt joint of elements of 
wooden structures with a modification of the contact zones wood - screw showed an 
increase in the strength of the joint by 38% compared to a butt joint without wood 
modification. The potential destruction of a series of butt joints of the SD series in a 
numerical experiment was recorded at values by 16. 

In order to take into account, the modification of the wood of the contact zones 
in the calculation of screw connections, the coefficient kmd = 1.32 was introduced, 
which makes it possible to reduce the engineering calculation error to 2–4%. 
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Physical and Mechanical Properties 
of Coniferous Wood After Exposure 
to Fire 

Vladislav Martinov , Mikhail Lisyatnikov , Svetlana Roshchina , 
and Anastasiya Lukina 

Abstract The technical qualities of wood are characterized by a significant number 
of its physical and mechanical properties. The technical qualities of wood are greatly 
affected by fire. Since there is currently an acute shortage of hardwoods, the issue of 
maximizing the full use of natural wood resources through wider use where possible 
is particularly relevant. Thus, one of the main issues of forest research is the question 
of the technical quality of fire-damaged wood and the possibility of using it as a 
structural material. In this project, studies were carried out on the structure of raw 
wood - pine, exposed to fire. At the investigation stage, it can be noted that, based 
on visual analysis of the samples, no damage caused by insects and fungi was noted 
within five to seven months after the fire. According to the results of tests of samples 
for compression along the fibers, tension along the fibers and static bending, with a 
sufficiently small damage to the tree by fire, it can be recommended that it be partially 
used as a structural material. 

Keywords Fire effect of wood · Wooden beams · Physical properties of wood ·
Mechanical properties of wood · Rational use 

1 Introduction 

Wood as a structural material is used in many branches of industry and engineering. 
The combination of high physical and mechanical characteristics and low specific 
gravity of wood compared to metal and reinforced concrete determines its high 
demand in construction [1–6]. 

Among the main physical properties is the density of wood, and of the mechanical 
properties, the tensile strength of wood is the most significant [7, 18–20]. 

At present, the question arises of maximizing the use of natural wood resources 
through wider use where possible. Thus, one of the main issues of forest research
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is the question of the technical quality of fire-damaged wood and the possibility 
of using it as a structural material. In works [2–6, 17] it is shown that partially 
charred wood retains sufficiently high physical properties, which makes it possible 
to use it as a structural material. However, the amount of results obtained, including 
international studies, is insufficient to form a clear legal framework governing the 
use of raw wood exposed to fire in building structures [8–12]. It should be noted 
that the physical and mechanical properties of solid wood have been studied quite 
deeply [12–16], but studies of raw wood damaged by fire are more than modest. It 
is necessary to conduct more detailed studies of the mechanical properties of raw 
wood exposed to fire (namely, the establishment of strength, stability, plasticity, 
deformability and the determination of the design resistances in tension along the 
fibers, bending and compression). 

The technical qualities of wood exposed to a fire are quite dependent on the type 
of fire and the felling time that has elapsed since the fire. A ground fire with a flame 
height of up to 0.5 m, which only scorched tree trunks from below, slightly affects 
the state of forest stands, and at the same time there is a high probability of their 
preservation. In the same places where there was a strong ground fire with a flame 
height of over 1.5 m and a burnt length on tree trunks from 6–8 to 18 m or more, 
stands are significantly damaged, and, consequently, the quality of wood changes 
[21–25]. 

In this work, a study was made of the structure of raw wood - pine, exposed to 
fire. The main fundamental questions posed in this study are as follows: to estab-
lish patterns of the influence of the type (class) of forest fire on changes in the 
microstructure of pine wood, to establish patterns of the effect of fire on the physical 
and mechanical properties of pine wood, depending on the degree of wood damage by 
fire; to form a set of recommendations for standardizing the main structural character-
istics of wood (calculated resistance to compression, bending, tension and shearing) 
for their application in the calculations of design problems. This study will reduce 
the material consumption of building wooden structures. 

2 Methods 

Wood degrades when exposed to elevated temperatures. Fire exposure causes the 
thermal degradation or pyrolysis of wood in which the wood is converted to volatile 
gases and a char residue. The extent of any thermal degradation depends on both 
the temperature and the duration of the exposure. At temperatures below 100 °C, 
the immediate effect of temperature on mechanical properties of wood is essentially 
reversible, Prolonged exposure to temperatures exceeding 65 °C can result in perma-
nent losses in strength properties. Degradation resulting in weight loss is associated 
with temperatures exceeding 100 °C. For temperatures less than 200 °C, charring of 
the wood requires extended exposure. Significant degradation occurs in the temper-
ature range of 200° to 300 °C. A temperature of ≡ 300ºC is commonly associated
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Fig. 1 Illustration of the 
degradation zones in a 
charred piece of wood 

with the base of the char layer for wood subjected to direct fire exposure in the stan-
dard fire-resistance test. Vigorous production of flammable volatiles occurs in the 
temperature range of 300º to 450 ºC., Kinetic parameters are used to model the rate 
of thermal degradation [4, 5]. 

Sudden surface heating of a wood member in a fire result in surface charring and a 
steep temperature gradient. Thus, the stages of thermal wood degradation previously 
discussed become zones of degradation in a structural wood member exposed to fire. 
In a broad sense, there is an outer char layer, a pyrolysis zone, a zone of elevated 
temperatures, and the cool interior (Fig. 1), These zones of degradation reflect the 
temperature profile through the cross section. 

For wood members that have charred, the char layer can be easily scrapped off. 
Obviously, any charred portion of a fire-exposed wood member has no residual load 
capacity. The wood beneath the char layer has residual load capacity; but, this residual 
capacity will be less than the load capacity prior to the fire. Members that have only 
visual smoke damage or slight browning of the surface also have significant residual 
load capacity. 

To study the density, hardness and strength of wood, several trees (by average 
diameter) were selected that were exposed to a ground fire. The choice of this type of 
fire is of certain scientific and practical interest in terms of the further use of wood. 
The degree of damage to forest stands during these types of fire is different. 

From each tree, sections were cut along the height of the trunk from the butt, 
middle and apical parts. Samples were made from each cut along the radius: in the 
center, by 0.5 radius (middle) and on the periphery. 

The samples were taken in Namskiy Appani, p. Namskiy Yedeytci, p. Namtsy-1 
Khomustakh, belonging to the Namsky ulus, the Republic of Yakutia. 

The production of samples and testing to determine the tensile strength of wood 
corresponded to the following methods:
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Table 1 Results of determining the density and moisture content of samples from the top part 

Sample 
mark 

Sample sizes, mm Weight, gr Density, kg/ 
m3 

Humidity, 
%a b l 

Tangential 
direction 

Radial 
direction 

Along the 
fibers 

B-1 20.12 20.39 30.91 5.50 433.73 24.43 

B-2 19.71 20.41 30.02 5.32 440.53 26.37 

B-3 20.13 20.02 29.22 5.25 445.83 27.43 

B-4 20.42 20.01 29.97 5.44 444.23 25.64 

B-5 19.51 20.09 30.21 5.12 432.40 24.27 

B-6 19.03 19.92 29.62 4.82 429.27 14.49 

B-7 20.32 20.54 30.23 5.25 416.10 27.43 

B-8 20.23 20.32 30.10 5.72 462.29 35.22 

B-9 19.81 20.71 30.74 5.43 430.56 27.76 

B-10 19.71 20.38 30.05 5.56 460.62 28.70 

Mean 19.90 20.28 30.11 5.34 439.55 26.17 

• GOST 16,483.10-73 “Wood. Methods for determining the compressive strength 
along the fibers”; 

• GOST 16,483.23-73* “Method for determining the tensile strength along the 
fibers”; 

• GOST 16,483.3-84 “Wood. Method for determining the ultimate strength in static 
bending”. 

3 Results and Discussion 

3.1 Study of Physical Properties 

Before studying the mechanical properties, the dimensions and mass of all samples 
were measured, their density and moisture content were determined. The results 
showed that the density of wood from the butt is higher than from the middle and 
apex, this explains the higher strength when tested for compression along the fibers, 
tension along the fibers and static bending (Tables 1, 2 and 3).

3.2 Results of Mechanical Tests 

The results of testing samples for compression along the fibers are shown in Figs. 2, 
3 and 4.
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Table 2 Results of determining the density and moisture content of samples from the butt part 

Sample 
mark 

Sample sizes, mm Weight, gr Density, kg/ 
m3 

Humidity, 
%a b l 

Tangential 
direction 

radial 
direction 

Along the 
fibers 

K-1 19.42 20.12 30.62 5.62 469.74 24.61 

K-2 19.73 19.68 30.55 5.63 474.62 27.38 

K-3 19.55 20.01 31.13 5.72 469.70 26.27 

K-4 19.42 20.04 30.42 5.61 473.87 27.21 

K-5 19.83 20.11 31.03 5.62 454.17 24.61 

K-6 19.54 20.52 30.34 5.65 464.44 27.83 

K-7 20.21 19.02 30.52 5.83 496.94 35.27 

K-8 19.52 20.31 30.25 5.85 487.80 28.85 

K-9 20.32 20.85 30.44 5.92 459.04 28.42 

K-10 19.61 20.32 30.45 5.65 465.65 23.36 

Mean 19.72 20.10 30.58 5.71 471.60 27.38 

Table 3 Results of determining the density and moisture content of samples from the middle part 

Sample 
mark 

Sample sizes, mm Weight, gr Density, kg/ 
m3 

Humidity, 
%a b l 

Tangential 
direction 

radial 
direction 

Along the 
fibers 

C-1 20.35 20.34 29.02 5.44 452.88 25.06 

C-2 20.12 20.32 30.61 5.42 433.10 25.46 

C-3 20.11 20.21 30.53 5.43 437.62 25.12 

C-4 20.68 20.43 29.81 5.01 397.79 23.70 

C-5 20.34 20.41 30.94 5.52 429.76 25.17 

C-6 19.51 20.31 30.68 5.13 421.98 17.93 

C-7 19.51 20.32 30.25 5.15 429.44 18.66 

C-8 19.02 19.91 30.33 4.89 425.75 15.60 

C-9 20.29 19.72 30.11 5.11 424.15 20.24 

C-10 20.47 20.51 30.13 5.34 422.14 23.33 

Mean 20.04 20.25 30.24 5.24 427.46 22.03

The results of testing samples for static bending are shown in Figs. 5, 6 and 7.
The results of the tensile tests along the fibers are shown in Figs. 8, 9 and 10.
According to the results of tests for compression, tension along the fibers and for 

static bending, it can be concluded that the strength limits of wood from the butt part 
of the trunk are higher than from the apical and middle ones.
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Fig. 2 The results of testing samples for compression along the fibers of the Namskiy Appani 

Fig. 3 The results of testing samples for compression along the fibers. Namskiy Yedeytci
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Fig. 4 Results of testing samples for compression along the fibers. Namtsy-1 Khomustakh

Fig. 5 Results of testing specimens for static bending. Namskiy Appani
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Fig. 6 Results of testing specimens for static bending. Namskiy Yedeytci 

Fig. 7 Results of testing specimens for static bending. Namtsy-1 Khomustakh
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Fig. 8 Results of tensile testing of samples along the fibers. Namskiy Appani 

4.92 

5.81 
6.59 

7.85 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 2 4 6 8  10  12  14  

lo
ad

 / 
kN

 

Deformations / mm 
Samples from the top Samples from the middle part 
Samples from the bottom "Reference" wood 

Fig. 9 Results of testing samples for tension along the fibers. Namskiy Yedeytci
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Fig. 10 Tensile test results along the fibers. Namtsy-1 Khomustakh

4 Conclusions 

1. During the tests, it was found that during a ground and medium fire, the strength 
properties of wood are most reduced in the apical part of the trunk, the smallest 
decrease is in the butt part. A gradual decrease in the density of wood from the 
butt part of the trunk to the apical part was also noted. 

2. It has been determined that with a sufficiently small damage to a tree by a fire, 
i.e. reduction of the cross-sectional area up to 15%, its partial use as a structural 
material is possible. 

3. The greatest decrease in strength for all types of tests was observed in samples 
taken from the upper part of the tree trunk. Thus, with static bending relative to 
the “reference” wood, the decrease is more than 20%, with compression along 
the fibers - up to 28.81%, with tension - 30.61%. 

4. Often the end product of the reaction of wood to fire is a charred outer layer 
of wood and a relatively intact core of harder wood. In most cases, there is a 
clear boundary between the charred layer and the intact core. After laboratory 
testing, the core is suitable for use as an independent element or as part of a glued 
structure, after removing the charred layer by scraping or sandblasting. 
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Studies of Screw Behavior in Modified 
Wood 

Artem Strekalkin , Anastasiya Lukina , Mikhail Lisyatnikov , 
and Vladislav Martinov 

Abstract The article describes the research devoted to the study of the behavior of 
the screw in solid wood, modified with a composition based on dimeacrylic polyester. 
Comparative indicators of the value corresponding to the force of pulling out a screw 
from an array of pure and modified wood are given. The influence of the angle of 
inclination of the screw on the force of pulling out the screw from an array of modified 
wood has been studied. The technology of modification of wood samples for testing 
the screw for pulling out and equipment that allows modifying wood and curing 
samples for testing are given. A model for the modernization of the testing machine 
is proposed, which makes it possible to carry out research on pulling out at different 
angles of inclination of the screw to the axes of wood anisotropy. Comparative results 
of numerical and experimental studies are presented. On the basis of the experiments 
carried out, it was found that the modification of wood can significantly increase the 
bearing capacity of the screw for pulling out of solid wood both at an angle of 90 
degrees with the wood anisotropy axes, and at different angles of inclination. 

Keywords ANSYS · Construction · Dowel · Finite element · Joint · Simulation ·
Structure · Timber ·Wood ·Modification · Buildings 

1 Introduction 

Since wood is a renewable natural resource, its use as a material for load-bearing 
structures is always relevant [1–6]. One of the ways to improve the physical and 
mechanical properties of wood is its modification with various compositions [7– 
10]. One of the most suitable composition from a technological point of view is a 
composition based on dimethacrylic polyester [11–14]. The composite obtained as a 
result of the modification has increased strength and reduced deformability compared 
to conventional wood [15].
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Thus, it is possible to increase, by means of modification, not only the strength 
of the wood itself, but also its joints. For this, numerical and experimental studies 
were given, described below. The behavior of the screw in an array of ordinary and 
modified wood was studied. 

2 Methods 

Numerical and experimental studies were carried out. Numerical studies were 
modeled using the ANSYS software package. The model of the studied compound 
is shown in Fig. 1. 

Wood was specified as an orthotropic material, steel as an isotropic one. At the 
same time, the strength characteristics of the modified wood were specified in the 
form of dependences obtained earlier when testing specimens for compression and 
shearing along and across the fibers. 

As a result of preliminary mathematical studies and numerical simulation, it was 
found that the pull-out bearing capacity of screws with a diameter of less than 6 mm 
and a length of less than 80 mm is too low for their use in bearing joints of the type 
under study. Thus, the following set of simulated compounds was defined, consisting 
of two groups: 

Group 1 (assessment of the degree of influence of wood modification of the contact 
zones on the bearing capacity of the screw for pulling out of solid wood): 

1. Screw diameter - 6 mm, length - 100 mm, wood of the second grade; 
2. Screw diameter - 6 mm, length - 100 mm, wood of the second grade modified; 
3. Screw diameter - 8 mm, length - 100 mm, wood of the second grade; 
4. Screw diameter - 8 mm, length - 100 mm, wood of the second grade modified; 

Group 2 (assessment of the degree of influence of the geometric parameters of 
the screw connection on pulling out of the modified wood mass):

1. Screw diameter - 6 mm, length - 100 mm, wood of the second grade modified, 
the angle of deviation of the force from the wood anisotropy axes is 90º;

Fig. 1 General view of the  
sample for research on screw 
retention in solid wood 
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2. Screw diameter - 6 mm, length - 100 mm, wood of the second grade modified, 
angle of deviation of the force from the wood anisotropy axes 45º; 

3. Screw diameter - 8 mm, length - 80 mm, wood of the second grade modified, the 
angle of deviation of the force from the wood anisotropy axes is 90º; 

4. Screw diameter - 8 mm, length - 80 mm, wood of the second grade modified, the 
angle of deviation of the force from the wood anisotropy axes is 45º. 

The REM-100-A-1 electromechanical tensile testing machine was used for exper-
imental studies. The main function of the tensile testing machine is to determine the 
normalized value of the force during physical and mechanical testing of samples 
from various materials. The general view of the machine is shown in Fig. 2(a). 

A mobile vacuum effusion unit was used to modify the samples (Fig. 2(b)). The 
curing of the images took place in a specialized oven, which allows maintaining the 
temperature up to 130˚C. 

To test screws for pulling out from solid wood four series of samples of 3 pieces 
were made. Dimensions of wooden elements 150 × 150 × 400 mm. For testing, a 
REM-100-A-1 tensile testing machine was used. Similar to the numerical study, two 
groups were selected. 

For ease of identification, the following marking was chosen for 1 group:

1) Marking “D-6-90”, Series No. 1 - wood of the second grade, breed - pine, screw 
with a diameter of 6 mm, length - 100 mm.

(b)(a) 

Fig. 2 a Explosive machine REM-100-A-1, b Mobile vacuum infusion unit. 
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2) Marking “DM-6-90”, Series No. 1 - wood of the second grade, modified with 
a solution of dimethacrylic polyester, species - pine, screw with a diameter of 
6 mm, length - 100 mm. 

3) Marking “D-8-90”, Series No. 1 - wood of the second grade, breed - pine, screw 
with a diameter of 6 mm, length - 80 mm. 

4) Marking “DM-8-90”, Series No. 1 - wood of the second grade, modified with 
a solution of dimethacrylic polyester, species - pine, screw with a diameter of 
8 mm, length - 80 mm. 

For the 2 group, the following identification was chosen: 

5) Marking “D-6-45”, Series No. 2 - wood of the second grade, species - pine, screw 
with a diameter of 6 mm, length - 100 mm, the angle of application of force to 
the main axes of wood anisotropy - 45˚; 

6) Marking “DM-6-45”, Series No. 2 - wood of the second grade, modified with 
a solution of dimethacrylic polyester, species - pine, screw with a diameter of 
6 mm, length - 100 mm, the angle of application of force to the main axes of 
wood anisotropy - 45˚; 

7) Marking “D-8-45”, Series No. 2 - wood of the second grade, species - pine, screw 
with a diameter of 6 mm, length - 80 mm, the angle of inclination of the force to 
the main axes of wood anisotropy - 45˚; 

8) Marking “DM-8-45”, Series No. 2 - wood of the second grade, modified with 
a solution of dimethacrylic polyester, species - pine, screw with a diameter of 
8 mm, length - 80 mm, the angle of application of force to the main axes of wood 
anisotropy - 45˚.
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Fig. 3 Deformed scheme 
based on the results of 
numerical studies 

Fig. 4 Dependences of displacements, mm on the applied load, kN



218 A. Strekalkin et al.

Fig. 5 Dependences of displacements, mm on the applied load,kN 

Fig. 6 The process of testing samples for holding screws in a modified wood array
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3 Results and Discussion 

The numerical studies carried out made it possible to establish the values of the 
breaking loads given in Table 1. The deformed test schemes are shown in Fig. 3. 

The results of numerical studies are shown in Table 1. 
Figures 4 and 5 show the dependence of displacements on the applied load. 
The general view of the pull-out tests is shown in Fig. 6. The nature of the 

deformation of the wood when the screw is pulled out of its array is visible. 
The results of experimental studies are shown in Table 2 and 3, Figs.  7 and 8. 

Table 1 The results of 
numerical studies of screws 
for pulling out from an array 
of ordinary and modified 
wood 

Parameter Destruction load, kN 

Screw d = 6 mm, l = 100 mm 9.10 

Screw d = 6 mm, l = 100 mm, mod 11.23 

Screw d = 8 mm, l = 80 mm 10.23 

Screw d = 8 mm, l = 80 mm, mod 12.36 

Screw d = 6 mm, l = 100 mm, 90º, mod 11.23 

Screw d = 6, l = 100, 45º, mod 10.85 

Screw d = 8 mm, l = 80 mm, 90º, mod 13.98 

Screw d = 8 mm, l = 80 mm, 45º, mod 12.36 

Table 2 Pull-out test results for solid wood screws (Group 1) 

Parameter D-6 DM-6 D-8 DM-8 

Average breaking 
force N, kN 

7.56 9.93 8.46 11.2 

Average 
deformation δ, mm  

6.2 4.56 5.12 3.23 

Test duration t, sec 113 126 124 139 

Type of destruction Screw pulling, 
wood crushing 

Screw pulling, 
wood crushing 

Screw pulling, 
wood crushing 

Screw pulling, 
wood crushing 

Table 3 Pull-out test results for solid wood screws (Group 2) 

Parameter D-6-45 DM-6-45 D-8-45 DM-8-45 

Average breaking 
force N, kN 

5.96 8.46 6.81 9.58 

Average 
deformation δ, mm  

7.21 5.10 5.97 4.12 

Test duration t, sec 98 121 109 135 

Type of destruction Screw pulling, 
wood crushing 

Screw pulling, 
wood crushing 

Screw pulling, 
wood crushing 

Screw pulling, 
wood crushing
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Fig. 7 Dependences of displacements, mm on the applied load, kN 

Fig. 8 Dependences of displacements, mm on the applied load, kN
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4 Conclusions 

As a result of preliminary calculations, the degree of influence of wood modification 
and the geometric parameters of the screw connection on its bearing capacity to resist 
pulling out of the solid wood was established. Based on the results of preliminary 
calculations, it was decided to conduct tests on local samples in order to establish the 
comparative nature of the loss in the bearing capacity of the screw connection due to 
pulling out of the massif of ordinary and modified wood. The hypothesis about the 
effectiveness of wood modification in order to increase the bearing capacity of the 
joint was also confirmed. 

As a result of the research carried out, the following conclusions were drawn: 

– Modification of wood allows to increase the breaking load when testing the screw 
for pulling out of solid wood by an average of 36%; 

– The bearing capacity of the screw for pulling out when a force is applied without 
deviation from the main axes of the anisotropy of wood is on average 24% higher 
for solid wood and 16% for modified wood. 
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gies in the areas of development and application in industry/mechanical engineering of domestic 
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Numerical Study of a Wood-Composite 
Beam Structure 

Anastasiya Lukina , Artem Koshcheev , Anatoliy Naichuk , 
and Svetlana Roshchina 

Abstract The article carried out a numerical study of a wood-composite beam using 
lamellas (planks) made of fire-prone wood. The percentage of replacement of healthy 
wood with wood weakened by fire was determined along the height of the section. 
The studies were carried out in linear and non-linear formulation of problems. It has 
been established that the maximum percentage of replacing healthy wood with wood 
weakened by fire should not exceed 47% in terms of the height of the section for 
wood-composite beams 9 m long. 

Evaluating structural and technological indicators, such as cross-sectional dimen-
sions, span and saving resources, it is possible to evaluate the effectiveness of 
such load-bearing building structures, as well as technical and economic indica-
tors, expressed in the level of consumption of basic materials, factory cost, reduced 
costs and serviceability. 

Keywords Wood · Building wooden structures · Strength · Fire · Beam ·
Composite 

1 Introduction 

In modern conditions, the problem of saving resources is of particular importance [1]. 
In the field of construction, the solution to this problem can be achieved by improving 
the structure of the materials used, reducing losses, deepening processing, and by 
using progressive products and designs [2–4]. 

The successful solution of the problem of resource saving will be facilitated by the 
introduction of progressive structures made of laminated wood and plywood [5–9].
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One of the types of progressive structures are wood-glued structures (beams, 
columns, etc.), in which blanks of wood and wood-based board materials are joined 
by gluing. The rational placement of different materials in the cross section makes 
it possible to obtain composite structures with a sufficiently large bearing capacity 
with a small material capacity. The issues of wood resource saving and reduction of 
material consumption of building structures are described and substantiated in the 
works [10–12]. The authors [13, 14] offer new ways to restore the strength of wooden 
structures with polymer compositions without changing its appearance. 

The authors [15–19] explore the stress–strain state of wood-glued structures. It 
has been determined that it is possible to rationally place boards of different quality 
in height in board beams. Layers of boards of the first or second grade are laid in the 
most stressed areas of the beam, and layers of boards of the second or third grade are 
placed in less stressed places. Undersized lumber can also be used in glulam beams. 

In recent years, there have been many fires of varying degrees of intensity [20, 21]. 
This natural disaster is widespread in the world. The question arises, is it possible to 
use a tree that has been exposed to fire? If fire damage to a tree is partial, can it be 
used for structural purposes? 

The current study is aimed at solving this problem: to establish the percentage 
of replacement of healthy wood with wood weakened by fire exposure from the 
condition of ensuring the bearing capacity and limiting deflections using the example 
of a wood-composite beam. 

2 Methods 

The most well-known numerical method that allows studying the complex stress– 
strain state of anisotropic bodies [22, 23], which is wood, is the finite element method 
(FEM). This method is used in various computational software systems. In this study, 
software systems “LIRA 10.10” are used. 

The main concept of the FEM is the division of the analysis area into a finite 
number of subdomains, called finite elements [24, 25]. Each element is defined 
by a finite number of points, i.e. nodes. The system of nodes and elements forms 
a so-called grid. For the physical quantities with respect to which the solution is 
determined, a piecewise continuous approximation is assumed within each element. 
The computational procedure of the finite element method (FEM) is based on solving 
a system of algebraic equations that minimizes the functional associated with the 
desired physical quantity. It can be expected that the discrete approximation of the 
solution will converge to the exact solution as the number of finite elements increases 
[26–28]. However, this process also depends on the characteristics of the elements 
and the accuracy of the piecewise continuous function. The convergence criterion 
should be used to select valid elements. 

For a reasonable calculation of the elements of wooden structures, it is necessary 
to know the strength of wood under various types of stress state [29, 30]. Typical



Numerical Study of a Wood-Composite Beam Structure 225

stress–strain states in building wooden structures are: compression and tension along 
the fibers, bending. 

Preliminary studies were carried out on samples (pine) of the residual strength of 
wood in tension and compression along the fibers, chipping and static bending. It was 
established that the greatest decrease in strength for all types of tests was observed 
in samples taken from the upper part of the tree trunk. Thus, with static bending of 
relatively healthy wood, the decrease is more than 20%, with compression along the 
fibers - up to 28.81%, with tension - 30.61%. 

Therefore, with a sufficiently small damage to the tree by fire, i.e. reduction of the 
cross-sectional area up to 15%, its partial use as a structural material is possible. The 
results obtained were used to determine the Modulus of elasticity, shear modulus, 
Poisson’s ratio of weakened wood by fire exposure. 

Both linear and non-linear calculations of an ordinary beam without reinforcement 
were performed, taking into account the real (actual) work of the structure. Nonlin-
earity in the software package is taken into account when stiffnesses are assigned to 
the finite elements (plates). In each calculation, 4 series of beams were examined. 
The beams were loaded with concentrated loads, the points of application of which 
are located at a distance of 0.5 m from each other. The load was applied in steps, the 
values of which were taken equal to l/10 of the breaking load. 

A numerical study of wood-laminated beams (pine) with a cross-section of 140 
× 300 mm, a length (l0) of 9 m with a different percentage of the replacement of 
healthy wood with wood weakened by the fire effect along the height of the section 
was carried out. The following notation has been introduced: 

1. Beam - section from standard wood (B-1); 
2. Beams with an insert 140 × 100 mm in the middle of the section: 33% fire wood 

(B-2); 
3. Beams with an insert 140 × 140 mm in the middle of the section: 47% firewood 

(B-3); 
4. Beams with an insert 140 × 180 mm in the middle of the section: 60% fire wood 

(B-4). 

Beam loading is a load uniformly distributed over the area with a value of 1 t/m2. 
Table 1 gives the following parameters for calculation.

3 Linear Calculation 

A traditional solid wood beam with similar parameters was chosen as a reference 
(Fig. 1).
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Table 1 Characteristics of wood 

DescriptionSymbol Options 
Number of 

Finite 
Elements 

Total 
volume (m3) 

1 

healthy 
wood 

(fire-dam-
aged wood) 

ρ=500(kg/m3); E1=400(МPа); 
E2=1E+04(МPа);  E3=400(МPа) 

G12=1.2E+03(МPа);  G13=500(МPа);  
G23=50(МPа) Nu12=0.5;  Nu21=0.02;  
Nu13=0.5;  Nu23=0.02;  Nu31=0.5;  Nu32=0.5 
α12=1E-05;  α21=1E-05; α13=1E-05 

122850 0.98 

2 Tree after 
fire 

ρ=400(kg/m3); E1=320(МPа); 
E2=6.4E+03(МPа); E3=320(МPа) 
G12=1.2E+03(МPа);  G13=500(МPа);  
G23=50(МPа); Nu12=0.5;Nu21=0.025;  
Nu13=0.5;  Nu23=0.025;  Nu31=0.5;  Nu32=0.5 
α12=1E-05;  α21=1E-05; α13=1E-05 

66150 0.53

Fig. 1 General view in the materials of beams B-1, B-2, B-3, B-4 (numbering from left to right) 

4 Results and Discussion 

According to the building structure design standards, the vertical limit deflections 
are determined as:

Δ ≤ [Δ], (1) 

where Δ is reversible deformations or deflections, [Δ] is irreversible deformations 
or limit deflections. Limit deflections for beam structures are determined by formula 
2.
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Fig. 2 Movements in system nodes (with a load of 10 kN per beam) in beams B-1, B-2, B-3, B-4 

l0/250 = [Δ] (2) 

Then, the ultimate deflection for the structure under study is: 

l0/250 = 9000/250 = 36 mm 

Figure 2 shows a general view of the deformation of beams under a load of 10 
kN per beam. 

In the course of a numerical study in the linear formulation of the problem, it was 
established that the movement of the system along the nodes in the middle of the 
span with a load of 10 kN on the beam with a replacement for weakened wood up to 
33% of wood in the middle of the section, there is a movement along the Z axis up 
to 33 mm. When healthy wood is replaced with a weakened one up to 47% in cross 
section, a displacement occurs along the Z axis up to 34 mm, which is the ultimate 
deflection. The movement of the system along the nodes in the middle of the span 
(deflection) at a load of 10 kN occurs up to 35 mm per beam with a replacement for 
weakened wood up to 60% of the cross section. This deflection value exceeds the 
ultimate deflection. 

Figures 3 and 4 show normal and shear stresses in beams B-1, B-2, B-3, B-4.
The numerical study showed that in all four beams under a load of 10 kN they show 

the same shear stresses equal to 0.34 MPa. Normal stresses increase depending on 
the increase in the percentage of replacement of healthy wood with wood weakened 
by fire. Normal stresses in the middle of the span for a solid wood beam B-1 are 
4.74 MPa. The normal stresses in the middle of the span for the B-2 beam are 
4.79 MPa, for the B-3 beam they are 4.91 MPa, for the B-4 beam they are 5.11 MPa. 

Thus, in a linear calculation, it was determined that the maximum percentage of 
replacing healthy wood with wood weakened by fire is possible up to 47% relative 
to the section height for beams l = 9 m. Since the calculations were carried out in 
the elastic stage of wood work, conclusions about the strength indicators of beams 
at this stage would be premature. Based on the foregoing, it was decided to conduct
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Fig. 3 Strain Ny in beams B-1, B-2, B-3, B-4 

Fig. 4 Tangential stresses in plane ZoY in beams B-1, B-2, B-3, B-4 (numbering from left to right)

a study in a nonlinear formulation of the problem, reflecting the real work of the B-3 
wood-composite structure. 

5 Nonlinear Calculation 

The purpose of the non-linear calculation is to determine the actual work of a wood-
composite beam (B-3) with 47% replacement of healthy wood with fire-weakened 
wood along the height of the section. The results of the calculation were compared 
with the work of the all-wood beam B-1 (Figs. 5 and 6).
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Fig. 5 General view of beams B-1 and B-3 in materials (numbering from left to right) 

Fig. 6 Vertical displacements in the nodes of the system of beams B-1 and B-3 

When healthy wood is replaced with a weakened one up to 47% in cross section, 
there is a movement along the Z axis up to 36 mm, which is the ultimate deflection. 
Figures 7 and 8 show the normal and shear stresses in beams B-1 and B-3.

In the course of the research, it was determined that the normal stresses in the 
middle of the span into the beams B-3 amounted to 12.89 MPa. This indicator is 
2.6 times greater than in the linear formulation of the problem. Shear stresses in the
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Fig. 7 Stress Ny in beams B-1 and B-3 

Fig. 8 Shear stresses Tyz beams B-1 and B-3

non-linear formulation of the B-3 beam problem are 1.4 MPa. Such a difference in 
the values of linear and non-linear calculations is explained by the large margin of 
safety provided by the designers. Wood is an anisotropic material that has various 
knots, cross layers and other defects. It is known that it is precisely these defects 
that often lead to the destruction of a wooden structure [31–33]. A wood-composite 
structure excludes such a nature of destruction.



Numerical Study of a Wood-Composite Beam Structure 231

Numerical calculations by the finite element method in the Lira software package 
made it possible to determine the rational parameters for constructing a wood-
composite beam with the replacement of healthy wood with weakened wood and 
to identify possible problem areas where maximum stresses occur. 

6 Conclusions 

In the process of analyzing the calculation results, a number of issues were identified 
for this type of beam design, the main of which boiled down to the emergence of 
local zones with increased compressive and tensile stresses, which increased with an 
increase in the percentage of replacement of healthy wood with wood weakened by 
fire. 

1. For wooden beams in the elastic stage of design, the limiter is the calculation 
for the 2nd group of limit states (in terms of stiffness), for composite beams, the 
calculation for the 1st group of limit states (in terms of strength). 

2. It has been established that the maximum percentage of replacement of healthy 
wood with wood weakened by fire should not exceed 47% of the height of the 
section for beams 9 m long. 

3. It is determined that the normal stresses in the middle of the span in the B-3 
beams are 2.6 times greater than in the linear formulation of the problem. The 
tangential stresses in the non-linear formulation of the problem are 4 times greater 
than in the linear calculation. The values obtained in the non-linear analysis of a 
wood-composite beam reflect the actual work of the structure. 

4. The deformability of wood-glued beams is reduced by 1.8 … 2.1 times compared 
to traditional wooden beams. 

The effectiveness of wood-composite structures, which partially consist of weak-
ened wood, namely, the proposed structure can be attributed to them, in comparison 
with traditional solid wood structures, is beyond doubt. Based on the results obtained 
in the course of a numerical study, it can be argued that the considered method of 
constructing wooden beams is expedient and economical. 

Acknowledgements The study was supported by the Russian Science Foundation grant No. 22-
29-01579, https://rscf.ru/project/22-29-01579/. 
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18. Sedliačik, J., Šmidriaková, M.: Heat resistance of adhesive joints for wood constructions | 
Tepelná odolnost’ lepených spojov pre drevné konštrukcie. Acta Fac. Xylologiae. 54, 79–94 
(2012) 

19. Kelleci, O., et al.: Wood flour-reinforced green composites: parameter optimization via multi-
criteria decision-making methods. J. Polym. Environ. 30, 3091–3106 (2022). https://doi.org/ 
10.1007/s10924-022-02415-3

https://doi.org/10.1007/978-3-030-96383-5_162
https://doi.org/10.1007/978-3-030-85236-8_49
https://doi.org/10.1088/1757-899X/896/1/012062
https://doi.org/10.3390/ma15113928
https://doi.org/10.1007/978-3-030-96383-5_163
https://doi.org/10.1007/978-3-030-96383-5_163
https://doi.org/10.1007/s00107-022-01819-1
https://doi.org/10.1007/978-3-030-72404-7_12
https://doi.org/10.1016/j.jobe.2022.104078
https://doi.org/10.4028/www.scientific.net/AMR.255-260.1551
https://doi.org/10.13332/j.1000-1522.20190056
https://doi.org/10.1007/978-3-030-96383-5_153
https://doi.org/10.1007/978-3-030-96383-5_153
https://doi.org/10.1080/15583058.2018.1442527
https://doi.org/10.1016/j.compositesb.2022.110260
https://doi.org/10.1016/j.compositesb.2022.110260
https://doi.org/10.1134/S1995421219010209
https://doi.org/10.1007/s10924-022-02415-3
https://doi.org/10.1007/s10924-022-02415-3


Numerical Study of a Wood-Composite Beam Structure 233

20. EU-ECE Forest Health Inventory (IDF) in Spain: European Level I Network monitoring of 
forest health damage sampling of results of 2006 survey | Inventario UE-ECE de Daños Fore-
stales (IDF) en España. Red Europea de seguimiento de daños en los bosques. Nive. Ecologia, 
pp. 303–337 (2007) 

21. Eriksson, L.: Risk perception and responses among private forest owners in Sweden. Small-
scale For. 13, 483–500 (2014). https://doi.org/10.1007/s11842-014-9266-6 

22. Gribanov, A.S., Roshchina, S.I., Naichuk, A.Y., Melekhov, V.I.: Wooden beams with local 
wood modification. IOP Conf. Ser. Mater. Sci. Eng. 896(1), 012067 (2020). https://doi.org/10. 
1088/1757-899X/896/1/012067 

23. Koshcheev, A.A., Roshchina, S.I., Naichuk, A.Y., Vatin, N.I.: The effect of eccentricity on the 
strength characteristics of glued rods made of steel cable reinforcement in solid wood. IOP 
Conf. Ser. Mater. Sci. Eng. 896(1), 012059 (2020). https://doi.org/10.1088/1757-899X/896/1/ 
012059 

24. Vanalli, L., Scoaris, M.R., Romera, G.F.S., Mascia, N.T.: Analysis of the mechanical behavior 
of composite beams. Civil-Comp Proc. 102 (2013) 

25. Lisyatnikov, M., Glebova, T., Rusak, K., Ivaniuk, A.: Strength and deformability of reinforced 
wooden beams of variable stiffness. Lect. Notes Civ. Eng. 182, 549–561 (2022). https://doi. 
org/10.1007/978-3-030-85236-8_48 

26. Lukin, M., Martynov, V., Rimshin, V., Aleksiievets, I.: Reinforced concrete vertical structures 
under a gently sloping shell of double curvature under the influence of progressive collapse. 
Lect. Notes Civ. Eng. 182, 577–587 (2022). https://doi.org/10.1007/978-3-030-85236-8_50 

27. Sergeev, M., Rimshin, V., Lukin, M., Zdralovic, N.: Multi-span composite beam. IOP Conf. 
Ser. Mater. Sci. Eng. 896(1), 012058 (2020). https://doi.org/10.1088/1757-899X/896/1/012058 

28. Kang, C.-W., Wen, M.-Y., Park, H.-J., Kang, H.-Y., Kang, S.-G., Matsumura, J.: Changes 
in some mechanical and physical properties and anatomical structure of spruce and larch 
wood after fire-retardant treatment. BioResources 12(1), 1358–1368 (2017). https://doi.org/ 
10.15376/biores.12.1.1358-1368 

29. Lukin, M., Prusov, E., Roshchina, S., Karelina, M., Vatin, N.: Multi-Span Composite Timber 
Beams with Rational Steel Reinforcements. Buildings 11, 46 (2021). https://doi.org/10.3390/ 
buildings11020046 

30. Yang, X., Sun, C., Huo, F., Gong, Y., Sun, Y.: Shear property and uniform vertical load capacity 
of bamboo i-beams. Forests 13(6), 826 (2022). https://doi.org/10.3390/f13060826 

31. Karinkanta, P., Illikainen, M., Niinimäki, J.: The effect of anisotropicity of Norway spruce 
(Picea abies) during two-body abrasion. Wear 272, 38–42 (2011). https://doi.org/10.1016/j. 
wear.2011.07.004 

32. Zhivotov, D., Tilinin, Y.: Experimental studies of nodal joints of wooden elements in trusses 
and geodesic domes. Architect. Eng. 7(2), 96–105 (2022). https://doi.org/10.23968/2500-0055-
2022-7-2-96-105 

33. Nemirovsky, Y.V., Boltaev, A.I.: Calculation and design of hybrid wooden beams. PNRPU 
Mech. Bull. 15, 129–152 (2017). https://doi.org/10.15593/perm.mech/2017.3.08.

https://doi.org/10.1007/s11842-014-9266-6
https://doi.org/10.1088/1757-899X/896/1/012067
https://doi.org/10.1088/1757-899X/896/1/012067
https://doi.org/10.1088/1757-899X/896/1/012059
https://doi.org/10.1088/1757-899X/896/1/012059
https://doi.org/10.1007/978-3-030-85236-8_48
https://doi.org/10.1007/978-3-030-85236-8_48
https://doi.org/10.1007/978-3-030-85236-8_50
https://doi.org/10.1088/1757-899X/896/1/012058
https://doi.org/10.15376/biores.12.1.1358-1368
https://doi.org/10.15376/biores.12.1.1358-1368
https://doi.org/10.3390/buildings11020046
https://doi.org/10.3390/buildings11020046
https://doi.org/10.3390/f13060826
https://doi.org/10.1016/j.wear.2011.07.004
https://doi.org/10.1016/j.wear.2011.07.004
https://doi.org/10.23968/2500-0055-2022-7-2-96-105
https://doi.org/10.23968/2500-0055-2022-7-2-96-105
https://doi.org/10.15593/perm.mech/2017.3.08


Determination of Local Stresses in Places 
Where the Stiffness of Reinforced 
Wooden Beams Changes 

Mikhail Lisyatnikov , Svetlana Roshchina , Vladislav Martynov , 
and Rustamkhan Abdikarimov 

Abstract The problem of local stresses arising in the wood of reinforced beams 
in the process of loading structures is considered. The calculation of local stresses 
arising in places of change in the stiffness of reinforced beams should be carried 
out according to three expressions, taking into account the main factors affecting 
the stress state of the point of the section under consideration: the placement of 
reinforcement in the cross section from the breakage of the reinforcement, the action 
of a uniformly distributed load and support reactions. An analysis of these stresses 
shows that their development is significantly affected by the intensity of the normal 
stresses of the reinforcement that occurs in the process of loading the beams. The 
obtained solution shows that the section height has the greatest influence on the 
strength and stiffness of reinforced beams. An increase in the height of the section 
leads to a decrease in the clip effect, i.e. reducing the influence of reinforced zones 
on each other. At the same time, the uneven distribution of shear stresses along 
the section height increases, which leads to premature destruction of structures of 
variable stiffness in the zone of tensile reinforcement breakage. A further direction of 
research is indicated, which consists in determining the influence of other factors on 
the strength and stiffness of reinforced beams: the distribution of reinforcement over 
the section width, the compliance of the steel-wood adhesive joint, the difference 
in the moduli of elasticity of wood in compression and tension, etc. Their influence 
can be established by a predictive method for calculating the strength and stiffness 
of reinforced beams, based on rational planning of the experiment. 
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1 Introduction 

The article [1] outlined a design technique for reinforced wooden beams of variable 
stiffness with group reinforcement. Such reinforcement is used to save materials of 
steel and epoxy compound [2–8]. 

At the previous stage of research, a theoretical determination was made of the 
optimal location for the breakage of reinforcement in the span of beams of variable 
stiffness [9–12]. The breakage point of the reinforcement takes into account the intro-
duction of the reinforcement beyond the theoretical breakage point by the anchoring 
length from 0.0018 to 0.025 of the design span of the beams. The anchoring length 
was obtained under the condition that during the operation of the beams in the zone 
of action of the maximum bending moment, the calculated strength characteristics 
of the materials: steel and wood are fully used [13]. In this case, several factors influ-
ence the anchoring zone and the place of reinforcement breakage: reinforcement 
coefficient, reinforcement diameter and span of beams. 

Also, the influence of the reinforcement coefficient on the place of reinforcement 
breakage in the span of beams was determined. The dependence of anchoring on 
the diameter of the reinforcement and the coefficient of reinforcement of complex 
structures is revealed. The influence of the span of beams on the relative length of 
the embedment of the rods has been established. The influence of a change in the 
rigidity of a reinforced structure on the deformability is considered. 

It was found that in beams with broken reinforcement in the span, the redistribution 
of stresses from wood to steel leads first to an increase in local stresses in wood, and 
then to a decrease in them due to a change in the modulus of elasticity of wood over 
time. Hence, it became necessary to determine local stresses in the zones of changes 
in the stiffness of beams, often leading to premature failure of structures. 

The magnitude of such local stresses can be determined by applying the plane 
problem of elasticity theory [14–17]. 

2 Methods 

Consider the problem of local stresses arising in the wood of reinforced beams in 
the process of loading structures. 

Let us consider the general case of determining local stresses on a beam reinforced 
in a sloped zone and loaded with a uniformly distributed load. The connection of 
reinforcement with wood is assumed to be continuous along the entire length. 

The problem is solved within the framework of the following assumptions: 

1. Wood is assumed to be equal in tension and compression along the fibers [18]. 
2. The anisotropy of wood is not taken into account, since its influence is insignif-

icant on the distribution of stresses when the direction of the largest modulus of 
elasticity coincides with the axis of the beam.
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3. Materials of a complex design work within the limits of elastic deformations and 
obey the generalized Hooke’s law [19–21]. 

4. Deformations of reinforcement and wood are equal and joint. 
5. The main material of the beams - wood is considered to be an idealized solid, 

i.e. a continuous, solid deformable body endowed with a property that takes into 
account only the basic qualities of a real body. 

It is known that when loading reinforced wooden beams with external loads, 
normal stresses arise in steel rods that are approximately 20 times greater in absolute 
value than in wood. The area of the reinforcement compared to the area of the 
main material of the beam - wood is in the range of 1.5–3.5%, and the ratio of the 
diameter of the reinforcement to the height of the beam is less than 5%. Therefore, 
we will consider a reinforcing bar as a fiber, but with a relatively greater rigidity, 
since the modulus of elasticity of steel reinforcement is 20 times higher. Therefore, 
reinforcing bars are the main stress concentrators in wood, because prevent the beam 
from bending. The reaction from the action of normal stresses in the opposite direction 
leads to the destruction of the main material of wood, and in places where the stiffness 
of the beams changes, to the concentration of stresses. The intensity of the reaction, as 
shown by the analysis of experimental data, obeys the law of distribution of transverse 
forces [22]. 

The absolute value of the reaction from the reinforcement in any section of the 
beam is proposed to be determined by the formula: 

qn = q 

200 
(la − 2y) (1) 

where q – uniformly distributed load acting on the main beam; 
y – current coordinate; 
la– reinforced section length; 
200 – approximation factor. 
Since the ratio of the sum of the diameters of the rods of the compressed and 

tensioned zones to the width of the beam is a commensurate value, the reactions 
arising from them in wood can be considered a band uniformly distributed load 
applied tangentially to the surface of the beam (Fig. 1).

The solution of problems in this formulation reduces to the well-known solution 
[23]. 

Stresses σx , σy and τxy  will be determined by the following dependencies: 

σx = 
θ2{

θ1 

− 2qn(θ ) 
π 

sin θ cos θ dθ (2) 

σy = 
θ2{

θ1 

− 2 
π 
qn(θ ) 

sin3 θ 
cos θ 

dθ (3)
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Fig. 1 Design diagram of a beam adopted to determine the concentration of stresses arising in 
wood from the influence of reinforcement

τxy  = 
θ2{

θ1 

− 2 
π 
qn(θ ) sin2 θdθ (4) 

Since the absolute value and direction of the strip load (1) depends on the current 
coordinate – y, then to further solve the problem, it is necessary to write down the 
intensity of the strip load depending on the current angle θ [24–26]. The positive 
value of which is redistributed when counted from the vertical axis counterclockwise 
and negative when counted in the opposite direction. 

The intensity of the strip load depending on the angle θ should be determined by 
the formula:: 

qn = q 

200 
(la − 2xtgθ ) (5) 

Substituting the found expression for the band load (5) into formulas (2)–(4), we 
obtain: 

σx = q 

100π 

θ2{

θ1 

(2xtgθ − la) sin θ cos θ dθ 

σy = q 

100π 

θ2{

θ1 

(2xtgθ − la) sin
3 θ 

cos θ 
dθ 

τxy  = q 

100π 

θ2{

θ1 

(2xtgθ − la) sin2 θdθ
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After integration: 

σx = q 

200π 
[2x(θ2 − θ1 − sin θ2cosθ2 + sin θ1cosθ1)− 

−la
(
sin2 θ2 − sin2 θ1

)] 
(6) 

σy = q 

200π 
{[2x(sin θ2cosθ2 − sin θ1cosθ1) + 2(tgθ2 − tgθ1)− 

−3(θ2 − θ1)] +  la
(
sin2 θ2 − sin2 θ1 + 2 ln  cosθ2 

cosθ1

)
]} 

(7) 

τxy  = q 

200π 
[2x

(
sin2 θ2 − sin2 θ1 − 2 ln  cosθ2 

cosθ1

)
− 

−la(θ2 − θ1 − sin θ2cosθ2 + sin θ1cosθ1)] 
(8) 

Let us express the stresses in terms of the coordinate of the point k. According to 
Fig. 1 we have: 

tgθ1 = y − y2 
x 

; tgθ2 = y − y1 
x

; 

sin θ1 = y − y2 /
x2 + (y − y2)2 

; sin θ2 = y − y1 /
x2 + (y − y1)2 

; 

cos θ1 = x /
x2 + (y − y2)2 

; cos θ2 = x /
x2 + (y − y1)2 

; 

θ1 = arctg y − y2 
x 

; θ2 = arctg y − y1 
x 

; 

We substitute the found expressions into formulas (5)–(7), we obtain: 

σx = q 

200π 
{2x[ x(y − y2) 

x2 + (y − y2)2 −
x(y − y1) 

x2 + (y − y1)2 + 

+arctg 
x(y2 − y1) 

x2(y − y1)(y − y2) ] −  la( (y − y1)2 
x2 + (y − y1)2 − 

− (y − y2)2 
x2 + (y − y2)2 )]} 

(9) 

σy = q 

200π 
{2x[ x(y − y1) 

x2 + (y − y1)2 −
x(y − y2) 

x2 + (y − y2)2 + 2(y2 − y1) 
x

− 

−3arctg 
x(y2 − y1) 

x2(y − y1)(y − y2) ] +  la[ (y − y1)2 
x2 + (y − y1)2 − 

− (y − y2)2 
x2 + (y − y2)2 ) + ln x

2 + (y − y2)2 
x2 + (y − y1)2 ]} 

(10)
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τxy  = q 

200π 
{2x[ (y − y2)2 

x2 + (y − y2)2 −
(y − y1)2 

x2 + (y − y1)2 )− 

− ln x
2 + (y − y2)2 

x2 + (y − y1)2 ] −  la[ x(y − y2) 
x2 + (y − y2)2 − 

− x(y − y1) 
x2 + (y − y1)2 + arctg x(y2 − y1) 

x2(y − y1)(y − y2) ]} 

(11) 

3 Results and Discussion 

The obtained dependences (9)-(11) allow us to evaluate the effect of reinforcement 
on the stress state of wood and to determine the magnitude of local stresses arising in 
the zones of change in stiffness from the action of an external uniformly distributed 
load. 

In turn, this makes it possible to determine local stresses in the zone of change 
in stiffness of a symmetrically reinforced beam loaded with a uniformly distributed 
load. 

According to Fig. 2, the effect of reinforcement on the stress state of the point of 
the section under study is generally equal to: 

σxa  = σxac  + σxas (12) 

σya = σyac + σyas (13) 

τxya  = τxyac  + τxyas (14)

Let us substitute into the obtained Eqs. (12)–(14) expressions (9)–(11), describing 
the point stresses depending on the influence of the reinforcement of the compressed 
zone and with the opposite sign from the tension zone, then: 

σxa  = q 

200π 
{{2x[ x(y − ac − lac) 

x2 + (y − ac − lac)2 −
x(y − ac) 

x2 + (y − ac)2 + 

+arctg 
xlac 

x2 + (y − ac)(y − ac − lac) ] −  lac[( (y − ac)2 
x2 + (y − ac)2 − 

− (y − ac − lac)2 
x2 + (y − ac − lac)2 ]} − {2(h − x)[ (h − x)(y − as − las) 

(h − x)2 + (y − as − las)2 − 

− (h − x)(y − as) 
(h − x)2 + (y − as)2 + arctg (h − x)las 

(h − x)2 + (y − as)(y − as − las) ]− 

−las[( (y − as)2 
(h − x)2 + (y − as)2 −

(y − as − las)2 
(h − x)2 + (y − as − las)2 ]}} 

(15)
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Fig. 2 Design scheme of the beam, taking into account all external factors affecting the development 
of local stresses

σya = q 

200π 
{{2x[ x(y − ac) 

x2 + (y − ac)2 −
x(y − ac − lac) 

x2 + (y − ac − lac)2 + 2lac 
x 

+3arctg 
xlac 

x2 + (y − ac)(y − ac − lac) ] +  lac[( (y − ac)2 
x2 + (y − ac)2 − 

− (y − ac − lac)2 
x2 + (y − ac − lac)2 + ln x

2 + (y − ac − lac)2 
x2 + (y − ac)2 ]}− 

{2(h − x)[ (h − x)(y − as) 
(h − x)2 + (y − as)2 −

(h − x)(y − as − las) 
(h − x)2 + (y − as − las)2 + 

+ 2 − las 
(h − x) + 3arctg (h − x)las 

(h − x)2 + (y − as)(y − as − las) ]− 

−las[ (y − as)2 
(h − x)2 + (y − as)2 −

(y − as − las)2 
x2 + (y − as − las)2 + 

+ ln (h − x)2 + (y − as − las)2 
(h − x)2 + (y − as)2 ]}} 

(16)
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τxya  = q 

200π 
{{2x[ (y − ac − lac)2 

x2 + (y − ac − lac)2 −
(y − ac)2 

x2 + (y − ac)2 − 

− ln x
2 + (y − ac − lac)2 
x2 + (y − ac)2 ] −  lac[ x(y − ac − lac)2 

x2 + (y − ac − lac)2 − 

− x(y − ac) 
x2 + (y − ac)2 + arctg xlac 

x2 + (y − ac)(y − ac − lac) ]}− 

−{2(h − x)[ (y − as − las)2 
(h − x)2 + (y − as − las)2 −

(y − as)2 
(h − x)2 + (y − as)2 − 

− ln (h − x)2 + (y − as − las)2 
(h − x)2 + (y − as)2 ] −  las[ (h − x)(y − as − las)2 

(h − x)2 + (y − as − las)2 − 

− (h − x)(y − as)2 
x2 + (y − as)2 + arctg (h − x)las 

(h − x)2 + (y − as)(y − as − las) ]}} 

(17) 

Let us assume that in beams of variable stiffness, the length of the reinforcement 
[27] of the compressed zone is equal to the stretched one, i.e. lac = las , and therefore 
ac = as . Then the stress state, depending on the influence of the reinforcement, will 
be determined by the following formulas: 

σxa  = q 

200π 
{ (y − a − la)[2x2 + la(y − a − la)] 

x2 + (y − a − la)2 − 

− (y − a − la)[2(h − x)2 + la(y − a − la)] 
(h − x)2 + (y − a − la)2 − (y − a)[2x2 − la(y − a)] 

x2 + (y − a)2
+ 

+ (y − a)[2(h − x)2 − la(y − a)] 
(h − x)2 + (y − a)2

+ 2[x · arctg xla 
x2 + (y − a)(y − a − la)− 

−(h − x)arctg (h − x)la 
(h − x)2 + (y − a)(y − a − la) ]} 

(18) 

σya = q 

200π 
{ (y − a)[2x2 + la(y − a)] 

x2 + (y − a)2
− (y − a)[2(h − x)2 + la(y − a)] 

(h − x)2 + (y − a)2
− 

− (y − a − la)[2x2 − la(y − a − la)] 
x2 + (y − a − la)2 + (y − a − la)[2(h − x)2 − la(y − a − la)] 

(h − x)2 + (y − a − la)2 − 

−6[x · arctg xla 
x2 + (y − a)(y − a − la) − (h − x)× 

×arctg 
(h − x)la 

(h − x)2 + (y − a)(y − a − la)+ 

+la ln

[
x2 + (y − a − la)2

]
[(h − x)(y − a)(2y − 2a − 3la)][

x2 + (y − a)2
][

(h − x)2(y − a − la)2
] ]} 

(19)
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τxya  = q 

200π 
{ x(y − a − la)(2y − 2a − 3la)] 

x2 + (y − a − la)2 − 

− (x − h)(y − a − la)(2y − 2a − 3la) 
(h − x)2 + (y − a − la)2 − x(y − a)(2y − 2a − 3la) 

x2 + (y − a)2
+ 

+ (x − h)(y − a)(2y − 2a − 3la) 
(h − x)2 + (y − a)2

− 2[x ln x
2 + (y − a)(y − a − la)2 

x2 + (y − a)2
− 

−(h − x) ln (h − x)la 
(h − x)2 + (y − a)(y − a − la) ]} 

(20) 

In addition to the reaction from the action of the normal forces of the reinforce-
ment, the development of local stresses in the zone of change in the stiffness of the 
beams is also affected by external forces, such as a uniformly distributed load and 
support reactions (see Fig. 2). 

The action of an external uniformly distributed load on the stress state of the 
section under consideration can be determined by three formulas describing the 
stress state at the point: 

σxq  = − q 

π

[
arctg 

xl  

x2 + y(y − l) +
xy  

x2 + y2 − x(y − l) 
x2 + (y − l)2

]
(21) 

σyq = − q 

π

[
arctg 

xl  

x2 + y(y − l) −
xy  

x2 + y2 + x(y − l) 
x2 + (y − l)2

]
(22) 

τxyq  = −  q 
π

[
y2 

x2 + y2 −
(y − l)2 

x2 + (y − l)2
]

(23) 

The influence of support reactions on the stress state of the considered section can 
also be determined by three equations that determine the stress state at the point: 

σx R  = −  ql 
bπ

[
(h − x)3[

(h − x)2 + y2] + (h − x)3[
(h − x)2 + (l − y)2]2

]
(24) 

σyR  = −  ql 
bπ

[
(h − x)y2[

(h − x)2 + y2] + (h − x)(l − y)2[
(h − x)2 + (l − y)2]2

]
(25) 

τxy  R  = −  ql 
bπ

[
(h − x)y2[

(h − x)2 + y2]2 +
(h − x)2(l − y)[

(h − x)2 + (l − y)2]2
]

(26) 

The calculation of local stresses arising in places of change in the stiffness of 
reinforced beams should be carried out according to three expressions, taking into 
account the main factors affecting the stress state of the point of the considered 
section, written in general form: 

σx = σxa  + σxq  + σx R (27)
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Fig. 3 Distribution of local stresses along the section height in reinforced beams of variable stiffness 

σy = σya + σyq + σyR (28) 

τxy  = τxya  + τxyq  + τxy  R (29) 

where σx , σy , τxy  – the stresses created in the reinforcement are determined depending 
on the placement of the reinforcement in the cross section from the breakage of 
the reinforcement. So for symmetrically reinforced beams of variable stiffness with 
reinforcement breakage only in the compressed zone, it should be determined by 
formulas (15)–(17) for beams with reinforcement breakage in one section, i.e. in 
compressed and stretched zones are determined by formulas (18)–(20); 

σxq , σyq , τxyq  – stresses from the action of a uniformly distributed load are 
determined by formulas (21)–(23);
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σx R , σyR , τxy  R  – stresses arising from support reactions are determined by formulas 
(24)–(26). 

Distribution of local stresses σx , σy , τxy  along the height of the section of symmet-
rically reinforced beams is determined by formulas (27)–(29) and is shown in 
Fig. 3. 

4 Conclusions 

An analysis of these stresses shows that their development is significantly affected 
by the intensity of the normal stresses of the reinforcement that occurs in the process 
of loading the beams. Thus, an increase in normal stresses in reinforcement leads to 
an increase in local stresses in wood, especially in places where stiffness changes. In 
turn, the development of normal stresses in the reinforcement depends, in addition 
to the external load, on the geometric and structural characteristics of the beams, 
i.e. relative height, reinforcement ratio, reinforcement location both along the span 
length and section width. 

The obtained solution shows that the section height has the greatest influence on 
the strength and stiffness of reinforced beams. An increase in the height of the section 
leads to a decrease in the clip effect, i.e. reducing the influence of reinforced zones 
on each other. At the same time, the uneven distribution of shear stresses along the 
height of the section increases, which leads to premature destruction of structures of 
variable stiffness, in the zone of breakage of tensile reinforcement. 

The influence of other factors: the distribution of reinforcement over the section 
width, the ductility of the adhesive joint steel-wood, the difference in the moduli of 
elasticity of wood in compression and tension, etc., can be taken into account by 
a predictive method for calculating the strength and stiffness of reinforced beams, 
based on rational planning of the experiment, which is the next research priority. 
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Compressive Strength Along and Across 
Wood Fibers Modified by a Polymer 
Composition with a Nanostructured 
Filler 

Mikhail Lukin , Marina Popova , and Tatyana Glebova 

Abstract Today, the main materials for the construction of buildings and struc-
tures are concrete, brick, wood, and metal. Improving their strength and operational 
characteristics is a priority task of modern scientific research. The use of thermo-
chemical modification of wood makes it possible to improve its physical and mechan-
ical characteristics. The paper presents a method of thermochemical modification of 
wood with polymer compositions based on dimethacrylic polyester and based on 
dimethacrylic polyester with the introduction of carboxylated CNTs. The method 
of testing samples for compression along and across fibers is shown, as well as the 
dependences of “load and strain” are shown, the strength values of samples and so 
on are found, and the results are statistically processed. 

An increase in strength has been established an increase in the compressive 
strength of the modified scaffold along the fibers - 43%, across the fibers - 58% 
compared to the reference one was found. 

Keywords Wood · Polymer · Nanostructured fillers · Strength 

1 Introduction 

Wood is one of the most important materials used in construction and other areas of 
the national economy [1, 2]. Along with its advantages - high strength, hardness, low 
thermal conductivity, chemical resistance, wood also has significant disadvantages -
anisotropy, high porosity and hygroscopicity, and a tendency to bio-damage, which 
significantly reduces the service life of wooden structures and products [3–10]. 

To reduce the impact of wood ppiscavenging during itsi use, the modification 
process is used [11–14]. Modification is understood as the process of directed changes
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in the physicomechanical, thermophysical, tribotechnical, and biochemical prop-
erties of wood in relation to the operating conditions of wood products [15–17]. 
Modified wood has increased strength, durability, biostability, lower moisture and 
water resistance, as well as higher resistance to aggressive environments and other 
improved properties compared to natural wood [18–21]. 

The optimal method of wood modification is its thermo-chemical modification
- under the influence of temperature using polymer materials [22–24]. PPolymers, 
including those that do not have protective properties, when introduced into wood, 
increaset its chemical and biological resistance, strength, hardness, and durability. 
Polymer compositions can act both on the surface and completely or partially pene-
trate the wood structure, they help to increase the resistance of modified wood to 
water, ultraviolet radiation and biological pests. 

Polymers used for wood modification should have a number of properties - low 
viscosity, low evaporation, and polarity for better penetration into the capillary struc-
ture of wood and physical and chemical interaction with wood components. After 
curing, the modifier must have high resistance to water, acids, and alkalis, be strong 
under static and dynamic loads, and be environmentally friendly. Polyester resins 
and compositions based on them have all these properties. 

A number of studies have been conducted on the introduction of nanostruc-
tured fillers into the polymer matrix and the use of the resulting compositions 
for wood modification [25–27]. The introduction of nanomaterials into wood 
improves its properties, due to their unique characteristics. [28–31]. Due to their 
size, nanostructured fillers penetrate deeply into the wood, helping to improve its 
properties. 

2 Methods 

In the framework of the presented study, an enlarged technique for modifying wood 
with a polymer composition and a comparative analysis of the results of testing 
standard samples for compression along and across fibers are presented. 

For each of the corresponding series of tests, the research methodology proposed 
in the current norms of the Russian Federation was used. 

For compression tests three series of five samples in each were formed for testing 
on the raw material. Series 1 – samples from “reference” wood (samples #1–5), series 
2-samples from wood modified with dimethacrylic polyester (samples #6–10), series 
3 – wood modified with dimethacrylic polyester with carboxylated carbon nanotubes 
(samples # 11–15). 

Preparation for testing includes the following tasks: 

1. Production set of samples of “reference” wood is made. For compression tests 
along and across fibers, samples are made in the form of a rectangular prism with 
a base of 20 × 20 mm and a length along the fibers of 30 mm. 

2. Production set of samples of modified wood was made (fritters No. 6–15)



Compressive Strength Along and Across Wood Fibers Modified … 251

A low-viscosity polymer composition based on hot-cured polyester resins is used 
as the matrix. Samples No. 6–10 are modified with a polymer composition based on 
dimethacrylic polyester and dry hardener (0.25 mass parts). Samples No. 11–15 are 
modified with the following composition: liquid resin based on a new dimethacrylic 
polyester, dry hardener (0.25 parts by weight), surfactant (OP – 10) in the amount of 
0.5 parts by weight), carboxylated carbon nanotubes (CNTsof the Taunit-M series) 
(0.5 parts by weight). The structural elements are evenly dispersed over the volume 
of the composition for 15 min by an ultrasonic dispersant with an ultrasonic wave 
frequency of 30 kHz. 

Samples of reference wood in a bathoḦ with a polymer composition are placed 
in a mobile unit for vacuum infusion. The sample impregnation time is 30 min, and 
the vacuum pressure is 90 kPa. 

After impregnation, the samples are transferred to a drying laboratory xshelf, 
where they are cured at t = 1–00 °C for 60 min. 

3. Before testing, the images are conditioned at a temperature of (20 ± 2) °C and 
relative humidity of (65 ± 5)% for 24 h. 

The samples were tested on an electromechanical bursting machine REM-100-A-
1. To perform the test, the fritter is placed in a compression testing device. The sample 
is loaded evenly with a constant loading speed or a constant speed of movement of 
the loading head of the machine 4 mm/min. 

A general view of the samples during the crumple test along the fibers is shown 
in Fig. 1. A general view of the samples during the crumple test along the fibers is 
shown in Fig. 2. 

A general view of the samples during the cross-fiber crease test is shown in Fig. 2.

a) b) c) 

Fig. 1 Samples of wood when tested for compression across fibers: a) series 1; b) series 2; c) series 
3
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a) b) c) 

Fig. 2 Wood samples tested for compression along the fibers: a) series 1; b) series 2; c) series 3

3 Results and Discussion 

The results of testing samples at compression and across the fibers and compression 
and along the fibers of the samples are shown in Figs. 3, 4, respectively.

The destruction of the samples during compression along the fibers was plastic in 
nature with the formation of a characteristic “fold” in the form of individual wood 
fibers that lost their stability. 

The results obtained from the results of destructive studies wood samples have a 
significant spread of values due primarily to the anisotropy of wood. The value of 
wood strength is found by the formula 1 

σ = Pmax 

a · b (1) 

where Pmax is the maximum load, kN; 
a and b are the cross-sectional dimensions of the sample, see. 
The lowest values of the wood strength limits of series 1,2,3 were obtained by 

statistical processing of tests based on probability theory and are shown in Table 1.
Based on the data obtained, it can be concluded that the increase in compressive 

strength along the fibers of wood modified with a polymer composition is 23%, and 
wood modified with a polymer composition with carboxylated carbon nanotubes is 
43%. The increase in the conditional compressive strength along the fibers of wood 
modified with a polymer composition was 3.5%, and wood modified with a polymer 
composition with carboxylated carbon nanotubes was 58%.
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a) b) 

c) 

Fig. 3 Changes in the strength of pine wood during compression testing along the fibers: a) series 
1; b) series 2 c) series 3
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Fig. 4 Change in the conditional tensile strength of pine wood when tested for compression across 
fibers: a) series 1; b) series 2; c) series 3

Table 1 The lowest value of the wood strength limits of series 1, 2, 3 

Compression along the fibers Compression across the fibers 

The lowest 
strength value, 
kgf /cm2 

Accuracy indicator 
of the obtained cf. 
value 

The lowest 
strength value, 
kgf /cm2 

is an indicator of the accuracy 
of the obtained cf. value mean 
value 

Series 
1 

611.93 2.27% 26.41 4.67% 

Series 
2 

752.24 2.35% 35.63 2.88% 

Series 
3 

878.01 1.50% 41.70 3.94%
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4 Conclusions 

Based on the results of the presented study, the following conclusions can be drawn: 

1. The proposed method of wood modification can significantly improve its phys-
ical and mechanical properties. The increase in compressive strength along 
the fibers reaches 23%, across the fibers-35%. By introducing carboxylated 
carbon nanotubes into the polymer compositions nanotpybok, it is possible 
to achieve an increase in compressive strength along the fibers-43%, and across 
the fibers-5–8%. 

2. The optimal composition for wood modification is a composition of liquid resins 
based on dimethacrylic polyester, dry hardener (0.25 mass parts), surfactants 
(OP-10) in the amount of 0.5 mass parts), carboxylated carbon nanotubes (CNT 
of the Taunit-M series) (0.5 mass parts). 

3. Modified wood has improved operational parameters, namely, increased resis-
tance to biological pests, chemical influences, and moisture. 
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Strength Properties of Wood 
for Cleavage on Tangential and Radial 
Planes Impregnated with a Polymer 
Composition Based on Dimethacrylic 
Polyester 

Mikhail Sergeev , Mikhail Lukin , and Marina Popova 

Abstract To create new types of wooden structures, new or modified wood-based 
materials are required. Of interest are the elements of wooden structures made with 
the use of modern polymer materials with the inclusion of carbon nanotubes, which 
leads to an increase in strength and rigidity, a decrease in material consumption and 
installation weight of structures, reduces the effect of anisotropy of properties and 
defects of wood on the bearing capacity. 

The article presents the results of testing samples impregnated with dimethacrylic 
polyester with nanostructured filler for tangential and radial cleavage. The increase in 
strength properties during the modification of wood was 21–23%, and with the addi-
tion of carbon nanotubes – 28–32%. Experimental studies have proved the promising 
possibility of using a polymer composition to modify wood in order to increase its 
strength properties. 

Keywords Cleavage · Testing · Polymer composition ·Modification · Carbon 
nanotubes 

1 Introduction 

Wood is a relatively hard and durable fibrous material that has its advantages as a 
building material. It consists of countless tube-shaped cells with shells mainly of 
cellulose, firmly cemented with calcium and magnesium pectates into an almost 
homogeneous mass [1–3]. 

The chemical composition of wood includes such chemical elements as carbon C 
(49.5%), oxygen O (44.1%), hydrogen H (6.3%) and nitrogen N (0.12%). Chemical 
elements form complex organic substances. The main ones – cellulose, lignin and
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hemicellulose – form the cell wall and make up 95–99% of the mass of absolutely 
dry wood. The rest include tannins and resins. The location of wood fibers along the 
axis of the tree causes a sharp difference in the mechanical properties of wood along 
and across the trunk. The elastic modulus of pine for the direction along the fibers 
is almost 40 times greater than across, and the compressive strength is 10 times, and 
the tensile strength is 20–30 times [4–7]. 

One of the ways to improve the physical and mechanical properties of wood 
is its modification. Modification of wood should be considered as a process of 
directed change of physico-mechanical, thermophysical, tribotechnical, biochem-
ical properties of wood in relation to the operating conditions of products made of it 
[8–10]. 

Thermochemical modification is based on impregnation of wood with synthetic 
monomers and oligomers followed by polymerization and curing by thermocatalytic 
method [11–13]. The technological process of impregnating wood with a modifier 
based on monomers, oligomers or polycondensation resins is carried out according 
to the vacuum-pressure or vacuum-pressure-vacuum method at a temperature of 20– 
30° C. The amount of the absorbed impregnating composition is assumed to be equal 
to 30–80% of the mass of the original wood. Phenol alcohols, furan-, acetate, methyl 
methacrylate, styrene methylmethacrylate, styrene vinyl acetate, polyester resins, 
styrene polyester resins, phenol-formaldehyde, epoxy, furan, urea-formaldehyde, 
etc. are used as modifiers, the conditional viscosity of which according to the VZ-4 
vis-cometer should be 11–14 c at a temperature of 20 °C [14–17]. The viability of 
the modifier should ensure a complete technological cycle of wood impregnation. 
The composition can be cured by radiation and thermocatalytic method [18–20]. 

The purpose of the study is to study the strength properties of wood impregnated 
with a polymer composition for chipping. 

2 Methods 

The impregnation composition for wood modification is a polymer composition 
based on dimethacrylic polyester with a nanostructured filler. The main components 
that make up the polymer composition are: liquid resin, dry hardener (0.25 mass 
parts), surfactant (OP–10) in an amount (0.5 mass parts), carbon nanotubes (CNTs 
of the Taunit-M series) (0.5 mass parts). Mixing of the components was carried out 
using a PE-8300 top-drive agitator equipped with a built-in control unit [20–23]. 

The modification was carried out in the following order:

1. Drying of workpieces to a humidity of 5–7% for 2 h at (110 + 5) °C in a standard 
drying cabinet (SHS-100-1) at atmospheric pressure. 

2. Checking the moisture content of each workpiece with a wood moisture meter 
(Testo-616). If the tests are not breaded immediately after drying, then they should 
be stored for no more than 3 days in a tightly closed container, for example, in a 
desiccator) at a temperature of (18–25) °C and humidity control.
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a) b) 

Fig. 1 Technology of wood modification: a) vacuuming of samples; b) preparation of samples for 
polymerization 

3. The blanks are placed in a container for impregnation, fixed with a plate from 
floating the blanks and filled with an impregnating compound 5 cm above the 
plate. The container is transferred to a mobile unit for vacuum infusion MVS-20 
(−01). Slowly, preventing rapid foaming of the impregnating composition from 
the air available in the blanks, the air is pumped out to a residual pressure of minus 
(0.8–0.9) atm. The blanks are kept under vacuum until there is no visible release 
of even the smallest air bubbles in the layer of the impregnation composition 
above the blanks, then the vacuum is discharged (see Fig. 1a). 

4. To achieve the effect of modification for full volume impregnation, it is recom-
mended to carry out additional exposure (soaking) already impregnated billets 
in the impregnating composition for up to 15 days. 

5. Visually control the degree of filling with the composition of the workpiece. At the 
end of impregnation, the workpiece should sink in the impregnating composition, 
and not float. The completeness of the impregnation of the workpiece is controlled 
visually by a cross-section. 

6. The samples are wrapped in aluminum foil and placed at atmospheric pressure 
in a drying cabinet with forced internal ventilation. The curing temperature is 
(95–105) °C. The holding time is determined by the type of wood, it is selected 
for the dimensions of the workpiece and is usually at least 1 h (see Fig. 1b). 

The research was carried out on a RM-50 M bursting machine. The bursting ma-
chine with a pulsator is equipped with an electrohydraulic automated control system 
for the loading process based on a computer, which provides static and dynamic
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a) b) 

Fig. 2 Testing of samples of modified wood for radial cleavage. a) a sample during testing in a 
press; b) samples after destruction 

tensile tests of metal and alloy samples, concrete samples, wood and polymer 
materials in manual and semi-automatic modes. Loading of standard samples was 
carried out uniformly with a constant speed of movement of the loading head of the 
ma-chine – 4 mm/min [24–33]. 

Cleavage tests were performed on standard samples (Fig. 2, 3).
15 samples were subjected to the radial cleavage test – 3 series of samples of 5 

pieces each. 1 series – samples without modification, 2 series – images with modi-
fication by polymer composite and 3 series with modification by polymer composi-
tion with nanostructured filler. According to the test results, statistical processing of 
experimental data was carried out. 

15 samples were subjected to the tangential cleavage test – 3 series of samples of 
5 pieces each. 1 series – samples without modification, 2 series – images with modi-
fication by polymer composite and 3 series with modification by polymer composi-
tion with nanostructured filler. According to the test results, statistical processing of 
experimental data was carried out.
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a) b) 

Fig. 3 Testing of samples of modified wood for chipping tangential. a) sample during the test in 
the press; b) samples after destruction

3 Results and Discussions 

Figure 4a shows the results of mechanical tests for radial cleavage of standard wood 
samples without polymerization, Fig. 4b – wood samples with a modified polymer 
composition, Fig. 4b – wood samples with a modified polymer composition with a 
nanostructured filler.

The ultimate strength during cleavage of the samples was determined by the 
formula: 

σw = Pmax 

a · b (1) 

where Pmax – is the maximum load, kN; a, b – the cross-sectional dimensions of the 
working part of the sample, mm. 

According to the test results, statistical processing of experimental data was 
carried out. 

The lowest strength value was determined by the formula: 

Rs = x − σ (2) 

where σ – is the average strength value; x – is the standard deviation.
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a) b) 

c) 

Fig. 4 Load –strain diagram for wood samples for radial cleavage: a) samples without modification; 
b) samples with modified polymer composition; c) samples modified with a polymer composition 
with a nanostructured filler

The accuracy index of the obtained average value is determined by the formula: 

ξ = σx /x (3) 

where σx – is the average error of the average value. 
To summarize the test results obtained, Table 1 has been compiled. 

Table 1 Comparative data on the mechanical properties of samples during radial cleavage 

Type of test samples 
Indicators 

Without modification With modification by 
polymer composition 

With modification by 
polymer composition 
with nanostructured 
filler 

Destructive load Pmax,kN 
Accuracy index P,% 

2.33 
±4.35 

2.83 
±4.16 

2.98 
±4.26 

Voltage σ ,MPa 
Strength gain, % 

30.27 
− 

37.0 
22.2 

38.8 
28.2
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Fig. 5 Load – strain diagram for wood samples for tangential cleavage: a) samples without modi-
fication; b) samples with modified polymer composition; c) samples modified with a polymer 
composition with a nanostructured filler 

Figure 5a shows the results of mechanical tests for tangential cleavage of standard 
wood samples without polymerization, Fig. 5b – wood samples with a modified 
polymer composition, Fig. 5b – wood samples with a modified polymer composition 
with a nanostructured filler. 

The calculation of the mechanical properties of the tested samples was carried 
out according to the formulas (1), (2), (3). To summarize the test results obtained, 
Table 2 has been compiled. 

Table 2 Comparative data of mechanical properties of samples during tangential cleavage 

Type of test samples 
Indicators 

Without modification With modification by 
polymer composition 

With modification by 
polymer composition 
with nanostructured 
filler 

Destructive load Pmax,kN 
Accuracy index P,% 

3.17 
±4.66 

3.82 
±4.69 

4.08 
±4.37 

Voltage σ ,MPa 
Strength gain, % 

41.12 
− 

49.44 
20.2 

53.59 
30.3
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4 Conclusions 

Thus, according to the results of studies on the cleavage of wood with a modified 
polymer composition with a carbon nanotube filler, the following conclusions can 
be drawn: 

1. Modification of wood with impregnations based on polymer compositions has 
great prospects and can significantly increase the efficiency of the use of structural 
solutions of wooden structures. 

2. At the stage of destruction of samples during radial cleavage, the stress level 
in wood is equal to 22–23% of the temporary strength during radial cleavage 
for wood modified with composite, and 28–29% – with the addition of carbon 
nanotube filler to the composite. 

3. At the stage of destruction of samples during tangential cleavage, the stress level 
in wood is equal to 21–22% of the temporary strength during tangential cleavage 
for wood modified with composite, and 31–32% – with the addition of carbon 
nanotube filler to the composite. 

4. A polymer composition based on dimethacrylic polyester with a nanostructured 
filler was used as a modifier. The main components that make up the polymer 
composition: liquid resin, dry hardener (0.25 mass parts), surfactant (OP–10) 
in an amount (0.5 mass parts), carbon nanotubes (CNT series “Taunit-M”) (0.5 
mass parts). 

5. The study contributes to the knowledge base on the use of polymer compos-
ites with CNTs for thermochemical modification of wood, which will give 
development to composite building structures. 

Acknowledgements The research was carried out at the expense of the grant of the Russian Science 
Foundation No. 22-29-01637, https://rscf.ru/project/22-29-01637/. 
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Investigation of the Bending Bearing 
Capacity for Wood Modified 
with Polymers with Nanoparticle Filler 

Svetlana Roschina , Mikhail Sergeev , and Danila Chibrikin 

Abstract The issues of resource conservation are relevant in our time as never 
before. The study suggests a way to modify wood by vacuum infusion methods using 
a polymer composition. This method is relevant in the manufacture of new types of 
wooden structures, reinforcement of nodes and interfaces. Of the greatest interest 
are structural elements and manufacturing technologies of wooden structures using 
modern composite polymer materials with the inclusion of carbon nano-tubes (CNTs) 
in their composition, which leads to increased strength and rigidity, reduced mate-rial 
consumption and mounting weight of structures, reduces the effect of anisotropy of 
proper-ties and defects of wood on the bearing capacity. 

The wood was impregnated with a polymer composition based on dimethacrylic 
polyester with a nanostructured filler. At the stage of destruction of samples, during 
bending tests, the stress level in wood is equal to 25–26% of the temporary bending 
strength for wood modified with compo-site, and 36–37% - with the addition of 
carbon nanotube filler to the composite. Experiments on samples have shown the 
prospects of using a polymer composition to modify wood in order to increase its 
strength properties. 

Keywords Bending · Testing · Polyester ·Modification · Carbon nanotubes 

1 Introduction 

Wood is an environmentally friendly material, it resists static and dynamic loads 
well, it is very light and at the same time durable. Wood, as a product of plant origin, 
is a layered-fibrous porous material in its structure and consists of numerous fused 
elementary cells, diverse in shape, size, and elongated mainly along the trunk. All of 
them are strongly connected with each other. The cell cavities can be filled with res-
ins, gums (resinous secretions), tiles, and water. Vessels, core rays, and wood pulp
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are formed from the cells. Each cell has its own shell (wall). The cell walls are 99% 
com-posed of organic compounds: carbohydrates (70–80%) and lignin (about 30%). 
The carbohydrate part of wood includes cellulose, glucose, sugar, hemicellulose. 
Carbo-hydrates and lignin are natural high-molecular compounds (polymers). 

The location of wood fibers along the axis of the tree causes a sharp difference in 
the mechanical properties of wood along and across the trunk. The elastic modulus 
of pine for the direction along the fibers is almost 40 times greater than across, and 
the compressive strength is 10 times, and the tensile strength is 20–30 times [1–7]. 

One of the ways to improve the physical and mechanical properties of wood is 
its modification. Modification of wood should be considered as a process of directed 
change of physico-mechanical, thermophysical, tribotechnical, biochemical proper-
ties of wood in relation to the operating conditions of products made of it [8–10]. 

Thermochemical modification is based on the impregnation of wood with syn-
thetic monomers and oligomers, followed by polymerization and curing by a thermo-
catalytic method [11–13]. The technological process of impregnating wood with 
a modifier based on monomers, oligomers or polycondensation resins is carried 
out according to the vacuum-pressure or vacuum-pressure-vacuum method at a 
temper-ature of 20–30 °C. The amount of absorbed impregnation composition is 
assumed to be equal to 30–80% of the mass of the original wood. Phenol alcohols, 
furan-, ace-tate, methyl methacrylate, styrene methylmethacrylate, styrene vinyl 
acetate, polyes-ter resins, styrene polyester resins, phenol-formaldehyde, epoxy, 
furan, urea-formaldehyde, etc. are used as modifiers, the conditional viscosity of 
which accord-ing to the VZ-4 viscometer should be 11–14 c at a temperature of 
20 °C [14–17]. The viability of the modifier should ensure a complete technolog-
ical cycle of wood impregnation. The composition can be cured by radiation and 
thermocatalytic meth-od [18–20]. 

The study is carried out in order to study the strength properties of wood impreg-
nated with a polymer composition when working on bending standard samples. 

2 Methods 

The impregnation composition for wood modification is a polymer composition 
based on dimethacrylic polyester with a nanostructured filler. The main components 
that make up the polymer composition are: liquid resin, dry hardener (0.25 mass 
parts), surfactant (OP–10) in an amount (0.5 mass parts), carbon nanotubes (CNTs 
of the Taunit-M series) (0.5 mass parts). Mixing of the components was carried out 
using a PE-8300 top-drive agitator equipped with a built-in control unit [20–23]. 

The modification was carried out in the following order: 

1. Drying of workpieces to a humidity of 5–7% for 2 h at (110 + 5) °C in a standard 
drying cabinet (SHS-100–01) at atmospheric pressure. 

2. Checking the moisture content of each workpiece with a wood moisture meter 
(Testo-616). If the tests are not breaded immediately after drying, then they should
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be stored for no more than 3 days in a tightly closed container, for example, in a 
desiccator) at a temperature of (18–25) °C and humidity control. 

3. The blanks are placed in a container for impregnation, fixed with a plate from 
floating the blanks and filled with an impregnating compound 5 cm above the 
plate. The container is transferred to a mobile unit for vacuum infusion MVS-20 
(−01). Slowly, preventing rapid foaming of the impregnating composition from 
the air available in the blanks, the air is pumped out to a residual pressure of minus 
(0.8–0.9) atm. The blanks are kept under vacuum until there is no visible release 
of even the smallest air bubbles in the layer of the impregnation composition 
above the blanks, then the vacuum is discharged (see Fig. 1a). 

4. To achieve the effect of modification for full volume impregnation, it is recom-
mended to carry out additional exposure (soaking) already impregnated billets 
in the impregnating composition for up to 15 days. 

5. Visually control the degree of filling with the composition of the workpiece. At the 
end of impregnation, the workpiece should sink in the impregnating composition, 
and not float. The completeness of the impregnation of the workpiece is controlled 
visually by a cross-section. 

6. The samples are wrapped in aluminum foil and placed at atmospheric pressure 
in a drying cabinet with forced internal ventilation. The curing temperature is 
(95–105) °C. The holding time is determined by the type of wood, it is selected 
for the dimensions of the workpiece and is usually at least 1 h (see Fig. 1b). 

The research was carried out on a RM-50 M bursting machine. The bursting ma-
chine with a pulsator is equipped with an electrohydraulic automated control system 
for the loading process based on a computer, which provides static and dynamic

a) b) 

Fig. 1 Technology of wood modification: a) vacuuming of samples; b) samples before testing 
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a) b) 

Fig. 2 Testing of modified wood samples for bending. a) a sample during the test in the press; b) 
samples after destruction 

tensile tests of metal and alloy samples, concrete samples, wood and polymer mate-
rials in manual and semi-automatic modes. Loading of standard samples was carried 
out uniformly with a constant speed of movement of the loading head of the ma-chine
- 4 mm/min [24–31]. 

15 samples were subjected to the radial cleavage test - 3 series of samples of 5 
pieces each. 1 series - samples without modification, 2 series - images with modifi-
cation by polymer composite and 3 series with modification by polymer composi-
tion with nanostructured filler. According to the test results, statistical processing of 
experimental data was carried out. 

Cleavage tests were performed on standard samples (Fig. 2). 

3 Results and Discussions 

Figure 3a shows the results of mechanical bending tests of standard wood samples 
without polymerization, Fig. 3b – wood samples with a modified polymer compo-
sition, Fig. 3b - wood samples with a modified polymer composition with a 
nanostructured filler.

The bending strength of the samples was determined by the formula:
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a) b) 

c) 

Fig.3 Load –strain diagram for tensile wood samples: a) samples without modification; b) samples 
with modified polymer composition; c) samples modified with a polymer composition with a 
nanostructured filler

σw = Pmax 

a · b (1) 

where Pmax - is the maximum load, kN; a,b - the cross-sectional dimensions of the 
working part of the sample, mm. 

According to the test results, statistical processing of experimental data was 
carried out. 

The lowest strength value was determined by the formula: 

Rs = x − σ (2) 

where σ - is the average strength value; x – is the standard deviation. 
The accuracy index of the obtained average value is determined by the formula:
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Table 1 Comparative data on the mechanical properties of samples during radial cleavage 

Type of test samples 
Indicators 

Without modification With modification by 
polymer composition 

With modification by 
polymer composition 
with nanostructured 
filler 

Destructive load Pmax,kN 
Accuracy index P,% 

2.03 
±4.7 

2.31 
±3.58 

2.74 
±4.63 

Voltage σ ,MPa 
Strength gain, % 

34.96 
− 

43.56 
25.7 

47.58 
36.1 

ξ = σx /x (3) 

where σx – is the average error of the average value. 
To summarize the test results obtained, Table 1 has been compiled. 

4 Conclusions 

Based on the conducted studies of prismatic bending wood samples modified with 
a polymer composition with a carbon nanotube filler, the following conclusions can 
be drawn: 

1. Modification of wood by means of its impregnation with polymer compositions 
has prospects and is relevant for further use. This solution makes it possible 
to significantly increase the efficiency of the use of various structures and 
compositions made of wood. 

2. At the stage of destruction of samples, during bending tests, the stress level in 
wood is equal to 25–26% of the temporary bending strength for wood modified 
with composite, and 36–37% - with the addition of carbon nanotube filler to the 
compo-site. The limiting state occurs at the moment of rupture of the stretched 
fibers or by weakening in the form of various defects of the stretched zone. 

3. As a modifier, in the above series of tests, a polymer composition based on 
di-methacrylic polyester with a nanostructured filler was used. The main compo-
nents that make up the polymer composition are: liquid resin, dry hardener (0.25 
mass parts), surfactant (OP–10) in an amount (0.5 mass parts), carbon nanotubes 
(CNTs of the Taunit-M series) (0.5 mass parts). 

4. The conducted research contributes to the knowledge base on the use of polymer 
composites with CNTs for thermochemical modification of wood, which will 
give development to composite building structures. 
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Mechanical Properties of Polymer 
Composition Based on Dimethacrylic 
Polyester with Nanostructured Filler 
for Wood Modification 

Mikhail Lukin , Roschina Svetlana , and Vladimir Rimshin 

Abstract Polymer materials are used in a variety of sectors of the national economy, 
including in construction. Due to the development of science and technology, higher 
and higher requirements are being imposed on them, which conventional polymers no 
longer satisfy. Significantly improve the performance properties of polymers allows 
the creation of polymer composite materials based on them. One of the promising 
areas of research in the field of composite materials is the creation of polymer compos-
ites based on carbon nanotubes (CNTs). The effectiveness of the use of wooden struc-
tures can be increased by modifying wood. Modification is proposed to be carried 
out using a polymer composition based on dimethacrylic polyester with a nanostruc-
tured filler. The solution of this problem will allow, with an increase in strength and 
rigidity, to reduce the material consumption and installation weight of structures, to 
reduce the influence of anisotropy of properties and defects of wood on the bearing 
capacity. In order to establish the mechanical properties of wood, experimental tests 
were carried out with a polymer composition without filler and with a nanostructured 
filler. The increase in strength properties with the introduction of filler was 27.7% 
in compression tests and 23.49% in tensile tests. Studies have proved the promising 
possibility of using a polymer composition for wood modification. 
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1 Introduction 

Wood, as a material used in construction, along with its advantages, has major disad-
vantages [1]. Improving the properties of natural wood not only increases the time 
and reliability of its service in buildings, products, but also expands the scope of its 
application and allows more extensive use of wood [2, 3]. 

One of the methods that comprehensively improves the properties of wood is its 
modification with synthetic resins [4, 5]. 

Modification of wood in a broad sense should be understood as directed improve-
ment of its properties, giving it new positive qualities, elimination of natural 
disadvantages for wider and full use in construction [6–8]. 

A very promising method of wood modification is its impregnation with polymers, 
followed by their curing in wood under the influence of heat treatment [9–12]. 

An important issue is the definition of the scientific principles of the choice of 
monomers and oligomers for the modification of wood and the action of various 
additives (catalysts, plasticizers) and the choice of optimal different ratios of resin 
components at different stages of their polymerization and condensation [13–16]. 

It was found that resins with low viscosity and polarity, easily penetrating into 
wood and curing at temperatures up to 100–150 °C are most suitable for modification 
purposes [17–19]. Resins that give wood high water and moisture resistance and good 
dimensional stability and shape of products should have a relatively low molecular 
weight and be located in the intermolecular spaces of cell walls. High-molecular and 
relatively more viscous resins are placed mainly in the cavities of cells and do not 
impart significant hydrophobicity to wood. 

The polymer protects wood from internal and external destruction and is chem-
ically resistant to the operational effects of petroleum products, gas and fuel–air 
mixtures, water and steam, organic solvents, acid and alkali solutions. The operating 
temperature of cured sealants is from minus 70 °C to plus 220 °C and up to plus 
250 °C for (1–4) h without oxygen access [20, 21]. 

Impregnation compositions are mobile liquids with high capillary fluidity based 
on methacrylic monomers and oligomers that do not contain solvents and plasticizers 
[22, 23]. 

The aim of the study is to experimentally substantiate the mechanical character-
istics of the impregnation composition for wood modification based on methacrylic 
monomers and oligomers that do not contain solvents and plasticizers. 

2 Methods 

Impregnation formulations are supplied with a set of two components: liquid resin 
and dry hardener, which are mixed together before use in a ratio of 0.25 g of hardener 
per 100 g of resin.
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a) b) 

Fig. 1 Special molds for casting polymer samples: a compression; b tensile 

Special steel molds with specified geometric dimensions were developed for 
casting samples (Fig. 1). 

Compression test samples had dimensions of 10 × 10 × 4 mm, tensile 250 × 
25 × 2 mm. The tests were carried out on a series of 5 samples each. Destructive 
testing methods were adopted as a method of studying the physical and mechanical 
properties of a polymer composition. To fully study the strength properties of the 
composition, it is necessary to conduct compression and tensile tests [24, 25]. 

As an additive, carbon nanotubes (CNTs) of the Taunit-M series were adopted, 
which are quasi-one-dimensional, nanoscale, filamentous formations of polycrys-
talline graphite, mainly cylindrical in shape with an internal channel in the amount 
of 0.5%. 

In order to exclude the settling of nanotubes, surfactants (surfactants) were added 
to the liquid phase of the polymer composite. The OP-10 wetting agent was used as 
a surfactant in an amount of 0.5%. The introduction of surfactants also contributed 
to an increase in the adhesive strength of the composition with wood. OP-10 wetting 
agents are a product of processing a mixture of mono- and dialkylphenols with 
ethylene oxide, have a slightly alkaline or slightly acidic reaction and are well soluble 
in water. 

The introduction of additives was carried out in the following sequence: a hardener 
is introduced into the resin, then a surfactant and only then CNT [26, 27]. Mixing 
was carried out using a PE-8300 top-drive agitator equipped with a built-in control 
unit (see Fig. 2).

For curing, the samples were wrapped in aluminum foil and placed at atmospheric 
pressure in a drying cabinet with forced internal ventilation. Smoothly, in (5–10) min,
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Fig. 2 Mixing of the 
solution for the preparation 
of the polymer composition

the temperature reached (95–105) °C. The exposure time was usually at least 1 h 
(see Fig. 3). 

The strength properties of a polymer composite depend on the microscopic struc-
ture of the material. In order to clarify and confirm the results of mechanical tests, 
optical microscopy of samples was carried out [28, 29]. 

Optical microscopy was performed on a Raztek MRX9-D digital optical micro-
scope (Russia), which allows visual observation of the microstructure of opaque 
objects. Microscopic studies were carried out on samples that were selected for 
mechanical testing prior to their compression experiment. 

Before the start of the tests, the samples were weighed and their density was 
determined. The average density value for the samples of the polymer composi-
tion is 1030 kg/m3, and the polymer composition with a nanostructured filler is

Fig. 3 Curing of the 
composition in the drying 
cabinet 
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a) b) 

Fig. 4 Destruction of polymer composition samples: a for compression; b for stretching 

1080 kg/m3. This fact can also be explained by the change in the structure of the 
polymer matrix itself under the influence of CNT. 

The research was carried out on the REM-100-A-1 testing machine. The universal 
testing machine REM-100-A-1 meets the requirements and is designed for mechan-
ical tests in the mode of stretching, compression and bending of samples and products 
made of materials for which the destructive load does not exceed 100 kN. Loading 
of samples uniformly with a constant speed of movement of the loading head of the 
machine. The speed of movement of the loading head of the test machine was 4 mm/ 
min. 

Compression and tensile tests were performed on standard samples (Fig. 4). 
According to the test results, statistical processing of experimental data was 

carried out. 

3 Results and Discussions 

Figure 5 shows the results of mechanical tests of samples for compression and 
stretching of standard samples of a polymer composition, Fig. 6 shows samples 
of a composition with a nanostructured filler.

The compressive and tensile strength of the samples was determined by the 
formula:
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Fig. 5 Load–strain diagram for compression samples: a polymer composition b polymer compo-
sition with nanostructured filler 

Fig. 6 Load–strain diagram for tensile samples: a polymer composition b polymer composition 
with nano-structural filler

σw = Pmax 

a · b (1) 

where Pmax—is the maximum load, kN; a · b—re the cross-sectional dimensions of 
the working part of the sample, mm. 

According to the test results, statistical processing of experimental data was 
carried out. 

The lowest strength value was determined by the formula: 

Rs = x − σ (2)
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where x—is the average strength value; σ —is the standard deviation. 
The accuracy index of the obtained average value is determined by the formula: 

ξ = σx /x (3) 

where σx—is the average error of the average value. 
To summarize the test results obtained, Table 1 has been compiled. 
Figure 7 shows the results of studies of samples by optical microscopy in the 

longitudinal section. 
Optical microscopy illustrates the distribution of nanostructured filler in a polymer 

composition. 
Nanotubes, being distributed in the volume of the polymer matrix, cause the 

processes of molecular ordering in the amorphous phase of the polymer [30–34]. 
The resulting local ordering regions cause the effect of compaction of the composite 
structure [35–38]. It was found that an increase in the concentration of CNTs of more 
than 0.5% practically does not affect the size of their clusters, but only the number 
of these sites.

Table 1 Comparative data on the mechanical properties of a polymer composition and a 
composition with a nanostructured filler 

Type of tests Destructive load Pmax,kN 
Accuracy index P,% 

Voltage σ ,MPa 
Strength gain,% 

Polymer 
composition 

Polymer 
composition with 
nanostructured filler 

Polymer 
composition 

Polymer 
composition with 
nanostructured filler 

Compression 2.19 
+3.89 

2.54 
+4,99 

49.86 
− 

63,68 
27,72 

Stretching 1.83 
+3.95 

2.26 
+4.10 

36,65 
− 

45.26 
23.49 

a) b) 

Fig. 7 Examination of samples by optical microscopy: a polymer composition; b polymer 
composition with nanostructured filler 
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The micrographs shown in Fig. 7 can be interpreted as follows: samples with a 
content of 0.05 CNT mass fraction in the polymer composition in the polymer compo-
sition are characterized by the greatest uniformity of structure; carbon nanotubes 
form clusters of individual bundles that are differently oriented in the matrix. At a 
concentration of 0.05 of the mass part of CNT, clusters obviously fill the free space. 
At lower concentrations of CNTs, the concentration of bundles is insufficient to fill 
the free volume, therefore, they are mainly located on the surface. 

All these factors make it possible to explain the changes in the macro properties 
of composites, namely the greatest value of density and strength at concentrations 
of 0.05 mass fraction. 

4 Conclusions 

Thus, based on the results of studies of the mechanical properties of a polymer 
composition based on dimethacrylic polyester with a nanostructured filler for wood 
modification, the following conclusions can be drawn: 

1. A polymer composition based on dimethacrylic polyester with a nanostructured 
filler for wood modification was obtained. Carbon nanotubes (CNTs) of the 
Taunit-M series were adopted as an additive. 

2. The optimal amount of filler, established as a result of strength experimental 
studies, as well as optical microscopy, is 0.05 mass parts. 

3. In order to exclude the settling of nanotubes, surfactants (surfactants) must be 
added to the liquid phase of the polymer composition, for example, OP–10 in an 
amount of 0.05 mass parts. 

4. The strength of the thermally cured polymer composition according to the test 
results is 49.86 and 36.65 MPa, respectively, for compression and tensile samples. 

5. The strength of the composition when carbon nanotubes are introduced into its 
composition increases by 27.72 and 23.49%, respectively, during compression 
and tensile tests. 

6. Taking into account the strength properties of the polymer compositions 
under study, allows us to conclude that they can be used for thermochemical 
modification of wood. 

7. This study substantiates the theoretical possibility of using a composition with 
CNT for thermochemical modification of wood, which ultimately contributes to 
the development of composite building structures. 
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Hess, D., Vodák, M., Vodák, M., Brabec, M.: Wood-water interactions of thermally modified, 
acetylated and melamine formaldehyde resin impregnated beech wood. Holzforschung 76, 
437–450 (2022). https://doi.org/10.1515/hf-2021-0164 

21. Yuan, S., Wang, H., Li, X., Du, Z., Cheng, X., Du, X.: Flame retardant and form-stable phase 
change composites based on phytic acid/dopamine-decorated delignified wood for efficient 
solar-thermal energy conversion and storage. Compos. Part A Appl. Sci. Manuf. 160 (2022). 
https://doi.org/10.1016/j.compositesa.2022.107048 

22. Xu, L., Zhang, H., Xu, F., Zheng, C., Wu, J.: Study on the constructions of special wettability 
surface of earlywood and latewood | 利用早材和晚材构筑木材不均匀润湿性表面研究. J.  
For. Eng. 7, 35–42 (2022). https://doi.org/10.13360/j.issn.2096-1359.202106004 

23. Bisht, P., Pandey, K.K., Srinivas, G.: Physiochemical characterization and thermal behaviour 
of transparent wood composite. Mater. Today Commun. 31 (2022). https://doi.org/10.1016/j. 
mtcomm.2022.103767 

24. Lukin, M., Prusov, E., Roshchina, S., Karelina, M., Vatin, N.: Multi-span composite timber 
beams with rational steel reinforcements. Buildings (2021). https://doi.org/10.3390/buildings 
11020046 

25. Koshcheev, A.A., Roshchina, S.I., Lukin, M. V., Lisyatnikov, M.S.: Wooden beams with rein-
forcement along a curvilinear trajectory. Mag. Civ. Eng. (2018). https://doi.org/10.18720/MCE. 
81.19 

26. Song, P., Chen, C., Shen, X., Zeng, S., Premlatha, S., Ji, Z., Zhai, L., Yuan, A., Liu, Q.: Metal-
organic frameworks-derived carbon modified wood carbon monoliths as three-dimensional 
self-supported electrodes with boosted electrochemical energy storage performance. J. Colloid 
Interface Sci. 620, 376–387 (2022). https://doi.org/10.1016/j.jcis.2022.04.048 

27. Chen, G., Gupta, A., Mekonnen, T.H.: Silane-modified wood fiber filled EPDM bio-composites 
with improved thermomechanical properties. Compos. Part A Appl. Sci. Manuf. 159 (2022). 
https://doi.org/10.1016/j.compositesa.2022.107029 

28. Roshchina, S., Lukin, M., Lisyatnikov, M., Koscheev, A.: The phenomenon for the wood creep 
in the reinforced glued wooden structures. In: MATEC Web of Conferences (2018). https:// 
doi.org/10.1051/matecconf/201824503020 

29. Roschina, S., Gribanov, A., Lukin, M., Lisyatnikov, M., Strekalkin, A.: Calculation of wooden 
beams reinforced with polymeric composites with modification of the wood compression area. 
In: MATEC Web of Conferences (2018). https://doi.org/10.1051/matecconf/201825104029 

30. Plaza, N.Z., Pingali, S.V., Ibach, R.E.: Nanostructural changes correlated to decay resistance 
of chemically modified wood fibers. Fibers 10 (2022). https://doi.org/10.3390/fib10050040 

31. Zhou, J., Wang, B., Xu, C., Xu, Y., Tan, H., Zhang, X., Zhang, Y.: Performance of composite 
materials by wood fiber/polydopamine/silver modified PLA and the antibacterial property. J. 
Mater. Res. Technol. 18, 428–438 (2022). https://doi.org/10.1016/j.jmrt.2022.02.113 

32. Li, M., Wang, L., Zhang, J., Zhan, R., An, N., Sun, Y., Wu, F., Yang, J., Su, H.: Single-walled 
carbon nanotubes promotes wood formation in Populus davidiana × P.bolleana. Plant Physiol. 
Biochem. 184, 137–143 (2022). https://doi.org/10.1016/j.plaphy.2022.05.015 

33. Adibaskoro, T., Sołowski, W., Hostikka, S.: Multi-surfaced elasto-plastic wood material model 
in material point method. Int. J. Solids Struct. 236–237 (2022). https://doi.org/10.1016/j.ijsolstr. 
2021.111333 

34. Sergeev, M., Lukina, A., Shunqi, M., Glebova, T., Kryukov, A.: Work of wood-composite 
beams in panel floors of prefabricated buildings. Lecture Notes in Civil Engineering, vol. 182, 
pp. 493–499 (2022). https://doi.org/10.1007/978-3-030-85236-8_44 

35. Popova, M., Sergeev, M., Lukina, A., Shunqi, M.: Strength and deformability of lightweight 
metal trusses with elements from cut I-beams. In: IOP Conference Series: Materials Science 
and Engineering (2020). https://doi.org/10.1088/1757-899X/896/1/012061

https://doi.org/10.13360/j.issn.2096-1359.202107042
https://doi.org/10.1515/hf-2021-0164
https://doi.org/10.1016/j.compositesa.2022.107048
https://doi.org/10.13360/j.issn.2096-1359.202106004
https://doi.org/10.1016/j.mtcomm.2022.103767
https://doi.org/10.1016/j.mtcomm.2022.103767
https://doi.org/10.3390/buildings11020046
https://doi.org/10.3390/buildings11020046
https://doi.org/10.18720/MCE.81.19
https://doi.org/10.18720/MCE.81.19
https://doi.org/10.1016/j.jcis.2022.04.048
https://doi.org/10.1016/j.compositesa.2022.107029
https://doi.org/10.1051/matecconf/201824503020
https://doi.org/10.1051/matecconf/201824503020
https://doi.org/10.1051/matecconf/201825104029
https://doi.org/10.3390/fib10050040
https://doi.org/10.1016/j.jmrt.2022.02.113
https://doi.org/10.1016/j.plaphy.2022.05.015
https://doi.org/10.1016/j.ijsolstr.2021.111333
https://doi.org/10.1016/j.ijsolstr.2021.111333
https://doi.org/10.1007/978-3-030-85236-8_44
https://doi.org/10.1088/1757-899X/896/1/012061


Mechanical Properties of Polymer Composition Based … 287

36. Gribanov, A.S., Strekalkin, A.A., Kudryatseva, A.A., Zdralovic, N.: CFRP composites 
for strengthening wooden structures. In: IOP Conference Series: Materials Science and 
Engineering (2020). https://doi.org/10.1088/1757-899X/896/1/012114 

37. Repin, V., Grinyov, V.: The Experience in Automating Scientific Research to Identify 
Dangerous Zones in the Near-Support Sections of Wooden Beams, pp. 1230–1238 (2022). 
https://doi.org/10.1007/978-3-030-96383-5_137 

38. Lisyatnikov, M., Glebova, T., Rusak, K., Ivaniuk, A.: Strength and deformability of reinforced 
wooden beams of variable stiffness. Lecture Notes in Civil Engineering, vol. 182, pp. 549–561 
(2022). https://doi.org/10.1007/978-3-030-85236-8_48

https://doi.org/10.1088/1757-899X/896/1/012114
https://doi.org/10.1007/978-3-030-96383-5_137
https://doi.org/10.1007/978-3-030-85236-8_48


Tensile Strength of Wood Modified 
Polymer Composition with Carbon 
Nanotube Filler 

Mikhail Lukin , Tatyana Glebova , and Anatoly Naichuk 

Abstract For the rational use of wood in the manufacture of new types of wooden 
structures, strengthening of nodes and interfaces, it is currently advisable to use new 
materials and technical solutions using polymer compositions. Of the greatest interest 
are structural elements and manufacturing technologies of wooden structures using 
modern composite polymer materials with the inclusion of carbon nanotubes (CNTs) 
in their composition, which leads to increased strength and rigidity, reduced material 
consumption and mounting weight of structures, reduces the effect of anisotropy of 
properties and defects of wood on the bearing capacity. 

Modification is carried out using a polymer composition based on dimethacrylic 
polyester with a nanostructured filler. In order to establish the mechanical properties 
of wood, experimental tests were carried out with a polymer composition without 
filler and with a nanostructured filler. The increase in strength properties during the 
modification of wood was 23.55%, and with the addition of carbon nanotubes— 
37.15%. Experimental studies have proved the promising possibility of using a 
polymer composition to modify wood in order to increase its strength properties. 

Keywords Stretching · Testing · Polymer composition ·Modification ·
Microstructure · Nanotubes 

1 Introduction 

Wood as a structural material is used in many industries and engineering. The combi-
nation of high physical and mechanical characteristics and low specific gravity of 
wood in comparison with metal and reinforced concrete determines its high demand 
in construction [1–3].
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Coniferous and deciduous wood consists of a different set of anatomical elements, 
for which their ordered fibrous structure is common. The mechanical function in 
coniferous wood is performed by tracheids, which are located mainly vertically in 
the growing tree and make up 90% of the volume of wood. The location of wood 
fibers along the axis of the tree causes a sharp difference in the mechanical properties 
of wood along and across the trunk. The elastic modulus of pine for the direction 
along the fibers is almost 40 times greater than across, and the compressive strength 
is 10 times, and the tensile strength is 20–30 times [4, 5]. 

One of the ways to increase the physical and mechanical properties of wood 
is its modification. Modification of wood should be considered as a process of 
directed change of physico-mechanical, thermophysical, tribotechnical, biochem-
ical properties of wood in relation to the operating conditions of products made of it 
[6–8]. 

Thermochemical modification is based on the impregnation of wood with 
synthetic monomers and oligomers, followed by polymerization and curing by a ther-
mocatalytic method [9–12]. The technological process of saturation of wood with a 
modifying composition is similar to impregnation with antiseptics and flame retar-
dants, carried out according to the vacuum-pressure or vacuum-pressure-vacuum 
method at a temperature of 20–30 °C. The amount of the absorbed impregnation 
composition is assumed to be equal to 30–80% of the mass of the original wood. 
The compositions of monomers and oligomers (phenol alcohols, furan-, acetate, 
methyl methacrylate, styrene methylmethacrylate, styrene vinyl acetate, polyester 
resins, styrene polyester resins, etc.) and polycondensation resins (phenol–formalde-
hyde, epoxy, furan, urea–formaldehyde, etc.) are used as modifiers, the conditional 
viscosity of which according to the viscometer VZ-4 should be 11–14 c at a temper-
ature of 20 °C [13–16]. The viability of the modifier should ensure a complete tech-
nological cycle of wood impregnation. The composition can be cured by radiation 
and thermocatalytic method [17–19]. 

The purpose of the study is to study the tensile strength properties of wood 
impregnated with a polymer composition. 

2 Methods 

The impregnation composition for wood modification is a polymer composition 
based on dimethacrylic polyester with a nanostructured filler. The main components 
that make up the polymer composition are: liquid resin, dry hardener (0.25 mass 
parts), surfactant (OP–10) in an amount (0.5 mass parts), carbon nanotubes (CNTs 
of the Taunit-M series) (0.5 mass parts). Mixing of the components was carried out 
using a PE-8300 top-drive agitator equipped with a built-in control unit. 

The modification was carried out in the following order: 

1. Drying of workpieces to a humidity of 5–7% for 2 h at (110 + 5) °C in a standard 
drying cabinet (SHS-100-01) at atmospheric pressure.
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2. Checking the moisture content of each workpiece with a wood moisture meter 
(Testo-616). If the tests are not breaded immediately after drying, then they should 
be stored for no more than 3 days in a tightly closed container, for example, in a 
desiccator) at a temperature of (18–25) °C and humidity control. 

3. The blanks are placed in a container for impregnation, fixed with a plate from 
floating the blanks and filled with an impregnating compound 5 cm above the 
plate. The container is transferred to a mobile unit for vacuum infusion MVS-20 
(−01). Slowly, preventing rapid foaming of the impregnating composition from 
the air available in the blanks, the air is pumped out to a residual pressure of minus 
(0.8–0.9) atm. The blanks are kept under vacuum until there is no visible release 
of even the smallest air bubbles in the layer of the impregnation composition 
above the blanks, then the vacuum is discharged (Fig. 1a). 

4. To achieve the effect of modification for full volume impregnation, it is recom-
mended to carry out additional exposure (soaking) already impregnated billets 
in the impregnation composition for up to 15 days. 

5. Visually control the degree of filling with the composition of the workpiece. At the 
end of impregnation, the workpiece should sink in the impregnation composition, 
and not float. The completeness of the impregnation of the workpiece is controlled 
visually by a cross-section. 

6. The samples are wrapped in aluminum foil and placed at atmospheric pressure 
in a drying cabinet with forced internal ventilation. The curing temperature is 
(95–105) °C. The holding time is determined by the type of wood, it is selected 
for the dimensions of the workpiece and is usually at least 1 h (Fig. 1b).

a) b) 

Fig. 1 Technology of wood modification: a vacuuming of samples; b polymerization of samples 
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The research was carried out on a RM-50 M bursting machine. The bursting 
machine with a pulsator is equipped with an electrohydraulic automated control 
system for the loading process based on a computer, which provides static and 
dynamic tensile tests of metal and alloy samples, concrete samples, wood and 
polymer materials in manual and semi-automatic modes. Loading of standard 
samples was carried out uniformly with a constant speed of movement of the loading 
head of the machine—4 mm/min [20–23]. 

Tensile tests were performed on standard samples (Fig. 2). 
15 samples were tested—3 series of samples of 5 pieces each. 1 series—samples 

without modification, 2 series—images with modification by polymer composite 
and 3 series with modification by polymer composition with nanostructured filler. 
According to the test results, statistical processing of experimental data was carried 
out. 

In order to clarify and confirm the mechanical properties of wood modified with 
polymer composites, optical and scanning microscopy of samples was performed 
[24–26].

a) b) 

Fig. 2 Tensile testing of modified wood samples: a a sample during testing in a bursting machine; 
b samples after destruction 
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3 Results and Discussions 

Optical microscopy was performed on a Raztek MRX9-D digital optical microscope 
(Russia), which allows visual observation of the microstructure of opaque objects 
(see Fig. 3). The results of optical microscopy, presented in Fig. 4, illustrate the 
distribution of the polymer composition in the micropores of wood. 

Figure 4b shows that the tracheids of wood, when modified with a polymer compo-
sition, are systematically filled with it. The introduction of carbon nanotubes into the 
composition contributes to an even deeper filling of the tracheids (Fig. 4c). Eventu-
ally, wood turns into a composite with a more ordered structure at the cellular level, 
the anisotropy of properties decreases [27–30].

a) b) 

Fig. 3 Microscopy of wood samples: a along the fibers; b across the fibers 

a) b) c) 

Fig. 4 Results of microscopy of wood samples across fibers: a sample without modification; 
b sample with modification of polymer composition; c a sample with a modified polymer 
composition with a carbon nanotube filler 
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The microstructure of wood was determined using scanning electron microscopy 
on a Quanta 200 3D microscope. At the molecular level, this method is the most 
suitable for determining the structure of wood [31–33]. The results of this study 
contribute to a better understanding of changes in the microstructure of wood when 
modifying the mechanism of changes in the strength properties of wood (Fig. 5 and 
6). 

The micrographs shown in Figs. 5 and 6 can be interpreted as follows: with 
the introduction of a polymer composition into the wood, the pores between the 
strands of the tracheids are filled. The introduction of nanotubes into the composition 
contributes to a more complete filling of all the pores present in the cells of wood. 
As a result of polymerization, the density of wood increases [34–38]. Before the 
start of the tests, the samples were weighed and their density was determined. The 
average density value for wood samples without modification was 482 kg/m3, and 
the polymer composition with nanostructured filler was 646 kg/m3. Thus, the density 
of wood during its polymerization increases by an average of 34%. The introduction

a) b) c) 

Fig. 5 Examination of samples along fibers by scanning microscopy: a sample without modifi-
cation; b sample with modification by polymer composition; c a sample with a modified polymer 
composition with a carbon nanotube filler 

a) b) c) 

Fig. 6 Examination of samples across fibers by scanning microscopy: a sample without modifi-
cation; b sample with modification by polymer composition; c a sample with a modified polymer 
composition with a carbon nanotube filler 
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Fig.7 Diagram of “Load-strain” for tensile wood samples: a samples without modification; 
b samples with modified polymer composition; c samples modified with a polymer composition 
with a nanostructured filler 

of nanotubes into the polymer composition practically does not increase the density 
of wood. 

Figure 7a shows the results of mechanical tensile tests of standard wood 
samples without polymerization, Fig. 7b—wood samples with a modified polymer 
composition, Fig. 7c—wood samples with a modified polymer composition with a 
nanostructured filler. 

The compressive and tensile strength of the samples was determined by the 
formula: 

σw = Pmax 

a · b (1) 

where Pmax—is the maximum load, kN; a · b—re the cross-sectional dimensions of 
the working part of the sample, mm. 

According to the test results, statistical processing of experimental data was 
carried out. 

The lowest strength value was determined by the formula: 

Rs = x − σ (2) 

where x—is the average strength value; σ —is the standard deviation. 
The accuracy index of the obtained average value is determined by the formula:
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Table 1 Comparative data on the mechanical properties of a polymer composition and a 
composition with a nanostructured filler 

Type of test samples Indicators 

Without modification With modification by 
polymer composition 

With modification by 
polymer composition 
with nanostructured 
filler 

Destructive load Pmax,kN 
Accuracy index P,% 

8.64 
+3.84 

10.68 
+1.39 

11.85 
+2.36 

Voltage σ,MPa 
Strength gain,% 

43.23 
− 

53.41 
23.55 

59.29 
37.15 

ξ = σx /x (3) 

where σx—is the average error of the average value. 
To summarize the test results obtained, Table 1 has been compiled. 

4 Conclusions 

Thus, based on the results of studies of the tensile strength of wood with a modified 
polymer composition with a carbon nanotube filler, the following conclusions can 
be drawn: 

1. Modification of wood with polymer composites has great prospects and can 
significantly increase the efficiency of the use of structural solutions of wooden 
structures. 

2. At the stage of destruction of samples, the stress level in wood is equal to 
23–24% of the temporary tensile strength along the fibers for wood modified 
with composite, and 37–38%—with the addition of carbon nanotube filler to the 
composite. The limiting state occurs at the moment of rupture of stretched fibers 
or by weakening in the form of various defects of the stretched zone. 

3. As a composite, it is recommended to use the so-called impregnating composi-
tion, which is a polymer composition based on dimethacrylic polyester with a 
nanostructured filler. The main components that make up the polymer composi-
tion are: liquid resin, dry hardener (0.25 mass parts), surfactant (OP–10) in an 
amount (0.5 mass parts), carbon nanotubes (CNTs of the Taunit-M series) (0.5 
mass parts). 

4. At the cellular level, the tracheids of wood, when modified with a polymer compo-
sition, are systematically filled with it. The introduction of carbon nanotubes into 
the composition contributes to an even deeper filling of the tracheids. A composite 
with an ordered structure is formed at the cellular level, which ultimately leads 
to a decrease in the anisotropy of mechanical properties.
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5. This study substantiates the theoretical possibility of using polymer compos-
ites with CNTs for thermochemical modification of wood, which gives a strong 
impetus to the development of composite building structures and their further 
promising implementation. 

Acknowledgements The research was carried out at the expense of the grant of the Russian Science 
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Strength and Stability of a Double 
Curvature Vaulted Shell 

Marina Popova , Mei Shunqi , and Dmitry Reva 

Abstract In the course of the study, an analysis of the basics and the beginning of 
the operation of the shells was carried out; the calculation of the structure was carried 
out taking into account the dimensions of the section due to deformations. During 
the review of the literature, it was found that the principle of operation of the United 
Nations depends on their Gaussian curvature, since the size differs significantly 
from the bearing capacity of the system; They actively begin to work as structural 
elements around the world, they begin to act as a shaping element of a building 
fence or protection of its cover; the double curvature configuration is exceptional as 
its shape is close to a parabola or pressure curve consumed as a result of loading; 
lattice shells of double curvature are self-supporting and allow covering a large area 
without the use of additional non-existent structures. In the shell of double curvature, 
there is a uniform distribution of loads on all elements, which virtually eliminates 
brittle fracture, and also helps to optimize the mass of the coating and increase the 
efficiency of the structure for payloads. As part of the work, the stress–strain state 
of a shell with double curvature was studied. Based on the data obtained, it can be 
concluded that the operation of the shell is limited due to corrosion of the elements. 
When replacing the lost elements, the shell is able to perceive the required standard 
load. The margin of safety and stability, taking into account the flexibility of the 
elements, is 35%. The reliability of the data obtained for the analysis of the model 
under study is ensured by the accuracy of the finite element method. The practical 
significance of the work lies in the development of a methodology for calculating 
and building a model of a unique structure. 
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1 Introduction 

In modern design, the use of shells of double curvature allows you to create unique 
architectural objects. Due to their bearing capacity and lightness, the shells make it 
possible to cover large spaces without the use of internal supports, which has great 
prospects for the future [1–3]. 

Modern achievements in the use of shells are based on the developments of V.G. 
Shukhov, who became the founder of design and their application. From the point 
of view of nature, the shell is a shell or a curved outer durable coating [4]. 

In engineering, a shell is a spatial structure formed by two curved surfaces, the 
distance between which (thickness) is small compared to the other two dimensions 
[5]. 

Shells are used in industrial and civil construction—as load-bearing surfaces and 
ceilings, canopies, etc.; in tunneling, in particular—in the subway; in shipbuilding, 
rocket and aircraft construction—ship hulls, docks, fuselages and aircraft wings; 
in mechanical engineering—car bodies, tanks for transporting liquids, bunkers, etc. 
[6]. As a rule, they are used to cover large areas without intermediate supports, 
which allows the design to increase rationality and economy, as well as to achieve 
reliability, elegance and increased attention, thanks to the self-supporting properties 
of the structure [7]. Types of shell surfaces are classified according to their Gaussian 
curvature [8]. The Gaussian curvature of the shell surface is the measure of the 
curvature of the surface in the vicinity of any of its points [9]. These surfaces can 
be formed by the rotation and translation of the shell when some generatrix curve 
moves along an arbitrary guide so that the planes in which the generatrix lies remain 
parallel to each other at every moment [10]. 

Shell theory is used to calculate structures [11]. The methods for calculating thin 
and very thin shells are based on the assumptions that the shell material is isotropic 
and follows Hooke’s law, and that when the shell is deformed, the normals at each 
point of the middle surface are straight and do not shorten (the Kirchhoff–Love 
hypothesis) [12]. Based on these hypotheses, two groups of shell theories have been 
built: 

– linear, or the theory of small displacements; 
– non-linear, or the theory of shells, taking into account finite displacements. 

Based on the magnitude of the bending and torque moments, the theory of shells 
is divided into moment and momentless. In momentless theories, the magnitude of 
bending and torsional moments is small and practically does not affect the accuracy 
of the calculation [13]. 

Shells are made from a variety of materials: reinforced concrete, wood, metal, 
glass, composite materials, etc. [14–17]. 

Let us dwell in more detail on metal structures. The following advantages can be 
distinguished [18]: 

– high bearing capacity, that is, they can perceive significant forces with relatively 
small cross sections due to the high strength of the metal [19];
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– high reliability is ensured due to the uniformity of the metal structure and its 
elastic properties; 

– relatively small weight and portability [20]; 
– equal strength of welded joints with the base metal of the structure; 
– high industrialization ensures their increased quality due to prefabrication [21]; 
– are convenient in operation, as they have a sufficiently high maintainability and 

can be strengthened, for example, with an increase in loads in emergency situations 
[22]. 

The disadvantages of metal structures include: 

– subject to corrosion, which requires special measures to protect them; 
– low fire resistance (at temperatures above 400 °C for steels and temperatures above 

200 °C for aluminum alloys, the material begins to creep, i.e. its destruction). 

Shells allow you to: 

– significantly increase the range of spans of coatings of buildings and structures 
for various purposes; 

– block the premises with any configuration of the plan; 
– significantly lighten the mass of the coating, thereby increasing the efficiency of 

the structure for payloads [23–27]; 
– transform designs, give them uniqueness. 

Thanks to all the properties of objects, they are promising areas in architecture 
[28, 29]. 

The aim of the work is to study the application of double curvature, to determine the 
possibilities and conditions for its use, to determine design solutions in the application 
of the structure. 

To achieve the goal: 

– to analyze the foundations and riches of the work of shells; 
– agreed analysis of the constitution and basic definitions of geometric parameters 

and design features; 
– calculations of hull calculations; 
– Prepared recommendations for its further application. 

The object of study is a metal mesh shell of double curvature. 
The subject of the study is the strength characteristics of a shell of double curvature 

and the conditions for its application. 

2 Methods 

The methodology of the study is to review the current experience in the calculation 
and design of biconvex shells, the choice of the optimal design scheme, computer 
calculation and analysis of the data obtained [30]. Machine calculation involves the
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following steps: 1) calculation of a shell with various options for loading with a live 
load; 2) study of shell flexibility; 3) calculation of the control finite element model 
of the shell [31]. 

In this study, a finite element model is adopted for calculation, in which the shell 
is specified by rod finite elements of the 5th type (spatial rod). The use of the 5th 
type element is due to the fact that the Z-shaped profiles are made continuous along 
the length. 

As a research model, a metal mesh vault of double curvature with a plan size of 
14.6 × 38.4 m was chosen. In the cross section in the longitudinal and transverse 
directions, the vaults form circular segments with a bowing arrow equal to 1/6 of 
the span. The supporting base of the vaults is made up of curved Z-shaped rolled 
profiles connected to the arches through gussets. Z-shaped profiles, crossing at two 
levels and connected by means of rivets, form a rigid, unchanging shell. This shell of 
double curvature is a translation shell. Surface type—barrel vault. On rise—gentle, 
on execution—mesh with a rhombic pattern. The thrust that occurs in the mesh vault 
is perceived by horizontal puffs made of round steel and adjacent to the upper belt of 
arches in every second supporting node of the mesh vault. Each arch is a rectangular 
(14.63 × 38.4 m) flat shell of positive Gaussian curvature, consisting of 54 continuous 
bent (rolled) Z-shaped runs (profiles), 27 of which are located at a positive angle to 
the x-axis, and the remaining 27 form the opposite angle and are displaced by the 
size of the section. 

The result is an intersecting network in the form of arches or a paired structure 
of two parallel flat systems connected at the junction with rivets and horizontal ties 
(along the upper chords, this is just a continuous sheet tie). The general scheme of 
the shell is shown in Fig. 1. 

Fig. 1 General shell scheme
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Fig. 2 Spatial finite element rod model of the shell 

The automated technological chain of creating a design model based on a linear 
processor in SP LIRA-SAPR is as follows: design model—static analysis—DCF 
(design combination of forces)—DCF (design load combination)—design system— 
output of results. 

The spatial finite element model of the object under study is displayed in Fig. 2. 
In the course of the calculation, 8 loadings were formed: self-weight of the shell 

and cover frame; wind load in two loaded places (wind in Y, wind in X); ice load; 
snow load; pulsating component of the wind load. Estimated values of the weight of 
the snow cover and the standard value of wind pressure for the conditions of the city 
of Vyksa of the Russian Federation. 

In accordance with building codes, the selection and verification of metal sections 
are carried out in accordance with the most dangerous coverage conditions. The 
calculation of the calculated combinations of outcomes was carried out according 
to the criterion of increased values of significant diseases at the characteristic points 
of the sections of the elements on the basis of the rules selected by the regulatory 
documents. Calculation stages: received calculation, calculated events (hereinafter 
referred to as DCS), calculated arrivals of loads (hereinafter referred to as RCL), 
cases according to RCL.
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3 Results and Discussion 

As a result of the static calculation, the forces in the rod finite elements of the shell are 
determined. The calculation and analysis of design combinations of loads was carried 
out, and the most unfavorable design combination of loads was determined. For the 
convenience of reading the results, the maximum forces in the characteristic groups of 
finite elements, simulating the main metal structures of the workshop, were selected 
based on the design combinations of loads. According to the maximum efforts, the 
percentages of the depletion of the bearing capacity of the structural elements of the 
shop are determined. 

The maximum displacement of the upper point of the workshop according to the 
calculation carried out according to the RCL from the snow load is: 

– along the horizontal axis X: 20 mm; 
– along the vertical Z-axis: −41.3 mm. 

The resulting values of the maximum displacements in the shell satisfy the current 
standards, according to which the vertical limit deflections of the elements of this 
design should not exceed l/300. For l we take the largest span width of 38.4 m. 

One of the main reasons for the destruction of shell structures is the loss of stability 
of the original form of equilibrium. Destruction in this case occurs almost instantly. 

Oscillations are one of the most common forms of motion. As a result of the 
dynamic calculation, thirteen vibration modes and characteristics for each of the 
modes were obtained. The calculation and analysis of the design combination of 
loads was carried out. The results of dynamic analysis for load cases containing 
wind pulsation are converted into loads and stored in new static load cases (static 
wind along the Y axis, taking into account the pulsation component, and static wind 
along the X axis, taking into account the pulsation component). 

Natural frequencies of certain modes of vibration are given in Table 1. 
For the convenience of analyzing the results, the vibration modes that have the 

greatest impact on the calculation scheme are given (Fig. 3a, b, c). 
As a result of the stability calculation, three forms of buckling were obtained 

(Fig. 3d, i, f).
As a result of the calculation, taking into account the geometric nonlinearity, the 

forces in the rod finite elements of the workshop and the maximum displacement 
of the nodes were determined. The calculation and analysis of design combinations

Table 1 Natural frequencies of certain vibration modes 

Form No. Eigenvalues Frequencies Period, s 

Circular frequency, rad/s Frequency, Hz 

1 0.059 17.022 2.709 0.369 

2 0.054 18.405 2.929 0.341 

3 0.052 19.302 3.072 0.326 
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a) b) 

c) d) 

i) f) 

Fig. 3 Forms of oscillations and buckling of the shell: a the first form of oscillations (wind pulsation 
Y, waveform 1); b second waveform (wind pulsation Y, waveform 2); c third waveform (wind 
pulsation Y, waveform 3); d first form of buckling (buckling form, factor 1.4278); i second form of 
buckling (buckling form, factor 1.45696); f third form of buckling (buckling form, factor 1.49788)
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of loads was carried out, and the most unfavorable design combination of loads 
was determined. For the convenience of reading the results, the maximum forces 
in the characteristic groups of finite elements simulating the main metal structures 
of the shop were selected based on the design combinations of loads. Based on the 
maximum efforts, the percentage of depletion of the bearing capacity of the structural 
elements of the shop is determined. 

The safety factors of the general stability are determined (they correspond to 
the minimum safety factor for individual rods). For the most unfavorable design 
combination of loads (DCL 2), the safety factor for the first form of buckling is 1.4178, 
for the second form of buckling—1.4570, for the third form of buckling—1.4979. 

4 Conclusions 

1. The most loaded structures are the corner posts of the building and elements of 
the upper and lower chords of three-hinged arches. 

2. After the destruction of the brick walls, the flexibility of the corner posts 
increased, which caused the formation of additional forces from an eccentric 
load transfer. The lower section of the corner posts is the most loaded, and at the 
same time is highly susceptible to corrosion. 

3. Due to the fact that some nodes of the supports of the girders of the roof vaults 
on the three-hinged arch, as well as some of the elements of the lattice of arches, 
were removed from the design scheme, due to their almost complete destruction, 
the distribution of loads occurs unevenly and individual elements of the upper 
and lower chords of three-hinged arches perceive additional forces. 

4. The percentage of depletion of the bearing capacity in the elements of the work-
shop does not exceed 94% according to the calculation for the first group of 
limit states. The calculation for the second group of limit states showed that 
in all elements of the workshop, except for the corner posts and elements of the 
upper chords of the end trusses, the necessary conditions are met. The percentage 
of bearing capacity depletion in all elements of the shop does not exceed 71% 
according to the local stability calculation. 

5. The smallest stability factor of the frame was K = 1.4178. 
6. The strength and stability of the workshop, taking into account the removal 

of heavily damaged nodes and sections of structural elements of the workshop 
building from the design scheme, is sufficient to absorb the existing loads from 
its own weight, snow, ice and wind loads, and temperature effects. 
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Comparative Evaluation of Aluminum 
Alloys for the Manufacture of Connecting 
Systems in Building Structures 

Dmitriy Reva , Alexey Usov , and Mikhail Lukin 

Abstract This paper discusses industrial aluminum alloys that are most suitable 
for manufacturing small-sized parts for the construction industry using the example 
of timber connecting systems. A reasonable choice of the most suitable alloys was 
made, then the product designs were developed and their mechanical behavior was 
simulated in the LIRA software package with the condition of rigid fastening, consid-
ering loading conditions. It is shown that the designed products as part of the building 
structure, withstand the maximum load under the accepted operating conditions for 
each type of size, while connectors do not deform, which allows the use of less 
expensive alloys while maintaining the required bearing capacity. 

Keywords Industrial aluminum alloys · Connecting systems · Building 
structures · Evaluation of the alloys effectiveness 

1 Introduction 

Aluminum alloys are most widely used as decorative building materials in products 
such as building cladding, doors, glass curtain wall support systems, and aluminum 
alloy curtain wall framing. Spatial structures made of aluminum alloys actually 
appeared as early as the 1940s. However, today they are increasingly being used 
as a critical material for small parts that can operate in aggressive environments. For 
example, for pre-fabricated wooden structures, which at the same time can be hidden 
from the eyes so as not to spoil the overall look. Aluminum can work well in many 
structures, especially wood, because of its corrosion resistance. It lends itself well 
to processing and electric arc welding. As a material, it is quite common and has a 
low cost in all its many variations of alloys. It also has a low density, therefore, low 
weight. The above properties significantly distinguish this material from the usual 
steel products.
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According to GrandView Research, the global wood connector market was valued 
at $753.0 million in 2020 and is expected to grow at a compound annual growth rate 
(CAGR) of 13.9% between 2021 and 2028. Solid wood, cross-laminated wood, wood 
panels, reinforced wood beams [1–3], composite beams [4–6], and other wood prod-
ucts [7–10] are widely used in construction projects [11, 12], which will continue to 
drive demand for specialized connectors. The Austrian company “SHERPA” manu-
factures aluminum connectors, which comprise two parts, forming a rigid connection 
“Dovetail” [13]. This type of connection provides good transmission of horizontal 
and vertical forces, and performs well in compression and tension. 

To date, there are many options for connecting wooden structures, using corners, 
plates, pins [14–16], in small-sized structures, such as furniture, with screws, confir-
mations, furniture eccentrics. All the proposed methods after fixing remain visible 
on the finished structure, which spoils the overall appearance, and sometimes breaks 
faster than fixed objects. The proposed option by the manufacturer is quite expensive 
for customers. Therefore, for the production of analogues, it is necessary to identify 
which alloys are most suitable. 

The analysis of domestic and foreign literature in the field of the use of aluminum 
alloys in construction indicates significant progress in the search for suitable alloys 
and the development of technologies for obtaining promising materials [17–19] that 
are widely in demand in the construction industry. Aluminum alloys are a promising 
material for manufacturing monolithic and composite beams and bearing supports, 
especially in those areas that are associated with the design of light prefabricated 
structures and engineering structures. In this regard, the purpose of the work is to 
identify and justify the most appropriate grades of industrial aluminum alloys for 
manufacturing small building products. 

2 Materials and Research Methods 

The object of study in this paper is the connecting elements (connectors) for wooden, 
concrete, and metal structures. Aluminum alloys, which are most often used in 
construction, and their characteristics are investigated. To select among the tested 
alloys, it is necessary to know not only the physical and mechanical characteristics 
but also economic indicators, such as the market price. The price is determined by 
calculating the average value of the selling price of one kilogram of the alloy of each 
of the grades under consideration according to the data provided by suppliers as of 
May 31, 2022, translated at the official rate. Each given value of the price of 1 kg 
of the alloy is an arithmetic average value determined from the data of at least five 
different suppliers. 

Three alloys must be selected for further study of the models. Since we need the 
optimal combination of strength and price, also the average elongation percentage. 
To evaluate the indicators available in the table, the logical formula (1) was proposed
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UT  S  

Price 
− |Mean Elongation − Elongation| 

10 
(1) 

The design of small-sized building products was carried out using the Solid Works 
2017 software package (Dassault Systèmes SolidWorks Corporation, Waltham, MA, 
USA). The simulation of the mechanical behavior of the developed samples was 
carried out in the LIRA 10.10 software package (LIRA soft, Moscow). 

3 Selection and Justification of Grades of Aluminum Alloys 
for Modeling 

Having selected the most commonly used alloys in construction, having learned 
their mechanical characteristics, an assessment was made of the coefficients of effi-
ciency of use for manufacturing small-sized parts [20–22]. The results of calculations 
according to the proposed formula (1) are given and sorted in descending order of 
the coefficients of efficiency of use in Table 1.

Using the table data, a visual graph was constructed in descending order of the 
efficiency of use according to our criteria (Fig. 1).

Alloys AA2024 (D16), EN 46,100 (AK9M2), AA3004 (D12) can be consid-
ered the most rational for the conditions under consideration, because they are very 
common, the strength is sufficient, and relatively cheap. 

It was decided to offer our own version of the connector design. The Austrian 
analogue SHERPA was taken as a basis. The manufacturer claims that SHERPA 
wood connectors allow efficient and competitive planning and execution of complex 
tasks in the construction industry. From connections in timber structures through roof 
and wall elements to mixed and special steel and concrete structures, everything is 
possible. For a general analysis, 3 variants of our own product design were selected. 
In particular, a small connector, with dimensions of 40 × 25 × 10 mm, suitable for 
the safe construction of winter gardens, assembling furniture, sheds for parking lots, 
stairs, landings, and so forth. Medium, with dimensions of 120 × 70 × 14 mm, and 
large, 300 × 120 × 22 mm, they can be used in various areas of construction, the 
choice is wide: from the installation of wooden structures in the construction of roofs 
and walls to the erection of building structures (Fig. 2).

According to the developed solid models, the approximate mass of each designed 
part was estimated, taking into account the grade of the aluminum alloy used. The 
evaluation results are shown in Table 2.
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Table 1 Comparative evaluation of the efficiency coefficients for the use of various grades of 
aluminum alloys 

Alloy grade UTS, MPa Elongation, % Average market price of 
the material, $/kg 

Evaluation of the 
efficiency coefficients 

AA2024 420 7 3.2 1.9375 

AA2219 440 8 3.33 1.8536 

EN 46,100 274 1.5 2.04 1.7157 

AA7075 490 4 4.3 1.6498 

AA3004 220 3 2.08 1.4211 

A13600 235 3 2.36 1.3295 

7005 375 8 3.88 1.2889 

ZL201 333 4 4.31 1.0659 

A03280 284 2 3.33 0.9940 

AA6351 315 8 4.09 0.9793 

UNI 7369 260 1.5 210 0.8298 

A03600 245 1 3.33 0.7083 

A04130 157 2 2.36 0.7025 

312 265 2 4.09 0.6688 

A03550 235 1 3.33 0.6607 

AA6060 195 13 2.31 0.5939 

AA5005 175 10 2.85 0.5306 

A25140 167 1 2.92 0.4493 

518.0 225 6 7.69 0.4223 

A03560 235 1 4.31 0.4056 

AA6061 265 15 3.38 0.3025 

AA7049 660 8 21.08 0.2546 

A95154 185 12 3.65 0.1627 

A05200 314 12 9.48 -0.1166

4 Simulation Results 

A real example for modeling connectors from the considered alloys in the Lira 
software package was the connection of two beams at an angle of 90°. In the selected 
program, there is no possibility of detailed display, but this does not affect the quality 
of modeling, since it is possible to set object connections. For the EN 46,100 alloy, the 
modulus of elasticity is 70000 MPa, the density is 2720 kg/m3. Set a hard anchor for 
the connector as if it is attached to another beam and give a load for the large 100 kg/ 
m2. We carried out the calculation; we are interested in the results for the connector 
itself. Figures 3, 4 and 5 show normal stress calculations for a large connector.

We set the modulus of elasticity of the alloy AA2024 as 72,000 MPa, density 
2670 kg/m3. Figures 6, 7 and 8 show normal stress calculations for a large connector.
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Fig. 1 Graph of a comparative assessment of the efficiency coefficients for the use of various grades 
of industrial aluminum alloys

Fig. 2 Type of connector design: a 1st half of the middle connector; b 2nd half of the middle 
connector; c small connector assembly; d large connector assembly
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Table 2 Weight of designed 
connectors, g Type of connector EN 46,100 AA2024 AA3004 

small 25.4 24.9 25.4 

medium 287 282 287 

large 1991.5 1954.9 1991.5

Fig. 3 Calculation of the normal x-axis stress of a large connector in LIRA (Nx stress, MPa) 

Fig. 4 Calculation of the normal stress along the y-axis of a large connector in LIRA (Ny stress, 
MPa) 

Fig. 5 Calculation of the normal z-stress of a large connector in LIRA (Nz stress, MPa)
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Fig. 6 Calculation of the normal x-axis stress of a large connector in LIRA (Nx stress, MPa) 

Fig. 7 Calculation of the normal stress along the y-axis of a large connector in LIRA (Ny stress, 
MPa) 

Fig. 8 Calculation of the normal z-stress of a large connector in LIRA (Nz stress, MPa)
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We set the modulus of elasticity of the alloy AA3004 (D12) as 68,000 MPa, 
density 2720 kg/m3. Figures 9, 10 and 11 show normal stress calculations for a large 
connector. 

The performed calculations show that the products can withstand the maximum 
load under the accepted operating conditions. The results shown indicate that there 
is no deformation in the connectors. The conducted studies were carried out with 
the assumption of a rigid fastening of the connector in the beam’s body. In fact, the 
connectors will be fastened with screws, which will lead to the plastic nature of the 
destruction, which will begin with the screws being pulled out of the body of the 
beams, due to which the wood will collapse, while the connectors will not deform 
at the time of destruction even with rigid termination. Thus, it is possible to use less 
expensive alloys, such as EN 46,100, for manufacturing connectors, in this case, 
the use of alloy AA3004 is not appropriate, since it is similar in properties to EN

Fig. 9 Calculation of the normal x-axis stress of a large connector in LIRA (Nx stress, MPa) 

Fig. 10 Calculation of the normal stress along the y-axis of a large connector in LIRA (Ny stress, 
MPa)
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Fig. 11 Calculation of the normal stress along the z-axis of a large connector in LIRA (Nz stress, 
MPa)

46,100, but more expensive, and less common on the market, which may lead to 
supply instability. 

5 Conclusions 

Based on the analysis of cost indicators and mechanical characteristics, we made a 
choice of the range of aluminum alloys and composites for manufacturing shaped 
small-sized building products. A comparative assessment of the use of various grades 
of alloys by the values of the coefficient of efficiency of use is given. It is shown that, 
in terms of the combination of technical, economic, and mechanical characteristics, 
the use of EN 46,100 and AA2024 alloys is promising. Calculations show that the 
designed products withstand the maximum load under the accepted operating condi-
tions for each type of size, while connectors do not deform, which allows the use of 
less expensive alloys while maintaining the required bearing capacity. 
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Mechanical Behavior of Aluminum 
Matrix Composites in the Elements 
of Building Structures 

Dmitriy Reva , Mikhail Lisyatnikov , and Evgeny Prusov 

Abstract Prospects for the application of aluminum matrix composites as a mate-
rial for building structure are considered and analyzed in the context of current 
trends in the development of the construction industry. The possibility of replacing 
standard aluminum alloys with aluminum matrix composites in the manufacture of 
small-sized parts for building structures is considered, using the example of connec-
tors. The selection of a composite for modeling was carried out, three-dimensional 
models were developed, and the stress–strain state was calculated in the LIRA soft-
ware package under the condition of rigid fastening, taking into account the loading 
conditions. Analysis of the results of computer simulation of the mechanical behavior 
of aluminum matrix composites as part of a real building structure confirms that they 
perceive the applied load without deformation and destruction. 

Keywords Aluminum matrix composites · Building structures ·Mechanical 
behavior · Stress–strain state · Computer modeling of structures 

1 Introduction 

In recent years, one of the pronounced trends in the development of the construction 
industry around the world is the development and implementation into production 
of new lightweight and durable structural materials [1–3]. Using aluminum alloys 
in the elements of building structures allows to significantly reduce the weight of 
structures and their parts as compared to the steel or reinforced concrete, as well as 
reduce the total material consumption of structures [4, 5]. Among other things, it 
contributes to improved transportability and simplicity of installation of structural 
elements and, as a consequence, reduces the overall construction time. In many 
cases, the use of aluminum alloys can improve the corrosion resistance of building 
structures and extend their service life, as well as reduce operating costs [6–8]. In
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a number of areas of industrial and civil engineering, aluminum alloys have long 
been successfully competing with steel, primarily in various marine structures and 
waterworks, bridges, earthquake resistant structures [9–12]. 

At the same time, aluminum products cannot always meet the strength and stiffness 
requirements for building structures, so their use in many areas is limited, despite the 
many potential advantages. In addition, the strength and stiffness of non-reinforced 
aluminum alloys decrease very quickly at elevated temperatures, for example, under 
fire conditions [13–15]. In this regard, it is of considerable interest to assess the 
possibility of using aluminum matrix composites for elements of light building struc-
tures, in comparison with aluminum alloys, which provide an increase in stiffness 
and damping characteristics, an increase in resistance to elevated temperatures, a 
decrease in the thermal expansion coefficient and the overall material consumption 
of products [16–18]. 

However, aluminum matrix composites, despite their obvious advantages, have 
a relatively high price in comparison with traditional materials. This is due to the 
high cost of the reinforcing components used, the more complex and multistage 
technological process for obtaining products, as well as the difficulties in subse-
quent processing. These aspects are among of the reasons for the limited use of 
these promising materials. Improvement of technological processes of production of 
aluminum matrix composites and the selection of cost-effective reinforcing compo-
nents will contribute to the expansion of their use in various fields. At the same time, 
one of the questions requiring the decision for the reasonable use of aluminum matrix 
composites at manufacturing of elements of building structures is the study of their 
mechanical behavior in the structure’s composition. 

Thus, considering the identified trends and problematic issues, priority should 
be given to assessing the potential possibility of replacing traditional materials with 
aluminum matrix composites, which are characterized by low weight, increased 
strength and thermal resistance compared to many standard materials, including non-
reinforced alloys. The production of small-sized building parts from aluminum matrix 
composites, included in the work in the wooden structures, has significant potential. 
To create competitive products from aluminum matrix composites, it is required 
to simulate and analyze their mechanical behavior in the calculation systems. The 
present work is devoted to the solution of this issue using the example of connectors 
for wooden structures. 

2 Materials and Methods 

Figure 1 compares the tensile strength of aluminum matrix composites of various 
compositions with standard grade A04130 aluminum alloy used as the matrix mate-
rial. The given values were systematized by one of the authors of this paper based on 
the results of searches in specialized databases, reviews and scientific papers, as well 
as considering information provided by various manufacturers. The collected data
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Fig. 1 Comparison of tensile strength of aluminum matrix composites with standard grade 
aluminum alloy A04130 

were compared and critically analyzed; in the case of discrepancies in the reported 
values for the same position, the average value of the strength is given. 

The accumulated experience in obtaining aluminum matrix composites with 
various reinforcements indicates that the addition of dispersed reinforcing particles 
increases the strength by 30% or more of the same indicator of the standard A04130 
alloy. SiC powdered particles are the most widespread as a reinforcing component in 
obtaining aluminum matrix composites, largely due to the fact that with a sufficiently 
good reinforcing effect they are widely used in industry and have a low cost. In this 
work, the composition A04130 + 10 vol.% SiC was set to analyze the mechan-
ical behavior of aluminum matrix composites. We considered small-sized building 
products in the form of connectors used in the assembly of wooden structures. In 
our previous exploratory tests, aluminum connector designs have been developed 
for various types of structures. A three-dimensional model of the connectors of the 
proposed design was developed in SolidWorks software, Fig. 2 shows the models of 
a small, medium and large connector, the latter is shown separately in halves.

The estimated weight of the connectors is shown in Table 1.
The simulation of the mechanical behavior of the developed aluminum matrix 

composite connectors was carried out in the LIRA 10.10 software package (LIRA 
soft, Moscow). 

3 Results and Discussion 

A real example for simulation was the connection of two wooden beams at an angle 
of 90° using the considered types of aluminum matrix composite connectors. In 
the selected software, there is no possibility of detailed imaging, but this does not



326 D. Reva et al.

Fig. 2. 3D models of connectors: a) small connector; b) medium connector; c) 1st half of the large; 
d) 2nd half of the large connector

Table 1 Weight of aluminum 
matrix composite connectors Connector model R small R medium R large  

Weight, g 26.6 300.7 2086.7

affect the overall simulation results, since it is possible to set and analyze object 
relationships. The connectors were depicted according to the dimensions: small 
40 × 25 × 10 mm, medium 120 × 70 × 14 mm, and large 300 × 120 × 22 mm. 
The calculated modulus of elasticity of the aluminum matrix composite (A04130 
+ 10 vol.% SiC) was set to 103,000 MPa, and density was set to 2850 kg/m3. The  
following loading parameters were set: 50 MPa for a small connector, 75 MPa for 
a medium connector, and 100 MPa for a large connector. Figures 3, 4, 5, 6, 7, 8, 9,
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10 and 11 show the calculated shift relative to the initial fixation and normal stress 
calculations for the considered types of connectors. 

Analysis of the results of computer simulation of the mechanical behavior of 
aluminum matrix composites as part of a real building structure confirms that they 
perceive the applied load without deformation and destruction. Thus, the use of 
aluminum matrix composites instead of traditional aluminum alloys opens up addi-
tional opportunities for improving the performance characteristics of architectural 
and building structures, as well as engineering structures for various functional 
purposes, primarily as a material for small-sized building products. At the same 
time, it is assumed that such an approach will make it possible to overcome the main 
disadvantages that limit the use of aluminum structures, in particular, insufficient 
stiffness and mechanical characteristics, a high coefficient of thermal expansion, as 
well as increased material consumption (due to the selection of reinforcing compo-
nents from among non-deficient materials and the widespread use secondary raw 
materials). The reasonable use of aluminum matrix composites to solve the identified 
problems requires the development of a set of technical, economic and engineering

Fig. 3 Calculation of the normal x-axis stress of a small connector in LIRA (Nx stress, MPa) 

Fig. 4 Calculation of the normal y-axis stress of a small connector in LIRA (Ny stress, MPa)
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Fig. 5 Calculation of the normal z-axis stress of a small connector in LIRA (Nz stress, MPa) 

Fig. 6 Calculation of the normal x-axis stress of a medium connector in LIRA (Nx stress, MPa) 

Fig. 7 Calculation of the normal y-axis stress of a medium connector in LIRA (Ny stress, MPa)
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Fig. 8 Calculation of the normal z-axis stress of a medium connector in LIRA (Nz stress, MPa) 

Fig. 9 Calculation of the normal x-axis stress of a large connector in LIRA (Nx stress, MPa) 

Fig. 10 Calculation of the normal y-axis stress of a large connector in LIRA (Ny stress, MPa)
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Fig. 11 Calculation of the normal z-axis stress of a large connector in LIRA (Nz stress, MPa)

criteria for the selection of components and optimization of technological solutions 
for the production of parts from composite materials for the manufacture of elements 
of building structures. 

4 Conclusions 

The performed calculations show that aluminum matrix composite connectors can 
be used as an effective alternative to standard aluminum alloys in the manufacture of 
connectors for building structures, since they can carry a large load without deforming 
even at maximum loads in the accepted operating modes. 
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Composites for Bricklaying 
and Decorative Elements 

Lubov Zakrevskaya and Ksenia Nikolaeva 

Abstract The object of the study is the building materials of a building that is subject 
to restoration. Laboratory studies were carried out, during which the physical and 
mechanical properties of the studied materials were determined: density, compressive 
strength, humidity. X-ray phase analysis and scanning electron microscopy give 
an idea of the chemical composition and microstructure of materials. During the 
work, the compositions of restoration compositions for bricks and decorative concrete 
elements (balusters, cornices) were developed. In the course of laboratory studies, a 
composite for the restoration of brickwork and a composition of fiber concrete for 
the restoration of architectural elements of a building with the addition of asbestos 
fibers was obtained, which has the following characteristics: dry matter density of 
1.83 g/cm3, compressive strength of 45.2 MPa, elastic modulus of 0.95 MPa, thermal 
conductivity of 0.65 W/(m · C), frost resistance F75. Asbestos fibers are the optimal 
reinforcing element of fiber concrete, composites with the addition of chrysotile 
have a strong energy bond along the fibers, which provides greater tensile strength. 
The resulting material is resistant to chemical influences, since chrysotile, unlike 
many other fillers, does not dissolve in an alkaline environment. Surfactant P-17 in 
the compositions of the obtained composites contributes to the optimization of their 
physical, mechanical and operational properties, and also meets modern requirements 
for environmental safety. 

Keywords Restoration · Brickwork ·Mineral mortar · Fiber concrete ·
Chrysotile-asbestos · Physical and mechanical characteristics · Surfactants 

1 Introduction 

There are many studies in the field of masonry restoration, which describe in detail 
various methods of its restoration [1–5]. One of the most effective methods is the 
method of recoveries brickwork. It is well known that when restoring architectural
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monuments, materials should be used that are similar in composition, physical and 
mechanical properties to the original materials. Also, during the restoration, it is 
important to preserve the masonry technique that was used during the construction 
of the reconstructed structure. According to studies [6, 7], the method of bricklaying 
allows to preserve the original materials in their original form, since special modified 
mineral solutions are used to restore the bricklaying, which correspond to the original 
material in composition and physical and mechanical properties. 

The study [8] describes the technology of restoration of brickwork, and what 
materials are needed to perform a particular technological operation. Also, there 
are no compositions of modified mineral solutions for restoration in the work. In 
the study [9], the injection method is considered in the most detail. However, with 
many advantages of this method, it is quite problematic to reproduce the technique 
of old masonry when using it. For the correct organization and execution of works 
on the reconstruction of brickwork, it is necessary to know the main factors leading 
to its destruction. Thanks to the research [8–10], factors affecting the durability 
and suitability of brickwork have been formed. The aggressive impact of the urban 
environment, the vital activity of living organisms and temperature changes caused 
by the influence of solar radiation negatively affect the condition of the masonry. It is 
also important to remember that when water penetrates into the joints of the masonry 
in the structure, there is a violation of the integrity due to freezing and thawing [9]. 

Facade decor made of concrete has been used in construction for a long time, 
but facade decorative elements are destroyed over time. When restoring decora-
tive elements from concrete, the most effective solution is the use of architectural 
fiber concrete, this material is modern and quite common in construction [11]. Fiber-
reinforced concrete has a number of features, thanks to which this material is effective 
and durable. Fiber-reinforced concrete facades have higher strength characteristics 
compared to traditional concrete, as well as greater opportunities for creating deco-
rative elements of complex shape and resistance to external influences for a long 
time [12, 13]. 

The appearance of decorative elements made of fiber-reinforced concrete does 
not depend on weather conditions. This is largely due to the fact that the coefficient 
of linear expansion of fiber concrete practically does not differ from the similar 
indicator of the material of the external walls to which the decor or decoration is 
attached. This is an important quality for facade elements made of fiber concrete, 
since all types of loads that a building experiences are equally distributed between 
all its parts, including decorative elements. 

Almost any type of material can act as a micro-reinforcing element. In this paper, 
it is proposed to use asbestos fiber as a reinforcing element. In studies [14–17, 20], 
chrysotile fibers are considered as an optimal reinforcing element, and the mechanism 
of interaction of the components of fiber concrete is also described. At the same time, 
the compositions of fiber concrete with chrysotile fibers as a reinforcing element 
are not presented. One of the important properties of chrysotile is its resistance to 
aggressive alkaline environment.
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2 Materials and Methods 

The object of the study is the construction materials selected at the restoration object – 
Voronov’s dacha. The studied samples are ceramic bricks, concrete balusters. The 
samples selected for the study are shown in Figs. 1 and 2. 

Table 1 shows the physical and mechanical properties of the materials under study: 
concrete balusters and ceramic bricks.

Physical and technical properties were studied according to standard methods. 
The density of the samples was measured by the hygrostatic method, the strength 
was measured by the non-destructive method using the strength meter of building 
materials IPS-MG4. 036. The humidity of the samples was obtained by using the 
Protymeter MMS Plus moisture meter (manufacturer “GE Protimeter”, Ireland). 

The chemical composition and microstructure of the starting materials were 
studied using X-ray phase analysis and electron microscopy on a Bruker AXS D8 
ADVANCE powder diffractometer (model D8, manufacturer: Bruker Optik GmbH,

Fig. 1 Samples selected for 
the stud concrete balusters 

Fig. 2 Samples selected for 
the study ceramic bricks 



336 L. Zakrevskaya and K. Nikolaeva

Table 1 Physical and mechanical characteristics of the materials under study 

Sample 
name 

Name of properties Notes, explanations 

Density, 
g/cm3 

Compressive 
strength, MPa 

Humidity, % 
by weight 

Concrete 
balusters 

2.06 37 2.2 The material is in working 
condition, suitable for further use, 
taking into account the restoration 

Ceramic 
brick 

1.73 15.8 2.5 The material is in working 
condition, suitable for further use, 
taking into account the restoration

Germany) and a FEI Quanta 200 3D scanning electron microscope (manufacturer: 
FEI, United States of America). 

3 Results and Discussions 

The results of the X-ray phase analysis are presented in Figs. 3 and 4. 
Figures 5 and 6 shows the results of electron microscopy.

Fig. 3 Results of X-ray phase analysis of sample No. 1 – concrete balusters
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Fig. 4 Results of X-ray phase analysis of sample No. 2 – ceramic brick

Fig. 5 The results of 
electron microscopy of the 
selected samples concrete 
balusters

The following materials are used for the restoration of brickwork: gray portland 
cement; brick chips (0.01–0.25 mm, 0.5–1 mm); superplasticizer P-17; water for 
sealing; pigment (if the brickwork is not subject to finishing and painting). 

According to the results of laboratory studies, the composition of a modified 
mineral solution was developed, which is used for the restoration of brickwork. The 
composition of the mineral solution is shown in Table 2.

The technology of restoration and repair of architectural concrete is selected taking 
into account the purpose and degree of loading of the structure, the degree of damage, 
environmental conditions, aesthetic requirements for the object. Table 3 shows the
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Fig. 6 The results of 
electron microscopy of the 
selected samples ceramic 
bricks

Table 2 Composition of the modified mineral solution for the restoration of brickwork 

Serial number Components Composition of the composition in weight parts 

1 Grey Portland cement M-400 1.0 

2 Brick chips of the fraction: 
0.01–0.25 mm (60%) 
0.5–1.0 mm (40%) 

4.0 
2.4 

3 Superplasticizer P-17 0.01 

4 Water 1.0–1.1

composition of fiber concrete, which is used in the restoration of architectural 
elements of buildings. 

Table 4 shows the physical, mechanical and operational properties of the resulting 
material.

Chrysotile forms micro-reinforcement in the composite due to its structure – the 
thinnest tubes, which can be attributed to natural nanostructured materials. A charac-
teristic feature of the material with the addition of chrysotile is a powerful bond along 
the fiber, which is confirmed by high values of the average elastic modulus (about 
20 000 MPa) and tensile strength (about 400 kg/mm2). They are also characterized 
by high chemical resistance and low thermal conductivity and favorably differ from 
CNTs by a well-defined orientation [15, 18–20].

Table 3 Composition of fibro concrete on asbestos fiber 

Composition The content of components, masses.% 

Portland Cement Silica 
component 

Fiber (asbestos 
fiber) 

Superplasticizer 
P-17 

Water 

FBA-1 49 23 8 0.55 19.45 

FBA-2 50 20 10 0.5 19.5 

FBA-3 51 19 12 0.65 17.35 
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Table 4 Physical, 
mechanical and operational 
properties of the obtained 
material 

Name of material properties Composition 

FBA-1 FBA-2 FBA-3 

Dry matter density, g/cm3 1.75 1.83 1.79 

Compressive strength, MPa 35.4 44.8 33.6 

Modulus of elasticity, MPa 0,4 0.95 0.88 

Thermal conductivity, W/(m · °C) 0.56 0.65 0.62 

Frost resistance F50 F75 F50

The rational choice of surfactants is of great importance in optimizing the prop-
erties of the developed composite. A polycarboxylate superplasticizer (PKS) of the 
Makromer brand was used in the work, since plasticizing additives of the C-3 type 
do not meet the requirements for environmental safety. The use of PKS contributes 
to the production of composites with low creep under load. The minimum dosages 
of PKS ensure a high density of fiber-concrete mixtures and increase their opera-
tional characteristics. According to the results of the studies shown in Table 4, the  
composition of fiber concrete FBA-2 has the best indicators. 

4 Conclusions 

According to the results of the study, it can be concluded that the material of sample 
No. 1 (concrete baluster) consists of calcium hydrosilicates, quartz and carbonates in 
the form of dolomite and siderite. The reactions of silicate formation went through 
to the end, the material gained the maximum possible strength. 

Sample No. 2 (ceramic brick) includes clay minerals and quartz. 
According to the results of electron microscopy, the material of sample No. 1-a 

concrete baluster, at an increase of 4000 times, is represented by a fine-grained struc-
ture of cement hydration products, the volume is permeated with pores. According 
to the results of the research, it can be concluded that the material of sample No. 2 
(ceramics) is dense, of a homogeneous structure. 

During the research, a modified mineral solution was developed for the restoration 
of brickwork. To prepare this solution, the following technological operations must 
be performed: weigh the dry components of the mixture on a technical scale, and 
then place them in a container for dry mixing; mix the dry components of the mixture 
thoroughly; weigh the required amount of polycarboxylate superplasticizer, dose the 
required amount of water into a special container, place the additive (superplasticizer 
P-17) in it and mix thoroughly.; add the cement and brick chips in portions to the 
dry mixture, and then add water and mix thoroughly for 15 min until smooth. The 
mixture should be thoroughly mixed and not contain unevenly mixed parts of cement, 
brick chips and pigment, the mixture should be plastic during restoration work. The 
granulometric composition of the mixture should not change during mixing; after
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mixing, the composition is discharged into an intermediate container, and it can 
be used for work. It should not be stored for more than 2 h from the moment of 
preparation, when stored for two hours, it must be periodically mixed to preserve 
plasticity. 

As a result of the research, the composition of fiber concrete based on asbestos 
fiber was developed, which is an innovative and durable material that is not prone 
to cracking, like most modern architectural concretes. Thanks to the chrysotile 
fibers, this material is frost-and heat-resistant, has low thermal conductivity and 
has sufficient resistance to aggressive environmental conditions and has high tensile 
strength. 
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Soil Compositions Based on Binders 
from Carbonate Waste Rocks 

Lubov Zakrevskaya and Ksenia Nikolaeva 

Abstract The object of the study is a weak water-saturated soil. It is well known 
that soils with a high degree of humidity are difficult to compact and loosen. Natural 
drying of waterlogged clay soils occurs very slowly, and artificial methods are inef-
fective. At the same time, such soils are characterized by thixotropy of properties. 
Due to the above-mentioned features of water-saturated clay soil, a method of using 
complex mineral binders was chosen. The dependence of density and strength on 
the consumption of a complex binder is established: the density of the soil being 
fixed is inversely proportional to the content of slaked lime. The maximum compres-
sive strength of the soil to be fixed is achieved with a lime content in the range of 
26–32 wt.%. The optimal amount of lime is 28.3 wt.%, dolomite is sufficient in the 
amount of 30 wt.%, chrysotile asbestos − 7 wt.%. At the same time, strong crystals 
of hydrosilicates and hydroaluminates are formed in the soil fixed with chrysotile 
asbestos. Based on the conducted studies, it was concluded that the complex fixation 
of clay soil with chrysotile asbestos, polycarboxylates leads to an increase in the 
calculated resistance of the soil, improving its operational characteristics. 

Keywords Fixed soil · Strength characteristics · Binders ·Moisture resistance ·
Thixotropy · Carbonate rocks · Surfactants · Chrysotile-asbestos 

1 Introduction 

For clay-type soils, thixotropy is characteristic, due to the mobile equilibrium under 
mechanical action [1–4]. The optimal amount of lime added to them can vary 
depending on the humidity of the soil being fixed and its structure. There is a large 
amount of research in the field of fixing weak soils with mineral binders [5–12].
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In the course of studies [2, 6, 13], it was found that to stabilize and compact the 
water-saturated soil, it is enough to introduce lime in an amount of 2–4% of the total 
mass of the soil. The possibility of using such a soil composition in the conditions 
of modern construction was proved experimentally. At the same time, the addition 
of lime in the amount proposed in [9] cannot significantly affect the increase in the 
strength of the soil and the change in its degree of humidity. When using the methods 
of soil consolidation described in the studies [9, 10], it is impossible to carry out mass 
processing of industrial waste. In this regard, there is a need to increase the content 
of lime waste in the fixed array. 

A similar situation is observed in [5, 6]: a description of the effect of the interaction 
of a binder with a water-saturated clay soil is presented. There is no development 
and study of the compositions of soil compositions modified with binders based on 
mining waste. The results of the interaction of the binder with the finely dispersed part 
of the clay soil are presented in the form of graphs, which does not give a complete 
idea of the properties of the material based on the fixed clay soil. The maximum lime 
content does not exceed 10% of the soil mass. The addition of a binder in the amount 
proposed by the authors in the study [6] allows to achieve an increase in strength to a 
small extent, while the low content of lime waste reduces the volume of processing 
of mining industry waste. 

In the studies [13–15], the goal is to select the minimum amount of binder for modi-
fying and optimizing the properties of water-saturated soil, this allows to improve 
its properties and characteristics to some extent. The material presented in [14] has 
low strength, is rather heterogeneous, and loses the obtained properties when the soil 
mass is watered. 

The world practice has a rich experience in fixing soils using various modifying 
additives. Basically, stabilizers are used, which, due to the activation of physico-
chemical processes, contribute to the optimization of the strength characteristics 
of the soil base. The most well-known and generally accepted stabilizers of clay 
soils are: EN-1, Roadbond, Gonsolid, Perma-Zume, ECOroads, M10+50, Under-
bold, SPP, Nanostab, Nikoflok, T-RRP, RRP-235 Special, Terrastone, Consodolid, 
Status, Dorzin, NiCoflok, ANT, EI-GI-1. The existing publications do not contain a 
sufficiently evidence-based experimental base, which does not allow us to qualita-
tively assess the physical and mechanical characteristics of the material obtained on 
the basis of soil fixed with mineral binders. 

It is well known that in order to improve the characteristics and form a more 
solid and monolithic structure of the fixed soil, complex stabilization methods are 
used. Complex soil fixing is the treatment of soil with a combination of several 
components at once: organic and inorganic binders, surfactants. This allows us to 
obtain a qualitatively new material with improved performance and characteristics 
by optimizing the amount of chemical additives.
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2 Materials and Methods 

2.1 Materials 

Table 1 show the chemical compositions of the clay soil being fixed. 
Table 2 present the chemical composition of lime waste. 
In the course of the study, a binder from dolomite waste was used, which is 

magnesia lime, which in turn provides low porosity and high strength indicators of 
soils, is characterized by high adhesion (up to 3 MPa) with various soil bases. 

Table 3 show the chemical compositions of dolomite waste from the Melekhosky 
deposit. 

Polycarboxylate superplasticizers “Macromer” (PKS), in particular the P-16, 
P-17 brands, consist of polycarboxylate acid and alkylene oxide branches from the 
main chain of various molecular weights. This structure provides the particles of the 
soil composite with electrostatic and spatial repulsion. Table 4 shows the properties 
of polycarboxylates used in the work.

The rational choice of surfactants and the optimal content of carbonate rock waste 
is of great importance in optimizing the properties of the soil being fixed. A polycar-
boxylate superplasticizer (PKS) of the Makromer brand was used in the work, since 
plasticizing additives of the C-3 type do not meet the requirements for environmental 
safety. The use of PKS contributes to the production of soil-concrete mixtures with 
low shrinkage deformation and creep under load. Minimum dosages of PKS ensure 
high dispersion of soil-concrete mixtures and increase their operational characteris-
tics. P16 and P17 grade PCS at concentrations from 0.3 to 0.6 mass percent allow 
the use of soil-concrete mixtures in the construction of foundations of residential 
buildings [16–18].

Table 1 Chemical composition of clay soil 

Oxides SiO2 Al2O3 Fe2O3 TiO2 CaO 

Quantity, mass.% 56.0–69.3 26.9–35.6 0.45 1.01 0.51 

Table 2 Chemical composition of lime waste 

Oxides Ca(OH)2 CaCO3 MgO SiO2 

Quantity Mass, % 68.35 25.24 4.12 2.29 

Table 3 Chemical composition of dolomite waste 

Oxides CaO MgO CO2 Al2O3+Fe2O3 SiO2 

Quantity, 
Mass., % 

29.4–30.6 19.8–20.2 44.9–45.9 0.3–1.8 0.5–4.2 
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Table 4 Properties of polycarboxylates 

Name of the 
indicator 

Macrometer 
P-11 

Macrometer 
P-13 

Macrometer 
P-15 

Macrometer 
P-16 

Macrometer 
P-17 

Appearance Liquid—from colorless to yellow color without mechanical impurities 

Indicator of the 
activity of 
hydrogen ions, 
pH of units, 
within the limits 

6–8 6–8 6–8 6,5–8 6,5–8 

Density at 25 
°C, g/cm3 

1.07 ± 0.01 1.092 ± 0.003 1.110 ± 0.006 1.110 ± 0.005 1.110 ± 0.005 

Dry matter 
content, % 

25 30 40 40 40 

Dynamic 
viscosity at 25 
°C, MPa*s, 
within 

20–40 30–90 110–250 140–280 130–250

Table 5 Content of surfactants and lime for various clay soils 

Type of clay soil and its humidity characteristics Additives of surfactants and lime waste 

SURFACTANT Lime waste 

Loam 0.2–0.5 5–7 

Clay 0.3–0.7 7–12 

Sandy loam 0.15–0.18 8–9 

Table 5 shows the ranges of surfactant and lime content for various clay soils 
when optimizing their properties. 

2.2 Methods 

The physical and mechanical properties of the initial materials and the resulting soil-
concrete compositions were studied according to standard methods. The samples 
were subjected to a strength test (for uniaxial compression). To obtain a quantitative 
characteristic, the strength of the samples was measured by the method of destruction 
under the PGM-1500M4 press. 

The samples were tested for frost resistance by an accelerated method using a 
5% sodium chloride solution. The pre-tested samples were saturated with a solution, 
then subjected to freezing in air at a temperature of minus 18–20 °C for 2.5 h and 
subsequent thawing in a solution of sodium chloride for 3.5 h at a temperature of 
plus 20 °C.
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After the required number of freezing and thawing cycles, the samples were 
subjected to a compression test. The remaining samples were tested for water resis-
tance: they were saturated with water, after which they were subjected to a compres-
sion test. The water resistance of the obtained material was evaluated using the 
softening coefficient. 

The microstructure of the initial materials was studied using X-ray phase analysis 
and electron microscopy on a Bruker AXS D8 ADVANCE powder diffractometer 
and a FEI Quanta 200 3D scanning electron microscope, which allows observations 
on secondary and reflected electrons. The test samples were examined in a vacuum 
medium with a resolution of 1000 and 2000 times, which made it possible to study 
the micro-uniformity of the test sample. 

3 Results 

3.1 Research Results 

The results of X-ray phase analysis are shown in Figs. 1, 2 and 3. 
The results of electron microscopic examination of lime, dolomite and chrysotile 

asbestos waste are presented in Figs. 4 and 5.

Fig. 1 The result of X-ray phase analysis of clay soil
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Fig. 2 The result of X-ray phase analysis of lime waste 

Fig. 3 The result of X-ray phase analysis of dolomite waste
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Fig. 4 The result of electron 
microscopic examination of 
chrysotile asbestos 

Fig. 5 The result of electron 
microscopic examination of 
lime waste 

3.2 Compositions of the Obtained Soil-Concrete 
Compositions 

Table 6 shows the sections of developed soil compositions with the addition of binders 
from lime waste. 

Tables 7 and 8 present the results of studying the physical and mechanical 
properties of synthesized soil-concrete compositions.

Table 6 Compositions of ground-concrete compositions with the addition of lime waste 

Brand of the train Components, mass. % 

Clay soil Waste lime Surfactant (polycarboxylate P-17) 

GBI-1 56.60 37.74 0.3 

GBI-2 61.32 33.02 0.5 

GBI-3 66.04 28.30 0.6 

GBI-4 70.76 23.58 0.7 

GBI-5 75.46 18.88 0.8 
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Table 7 Density of ground-concrete compositions 

Brand of composition GBI-1 GBI-2 GBI-3 GBI-4 GBI-5 

Density, g/cm3 1.591 1.686 1.670 1.765 1.779 

Table 8 Physical and mechanical characteristics of soil-concrete compositions 

Brand of the train Compressive 
strength, MPa 

Frost resistance, number of 
cycles 

Water resistance, % 

28 days 60 days 60 days 28 days 60 days 

GBI-1 2.7 4 20 0.58 0.58 

GBI-2 2.5 4.4 25 0.61 0.61 

GBI-3 2.8 4.7 35 0.64 0.64 

GBI-4 1.9 4.5 45 0.73 0.73 

GBI-5 2.2 4.4 45 0.75 0.75 

Based on the results of measuring the density of samples, statistical processing 
of experimental data was performed and a graph of the density dependence on the 
content of lime waste was constructed. 

From the graph shown in Fig. 6, it can be seen that with an increase in the amount 
of lime waste, the density of the soil-concrete composition decreases, but this does 
not significantly affect the decrease in strength, as evidenced by the graph of the 
dependence of strength on the lime content shown in Fig. 7: an increase in the lime 
concentration from 19 to 38% by weight leads to a decrease in strength by 10%. 

The maximum strength of the synthesized material is achieved at a lime concen-
tration of 28.3% by weight for 60 days. The increase in the strength of the soil fixed 
with mineral binders is due to the theory of hardening of the aluminosilicate matrix 
under the influence of slaked lime [19, 20]. 

To create a structural material based on ground concrete, waste dolomite 
(see Tables 5 and 6) and bischofite were used. In this case, dolomite acts as a binding

Fig. 6 Dependence of the density of the soil-concrete composition on the lime concentration
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Fig. 7 Graph of strength versus lime concentration

component that increases the strength of the material. Bischofite is a recluse for 
magnesia cement and binds soil particles, as a result of which the soil dusts less and 
becomes less porous over time, this ensures a decrease in water absorption of the 
material. Table 9 shows the compositions of the obtained ground concrete materials. 

Table 10 presents the results of laboratory studies of the physical and mechanical 
properties of the resulting structural soil-concrete material. 

Table 9 Compositions of clay-concrete construction material 

Brand of the train Clay soil Components, wt % 

Dolomite waste Bischofite dolomite waste Water 

GBK-1 56.2 21.6 15.8 6.4 

GBK-2 51.5 25.1 17.0 6.4 

GBK-3 42.1 23.4 28.1 6.4 

GBK-4 37.5 32.8 23.3 6.4 

GBK-5 32.8 42.1 18.7 6.4 

Table 10 Physical and mechanical characteristics of ground concrete compositions with the 
addition of a binder based on dolomite waste 

Brand of the train Compressive 
strength, MPa 

Frost resistance, number of 
cycles 

Water resistance, % 

28 days 60 days 60 days 28 days 60 days 

GBK-1 8.9 15.8 40 0.78 0.79 

GBK-2 9.4 17.7 45 0.83 0.83 

GBK-3 7.3 13.6 40 0.87 0.87 

GBK-4 10.6 18.1 50 0.95 0.95 

GBK-5 9.6 18.3 50 0.93 0.93
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In addition to the compositions of soil concrete compositions with the addi-
tion of a binder based on lime and dolomite waste, presented in Tables 12, soil  
compositions with the addition of chrysotile asbestos were developed. Chrysotile 
forms micro-reinforcement in the soil due to its structure—the thinnest tubes, which 
can be attributed to natural nanostructured materials. Microscopic examination of 
chrysotile-asbestos waste, presented in Fig. 5, gives the most complete and visual 
representation of the chrysotile-asbestos nanostructure. A characteristic feature of 
the material with the addition of chrysotile is a powerful energy bond along the 
fiber, which confirms a high tensile strength of about 400 kg/mm2 and an average 
elastic modulus of about 20,000 MPa. They are also characterized by high chemical 
resistance and low thermal conductivity and differ favorably from CNTs (carbon 
nanotubes) by a clearly defined orientation. 

The chemical formula of chrysotile asbestos has the following form: 
3MgO·2SiO2·2H2O, that is, these are crystals related to dolomite (MgCO3·CaCO3), 
and semi-burnt dolomite contains pure MgO (30% of the total content), which helps 
to reduce the humidity of water-saturated soil. 

Table 11 shows the compositions of soils with the addition of chrysotile asbestos 
waste. According to previous studies, the optimal amount of chrysotile asbestos was 
7% [21–23]. 

Table 12 shows the results of studying the physical and mechanical properties of 
soil-concrete compositions modified with chrysotile-asbestos waste. 

According to the data given in Table 12, the GBIAs - 3 sample has the highest 
strength indicators. When adding chrysotile asbestos waste, it was possible to achieve 
an increase in water resistance and strength.

Table 11 Compositions of ground-concrete compositions with chrysotile-asbestos 

Brand of the train Components, mass % 

Clay soil Dolomite waste Polycarboxylate Waste of chrysotile asbestos 

GBIAs - 1 49.6 37.74 0.3 7 

GBIAs - 2 54.32 33.02 0.5 7 

GBIAs - 3 59.04 28.30 0.6 7 

Table 12 Physical and mechanical characteristics of ground-concrete compositions with the 
addition of chrysotile-asbestos waste 

Brand of the train Compressive 
strength, MPa 

Frost resistance, number of 
cycles 

Water resistance, % 

28 days 60 days 60 days 28 days 60 days 

GBIAs - 1 10.1 18.2 50 0.84 0.85 

GBIAs - 2 9.3 14.8 45 0.85 0.85 

GBIAs - 3 9.7 19.0 50 0.81 0.81 
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3.3 Results of the Conducted Research 

The analysis of the obtained results allows us to conclude that it is advisable to use the 
compositions of ground concrete compositions modified with mineral binders and 
polycarboxylates proposed in this work. Dolomite, like lime, is an affordable and 
common material. On the basis of their waste, it is possible to obtain a binder that can 
be comparable in strength to some brands of cement. The content of dolomite waste 
in the range of 30% allows to increase the strength of the resulting material, as well 
as to reduce the water absorption of the material, its porosity, which allows avoiding 
soil heaving [24, 25]. During the study, it was possible to increase the amount of lime 
added by 20% compared to the results of previous studies [26] without reducing the 
strength characteristics. 

The study of the microstructure of the fixed soil proves the formation of strong 
crystalline formations (hydrosilicates, hydroaluminates) in it, which have cementing 
properties in the massif. Polycarboxylates in the composition of the fixed soil indi-
rectly contribute to an increase in the reaction surface between the soils and the fixing 
components and make it possible to exclude the operation of mechanical activation 
from the technological process. The synergistic effect of the interaction of dolomite 
and chrysotile with clay soil gives it the ability to quickly gain strength in a short 
time. 

4 Conclusions 

1. In the course of the study, compositions of fixed soils based on waste of carbonate 
rocks and chrysotile asbestos were developed. The obtained results of the study 
confirmed the possibility of using in construction and obtaining soil compositions 
fixed with binders based on waste from the mining industry in the construction 
industry. 

2. The soil fixed with various mineral binders can be used as a natural foundation 
for buildings and structures during the construction of foundations of low-rise 
buildings. After fixing the waterlogged clay soils with slaked lime, the soils 
become more durable. 

3. The chemical and mineralogical compositions of mining waste have been 
established. It has been experimentally established that the samples of fixed 
soil with the content of lime waste 28.3 wt.%, dolomite waste—32.8–42.1%, 
chrysotile-asbestos waste—7 wt.% have the greatest strength. 

4. Polycarboxylates in an amount from 0.3 to 0.8 wt.% favorably affect the increase 
in reactivity between clay soil and fixing components, and they can be confi-
dently called stabilizing components, since they contribute to the creation of 
high-strength crystallization structures of the soil.
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Utilization of Dolomite Waste 
from the Vladimir Region 
for the Synthesis of Concrete 

Ilya Kapush , Lubov Zakrevskaya , Viktor Ilyin , 
and Sergey Prokhorov 

Abstract The article considers options for introducing waste from the mining 
industry of the Vladimir region into the production of construction products. Exper-
imental data on the operational characteristics of materials have been obtained and 
their use in various types of concrete has been substantiated. The following opera-
tional characteristics of concrete have been achieved: thermal insulation concretes: 
strength 1.2–1.3 MPa, density 392–404 g/cm3, thermal conductivity 0.076–0.08 
W/m*K, frost resistance 27–30 cycle; structural and thermal insulation concretes: 
strength 5–5.8 MPa, density 714–720 g/cm3, thermal conductivity 0.094–0.1 W/ 
m*K, frost resistance 35–37 cycle, allowing the use of synthesized composites in the 
construction of buildings and structures with improved properties. 

Keywords Concrete · Magnesia binder · Industrial waste · Synthesis 

1 Introduction 

The modern construction industry is subject to a number of technological, economic 
and environmental trends [1]. This applies both to the construction process as a 
whole, and to building structures and materials. Classic types of concrete made of a 
simple binder – Portland cement and classic aggregate are less and less relevant in 
the era of “green construction” [2]. To solve this problem, the study suggests using 
local industrial waste, from which concrete synthesis is possible, and at the same 
time the possibility of recycling by-products is considered. 

One of the main industries in our country, rich in minerals and underground 
resources, is the mining industry [3]. Figure 1 shows a graph of changes in the 
volume of financing of the mining industry and a graph of changes in the number 
of mining facilities. Based on the figure, we can conclude that this industry is very 
promising and is developing quite rapidly.
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Fig. 1 The amount of financing and the number of mining facilities 

But any technological process is imperfect, and has its disadvantages. This 
industry is no exception, which, according to ROSSTAT, allocates a multimillion-
dollar amount of by-product. In the period from 2012 to 2020, the increase in the 
volume of recyclable materials of the mining industry amounted to 48%, from 3334.6 
to 6386.2 million tons. 

Analyzing the above data, it can be concluded that the problem of waste disposal is 
quite acute in every region [4] where mining is carried out. There are many different 
mineral deposits in the Vladimir region, and almost every one is mined and, as a 
result, waste is generated [5]. 

Of particular interest are deposits of dolomite and brucite, which are available in 
the Vladimir region (Murom district, Melenkovsky district), where there is an urgent 
need to dispose of waste accumulated in dumps in the form of flour, which makes 
the tasks of processing this material urgent [6]. 

2 Materials and Methods 

To implement this task, the properties and structure of dolomite, which acts as a 
binder in the experiment, were studied. 

Table 1 shows the mineralogical composition of dolomite waste.
Dolomite is a magnesia binder based on magnesium oxide, sealed with a solution 

of magnesium salts, usually magnesium chloride and/or magnesium sulfate [7]. 
Setting time: the beginning is not earlier than 20 min, the end is not later than 

6 h from the moment of closing the test of normal density. It is characterized by 
increased adhesion strength, especially with wood materials. A bonfire of technical
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Table 1 Mineralogical 
composition of dolomite 
waste 

Mineral Mass content of mineral, % 

Dolomite 95.22 

Quartz 0.62 

Calcite 4.16

Table 2 Compositions of synthesized concrete 

Mass component, % Appointment 

Thermal insulation Structural and thermal insulation 

T1 T2 T3 K1 K2 K3 

Shutter 15 20 25 15 20 25 

Hemp shives 65 60 55 20 20 20 

Dolomite waste 20 20 20 65 60 55 

hemp from the Vyaznikovsky district, also a by-product of the textile industry, was 
used as wood materials [8–10]. 

The selection of the basic composition of concrete was made based on the average 
level of strength, thermal conductivity and density of concrete [11]. 

Several compositions were created for the synthesis of lightweight concrete acting 
as heat-insulating plates, and several compositions for structural and heat-insulating 
concrete capable of taking a load. 

The fundamental difference in the composition of concrete was the amount 
of wood aggregate [12]—the greater its proportion in the composition, the lower 
the coefficient of thermal conductivity, and the more energy-intensive the material 
[13–15]. 

For the synthesis of structural and heat-insulating concrete, a minimum amount 
of filler was used, since it is necessary to create concrete with high strength, which 
depends directly on the binder. 

A solution of magnesium salts was chosen as a recluse, which increases the 
bonding ability of dolomite [16] and hemp shives. Based on the above, the concrete 
compositions presented in Table 2 were synthesized. 

3 Results and Discussion 

After mixing and mixing to a homogeneous raw material mass, the samples were 
placed in special molds for strength gain and subsequent study of operational 
characteristics [17]. 

The obtained results of studying the operational characteristics of synthesized 
composites are shown in Table 3.
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Table 3 Performance characteristics of composites 

Brands of 
concrete 

Characteristics 

Density, g/cm3 Compressive 
strength, MPa 

Thermal 
conductivity λ, W/  
m·K 

Frost resistance 
grade, cycle 

T1 392 1.2 0.08 27 

T2 401,5 1.3 0.076 29 

T3 404 1.3 0.079 30 

K1 720 5.8 0.1 35 

K2 714 5.3 0.096 37 

K3 715 5 0.094 36 

To compare the operational properties of the obtained composites with the norma-
tive values, GOST 25820–2014 “Light concretes. Technical conditions”, which are 
indicated in Table 4. 

After receiving the data, the structure of the material was studied. The microstruc-
ture of the building material was studied at two levels [18]: macrostructure—the struc-
ture of the material visible to the naked eye; microstructure—the structure visible 
through a microscope [19, 20]. 

During visual inspection, the presence of defects, namely chips, cracks, traces of 
delamination, air voids was not established. To study the microstructure, a scanning 
electron microscope provided by the Engineering Center within the framework of 
the program of the Ministry of Education and Science of the Russian Federation 
“Promotion of employment of graduates in 2022 for research positions in educational 
institutions of higher education and scientific organizations” was used. 

Figure 2 shows the results of electron microscopy, which show that the composite 
is a complex structure.

Analyzing Tables 3 and 4, as well as the microstructure of synthesized lightweight 
concrete shown in Fig. 2, it can be concluded that the resulting material fully meets the 
regulatory requirements for strength, density, thermal conductivity and frost resis-
tance. The explanation of the results obtained lies in the synergistic effect of all

Table 4 Properties of light concrete in accordance with GOST 25820–2014 

Concrete Characteristics 

Grade of medium 
density, g/cm3 

Compressive 
strength, Mpa 
(min) 

Thermal 
conductivity λ, 
W/m·K 

Frost resistance 
grade, cycle (min) 

Thermal 
insulation 

≤500 ≥0,3 0.05–0,14 Not standardized 

Structural and 
thermal 
insulation 

≥500 ≥1 0.14–0,3 ≥25 
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Fig. 2 Microstructure of the synthesized material

the components of the composite, namely, in the interaction of the magnesia binder 
and filler, their correctly selected ratio for thermal insulation and structural-thermal 
insulation concrete. 

4 Conclusions 

Thus, the possibility of recycling mining waste, which is dolomite flour, for the 
creation of concretes of various application ranges has been studied. This allows not 
only to reduce the cost of the product, but also to improve the environmental situa-
tion by recycling waste in the Vladimir region. The presented compositions can be 
used both for the creation of thermal insulation boards and panels with a low coef-
ficient of thermal conductivity, and in the form of individual elements or pazogreb-
neevyh blocks with high strength for frame private housing construction. Synthesized 
composites have the following characteristics: thermal insulation concretes: strength 
1.2–1.3 MPa, density 392–404 g/cm3, thermal conductivity 0.076–0.08 W/m·K, 
frost resistance 27–30 cycle; structural and thermal insulation concretes: strength 
5–5.8 MPa, density 714–720 g/cm3, thermal conductivity 0.094–0.1 W/m·K, frost 
resistance 35–37 cycle.
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Magnesia Cements Based on Trepel 
and Diatomite of the Vladimir Region 

Ilya Kapush , Vladislav Bitkov , Sergey Bulakhtin , 
Aleksandr Semenov , and Lubov Zakrevskaya 

Abstract The article discusses options for the introduction of silicon-containing 
natural materials in the production of magnesia binders. Experimental data on the 
performance characteristics of materials have been obtained and their application in 
various types of concrete has been substantiated. A technology for the production of 
pellets for diapene has been developed, including the following sequential actions: 

– Granulated trepel is ground to a powder state 
– Mixing of the resulting powder and alkali 
– Mixing of the resulting mixture until a plastic mass is formed 
– Then the resulting powder is wetted and mixed until a plastic mass is formed 
– The pellets are then granulated and sintered in a rotary kiln 

Keywords Light concrete ·Magnesia binder · Trepel · Diatomite · Synthesis 

1 Introduction 

The production of various types of concrete on magnesia cements occupies a small 
share in Russia, which is completely unjustified by the arguments of the quality of 
the material, since this type of cement has excellent performance properties, whether 
it is abrasion, density and strength, and the history of production and examples of 
use go back centuries [1]. Works [2–4] are devoted to the problems of using this type 
of binder in the production of concrete. 

The main difference between cement concretes and mortars, in contrast to 
magnesia, is delayed hardening, up to several tens of hours, as well as heteroge-
neous composition and conglomerate structure [5]. Therefore, the existing traditional 
concretes do not meet modern standards for durability and resistance to destruction of 
the visual structure and cracking. Crystalline and colloidal neoplasms formed during
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hydration dry out and condense over time, which is accompanied by shrinkage of 
the cement stone. When using a magnesia binder in the raw material composition of 
concrete in building mixes, a dense material without pores with high wear resistance 
is obtained [6]. 

Materials based on magnesia binder also have high adhesion not only to minerals, 
but also to organic substances [7]. Due to the high density of the material, low 
alkalinity and the presence of the mineral bischofite in the composition of magnesia 
cements, organic fillers in them do not rot, which allows us to conclude that they are 
bactericidal and resistant to mold and mildew formation [8]. 

When using solutions of magnesium salts in concrete as a sealer, the hard-
ening structure changes slightly—complex salts of various compositions are created: 
MgCl2-5MgO-17H2O (Sorel, 1867), MgCl2-5MgO-8H2O (Bender, 1871), and so on. 
Due to this, magnesium hydroxide is removed from the solution, and new portions 
of magnesium oxide enter into the hydration reaction [9]. 

Table 1 presents a comparative analysis of the characteristics of cements. 
A distinctive feature of magnesia cement is the creation of a slightly alkaline 

environment (pH ~ 8.5), which prevents the development of microorganisms that can 
destroy the material from the inside. The sealing of such a binder with water leads to 
slow hardening of the material and low strength, therefore, this material is sealed with 
a solution of magnesium chloride, which is a good flame retardant impregnation, as 
well as resistant to biological destruction. In this case, the closed magnesia mixture 
is a rapidly hardening white viscous product. After hardening, solutions prepared on 
the basis of magnesia cement and magnesium chloride solution at an early stage are 
characterized by good bending, compressive and tensile strength.

Table 1 Comparative characteristics of magnesia cement and Portland cement 

Characteristics Cement 

Magnesium Portlandcement 

Grosscomposition 3MgO·MgCl2·11H2O 12CaO·6SiO2·7H2O 

Structuralformula [Mg42 + (OH)6−(H2O)6]2 + 
Cl2−·2H2O 

Ca[Si6O17](OH)14 
(hillebrandite) 

Crystalstructure Sharp anisodesmic, formed by 
twin chains of Mg(OH, H2O)6 
and water molecules 

Quasi-coordinate, represented 
by alternating xonotlite and 
portlandite elements: 
Ca[Si6O17](OH)2·6Ca(OH)2 

Macrostructure A multitude of tangled fibers 
enclosed in a volume 

Massive single element 

Density ρ, g/m3 1.8– 2.0 2.5– 2.7 

Brittle HV (GPa)/K1c 0.45–0.55 3.8–4.2 

Thermal conductivity λ, W/  
(m–K) 

0.51–1.51 1.4–1.9 

Compressivestrength, cw, 
MPa 

3–100 3–80 
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2 Materials and Methods 

For the first time, Stanton described the topic of alkali-silicate reactions in the world. 
Hydroxide- react with certain types of silica in the filler, which leads to internal 
stresses that can cause destruction or cracking [10]. This fact will negatively affect 
the material, as it can occur both instant cracking, during the hardening period, and 
only after a few years already in the finished exploited material. In stressed concrete, 
cracks, as a rule, are formed parallel to the reinforcement, in turn, splits show cracks 
passing through the filler [11]. The task was set to synthesize light concrete based 
on both traditional foam glass and light aggregate from silica-containing natural 
materials such as trepel and diatomite. 

The rocks described above are called siliceous because of the high silica content 
(SiO2 from 50 to 90%) [12–15], also the second necessarily present oxide is Al2O3—a 
finely porous structured powder consisting of cristobalite, as well as clay minerals. In 
the Vladimir region, trepels are common in the Kolchuginsky district, as well as along 
the banks of the Belaya, Seraya and Peksha rivers. Table 2 shows the compositions 
of trepels. 

In this study we synthesized lightweight aggregates in the form of granules based 
on trepel and diatomite. “Diapen” is a new generation building material synthesized 
from quartz rocks with a porous chemically resistant structure and a raw material 
component for lightweight concrete. 

A technology for the production of pellets for diapene has been developed, 
including the following sequential actions: 

– Granulated trepel is ground to a powder state 
– Mixing of the resulting powder and alkali 
– Mixing of the resulting mixture until a plastic mass is formed 
– Then the resulting powder is wetted and mixed until a plastic mass is formed 
– The pellets are then granulated and sintered in a rotary kiln 

The pellets we obtained were tested for strength, thermal conductivity and water 
absorption. The results are presented in Table 3. 

Table 2 Chemical composition of trepels 

Chemicalcompound SiO2, % Al2O3, % Fe2O3, % CaO, % MgO, % SO3, %  

Quantity 72–88 3.5–15.5 0.3–5.0 0.5–2.5 0.4–1.8 0 –1.5 

Table 3 Physical and technical properties of diapene 

Density, kg/m3 Strength, MPa Thermal 
conductivity 
coefficient, W/ 
(m·°K) 

Water absorption, 
%ob 

Fire safety 

250–500 1.5–3.0 0.07–0.09 11–13 Non-combustible
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One of the advantages of the production of trepel is its cost, and, as a result, 
the low cost of “Diapen”. Among the closest analogues, it is twice cheaper than 
expanded clay, and 5 times cheaper than foamed stone. To select the optimal fractional 
composition with high performance characteristics while maintaining strength, the 
Eq. (1)—Andreassen-Andersen formula was used [15]. 

P(D) = Dq − Dq 
min 

Dq 
max − Dq 

min 

(1) 

where P(D) is the total fraction of solid matter with particles smaller than D, D is the 
particle size (μm), Dmax and Dmin are the largest and smallest particle size (μm) in 
the mixture, respectively, q is the distribution module. 

Table 4 shows the fractional composition of aggregate when selecting the optimal 
packing density for concrete. 

After the tests, it was found that the optimal fractional ratio has the composition 
of C-1. 

In the course of the study, light concrete was synthesized on the basis of a magnesia 
binder and filler. The basic composition of concrete was chosen based on the average 
level of strength, thermal conductivity and density of concrete. To further study 
the operational characteristics, several compositions for synthesis were created. The 
principal difference in the composition of concrete was the amount of half-baked 
dolomite waste with the addition of 30% MgO. The compositions of light concrete 
based on diamine and the investigated binder are presented in Table 5. 

Table 4 Fractional composition of lightweight aggregate to achieve maximum packing density 

Fraction, mm C-1 C-2 C-3 C-4 C-5 C-6 C-7 

0–1.25 24 22 35 20 22 21 22 

1.25–2.5 11 9 9 17 22 9 10 

2.5–5.0 15 13 13 17 13 13 25 

5.0–10.0 18 28 15 18 15 15 15 

>10.0 32 28 28 30 28 42 28 

Table 5 Compositions of lightweight concrete 

Mark Components, % 

Semi-burned dolomite waste with the addition of 30% 
MgO 

Diapen Bischofit Water 

M-1 45 15 40 The rest 

M-2 50 15 25 The rest 

M-3 55 15 20 The rest 

M-4 60 15 25 The rest
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3 Results 

The obtained compositions were tested for mechanical and thermal-physical proper-
ties the main indicators of quality of the developed concrete are strength and thermal 
conductivity [16–18]. The strength was studied in accordance with GOST 10180-
2012 after 7 and 28 days after formation of concrete. To study the strength was 
used non-destructive method of control, namely, the method of impact pulse with 
the device IPS 1 mg. Thermal conductivity was studied in accordance with GOST 
7076-99 probe method using the device MIT-1. The obtained results of the study of 
the performance characteristics of the synthesized composites are given in Table 6. 

Table 6 shows that the composition of M-4 has optimal performance characteris-
tics. 

Table 6 Mechanical and thermal-physical properties of lightweight concrete 

Brand Specifications 

Strength, MPa Thermal conductivity, W/(m·°K) Density, kg/m3 

M-1 2.1 0.43 850 

M-2 2.3 0.38 830 

M-3 2.0 0.37 745 

M-4 2.5 0.34 780 

Fig. 1 Microphotograph of a magnesia composition with a “diapene” filler
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Fig. 2 X-ray phase analysis of the sample 

4 Discussion of the Results 

The study of physical and mechanical properties of concrete (Table 6) showed that 
the most optimal composition is M-4 on the basis of the largest soda-lime dolomite 
waste with the addition of 30% MgO. The results of the study of the microstructure 
of the synthesized concrete shown in Fig. 1 indicate that the main crystalline phase 
is periclase [18–20]. X-ray phase analysis of the sample is shown in Fig. 2. 

5 Conclusions 

1. The compositions of energy-efficient building compositions based on the 
integrated use of waste dolomite and local silica rocks have been developed. 

2. The calculation and selection of the composition of lightweight concrete with the 
highest packing density in accordance with the Andreassen-Andersen formula; 

3. The comparative characteristic of different types of concrete is presented; 
4. The study of the microstructure of lightweight magnesia concrete showed that 

the main crystalline phase is periclase; 
5. Theoretical justification of technology of new kind of lightweight concrete 

excluding alkali-silicate interaction is given.
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