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Analysis of Viscoelastic Behavior of Antifriction Layer Materials
in Bridge Spherical Bearings under Thermomechanical Loading
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Perm National Research Polytechnic University, Perm, Russian Federation
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Abstract. Thermoplastic polymeric materials have found wide application as protective and antifriction coatings and interlayers of
friction units. Spherical bearings include relatively thin sliding layers made of antifriction materials. Polytetrafluoroethylene
(PTFE) is widely used as a material for sliding layers. However, at present, there are modern composite and modified materials
with improved physical and mechanical properties that can be used as sliding layers. Antifriction materials are often modeled in
terms of elasticity theory or elastoplasticity theory. However, it has been established that these materials exhibit viscoelastic
properties. A series of experiments to determine the thermomechanical properties of the materials is performed in the current work.
PTFE, a metal composite based on PTFE with bronze inclusions (MAK (F4BR40M2)) and structurally modified Arflon AR-200
PTFE were investigated using dynamic mechanical analysis. The temperature change range [—40; +80] °C was considered,
it corresponds to the operating temperatures of bridge structures. Temperature dependencies of the storage modulus, loss modulus
and loss tangent were obtained. Viscoelastic models of material behavior, such as Maxwell bodies using Prony series and
temperature-time analogy, were constructed based on experimental data. Viscoelastic behavior of materials was analyzed in terms
of deformation of a bridge spherical bearing under static and periodic loads, taking into account the ambient temperature.
The relationships for the effect of temperature on the stress-strain response and contact parameters were obtained. The influence of
the thermal expansion coefficient of materials on the structure behavior was considered. It was found that the sliding layer made of
MAK allows for a more favorable stress-strain state compared to the structure including a sliding layer made of PTFE:
the maximum stress intensity is less by ~ 3%; the maximum strain intensity is less by ~ 20%; displacements along the normal to
the sliding layer are less by ~ 17.2%.

Keywords: bridge structure, bearing, modeling, viscoelasticity, polymer, composite, Maxwell’s model, Prony, finite element
method, contact, friction
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[lepMmckmii HAIMOHAIBHBII HCCIIEIOBATEIBCKUI MOTUTEXHUUECKUI YHUBEpCUTeT, [lepmyb, Poccuiickas Dedepayus
*anna_kamenskih@mail.ru
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AHHOTanus. TepMOIIIaCTHYECKUE MMOJMMEPHbIC MaTepHabl HAILIH IIMPOKOE IPUMEHEHHE B KaYeCTBE 3alIUTHBIX U aHTH(PHK-
LUOHHBIX MOKPHITUH U MPOCIOeK y3710B TpeHus. Chepuueckue ornopHbIe YaCTH BKIIOYAIOT OTHOCHTEIBHO TOHKHE CJIOU CKOJIBXKE-
HUSI U3 aHTH(QPUKIMOHHBIX MarepuaioB. [lomurerpadropatminer (IITDPD) mmpoko UCMONB3YyeTCsl B KauyecTBE MaTepuala CIOeB
cKoNbxeHHst. OJTHAKO CYIIECTBYIOT COBPEMEHHBIE KOMIIO3UIIMOHHbBIE U MOJU(PHULINPOBAHHBIE MATEPUAIIBI C yIYUIIEHHBIMUA (HU3H-
KO-MEXaHUYECKHMH CBOHCTBAMH, KOTOPBIE MOTYT IPHMEHSATHCS B KaUEeCTBE CIOEB CKONBKEHHS. AHTH(PUKIMOHHBIE MaTepHaIbl
4acTO MOJENUPYIOTCS B paMKaxX TEOPUU yNPYTOCTH WM TEOPUH yNPYroIulacTUYHOCTU. Ho ycTaHOBJIEHO, YTO JaHHBIC MaTepUabl
HPOSBIISAIOT BSI3KOYNIPYTHe CBOHCTBA. B TekyImeil paboTe BBIMOIHEH LUKJI SKCIICPUMEHTOB ISl OIPEIENICHUS TEPMOMEXaHUIECKUX
cBoiicTB MarepuanoB. [ITOD, meramiokoMmo3ut Ha ocHoBe [TTDD ¢ 6ponzoBriMu BriIroueHussMU (MAK (©45P40M2)) u cTpyk-
TypHO-MOoauuuupoBaHHeiid [IT®D Apdmon AR-200 Obun MCCIEIOBaHBI B paMKax AWHAMHYECKOTO MEXaHHYECKOrO aHajH3a.
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1. Introduction

Polytetrafluoroethylene (PTFE) was first synthesized in 1938 by Roy Plunkett and is still considered
the “king of plastics” [1]. The chemical structure of PTFE consists of a carbon skeleton surrounded by
a protective layer of fluorine atoms [2]. The material exhibits high structural regularity, which can initiate
a high degree of microstructure crystallization, which is enhanced when exposed to negative temperatures.
After a melting point of 370+5°C, the material does not become viscous, but becomes amorphous with high
viscosity [3]. In the temperature range from 10 to 30 °C, the material undergoes a p-transition associated
with the transition from a glassy state to a highly elastic state [4]. Chemical inertness, hydrophobicity,
resistance to thermal, biological, and oxidative degradation, high strength, and low friction coefficient have
earned PTFE the title of “king of plastics.” PTFE accounts for about 60% of the global thermoplastics
market [5]. The material is widely used as sliding layers in bearings, expansion joints, and turning
mechanisms of bridge structures [6—8]. When in contact with harder bodies, the material exhibits plastic flow
and severe abrasion, as well as viscous properties [9; 10]. Creep of the material under certain deformation
conditions is also observed [10]. It has been established that even after the manufacturing process, various
surface microdefects in the form of pores, cracks, and splits may be present [11]. Poor thermal stability
and a high coefficient of thermal expansion of PTFE are also noted [12]. The disadvantages of PTFE
include: structural rearrangement at a temperature of +20 °C, a tendency to deform at constant temperatures
in an unloaded state, low radiation resistance, and significant, in some cases irreversible, expansion when
heated [3].

Advances in materials science have led to the development of a fairly large set of alternatives to the
“king of plastics” [3; 13; 14]. Arflon materials (OOO NPP Arflon, company in Moscow, Russia) are noted
as an alternative to pure PTFE with improved physical and mechanical properties without loss of functionality
[3]. Arflon materials stand out as promising protective coatings and interlayers for the Arctic conditions, as
well as areas with severe temperature fluctuations [15]. Other Russian and international alternatives to
PTFE are also being considered [3]. For example, Superfluvis, a material with increased wear resistance, is
a composite material with a PTFE matrix (~83% of the total mass) and modified crushed carbon fiber with a
fluoropolymer nano-coating up to 40 nm thick (17% of the specific weight) [16]. Its application as coatings
and interlayers for friction units, as well as a material for bone tissue implants is considered [16; 17].
Improved strength and physical characteristics compared to pure PTFE are noted in a large set of modern
anti-friction polymers and composites [3; 13; 18-20]. However, data on the behavior of modern anti-friction
polymers and composites are often limited to a narrow range of physical, mechanical, and tribological
characteristics.

A number of scientists have noted the lack of data on the thermomechanical properties of the materials
[9; 21; 22]. This hinders the evaluation of the deformed state of friction units, structures, and systems in
which they are used within the operating temperature range, as well as the analysis of the possibility of
replacing the materials with modern alternatives. Structural and mechanical modeling of material behavior,
including contact mechanics and wear problems, is important for creating digital models of structures in
terms of predictive analysis and is an effective tool at the design or optimization stages [9]. The construction
of digital models of anti-friction materials, taking into account the temperature factor, is a relevant task for
predicting their behavior during the manufacturing process, as well as during the operation of structures and
systems in which they are used [23].

In this work, a series of experimental studies were conducted on PTFE-based materials modified or
filled with metal nano-inclusions, as well as pure PTFE, to determine the relationship between the thermo-
mechanical parameters and temperature. Models of material behavior in terms of thermo-viscoelasticity
have been constructed. An analysis of the behavior of a spherical bearing with a sliding layer made of three
different anti-friction materials has been performed over a wide range of ambient temperatures under static
and periodic loads.
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2. Materials and Methods

The thermomechanical behavior of a spherical bearing of a bridge structure is analyzed using the case
of the L-100 design manufactured by OOO AlfaTech (company in Perm, Russia). The model of the contact
unit of the spherical bearing is shown in Figure 1 and includes a spherical steel rocker (1), a lower steel
plate with a spherical cutout (2), interacting through a spherical polymer/composite sliding layer (3).
The behavior of the structure is considered to be axisymmetric, therefore, the spherical sliding layer does
not take into account the depressions for lubricant, which can be formed as spherical holes or annular
grooves [24].

The maximum height of the structure is 54 mm, with a height ratio of 20 mm for the spherical rocker,
30 mm for the lower steel plate, and 4 mm for the sliding layer along the central section of the bearing. The
maximum width and depth of the structure is B =2b =155 mm. The standard angle of inclination of the
end face of the sliding layer o, is 30°. The sliding layer protrudes /, =2 mm relative to the lower steel
plate to prevent metal-to-metal contact.

At the interface between the interlayer and the steel structural elements, frictional contact is
implemented with an pre-unknown distribution of contact states (sticking, slipping, no contact) [14]. The
friction coefficient is assumed to be constant and equal to 0.04. The mathematical formulation of the
problem and the analysis of the influence of the degree of system discretization on the numerical solution
were previously described in [25]. The sliding layer was divided into 16 elements along the height. The size

of the finite elements on the interface surfaces S X, -S k, corresponds to the partitioning of the sliding layer,

and increases gradually with increasing distance from S K~ S k, - The characteristics of the finite element mesh,

finite elements, and other aspects of the problem modeling are presented and described in more detail in [14].

A 1
h
SAE
T
h,
| 2 S,
z b
E(EL < >
’

Figure 1. Model of the spherical bridge bearing
S ource: made by A.P. Bogdanova.

The problem of thermomechanical deformation of the bearing was implemented using the finite
element method in the ANSYS Mechanical APDL 2021R2 (Liverpool, USA) engineering analysis software.
The procedures for constructing a numerical model of the structure, finite element meshing, thermo-
mechanical loading, and processing of results are fully automated using the APDL parametric programming
language.
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Two loading schemes for the bearing are considered: static and periodic loading, taking into account
the temperature field. Static loading was performed at a nominal vertical load of 1000 kN on the bearing.
Periodic loading was modeled as a sinusoidal load varying from 500 to 1000 kN, with and without a
60-second hold at 500 and 1000 kN. Different numbers of cycles were considered. Static and periodic loads
were applied to surface S, of the spherical rocker. The structure was subjected to a constant ambient

temperature ranging from —40 to +80 °C. The bearing is assumed to be fixed, therefore normal displacement
on surface S, of the lower steel plate is restrained. At the same time, the structure is compliant in other

directions and has the ability to expand/contract thermally.

The steel structural elements are made of high-strength alloy steel and are modeled in terms of
elasticity theory with a Young's modulus of 2x10!" and a Poisson’s ratio of 0.3. The following materials are
considered for the sliding layer: polytetrafluoroethylene (PTFE); PTFE-based metal composite with
dendritic bronze inclusions and molybdenum disulfide (MAK (F4BR40M2)); structurally modified PTFE
without fillers AR-200 (OOO NPP Arflon, Moscow, Russia). To develop a model of material behavior in
terms of viscoelasticity theory, a series of empirical studies were conducted using dynamic mechanical
analysis (DMA) based on a three-point bending test of rectangular samples with average dimensions of
60x12x3 mm made from commercially available polymer blanks of sliding layers. The samples were
provided by OOO AlfaTech. The samples were subjected to an oscillating load with an impact frequency of
1 Hz in a temperature range from —40 to +80 °C. The research covered only the area of conventional bridge
structures, which corresponds to the design minimum air temperature of up to —40 °C inclusive, according
to the GOST R 59623-2021' National Standard of the Russian Federation. To ensure the statistical
significance of the results, at least four tests were performed on the samples for each type of thermo-
mechanical loading. A more complete description of the experimental conditions is given in [14].

As a result of a series of experiments, temperature dependencies of the storage modulus and loss
modulus were obtained in the temperature range [—40;+80] °C. The arithmetic mean plots of the
thermomechanical characteristics of the materials are shown in Figure 2 and characterize the glassy and

highly elastic state of the material at 7' e [—40;+80] °C.

E' GpPa E',MPa
L S e e BN 1 1307 e e R— |
S d | | ||+*+PTFE | | BN | **e*PTFE |
R R | NP W i
NGt ! : ! : . = AR-200 |
) — LD ] ] 1’ | : |
| | | | |
I | | I |
| L S0 et N e —
B A R 1 omim
0.4 i i : 4; T,°C
-40 20 0 60

Figure 2. Thermomechanical properties of antifriction interlayer materials:
a — storage modulus; b — loss modulus
S ource: made by A.P. Bogdanova.

The B-transition temperature of the sliding layer materials has been established, which is considered to
be the vitrification/softening temperature of the material according to the GOST R 56753-2015% National
Standard of the Russian Federation. The vitrification/softening temperature of PTFE and MAK is

" GOST R 59623-2021. Automobile roads of general use. Bridge constructions. Design of steel elements. Moscow: Russian
Standardization Institute; 2022.
2 GOST R 56753-2015. Plastics. Determination of dynamic mechanical properties. Moscow: Standartinform; 2016.
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approximately 14°C, and that of AR-200 is 8°C. The results of the experiments are consistent with the data
from the DMA analysis of PTFE [4].

Based on experimental research data, Maxwell’s model was chosen as a first approximation for
phenomenological constitutive relationships describing the viscoelastic behavior of materials. The model is
based on Prony series, taking into account the Williams-Landel-Ferry (WLF) temperature-time analogy.
To determine the parameters of the vector of unknowns in the Maxwell and WLF models, a user procedure
for numerical identification based on the Nelder-Mead multiparametric optimization algorithm was used;
the mathematical manipulations and problem statement were described earlier in [26].

The parameters of the viscoelastic model and WLF are presented in Table, and the relationships
between the relative shear moduli and the relaxation time are shown in Figure 3.

le +00 -

le —05 1

le —10 -

le—151

le—20

Parameters of the temperature-time analogy and viscoelastic behavior model of materials

Material Cl C2 ]; ,°K E0 , MPa E_, MpPa
PTFE 203.91 849.00 270.21 2021.39 446.32
MAK 299.10 1069.37 263.79 2313.68 489.78
AR-200 103.24 419.18 266.80 2006.57 541.68
S ource: made by A.P. Bogdanova, Y.O. Nosov.
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Figure 3. Relationship between the weighting coefficients of the Prony series and the relaxation time:
a — PTFE; b — MAK; ¢ — AR-200
S ource: made by A.A. Kamenskikh, A.P. Bogdanova, Y.O. Nosov.

The model parameters were obtained based on simulation modeling of a three-point bending test, with
the results of the numerical experiment deviating from the experimental data by less than 5%. Material
behavior models were implemented in ANSY'S.
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The model takes into account the coefficients of thermal expansion (CTE) of the materials. Independent
studies to determine changes in the CTE of materials depending on temperature were not conducted.
Literature sources indicate variation ranges of CTE from 8 to 32x107° °C™! for PTFE and from § to
24-25x107 °C™! for AR-200 [3; 27]. The CTE of materials depends on temperature, but to construct a
numerical model that takes into account the temperature variation of the parameter, data on the relationship
between thermal deformation and temperature are needed. No data on the CTE for the MAK (FABR40M2)
material was found in the literature. As a first approximation, it was decided to analyze the deformation of
the bearing with a constant CTE o.=8x10" °C"!, the same for all materials under consideration. It was also

decided to investigate the effect of variation of Oc(T ) on the stress-strain response of the bearing with a

PTFE sliding layer. The CTE of steel elements was also assumed to be constant o,=1x107°°C™" [28].

3. Results and Discussion

3.1. Static Load

Data on the distribution of the stress-strain response parameters and contact parameters of spherical
bearings with sliding layers made of different anti-friction materials for the ambient temperature range of
[—40;+80] °C were obtained. The relationships between the maximum parameter values and temperature are
shown in Figure 4.

—_————l a1

TC

Figure 4. Maximum stress-strain response parameters as a function of temperature:

a — stress intensity; b — strain intensity; ¢ — normal displacement with respect to the end face; d — contact pressure
at the interface between the interlayer and the spherical segment; light red is PTFE; dark red is MAK; blue is AR-200

S ource: made by A.P. Bogdanova.
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The data is described by a third-degree polynomial, with an error of no more than 2%. The maximum
stress intensity value decreases until a temperature of —10°C (PTFE, AR-200) and 0°C (MAK), then begins
to increase. The maximum strain intensity value changes little at negative temperatures and increases in
the positive temperature range. The maximum displacements of the sliding layer end decrease until a
temperature of 10°C (PTFE, AR-200) and 20°C (MAK), then begin to increase. This is due to the transition
of materials from a glassy state to a highly elastic state. At the same time, the maximum contact pressure on

surface § K, along which the spherical segment can rotate, decreases until an ambient temperature of 40°C,

with a further increase in the parameter. In the temperature range from —40 to 30-40°C, a detachment zone
is observed near the edge of the sliding layer, which is absent at higher temperatures. A redistribution of the
zones of complete adhesion and slippage is also observed. The sliding layer made of composite material
(MAK) has the smallest values of strain intensity and normal displacements of the sliding layer end. The
stress-strain response of the bearings with a sliding layer made of PTFE and AR-200 has insignificant
differences. Structural modification of PTFE by radiation as part of the AR-200 manufacturing process
allowed to slightly reduce the maximum stress-strain response and contact parameters at temperatures
above the vitrification/softening temperature (by no more than 3%). This effect is also due to the fact that at
temperatures above room temperature, the material exhibits a greater elastic response compared to PTFE.
Similarly, a greater elastic response at 7 > 23 °C compared to PTFE is observed in MAK.

The distribution of the stress-strain response parameters near the edge of the sliding layer is shown in
Figure 5 for the case of the structure with a PTFE interlayer at a temperature of 30°C. Normal displace-
ments are shown with a deformation magnification factor to reflect the change in geometry.
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38.6 2.77 0.05

46.3 3.33 0.06

54.1 3.88 0.07

61.8 444 0.08

B 706 4 507 4 0.09

a b c

Figure 5. Distribution of the stress-strain response parameters near the edge of the PTFE anti-friction interlayer:
a — stress intensity; b — strain intensity; ¢ — normal displacement with respect to the end face
S ource: made by A.A. Kamenskikh.

It should be noted that the maximum stress and strain intensities are observed near the concentrator
(the metal rim of the lower steel plate). In the main volume of the sliding layer, the stress intensity value
does not exceed the strength limit of the materials. The maximum strain intensity value does not exceed
10% for all the considered materials of the sliding layer and ambient temperatures. The maximum
displacements of the sliding layer end are observed near the interface of the interlayer and the upper rocker;
for all the considered materials, they do not exceed 0.16 mm.

An analysis of the influence of CTE on the stress-strain response parameters in the case of a PTFE
sliding layer is shown in Figure 6.

It should be noted that the CTE of the material has a significant effect on the behavior of the sliding
layer of the bearing. Experimental studies aimed at obtaining the relationship between the CTE and
temperature for the entire set of materials under consideration need to be performed as part of the
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development of a model describing its behavior. The relationship of the effect of CTE on the stress-strain
response and contact parameters when the ambient temperature changes is non-linear. The maximum values
of the stress-strain response parameters are observed at high positive temperatures, which is associated with
the softening of the material and its significant deformation near the rim of the lower steel plate. The
maximum value of contact pressure is observed at negative temperatures, which is associated with the
crystallization of the material and greater stiffness.
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Figure 6. Stress-strain response parameters as functions of temperature and thermal expansion coefficient:

a — stress intensity; b — strain intensity; ¢ — normal displacement with respect to the end face;
d — contact pressure at the interface between the interlayer and the spherical segment

S ource: made by Y.S. Kuznetsova.

The numerical modeling results of the bearing deformation are in good agreement with the data from
numerical and field studies [29; 30]. The nature of the stress distribution over the volume of the anti-friction
layer and the zone of localization of the maximum values are consistent with the data obtained in [30]. The
maximum stress and displacement values are also comparable to the data obtained in [29]. The relationships
between temperature and the stress-strain response parameters in the small operating temperature range
from —10 to 20°C were obtained in [30] for different load levels on the bearing; the relationships are
nonlinear, and it was observed that the parameters decrease with increasing temperature. The results are
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partially consistent with the current study, but cannot be quantitatively compared due to the geometric
configuration of the structures and different manufacturers of the sliding layer materials. PTFE obtained
from different powders, even using relatively similar molding technologies, have different mechanical
properties and reactions to external thermomechanical impact [31].

3.2. Periodic Load

As part of the analysis of the effect of periodic loading, it was established that load exposure does not
have a strong influence on the stress-strain response and contact parameters. This is due to the fact that the
exposure time is significantly less than the relaxation time of the materials.

The relationship between the maximum stress intensity value and the contact pressure on S K for 1, 3,

and 15 iterations of the loading cycle is shown in Figure 7. The results are presented for a maximum load
on the bearing of 1000 kN.

maxo; , MPa max P, , MPa
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Figure 7. Relationship between the stress-strain response parameters and temperature under periodic loading:
a — stress intensity; b — contact pressure at S ; light red is PTFE; dark red is MAK;

blue is AR-200 solid is 1st loading cycle; dashed is 3rd loading cycle; dotted is 15th loading cycle
Source: made by A.P. Bogdanova.

It can be noted that there is an increase in the values of the parameters as the number of periodic load
cycles increases. The nature of the change does not depend on the number of load cycles.

Two-parameter relationships max 61 (7, N) and max Py (T,N) are shown in Figure 8. With a small

number of periodic load iterations, a smooth, insignificant increase in the parameters is observed across the
entire range of ambient temperatures. It was decided to increase the number of periodic load iterations to 50
and 100 cycles. The results are shown in Figure 9 at an ambient temperature of 30°C.

The maximum change in the parameters is observed during the first 5-8 loading cycles, after which the
parameters change slowly and reach an asymptote after 25 (PTFE), 54 (MAK), and 46 (AR-200) loading
cycles. It can be noted that the maximum stress intensity value is observed in the bearing with a PTFE
interlayer, and the minimum — with a MAK interlayer. The relationship between the maximum contact
stress value and the number of loading cycles of structures with layers made of different materials differs:
with PTFE and AR-200, a decrease in the contact pressure level is observed during the initial loading
cycles; with MAK, on the contrary, an increase is observed. The maximum contact pressure value is
observed with a MAK interlayer, and the minimum — with AR-200. The differences in the stress-strain
response and contact parameters of the structures with PTFE and AR-200 interlayers are insignificant, less
than 1.5%. The stress-strain response parameters of the structure with a MAK interlayer compared to PTFE
are: max oy 18 ~3% lower; max g; is ~20% lower; maxu,, is ~17.2% lower.
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Figure 8. Relationship between the stress-strain response parameters, temperature and periodic load cycle number, PTFE:
a — stress intensity; b — contact pressure at S’ K,

S ource: made by Y.S. Kuznetsova.
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Figure 9. Relationship between the stress-strain response parameters and the periodic load iteration, at 7= 30°C:
a — stress intensity; b — contact pressure at S K light red is PTFE; dark red is MAK; blue is AR-200
S ource: made by A.P. Bogdanova.

The maximum change in the parameters is observed during the first 5-8 loading cycles, after which the
parameters change slowly and reach an asymptote after 25 (PTFE), 54 (MAK), and 46 (AR-200) loading
cycles. It can be noted that the maximum stress intensity value is observed in the bearing with a PTFE
interlayer, and the minimum — with a MAK interlayer. The relationship between the maximum contact
stress value and the number of loading cycles of structures with layers made of different materials differs:
with PTFE and AR-200, a decrease in the contact pressure level is observed during the initial loading
cycles; with MAK, on the contrary, an increase is observed. The maximum contact pressure value is
observed with a MAK interlayer, and the minimum — with AR-200. The differences in the stress-strain
response and contact parameters of the structures with PTFE and AR-200 interlayers are insignificant, less
than 1.5%. The stress-strain response parameters of the structure with a MAK interlayer compared to PTFE
are: max oy 18 ~3% lower; max €y is ~20% lower; maxu,, is ~17.2% lower.

The relationships for the stress-strain response parameters of the bearing obtained in the analysis under
periodic loading are consistent with the results of [32]. The deformed state of the bearing reaches an
asymptote after a certain number of loading cycles, which depends on the materials of the sliding layer,
external loads, and environmental conditions.
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To minimize the deviation of the material behavior model from the actual object under study, it is
necessary to take into account the plastic deformation that has been established experimentally [4; 9; 22].
The construction of Anand’s elastic-viscoplastic model for a set of anti-friction materials is one of the areas
of development, including taking into account the effect of temperature on activation energy, initial
deformation resistance and sensitivity to deformation rate [33].

4. Conclusion

As part of the study, a numerical and experimental analysis of the behavior of three PTFE-based
materials, that can be used to varying degrees as relatively thin sliding layers of bridge bearing structures,
was conducted. The experimental studies included a dynamic mechanical analysis over a wide temperature
range. Numerical studies included an analysis of the behavior of materials described by viscoelasticity theory
under static and periodic loading, taking into account the ambient temperature ranging from —40 to +80 °C.

The following results were obtained in the course of the study:

1. The temperature dependencies of the storage modulus, loss modulus, and mechanical loss tangent
were determined for a set of anti-friction materials.

2. Models of the viscoelastic behavior of materials over a wide temperature range were constructed in
terms of the Maxwell model using Prony series and temperature-time analogy based on experimental data.

3. The deformed state of the sliding layers of the bridge bearing was investigated, taking into account
the viscoelastic behavior of materials under static and periodic loads in the operating temperature range.
It was found that structural modification of PTFE has a negligible effect on the behavior of the material
within the friction unit, while the design with a composite material (MAK) interlayer has improved the
stress-strain response parameters with a commensurate increase in the contact parameters at temperatures
below the vitrification/softening temperature.
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AHHoTanus. OnyucaHa npoueaypa KOHeUHO-JIEMEHTHOTO pacyeTa KOHCTPYKLUH Ha BhIHY)KAEHHbIE KoneOaHus B IMHEHHON U He-
JIMHEHHON MOCTAHOBKE C UCIOIb30BAHUEM METO/a IPSIMOT0 UHTErpUpoBaHUs Au(depeHInalbHbIX YpaBHEHUH ABMOKeHUS. JlaHHas
oporpaMma peaiu3oBaHa B BeluuciaurenbHoM komiuiekce ITPMHC, pazpabaTbiBaeMoOM aBTOpaMU UL UCIOIb30BAHUS B UHXKEHED-
HO-TEXHMYECKUX M HayuHbIX Lessix. Ilpouenypa mpeaycMarpuBaeT BO3MOXKHOCTh ydyeTa CHJIOBBIX BO3ZEICTBHI Ha HaI3E€MHYIO
9acTh KOHCTPYKIMH KaK HEMOCPEICTBEHHO, TaK M BCIEACTBHE 3eMieTpsiceHni. OnpeeneHHbIi K1ace KOHCTPYKIUHA paboTaer B
peKuMe MEHSIONIUXCS BO BPEMEHH HArpy30K, ISl KOTOPBIX BO3HHKAIONIME MPH 3TOM HelIHWHEiHbIe d3(P(EKTH MOTYT CyIIeCTBEH-
HBIM 00pa30M CKa3aThCs HA MX HAMPHKeHHO-Te(OPMHUPOBAHHOM COCTOSHUH. JIMHAMHUYECKUH pacyeT TaKuX KOHCTPYKIHH JTOIKEH
BBIIIOJIHATHCS. METOIAMHU NIPSIMOTO MHTETPUPOBAHUS C yUETOM HelIMHeHHocTH nedopmupoBanus. CieqoBaTenbHO, pa3padoTka Me-
TOZIOB pacyeTa KOHCTPYKLUH Ha BBIHY)KICHHbIE KOJeOaHHUs ¢ yueToM (M3MYECKOH U IeOMETPUYECKOH HEIMHEHHOCTU SBIACTCS
IIPUOPUTETHOM 3a7aueil BEIYMCIUTENBHONM MEXaHUKU B TAKUX 00/NACTsX, KAK KOCMOHABTHUKA, aBUa- U aBTOMOOUIIECTPOCHUE, MALIIU-
HOCTPOEHHE U CTpoUTeNbCTBO. Llens uccnenoBanus — pa3paboTKa aaropuTMa U IporpaMMbl HEJIMHEHHOIO JUHAMUYECKOIO pac-
4eTa KOHCTPYKIMI METOOM KOHEUHBIX 31eMeHToB. 1 pemenus auddepeHnanbHbIX ypaBHEHH HCTIONb30BaH MeTon Heromap-
ka. [Ipu 3ToM ydeT HenMHEHHOCTH AeOpMUPOBAHHUS BEIOMHACTCS HA OCHOBAHUHN paHee MPEATOKEHHBIX aBTOPAMH METOIuK. Pas-
paboTaHHas METOIMKA pacueTa KOHCTPYKIUI Ha BHIHYKACHHbIE KoJleOaHUsI B HEMMHEHHOH MOCTaHOBKE alaliTUPOBaHa K Iporpam-
me [TPUHC. IIpuBenen npuMep TECTOBOTO pacueTa KOHCOIBHOIO CTEPXKHS Ha JeHCTBHE UMITYIbCa CUJIbI KaK C YyU4eTOM, TaK U 0e3
yueTa HenauHeHHocTH AedopMupoBanus. IIpoaHanu3upoBaHbl MONYyYEHHBIE pe3yabTarsl. BeruncnutenbHslil kommieke ITPMHC
MoXeT OBITh 3(()EeKTHBHO HCIIONB30BaH WHXKEHEPAMU MPOCKTHBIX M HAyYHBIX OPTaHU3AIMH IS pEelIeHHs MHXCHEPHBIX 3ajad,
CBSI3aHHBIX C PacU4eTOM KOHCTPYKIHIT Ha BEIHYKICHHBIC KOICOaHHS.
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Abstract. The research describes the procedure for finite element analysis of structures under forced vibration in a linear and
nonlinear setting using the method of direct integration of differential equations of motion. This program is implemented in the
PRINS FEM software, developed by the authors for engineering, technical and scientific purposes. The procedure allows to take
into account the action of forces on the above-ground part of structures due to earthquakes. A certain class of structures operates
under time-varying loads, for which the resulting nonlinear effects can affect their stress-strain state. Dynamic analysis of such
structures should be performed using direct integration methods, taking into account the nonlinearity of deformation.
Consequently, the development of methods for forced vibration analysis of structures taking into account physical and geometric
nonlinearity is a priority task in such areas as astronautics, aircraft and automobile manufacturing, mechanical engineering and
construction. The purpose of this study is to develop an algorithm and a program for nonlinear dynamic analysis of structures
using FEM. The direct dynamic calculation is based on the Newmark’s method. Nonlinear deformation is accounted for using the
authors' proposed methods. The developed method of forced vibration analysis of structures in a nonlinear setting has been adapted
to the PRINS FEM program. An example of a test calculation of a cantilever bar subjected to a force impulse is provided. The
obtained results are analyzed. Conclusions. The PRINS FEM program can be effectively used by engineers in design and scientific
organizations to solve engineering problems related to the analysis of structures under forced vibrations.
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1. BBenenue

[MpeAnochIKY I TUHAMHYECKOTO pacyeTa KOHCTPYKIMH B HEJIMHEWHON MOCTaHOBKE OOYCIIOBICHBI
Pa3BUTUEM KOMIIBIOTCPHBIX TCXHOHOFHﬁ, C OHHOﬁ CTOPOHBI, U PA3BUTUCM YUCJIICHHBIX MCTOAOB CTPOUTECIIb-
HOW MEXaHHKH, B TIEPBYIO OYEpPe/Ib METO/Ia KOHEUHBIX IEMEHTOB [1; 2] — ¢ apyroii. s pelieHus ypaBHe-
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HUM IBHKEHUS UCTIONB3YIOTCS SBHBIE U HESIBHBIC METO/BI MIPSIMOTO MHTETPUPOBAHMS. DT METOJIBI U3JI0XKE-
HBI BO MHOTHX paborax, Hanpumep [3—6]. Kpome Toro, mmpoko W3BeCTHBI aJTOPUTMbI M TIPUHIIMIIBI CTATH-
YEeCKOT0 pacueTa KOHCTPYKIMI METOAOM KOHEYHBIX JIEMEHTOB C Y4eTOM (PM3MYECKOU (TpemmnHooOpa3oBa-
HHE, IUTACTHYHOCTD, TOJI3y4eCTh) U TeOMETPHUYECKOH (00bIINe TepeMeIIeHus] 1 TTOBOPOTHI) HETMHEHHOCTH
[7; 8]. DT mpuHLMIIBI peanu30BaHbl B psiae nHocTpaHHbIX nporpamm (ANSY'S, ABAQUS, DYNA u np.).

OpHako psii KOHCTPYKIMIM paboTaeT B pexUMe MEHSIOIIMXCS BO BPEMEHU Harpy3ok. BosHukaromiue
IpU ITOM HENUHEHHBbIE 3PPEKThl MOTYT CYIIECTBEHHbIM 00pa3oM OKa3aTh BIMSHUE HAa KOHEYHOE Harmps-
KEHHO-Ie(OPMUPOBAHHOE COCTOSTHHE. JIMHAMUYECKUI pacueT TaKuX KOHCTPYKIHMH cIeyeT BECTH METOAa-
MU IPSIMOTO MHTETPUPOBAHMS C YYETOM HEJTMHEHHOCTH Ae(POPMUPOBAHHUS, YTO MPEAIIOIAracT BHIIIOTHEHUE
HEKOTOPBIX MTEPALMOHHBIX MPOLEIyp Ha KaXIOM IIare MHTErpUpoBaHUA. Tak Kak MpU pacueTe CIOKHBIX
CHCTEM KOJINYECTBO BPEMEHHBIX ILIIarOB MOXKET M3MEPSAThCA JAECATKAMH ThICAY, TaKOM pacyeT TpeOyeT 3Ha-
YUTETHHBIX BBIUMCIUTEIBHBIX PECYPCOB U BPEMEHHBIX 3aTpar W ¢ Haubosbiend 3(h(HEKTHBHOCTHIO MOXKET
OBITh peajn30BaH Ha KOMIIBIOTEPAX C BHICOKOM MPOU3BOAUTEIBHOCTBIO.

Hecmotps Ha 310, Ha cerogHsIIHUN JeHb pa3padoTKa METOJOB JUHAMUYECKOTO pacueTa KOHCTPYKLMN
C y4eToM (pu3HYecKoil U TeOMEeTPHUUECKON HETMHEHHOCTH SBISAETCS IPHOPUTETHON 3a7a4ell BHIYUCIUTENb-
HOW MEXaHUKH B TaKUX OOJIACTIX, KAK KOCMOHABTHKA, aBUAa- M aBTOMOOMJIECTPOCHUE, MAIIMHOCTPOCHHE U
CTPOHTENBCTBO.

Mertonuka Takoro pacdera pa3paboTaHa aBTOpaMH HACTOSIIEN CTAaTbU M PeajM30BaHa B Iporpamme
ITPUHC. B ocHOBY quHamMu4eckoro pacuera nojaoxeH Meroq Hetomapka [3]. ITpu 5TOM OCHOBHBIE TIOTOXKE-
HUS yyeTa HeTMHeMHOCTH neopMupoBanus cHhopMyIHMpoOBaHbl aBTOpaMu B paborax [9—12].

2. Metoxn

VYpaBHeHue 715 pacyeTa KOHCTPYKUUI Ha BBIHYX/IEHHbIE KOJIeOaHUSI METOJAOM KOHEUHBIX 3JIEMEHTOB B
dbopme MeTona mepeMeNIeHni B prpalieHusx momayydeHo B [13] B Bune

Mii (1 +Ar) + Dt (1+Ar) +| Ko + K oK, +K,y, |Au=AP+Mii(r) + D (1), (1)

rie M — marpuna mace; D— marpuna nemnduposanust; Ko, K, n K,;, — Marpuipl KecTkocTr
HyJIEBOT'O, IIEPBOTO U BTOPOIo NOPANKOB; K, — MaTpulla HayaJlbHbIX HANPSKEHUH (FeOMETpHUYECKas MaT-
pHlla KECTKOCTH); U — BEKTOp nepemenienuii; AP 1 Au — BeKTOpbI IpUpaIIeHU Harpy3Ku U epeme-
HIEHUH TIPU NEepexo/ie KOHCTPYKLUUU U3 COCTOSHUS B MOMEHT BPEMEHHU ! B COCTOSHUE B MOMEHT BpEMEHH
t+At.

Cnoco6s! popmupoBanus Matpury M, D, K, u K, mupoko U3BeCTHbI U OIMCAaHBI MHOTMMH aBTO-
pamu (Hampumep, [1; 2]). Meronrka moctpoenus HeMMHENHHBIX Marpull skectkoctn K, u K, mpuse-
nena B [13].

Bripaxxenne

AP +Mii () +Di (1) =Py, 2)

cTodlIee B IpaBoil uacTu ypaBHeHus (1), npencTasiseT coOoi BHEIIHIOW HArpy3Ky Ul IlIara Harpy KeHHs.
CornacHo yClIOBUSM PaBHOBECHUS, PaBHOACHCTBYIOIIAs BHYTPEHHUX clil P;,, B MOMEHT BpeMeHH ¢+ Af,

OpUBEICHHAST K y3JIaM KOHCTPYKIIMH, JOJDKHA OBITh paBHAa BHEIIHWM CHJIAM, T.€. JOJDKHO COOJIOAAThCS
PaBEHCTBO

Pext = Pint : (3)

PaBHozelicTByromas BHyTpeHHuX cun P, ompeznensercs cwiiaMu ylnpyro-IlacTU4eCKOro COnpOTHB-
JeHUs, AeMII(QUPYIONMMU U HHEPLIUOHHBIMU cUIaMu. Takum o0pasoM,

Pint:P0'+Pdamp+Pinera 4)

18 ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS
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IJI€ cllaraeMble, CTOSIINE B IPAaBOM 4acTH ypaBHEHUS (4), COOTBETCTBYIOT IIEPEUHCICHHBIM BBIIIE BHYTPEH-
HUM CHJIaM M ONPEAEIIAIOTCS CIEAYIOIUM 00pa3oM:

Ps =2 Poel s Paamp =Dii(t+ A1), Py, =Mu(r+Ar). (3)
IIpu sTom
=—[Bleay 6
Poel = .[ Y > ( )
14
raie B — marpuia, cBS3bIBarOIIasi KOMIOHEHTHI Ae(opMaiiuii sieMeHTa ¢ KOMIIOHEHTaMH Y3JIOBBIX Tepe-

MeIIeHUH (TreoMeTpruecKas MaTpuLa).

[Ipu yuyere HenuMHEHHOCTH 1e(OPMHUPOBAHUS HANIPSHKEHUS HA KaXKJIOM 1Iare JOKHbI KOPPEKTUPOBATh-
Cs1 C y4eTOM IPUHSATHIX Mojieiel 1eopMHUpPOBaHUs MaTepHAIOB, YTO MOXKET NIPUBECTU K HAPYLICHUIO yCIIO-
BUH paBHOBecus. Bo3HuKaromas mpu 3TOM HEBA3Ka MOXET ObITh MUHMMH3HMPOBAHA C MOMOIIBIO UTEpaIy-
OHHOTO MpoLEecca, KOTOPbIN NPEICTABIACTCS B BUIE

Mii (7 + Az)+Du(z+At) + KAu; =AP+P,,, ;| +Mii(t)+Du(z), (7)
IJ1e i — HOMEp UTEepaluH.
Bekrop HeBszku P, ; | B MOMEHT BpeMeHH [+ Af HaXOMUTCA KaK PasHOCTb MEX.y TEKyIUM 3Haue-

HUEM HArpys3Ku P ¥ cTaTn4eCKUM SKBUBAJICHTOM BHYTPCHHUX CHJI, T.C.

P

errji—1 =

P(1+At) =[Py (t+Ar)+Du(r+Ar)+Mii(r+Ar)]. 8)

OTOT mpouece ciaenyer MpoAOKaTh A0 JOCTHKECHHS 33JaHHON TOYHOCTH, KOTOPYIO MOXKHO OLIEHUTh
CpaBHEHWEM ITOJHBIX 3HAYEHHUN [IArOBBIX NMEPEMEIICHHN I ABYX COCEOHUX uTepanui. llorpemHocts pe-
HIEHUS. MOYKHO OIIEHUTb, B YaCTHOCTH, 1O (hopmyIie

o Burcl [0 o
[z

e |Au|| — HOpMa IIATOBBIX 3HAYCHHI TICPEMEILCHHIA.

[TomHbIe 3HAYCHUS TIEpEMEIICHHUA U HAMPSHKCHUN OyIyT paBHbI

u(t+Ar)=u(t)+Au(z +Ar) (10)
n

o(t+At)=6(t)+Ac(1+Ar) (11)
COOTBETCTBEHHO.

g pemenust ypaBuenus (7) ucnonb3yeTcst Mmetol HpioMapka, OCHOBaHHBIM Ha MPENCTAaBICHUN CKO-
poCTel ¥ MepeMEIeHNI IIPU NEPexoie KOHCTPYKIUHU U3 COCTOSHUA ¢ B COCTOSIHME ! + Af B BUJE

i (t+Ar) =1 (t)+[ (1-PB)ii (1) +Pii (1 + Ar) | At (12)

u(t+At)=u(t)+u(t)At+[(%—aJii(t)+aii(t+At)}At2. (13)

Pemasi ypaBHenue(13) oTHocHTeNbHO (¢ + Af) 1 MOACTABIIAA IOMyYeHHOE 3HadeHue B (12), morydaem

CJIICAYIOIUE COOTHOIICHHA:
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) CMu G (1))
u(t+At)_0LAt2 aAtJ{l 2aju(t) (14)
nu
u(t+At)=u(t)+[(I—B)u(t)+Bu(t+At)]At=%Au+(1—%)u(t)+?t(2—%]u(t). (15)
Bgenem 0003HAYEHNUS:
a—1 a—l a@p=—, a3=1—-—, ay4=1-=
0T A2 Vaar Poaar BT 20 YT o
a5=£(2—9), ag =At(1-B), a, =PAt. (16)
2 o

C yuerom Beipakenuit (16) dynkmum (14) u (15) npuHEMarOT B
ﬁ(l+AZ)= aOAu—azli(t)+a3ii(t) ,
(r+Ar) =0 (r)+agii (1) +aqii (1 + At) =i (¢) + agii (¢) + a7 [ agAu— azu (1) + asii (1) ] - (17)

O6o3Havast [KO +K oK, + K,y } =K, MOICTaBUM HOITYYEHHBIC BRIPAXKEHHS st U (¢ + Ar) i (¢ + Ar)

B ypaBHenwue (7). [Ipu sTrom numeem
M[aoAu—azﬁ(t)+a3ii(t)]i +D[l’1(t)+a6ii(t)+a7ii(t+At)]i +KAu; =
=AP+P,,. ;| +Mii(¢)+Du(t), (18)
170071
MI:aOAu—azl'l(t) +a3ii(t)]l, +D[a0a7Au +u(t)(1-ayay ) +i(t)(ag + azay )l +

+KAw; =AP+P,,, ;| +Mii(z)+Du(r). (19)

VawuTeiBas, 4To

1
a1:a7a0:%E, ay :1—61702:1—%, as =ag t+ajaj :(l—zﬁ—ajAt (20)

dopmyna (19) npencrasisieTcs B BUae

M apAu - ayit(1) + a3ii(r) |, + D[ ajAu -+ agia(¢) + asii (1) ] +

i

+KAu; =AP+P,,. ;| +Mii(t)+Du(z). (21)
B ypaBnenuu (21) nepeHeceM Bce M3BECTHBIC BETHUUHBI U3 JICBOM YacTH B TpaByto. [Ipu 3TOM moiydum
M (apAu). +D(aAu), + KAu; =

=P(1+Ar)~f +Mii(t) - M| azii (1) ~ayu(¢) | + Du(¢) D agi () +asii(r) | =

=P(1+A0) £ +M[ azi(¢)+(1-a)ii(r) | + D[ (1-ay)u(r) - asii(t) | (22)
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OKoHYAaTEIbHO UMEEM

K Au=P,,, (23)
Irac

Keq :Mao +Da1 +K,

Py =AP+P,, + M| ayi(t)+(1-a3)ii(r) ], + D[ (1-ay)u(r) - asii(1)],. (24)

B (bOpMyJ'IC JJIA Peq MOXHO BBIICJIUTH YaCTb, KOTOPAas HA IIAarce HArpy>xXeHust 0CTacTCs HOCTOHHHOﬁ, a
HUMCHHO:

P = AP +M[ azu (1) +(1-a3)ii(r) ]+ D[(1-ay)u(r)-asii(r)],. (25)

1

Torz[a MMOJIHOE 3HAYCHUE YKBUBAJICHTHOM Harpys3kKu nNpuMeT BU/

1) — PC‘DI’!S[ +P

eq eq err *

(26)

Meton Hetomapka siBnsercs, 6€3ycioBHO, ycToluuBbiM ipu o =0,25 u f=0,5,anpu a=0 u f=0,5

00pasyeT IeHTPaIbHO Pa3HOCTHYIO CXEMY.

PemuB cucremy anrebpandeckux ypaBHEHHH (23) OTHOCUTENBHO MpHUpALIeHUN epeMelieHnii Au Ha
BPEMEHHOM II1are, CKOPOCTH U YCKOPEHHUS B KOHIIE I1ara MHTETPUPOBAHUS MOXHO HaiTH 1o ¢opmynam (17).

OnucaHHBIN aITOPUTM pacdyera KOHCTPYKLMI Ha BBIHYXJACHHbIE KOJI€OaHUs peaju30BaH B BBIYUCIIU-
tenbHOM Komiuiekce [IPUHC [14], pa3zpaGarsiBaeMoM aBTOpamMu JaHHOW cTarbu. [Ipu 3TOM mpuHSATa KOH-
HEeNIHs COCPEIOTOYCHHBIX Macc, a MaTpuila AeMr(pUpoBaHUsS BBIYUCISIETCSA JIMOO B 3aBUCHMOCTH OT MO-
JAIBHBIX KOG (UIMEHTOB IeMI(PHUPOBAaHUS MO METOIMKE, ONMMCAaHHOW B padore [5], mubo mo m3BecTHOU
dhopmyne Penes [15]. Bo3amorkeH Takke ydeT COCpeIOTOUCHHBIX JieMiipepoB. B pacuerax mo npeajiokeHHOH
METOAMKE MOTYT OBbITh MCIIOJIb30BAaHbI BCE TUIIBI KOHEYHBIX JIEMEHTOB M MaTepUajoB, BXOISIINE B COOTBET-
ctBytomue ouomuoreku mporpammel [IPUHC (cm., Hanpumep, [9] u [14]).

3. Pe3yabTarhl M 00CyXK1eHUE

PazpaboranHas nmporpamMmMa mpoTECTHPOBaHA HA OTIIQJOYHOM MPHMEpPE, ONMMCAaHHOM HIbKe. [Ipumep BbI-
OpaH UCXOAs U3 HAJMYUS B JIUTEPAType U3BECTHBIX PE3YJILTaTOB TEOPETUUECKOrO pacueTa Jjisl paccMaTpuBae-
MOTO KJ1acca 3a1a4. Tak, 3a 0CHOBY ObLI B3AT npumep 6.1, npuBenennsiii B kaure Kimada u [lensuena [S].

PaccunthiBasiace croiika, Hecyllas COCPEIOTOYEHHYIO Maccy M HarpyKeHHas TPEYTOJbHBIM HUMITYIIb-
COM CHJIBI, KaK IMOKa3aHo Ha pucC. 1.

KoHcTpykuus paccuuThiBajach Mpu CIEAYIOIIMX HCXOAHBIX AaHHbIX: m=43817 kr; d=9,611 cm;
At =0,005 c; uncno maroB uaterpupoBanus n =100 .

Croiika MozenupoBanach 0aJOYHBIMUA KOHEYHBIMHU 3neMeHTaMu. [Ipu 3ToM mo BbIcOTE CTOMKa OblIa
pa3outa Ha 10 amemenToB (puc. 1, ). COOCTBEHHBIN BeC CTOMKHM He yunuThiBaJics. HalijieHHas mo mporpam-
me [IPUHC gactora cob6cTBeHHBIX KojiebaHuii coctaBmia o =30paj/c, COOTBETCTBYIOIINIA €l TIepruos pa-
BeH 17 =0,209c.

B mporiecce omiiagku BBIOMHSINCH KaK JIMHEWHBINA TUHAMUYECKUHN pacyueT, Tak U JUHAMUYECKHUM pac-
YeT C y4EeTOM I'eéOMETPUYECKON HEMMHEMHOCTH KOHCTPYKIUH.

Pesynbrarel iuHEHHOTO M HeMHEHHOTO pacdetoB 1o nporpamme [TIPUHC 6e3 yuera nemmndupoBanus
MpUBEACHBI HA pUC. 2 U puc. 3 B BUJE 3aBUCUMOCTH TOPU30HTAJIBLHOTO MEPEMEILEHUS U YCKOPEHUSI TOUKU
MPWIOKEHHSI CUJIBI OT BpeMeHHU. Pe3ynbrarsl TUHEHHOTO pacdera, nonydeHHsie 1o mporpamme [TPMHC,
MPaKTUYECKU COBIAIM C PE3yJIbTaTaMH aHAIMTHYECKOTO PelIeH s, IPUBEIEHHOT0 B pabote [5].
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AHaJIOTHYHBIC PE3yJIETAThl C YUETOM NeMI(UPOBAaHUS, TaKKe MoydeHHbIe 1Mo mporpamme TIPUHC, mpen-
CTaBlIeHBI Ha puc. 4—7. JlemndupoBanue NpuHUMaIOCh paBHbIM 5 1 10 % 0T KpUTHUECKOTO COOTBETCTBEHHO.

N

P(t), xH
P(1) m [P(£), kN]
/@ 4298

=
o

§)\Q’
- N W A OO N o ©

t,c 2
—
y 0,025 0,025 (7, s] /k

a o 8

Puc. 1. PaccunteiBaemast KOHCTPYKIIUS:

a — pacyeTHasi cxema; 6 — UMITYJIbCHOE BO3JEHCTBHE
W c T ouHuk: BeimosnHeHo B.I1. AranosbiM, A.C. MapkoBuuem.
Figure 1. Analysed structure:

a — model; 6 — impulse excitation
S ource: made by V.P. Agapov, A.S. Markovich.
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Puc. 2. I'opusoHransHoe nepemelienue ysna Ne 11 6e3 yuera jeMnupoBaHust:
a — B JIMHEHHOM pacueTre; 6 — B HEIMHEHHOM pacueTe
W ¢ 1o u Huk: Bemonneno B.I1. AranmossiM, A.C. MapkoBudem.
Figure 2. Horizontal displacement of node No. 11 of the structure without damping:
a — 1in linear analysis; 6 — in nonlinear analysis
S ource: made by V.P. Agapov, A.S. Markovich.
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Puc. 3. N'opuzonransHoe yckopeHue y3ina Ne 11 6e3 yuera aeMnpupoBaHus:
a — B IMHEHHOM pacyeTe; 6 — B HEIMHEIHOM pacuere
W ¢ 1o uHuk: BemonHeno B.I1. Aranoseiv, A.C. MapkoBudem.
Figure 3. Horizontal acceleration of node No. 11 of the structure without damping:
a — in linear analysis; 6 — in nonlinear analysis
S ource: made by V.P. Agapov, A.S. Markovich.
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CoOTBeTCTBYIOIINE YKAa3aHHBIM 3aBUCUMOCTSIM (puc. 2—7) neopMupoBaHHbIE CXeMbl CTOMKH Ha Xa-
PaKTEpHBIX [Iarax WHTErPUPOBAHUS NIPUBEACHBI Ha puc. 8—10.
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ga s 25 06
03 -0.8

0.195 0.395 05 0.195 0.395 05
Bpewms, ¢/ Time, s Bpems, ¢/ Time, s
a 7]

Puc. 4. 'opusonransHoe nepemerienue y3na Ne 11 npu gemnpupoBanuu 5 % 0T KPUTHUECKOTO:
a — B JINHEHHOM pacyeTe; 6 — B HEJIMHEHHOM pacdeTe
W c 1o uHuk: BemonHeno B.I1. Aranoseiv, A.C. MapkoBudem.
Figure 4. Horizontal displacement of node No. 11 of the structure with damping at 5% of the critical:
a — in linear analysis; 6 — in nonlinear analysis
S ource: made by V.P. Agapov, A.S. Markovich.

- _ 08 > 08

= 3 = .

3§ o6 GRS

S$E 04 - 2F 04

T g 02 T g 02

38 0 33 o0

o [o]
4 : gg 02
E 8 -0.4 . E 5 -0.4
0.6 0.6 =
0.195 039 05 0.195 0.395
Bpewms, ¢ / Time, s Bpewms, ¢/ Time, s

a 4]

Puc. 5. 'opusontansHoe nepememenue y3na Ne 11 mpu nemndupoBannu 10 % OT KPUTHIECKOTO:
a — B IMHEHHOM pacyeTe; 6 — B HEIMHEIHOM pacuere
W c1ouHuk: BemonneHo B.I1. AranoBeiv, A.C. MapkoBu4em.
Figure 5. Horizontal displacement of node No. 11 of the structure with damping at 10% of the critical:
a — in linear analysis; 6 — in nonlinear analysis
S ource: made by V.P. Agapov, A.S. Markovich.
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Puc. 6. ['opusoHTansHoe yckopenue y3na Ne 11 npu nemmndupoBanuu 5 % OT KpUTHIECKOTO:
a — B JIMHEHHOM pacyeTte; 6 — B HEJIMHEHHOM pacyeTe
W c1ouHuk: BemonHeHo B.I1. AranoBeiv, A.C. MapkoBu4em.
Figure 6. Horizontal acceleration of node No. 11 of the structure with damping at 5% of the critical:
a — in linear analysis; 6 — in nonlinear analysis
S ource: made by V.P. Agapov, A.S. Markovich.
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Puc. 7. I'opusonTansHoe yckopeHue y3na Ne 11 mpu nemnduposanuu 10 % 0T KPUTHUECKOTO:

a — B JIMHEHHOM pacueTre; 6 — B HEJIMHEHHOM pacyeTe

W ¢ 1o u Huk: BemonHeno B.II. Aranmoseiv, A.C. MapkoBudem.

Figure 7. Horizontal acceleration of node No. 11 of the structure with damping at 10% of the critical:

a — in linear analysis; 6 — in nonlinear analysis
S ource: made by V.P. Agapov, A.S. Markovich.

t=0,2s t=04s t=05s

Puc. 8. BeiHyx/eHHbIe KoNeOaHHsI KOHCTPYKIHK 0e3 yueTa AeMIpUpoBaHuUs

W ¢ 1o u Huk: BemonHeno B.II. Aranossiv, A.C. MapkoBudem.

Figure 8. Forced vibrations of the structure without damping
S ource: made by V.P. Agapov, A.S. Markovich.

t=02s t=0,3s

t=04s t=05s

Puc. 9. BoinyxneHHbIe KOJICOaHNS KOHCTPYKINH ITPU JeMIGHUPOBaHUH 5 % OT KPUTHIECKOTO

W ¢ 1o u Huk: Bemonneno B.II. Aranossiv, A.C. MapkoBudem.

Figure 9. Forced vibrations of the structure with damping at 5% of the critical
S ource: made by V.P. Agapov, A.S. Markovich.

ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS



Aeanog B.I1. u dp. CTponTtenbHas MexaHuka HXEHEePHbIX KOHCTPYKLMA W coopyxeHnit. 2026. T. 22. Ne 1. C. 16-27

t=04s t=0,5s

Puc. 10. BoinyxneHnsle konebaHus KOHCTpyKIMu npu Aemnpupoanuu 10 % oT KpUTHUECKOTro

W ¢ 1o u Huk: Bemonneno B.II. AranossiM, A.C. MapkoBudem.

Figure 10. Forced vibrations of the structure with damping at 10% of the critical
S ource: made by V.P. Agapov, A.S. Markovich.

B HenmrHEHWHBIX pacueTax YUHUTHIBAJIACH TOJHKO TeOMETpHUUecKas HeTMHEHHOCTh (B ypaBHeHUU (7) IpHUHH-
manock, uro K, =K, = (0 ), Tak KaKk B KOHEYHBIX dJIEMEHTax OaJIOK, MOCTPOEHHBIX Ha OCHOBE KJIACCHYECKOI

TEOPUH COTIPOTUBIICHUSI MAaTEPHAIIOB, TOCTOBEPHO yUECTh (YM3UUECKYIO HEIMHEHHOCTh MPAKTHYECKA HEBO3MOXK-
Ho. Harpy3ku u nepeMerienys B JaHHOM IIPUMEPE TaKOBBI, YTO OKHUAATh CYILIECTBEHHOTO BIUSHHS T€OMeTpHUUe-
CKOW HEIMHEWHOCTH Ha PE3yNBTaThl allpuopu HE MPUXOTWIOCH, M PacdeThl 3TO MOATBEpIWIN. PesynasraTel iu-
HEHHOTO M HETMHEHHOTO PacuyeTOB OKAa3ajHCh ONM3KH MEXIy c0o00il, M 3TO CBUAETEIHCTBYET O MPaBUIHHOCTH
pa3paboTaHHOM mporpaMMebl. MMeronuecss mpu 3TOM pa3iuyus oObSICHAIOTCA JIOTUKON pabOThI paccMaTrpuBae-
MO KOHCTPYKLIUH.

4. JakiIouenue

AHnanu3 rpaduKoB, MPUBENEHHBIX HAa PHC. 3—7, TIOKA3bIBAET, YTO B JIMHEHHOM pacueTe B YCTAaHOBUBIIEMCS
pexuMe Tpaduku HepeMelleHul U YCKOpeHH CHMMETPHUYHBI OTHOCHUTEIBHO OCH BPEMEHH, a B HEJIHHEHHOM
pacueTe OHM HEeCUMMETpPHUHBL. [Ipu 3TOM nepeMenieHn: B HETMHEWHOM pacueTe OKa3bIBAIOTCS MEHBIIUMH TI0
a0COIOTHOMY 3HAUYEHHUIO B 00IACTH OTPHIIATENILHBIX YCKOPEHUH 1 OONBIIMMU — B 00JaCTH WX TOJIOKUTENBHBIX
BEJIMYUH.

B atoM u nposiBiseTcs BIMSHUE TeOMETPUUECKO HEMMHEHHOCTH, YTO nosAcHsAeTcs Ha puc. 11. Tak, mpu oT-
pHUIIATENbHBIX YCKOPEHUIX HHEPIIMOHHAS CHJIa HallpaBlieHa, Kak IMoKa3aHo Ha puc. 11, a.

i (1) i (1)
th m ])iner Pext m Piner ‘Pext m ‘Piner
N
y y
7 4 -
a 6

Puc. 11. BHemnue 1 BHyTpEHHUE CHIIBL:
a — TPH OTPUIATENILHBIX YCKOPEHUSIX; 6 — TIPH MOJOXKUTEIBHBIX YCKOPEHUSIX
W c1ouHuk: BemonHeHo B.I1. Aranoseiv, A.C. MapkoBu4em.

Figure 11. External and internal forces:
a — at negative accelerations; 6 — at positive accelerations
S ource: made by V.P. Agapov, A.S. Markovich.
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[Ipu 5TOM B CTEep)KHE BO3HUKAET PACTATUBAIOIIEE YCWIIME, YTO MPHUBOIUT K YBEIWYCHHIO M3THOHON
’KECTKOCTH U, BCJIEJICTBUE ITOTO, K YMEHBIIICHUIO TTepeMenieHui. [Ipu moIoKUTENbHBIX YCKOPEHUSX HHEPITHU-
OHHAs CHJIa HaIpaBJIeHa, KaK Moka3aHo Ha puc. 11, 6. IIporonbHas cuiia B cTepKHE IIPU ATOM YMEHbIIAETCS
10 CPABHEHHIO CO CIyYaeM JIEVCTBHS TOJBKO BHEIIHEN CHIIBI U MOYKET CTaTh OTPULATEIRHON. Bemencrteue
ATOr0 M3TUOHAS )KECTKOCTh CTEPIKHSI YMEHBIIIACTCS, YTO ¥ MPUBOJIUT K YBEITHUCHUIO TIepeMenieHuid. Boirre-
CKa3aHHOE TOJITBEPKAAECT KOPPEKTHOCTh TOMYyUYEHHBIX ¢ moMotibio iporpammbl [IPUHC pesynpratos.

Taxum oOpaszoM, paspaboTaHHas MPOTrpaMMa HETMHEHHBIX JTHHAMHUYECKHX PACUETOB PACIIUpPSET KPYyT
3a/1a4, pelraeMbpIX ¢ MOMOIIBIO BhraucauTeabHoro komiekca [IPMHC, n moxeTt ObITh pekoMeH0BaHa JJIs
MPaKTUYECKOTO MPUMEHEHUS B MPOCKTHBIX OPraHU3aIUSIX U KOHCTPYKTOPCKUX OIOPO.
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AnHoTtauus. BemmonaeHo o6ocHoBaHKe mapamerpoB Moaenu Concrete Damage Plasticity, npuMeHsieMoii py YUCIEHHOM pacyere
&Kene300eTOHHBIX KoHCTpykuuil. [TokazaHo, 4To pe3ynsTaThl MOAEIMPOBAHUS CYLIECTBEHHO 3aBUCAT OT BbIOOpA IapaMeTpoB ILIa-
CTHYHOCTH W 3aJaHHBIX IUarpaMm JedopMmupoBaHus OetoHa. Llens ncciaenoBaHuss — aHaiW3 YyBCTBUTEIHFHOCTH KIIFOUEBBIX I1a-
pamMeTpoB MOJENU M BepUPHKALIUS €€ MPUMEHUMOCTH MPH CTaTUYECKOM HarpyXeHHH. UUCIICHHBIE pacyeThl BBIIIOJIHEHBI METOIOM
KOHEYHBIX SJIEMEHTOB B IPOrPaMMHOM KoMIuiekce Abaqus. VccienoBaHo BIMSHUE yIvla AWIATaHCHUH, TaPaMETPOB IMTOBEPXHOCTH
TEKY4eCTH U DHEPreTHYECKU CONIACOBAHHBIX AHMArpaMM Ie(GOpMHPOBAHHUS HAa PACUETHYIO )KECTKOCTh M HECYIIYIO CIOCOOHOCTH
snemeHToB. [IpoBenena Bepudukanus Moieny Ha ypOBHE Marepuasia i KOHCTPYKIMHU. YCTaHOBIIEHO, YTO UCIOJIb30BaHUE 000CHO-
BaHHBIX NTApaMeTPOB 00eCIIeUNBAET KOPPEKTHOE BOCIPOU3BEICHNE HEIMHEHHOTO OBEACHUS JKEeJIe300€TOHHBIX JIEMEHTOB BILUIOTh
JI0 CTaJIuH pa3pyLeHHUs.

KitroueBble ciioBa: GETOH, YHMCIIECHHBII pacyeT, METOJ| KOHEUHBIX 3JIEMEHTOB, IIACTUYHOCTD, MOBPEXKICHHUE, TUIaTauus, nedop-
MallMOHHas Mojienb, Abaqus
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Abstract. The paper presents a justification of the parameters of the Concrete Damage Plasticity (CDP) model used for numerical
analysis of reinforced concrete structures. It is shown that the results of nonlinear simulations are highly sensitive to the choice of
plasticity parameters and the adopted concrete stress—strain relationships. The aim of the study is to analyse the sensitivity of the
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key CDP parameters and to verify the applicability of the model under static loading conditions. Numerical simulations were
performed using the finite element method in Abaqus. The influence of the dilation angle, yield surface parameters and energy-
consistent stress—strain diagrams on stiffness and load-bearing capacity was investigated. The model was verified at both the
material and structural levels. It is demonstrated that the use of physically justified parameters ensures an accurate reproduction of
the nonlinear behaviour of reinforced concrete elements up to failure.
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1. BBenenue

XKenez00eToHHBIE KOHCTPYKIMU PA0OTAIOT B YCIOBUSIX CIOKHOTO HENWHEWHOTo aedopmupoBanus. [Ipu
JOCTH)KEHUM TIPEJCIIbHBIX COCTOSIHUN B OETOHHBIX 2JIEMEHTAaX Pa3BMBAETCs YIPYroIUIaCTHUECKOE IOBEe-
HUe ¢ 00pa3oBaHUEeM TpelyH. ToyHOe MPOTrHO3UpPOBaHUE TAKOTO IMOBEACHUS HEOOXOIUMO I HaJIeXKHON
OLIEHKU MIPOYHOCTHU U BHIPAOOTKU ONTUMAIIBHBIX MPOEKTHBIX pemeHui. COBpeMeHHbIE YHNCIEHHBIE METOIHI,
B YaCTHOCTHU METOJ] KOHEYHBIX 31eMeHTOB (MKD), no3BomisitoT MoAenpoBaTh HEIUMHEHHYIO paboTy XKejle30-
0eToHa M aHAJIU3UPOBATh HANpPSHKEHHO-1€()OPMUPOBAHHOE COCTOSIHUE 3JIEMEHTOB HA Pa3IMYHBIX CTAAMUAX
Harpy>KeHHsL.

CrnenmanbHO 111 OeTOHA pa3paboTaH psiji COBPEMEHHBIX MOJIeNeii MaTepualia, OCHOBAHHBIX Ha KOMOH-
HallU¥ TEOPHHU IUIACTUYECKOTrO TeUCHUs U MeXaHu3Ma noBpexieHuit [1-3]. OqHoit u3 Hanbosee NOmyIsspHBIX
spisieTcst monenb Concrete Damage Plasticity (CDP), peanmzoBannas B Abaqus. Monens CDP Obuia paspa-
6orana Jlyonmunepom c coaBrt. [4] u qopaborana JIu u denBecom [5] s yueTa HIUKIMYECKOTO HATPYKESHUSI.
[TnacTuueckass yacTb MOJEIM OCHOBaHAa HAa KPUTEPUM TEKydecTH, ONMCAHHOM B paborax [pykepa [6] u
[Tparepa [7] 1 MoguduUIIMPOBAaHHOM JJISl y4€Ta aCHMMETPUH ITPOYHOCTH OETOHA B CXKATUH U PACTIKCHUH.

Mopenb coyeTaeT KOHIEIUH TEOPHH IIACTUYHOCTH U MEXaHWKU TOBPEKICHUHN JJIsl ONHCAHUS Tpe-
IIMHOOOpa30BaHus, HAKOIUICHUs HEOOpaTUMBIX IUIACTHMUYECKUX Aedopmanuii M Aerpagauuu (CHUKCHUS)
’KECTKOCTH OETOHA IOJT Harpy3KOi. 3a cueT ydera pacKpbITHsS TPELIMH MPH PACTHKEHUH, IPOOICHUS MaTe-
pHana mpu CXKaTuH, TNIACTUYECKOTO TEUCHUSI U CHUYKEHUSI MOYJISl YIPYTOCTH IO Mepe HAKOIUICHHS TTOBpe-
xaeHuit Mogens CDP no3Bosser BOCIIpOM3BOAUTE MOBEIEHUE OETOHA BILUIOTH /10 NIPEAEIBHOIO COCTOSHHUS.

Hecmortps Ha mmpokoe pacnpoctpanenue, Mmoaess CDP uyBcTBUTeNnbHA K BBIOOPY IMapaMeTpoB ILIa-
CTUYHOCTH M 33JaHHBIX AHAarpamMmM Ae(OpMUPOBAHHUS, YTO CYHIECTBEHHO BIMIET Ha PE3yJIbTaThl pacueTa
[8—10]. K mapameTpaM IUIaCTUYHOCTH, 33JaBA€MbIM IOJIb30BATEIEM, OTHOCATCS YroJl AUIATAaHCUU Y, IKC-
LEHTPUCUTET MJIACTUYECKOTO IOTEHIIMANA €, OTHOUIEHHE IPOYHOCTH OETOHA MPU JBYOCHOM M OJHOOCHOM
CKaTHH Gh0/Gc0, KOAPPHUIUEHT HOPMBI TTOBEPXHOCTH TeKydecTu K, a Takxke mapamerp Bsizkoctu L. Kop-
PEKTHOE Ha3HAUYEHHE THX MapaMeTPOB BAXKHO I MOJIY4YEHUS BOCIPOU3BOIUMBIX U (hpU3MYECKH 0OOCHO-
BaHHBIX PE3YJIbTATOB.

B nocnexnue roap! BeneTcst akTUBHAS paboTa 1Mo NOBbIMEHUIO ToYHOCTH Moienn CDP u ee kannGpos-
ke. Tak, Fedoroff ¢ coasr. [11] npoBenu napameTpryeckoe UCCIEOBAHUE BIMSHUS YIUIa TUJIaTaHCUU U (OPMBI
MOBEPXHOCTH TeKydecTu Ha paboty monenu CDP, npoananusupoBas xapaktep nedopmaiuii 6eToHa B mpo-
CTBIX HAIPSHKEHHBIX COCTOsSHMSX. [loka3aHO, 4YTO HEBEPHBII BBIOOP Y MM COOTHOLIEHUS IMPOYHOCTEH 1O
MepuAraHaM MOXET NPUBOJIUTH K CYILECTBEHHBIM IIOIPEIIHOCTAM B pacueTe AedopMmaiuii 1 HapsKeHUH.
Qasem c coaBT. [12] pa3paboTanu 0600mIeHHBIN TOAX0N K KanuOpoBke u ontumuzanmu CDP, Bkimouus
BIIMSTHHE apMHUPOBaHMs Ha paboTy OeTOHA MPH pacTshkeHuU (tension stiffening) u mpu cxxarum (compression
softening). OtnenpHbIe acnekTsl Mogenu CDP Takke ymyumrarores: Hanpumep, Alfarah u ap. [13] mpemio-
WM aHAJIUTUYECKHE BBIPAXKEHUS JJIs 3BOJIIOLUM CKAJISIPHBIX IepeMeHHBIX mnoBpexaeHus B CDP, no3so-
JSIOINME TIOTYYUTh PEATMCTUYHYI0 HUCXOASIIYIO BETBb JHarpaMMbl 6e3 OOIIMpPHBIX 3KcriepuMeHToB. Rakic
¢ coasT. [14] pa3paboranu meron unentudukanuu napametpoB CDP Ha ocHoBe pemienus oOparHoii 3a1auu,
YTO IOMOraeT NMoAo0pars mapaMeTpsl, HAWIY4YIIUM 00pa3oM CONIACyIOUIMEcs ¢ 33JaHHBIMU SKCIEPUMEH-
TaJbHBIMUA KPUBBIMH JI€()OPMUPOBAHHSI.
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B oredecTBeHHOI Hay4HOI JaUTEpaType BONMPOCH! HENMHEHHOIO MOJAEIMPOBAHUS OETOHA C UCMOJIb30Ba-
HUEM yTPYToIjlacCTUYECKUX MOJIENICH C MOBPEKICHUEM MONMYUHIIN onpeaeneHHoe pazsutue [15; 16], B Tom
yucie ¢ npumenenueM mozaenu CDP [17-19]. Bmecte ¢ Tem aHanu3 omyOIMKOBaHHBIX pabOT MOKa3bIBAET,
YTO CYHIECTBYIOIIME MCCIEOBAHMs, KaK MMPABUIIO, OPUEHTUPOBAHBI HA PEIICHHE YaCTHBIX 3a1a4 U He (op-
MHUPYIOT €IMHOTO U METOAMYECKH IPO3PAauyHOro MojAXoja K BhIOOPY KIHOYEBBIX mapaMmeTpoB moxenu CDP.
Henocrarounas cucremarusanusi peKOMEHAIMI 0 Ha3HAYEHUIO MMapaMeTpOB IJIACTUYHOCTU M MOBPEXk/a-
€MOCTH 3aTPyAHSIET MPAaKTHYECKOe MPUMEHEHNE MOJIEIH ITPH PacueTe JKelle300€TOHHBIX KOHCTPYKINH.

B cBs3u ¢ 3THM akTyanbHOU SIBIsIETCS 3a/1aua 00OOIIeHUS HAKOIUICHHOTO OMbITa M pa3paboTKu 00oc-
HOBaHHBIX pPEKOMEHJAIMi 10 BbIOOpY mapameTpoB Mozaenu Concrete Damage Plasticity, oGecrnieunBarommx
KOpPPEKTHOE BOCIPOM3BEICHNE HEIMHEIHOTO ToBeieHus OeToHa. Llens nccnenoBanns — 0O0OCHOBaHHE Ma-
pametpoB monenn CDP u Bepudukaiys ee NnpuMEHUMOCTH JUJIsl pacyeTa *KeJie300€TOHHBIX AJIEMEHTOB MpHU
CTaTHUYECKOM HarpyXeHHU.

2. MeTonnl

JInst TOCTH)KEHMSI TIOCTABJICHHOM 1€ BBINOJIHEH aHAINW3 OTEYECTBEHHBIX M 3apyOeKHBIX padoT, Mmo-
CBSILLICHHBIX YUCICHHOMY MOJIEJIMPOBAaHHIO OETOHA M KeIe300€TOHHBIX KOHCTPYKIHMH C MCHOJIb30BaHUEM
mozenu Concrete Damage Plasticity. Ha ocHoBe 0000111eH1s JINTepaTypHBIX JaHHBIX IPOBEICHO YUCICHHOE
Uccie0BaHue MOBEACHUS OeTOHa B MPOrpaMMHOM Komiuiekce Abaqus/Standard 1 TUIIOBBIX 371€MEHTOB
u3 OeToHa M ’Kene300eToHa. AHAIU3MPOBAIOCH BIMAHUE Kaxkaoro napamerpa CDP Ha pacueTHyro »xecT-
KOCTb, IIPOYHOCTh U XapakTep paspylleHus marepuana. Ha ocHoBe 000CHOBAaHHBIX 3HAUCHHI MapaMeTpoB
BBIIIOJTHEHA BepU(UKALUS MOJIENU IIyTEM COMOCTaBICHUS PE3yIbTaTOB YHCIEHHOTO MOAEINPOBAHUS C JIaH-
HBIMHU (PU3HUYECKUX IKCTIEPUMEHTOB.

Jist obecrieueHnst KOpPEKTHOTO YMCIIEHHOTO MOJICTMPOBAHUS HEOOXOAUMO YUUTHIBATh (PU3MUECKUI CMBICI
UCIIOb3YEMOM MOZIENHN U 3aJI0)KEHHbIE B HEE MIPEAIOIOKEHUS. B CBA3M C 3THM HIIKE KPaTKO IPEJICTABIEHBI
nonoxkeHus: mozesin CDP, HeoOXoanMble [T HHTEPIIpETalMy BXOAHBIX TapaMEeTPOB U Pe3yJIbTaTOB pacyera.

B pamkax Mojenu MmiacTUYecKoe TeUeHHe OETOHA OMUCHIBAETCS IIOBEPXHOCTBIO TEKY4YECTH B IIPOCTPaH-
CTBE MHBAPUAHTOB HaNpspkeHUH. DopMa MOBEPXHOCTH TEKYUYECTH XapaKTepU3yeTcsl IapaMeTpaMu, ONpese-
JSIEMBIMM Y€pe3 OTHOIIEHUE IPOYHOCTH OETOHA IPU JBYOCHOM U OJHOOCHOM C3KaTHU Gh0/Gco U KOG HUIIU-
€HT (OPMBI IOBEPXHOCTH TeKydecTH K.

[TpunsTO, 4TO AJS TSHKENOro OETOHA OTHOLIEHUE Gh/Geo = 1,16. CrannapTHoe 3HayeHue K = 2/3 coot-
BETCTBYET Kpurepuio Buiiama — BapHke U O0Tpa)aeT COOTHOLIEHHE PACUETHON IMPOYHOCTH OETOHA MpH
YHCTOM CIBHI€ U BCECTOPOHHEM CkaTud. HecMOTps Ha MIMpOKoe MPHUMEHEHUE CTAHIapTHBIX 3HAYEHHH Ia-
paMeTpoB, OHU IOJYYEHBI Ul WICATU3UPOBAHHBIX YCIOBUI HArpy>KeHHs U HE YUUTHIBAIOT OCOOEHHOCTH
pEasIbHOTO HAIMPSKEHHOTO COCTOSHHSA B JKEJIe300€TOHHBIX AIeMEHTax. B ¢BA3M ¢ 3TUM HICHTHU(UKAIMA ITa-
pPaMeTpoB Gh/Gco U Kc TO3BONIAET HMOBBICUTH JOCTOBEPHOCTh YHCICHHOTO MOJAEIMPOBAHUS U OOECIIEUUTH
KOPPEKTHOE BOCIIPOU3BE/IEHHE HECYIIEeH CIIOCOOHOCTH U MEXaHHU3Ma pa3pylleHus OeToHa.

B kadecTBe Iu1acTH4ecKoro moTeHuanza B Abaqus UCHONB3yeTCs CIIaKEHHBIH MMIepOOTNUeCcKUi 1o-
tennman Jlpykepa — IIparepa'. Ero ¢opma 3anaercs ABymMs napaMeTpaMu: yIIIOM JMIATAHCHH \J M SKCIIEH-
TPUCUTETOM €. YTOJI JUIATaHCHM OIpPEENseT ClIoCOOHOCTh MaTepyuaga K 0ObeMHOMY PacUIMPeHUIO (I10Ie-
pedHOoMy pa30yXaHHIO) MPH TUTACTUIESCKOM CIBHUTE U PETYITHPYET JONIO TUIACTHIECKON 00beMHOM 1edopma-
LMY OTHOCHUTEJIBHO IIPONOJIBHON. B nmuTeparype orMedaercs MIMPOKUI IUANa30H 3HAYEHUN yIila JMJIaTaH-
cUM y (IpHOIU3UTENBHO OT 5° 10 55°), YTO yKa3bpIBaeT HAa OTCYTCTBHE YHHBEPCAIBHOTO 3HAYEHUSI JaHHOTO
napaMeTpa U MoAYEPKUBAET HEOOXOAUMOCTbh €10 0OOCHOBAHUS 10 SKCIIEPUMEHTANIBHBIM JaHHBIM ISl KOH-
KPETHOTIo Kjlacca OeToHa M THIA HANPSHXKEHHOTO COCTOSHUS. AHAJOTMYHO U AJIS SKCLEHTPUCHUTETA MJIaCTH-
YeCcKOro MoTeHIHana, Haubojee 4acTo MCIOIb3yeMble 3HAYeHHs KOTOPOro BapbUPYIOTCS B JHAINla30HE
0,05-0,2. 31O CBHIETENLCTBYET O BAPMATUBHOCTH HACTPOEK YHMCIEHHOM Moaenu K (opMe MOBEPXHOCTH
TEUEHHs] U MOATBEPXKIAET 11eIeCO00Pa3HOCTh MACHTH(PUKALUU JAaHHOIO IapaMmerpa C y4eTOM YCIOBHMH
HaArpy>KeHHsI 1 0COOCHHOCTEH paccMaTpruBacMOi PacueTHOM ITOCTAaHOBKH.

! Dassault Systémes. Abaqus Analysis User’s Manual. Version 6.14. Providence, RI, USA. Dassault Systémes Simulia Corp.; 2014.
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Jlia perynsipuzanuy peleHusl B yCIOBUSX pa3pylIeHUs B MOZENb BBOAUTCS MapaMeTp BA3KOCTH I,
NPUIAIONINI MaTepUaly UCKyCCTBEHHYIO BSI3KOIUIACTMYHOCTD U YITYUIIAIOUIMHA CXOIUMOCTh UTEPALHOHHO-
ro npouecca. B nureparype yka3piBaeTcs Ha 3HAYUTENBHBIA Pa30poc peKOMEHIyeMbIX 3HaUE€HHUH mapaMmeTpa
Bs3KOCTH L. OTMeuaercs, 4To 0e3 BSI3KOIIaCTUYECKON PEeryssipru3alii pacyeTbl HeIMHEHHOro OETOHA YacTo
HE JIOXOJIAT /10 CTAUH MOJIHOTO Pa3pyLICHUs U3-3a IOTEPU CXOIUMOCTH Ha HUCXOASIIEH BETBU AMArpaMMbl
[12]. HecmoTpst Ha He(U3NUECKYIO PUPOLY AAHHOTO IapaMeTpa, ero BBIOOP Ui KOHKPETHOW pacyeTHOU
MIOCTAHOBKH OKa3bIBAaCT 3aMETHOE BIUSHHME HA YCTOMYMBOCTh pacyeTa U XapakTep HEJIMHEHHOr0 OTKIIMKA.

Jnis MonmenMpoBaHusl TTOBEJCHNsT O€TOHA 1TOJ] Harpy3koi B Moaens CDP BBojsTCS AuarpaMmbl «HaNps-
JKEHHe — Heympyras ae(opManus» Mpu CKaTUU U PaCTSHKEHUH, CIyXKalllie OCHOBOM J1J1s1 BBIYUCIICHUS TU1a-
cTHUYeCKuX AedopMaruii ¥ MoBpexaAeHUH. AHATUTHYECKHH 0030p CyIIECTBYIOUIMX MOIXOA0B MOKA3bIBAET,
YTO JUIsl HAJIS)KHOTO MOJIEIMPOBAHUS HEOOXOAMMO 33/1aBaTh PEAMCTUYHBIE TUAarpaMMBbl C IJIABHOM HUCXO-
Jsiied BeTBbio. Mcnobp30BaHue YIPOUICHHBIX TUarpaMM ¢ MTHOBEHHBIM OOpPBIBOM MOXKET MPUBOAMUTH K He-
KOPPEKTHOMY YYETy SHEPruH pa3pylICHHs, YTO BEAET K 3aBUCHMOCTH pe3yibrara OT pa3Mepa KOHEUHBIX
anemeHToB [ 13].

B xauecTBe yHMBEpCaTbHOW MOAETH JJIs CKATHUS MPUHAT 00001eHHbIN 3akoH [TomoBrya [20] ¢ moau-
¢dukanueit Hucxoasmei Betsu mo Tepenponbary — Kommmnzy (1)—(3) [21; 22]. C pocTom kiacca 6eToHa
MOBBIIIAIOTCS HAYaJIbHBIA MOMYJIb YIPYTOCTH M KPYTHU3HA BOCXOASILEH BETBU, a HUCXOAAIIAS BETBb CTaHO-
BUTCsI O0JIee KPYTOM, OTpakast BO3pacTaHue XPYNKOCTH Matepuana (puc. 1, a):

p n(e. /e.) 0
o, = ,
T n—l4(e, /8"
l,e <eg
c g
k= f ) (2)
0,67+=%,6 >¢
62 ¢ G
f. n
g, =% . 3
AT 3)

B dopmynax Belie: 6. — Tekyiee HanpspkeHue npu cxxaruu, Mlla; fo — numHAprYecKas IPOYHOCTb
6erona nipu cxaruu, MlIla; E. — monynb ynpyroctu, MIla; €. — TekyIas OTHOCUTENbHAs AepopMaIns;
€1 — OTHOCHTEJbHAs JeQopMalysi, COOTBETCTBYIOIIAs MUKy JAUArpaMMbl; # — KO3((QUIIMEHT KPUBU3HbI
BOCXOJISIIIEH 9acTh; kK — KOAPPHUIIMEHT MOCTITMKOBOTO YYaCTKa THarpaMMBbl.

KoadduririeHT noBpex1eHHOCTH OeTOHA IPH CHKAaTUH de BBIYUCIIIICA HA OCHOBE PA3JIOKEHUS MOIHON
HEYTIpyroi nedopMaliui Ha HEYIIPYTYIO U TUTACTUYECKYI0 cocTaBistomue (4) (puc. 1, 6).

in pl
_ e, —¢€,
= : , “4)
in pl
GC/EC+(SC —& )
e " — Heynpyras nedopMaimus OeTOHA NpH CxKATHH; & — TmacThHdeckas aedopMarys 6eTOHA MpPH

C)KaTWM, BBEIYMCIIIeMas (PEHOMEHOIOTMYECKH KaK 4acTh TOJTHOM HEyNpyrou aedopmaruu Iocje mnpejaeiia
IPOYHOCTH, NPH 3TOM (PUKCHUPOBAHHAS OIS IPUPOCTa Heynpyroil nedopmannu, paHas 0,2, oTHOCHIIach K
TTOBPEKICHHOW COCTABIISAIOMIEN.

Juarpamma pacTspkeHus: 6eToHa IPUHATA JIBYCOCTAaBHOM: TMHEHHO-yIPYrol 10 Ipefesia MPOYHOCTH U
¢ yOBIBaIOIIEH BETBBIO MOCIE 00pa30BaHUs NIEPBOM TPEIIMHEI. B kKauecTBe HUCMAJAIONIeH YacTu Auarpam-
MBI PacTSKEHUS! UCIOJIb30BAH SKCIIOHEHLMAIBHBIN 3aKOH YMEHbBIIECHUS HANpPSDKEHNS OT IUUPHUHBI PACKpbI-
THS TPEUTUHBI W, IPEJIOKEeHHBINH XopaerkoM (5) (puc. 2, a) [23]:

3 w
c w @ w _

—~L =1+ a— | le Yer ——(1+c13)e 2, %)
cr WCF WC?‘
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e 6:— TeKylllee HanpspkeHue rmpu pactsbkenun, Mlla; for — npoyHOCTs 6€TOHA IPH 0CEBOM PACTSKEHHH,
MlIa; w — TekyIas [UpUHA PACKPBITHS TPEIIUHBI, MM; Wer — KPUTHUYECKOE PACKPBITHE TPEIIMHBI, MM; C1
U C2 — SMIIMpHUYecKkue KodpPUIMeHTsl, paBHble 3 1 6,93 cooTBeTCTBeHHO. KpuTHUeCKO€ pacKpBhITHE Wer BBI-
YHCIISUIOCHh U3 YCIIOBHS PaBEHCTBA IUIOIIAIN IO/ KPUBOM G-w 3HEPTuM TpeumHooopazoBanus Gr(6):

w, =514G,/ f,.

< 50 r

§ 20 MIla/ MPa
€ YT 30 MITa/ MPa
£ ¢ 30} —— 40 MITa/ MPa
QO w
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= »w

g3

o ¥ 10 |

% <

8 O 1 1 1 J

0 0002 0004 0006 0,008 00l
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a
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<~ 08t
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E 02t
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Inelastic strain €., mm/mm

o

Puc. 1. {luarpammel nedopmupoBanus 0eToHa rnpu cxxaruu 1o moaenu [lonosuua — Tependonpaa — Konnunza
JUTSL pa3iIMYHbIX KJIACCOB OETOHA M COOTBETCTBYIOIIAS ABOIIOIHS KO (UIIHMEHTa TOBPEIKICHHOCTH

a — 3aBHCHUMOCTH «HampshKeHHe-IeGopMalrs 0eToHa IPU OTHOOCHOM CXKAaTHH;
6 — M3MeHeHHNe K03 GHUINEeHTa TOBPEXKICHHOCTH B 3aBUCUMOCTH OT JiehopMaliiy P CXKATHH
M ctouHuk: BemonneHo E.A. McakoBbIM.

Figure 1. Concrete compressive stress-strain relationship according to the Popovics — Thorenfeldt — Collins model

for different concrete strength classes and corresponding damage variable evolution:
a — stress-strain relationships of concrete in compression;
6 — evolution of the compressive damage variable as a function of strain
Source: made by E.A. Isakov.

< 3 1’0 -
>
L& 10 MM (mm) ~§ 08 |
o= g
g 2 20 mm (mm) E & 06 10 MM (mm)
0o 550
%
g8 —— 50 wu (mm) b} :Q% 04 20 Mw (mm)
EZ2 1t B
i -8 = 02 — 50 MM (mm)
o < ’
2]
o
8 0 1 1 — 0,0 L L !
0,000 0,005 0,010 0,015 0,000 0,005 0,010 0,015

Heynpyras nedopmanus &, MM/MM
Inelastic strain &, mm/mm

a

Heynpyras nedpopmanus &, MMm/MM
Inelastic strain &, mm/mm

o

Puc. 2. luarpammsel 1epopMupoBanus OETOHA NP PACTSHKEHUH 10 MOJIENTH XO0pAeiKa, OTKaTMOPOBaHHbIE
JUTSL pa3iIMYHbIX pa3MepOB KOHEYHOTO JJIEMEHTA M COOTBETCTBYIOIIAsT ABOIIIOIHS KO (UIIHEHTa TOBPEKICHHOCTH:
a — 3aBUCUMOCTHU «Hanp;m(eHHe-z[e(bopMaum{» OeToHa TIpU PaCTSKEHUU C YUETOM DHEPIruu TpeH_[I/IHOO6pa3OBaHI/I5[;

32

6 — U3MCHCHHE KO3(I)(I)I/II_II/ICHT3. TIOBPEKACHHOCTH B 3aBUCUMOCTHU OT HCq)OpMaLII/II/I TIpU pacCTsKCHUU

U ctouHuk: Bemonneno E.A. McakoBbim.

Figure 2. Concrete tensile stress-strain relationship based on the Hordijk model calibrated

for different finite element characteristic lengths and corresponding damage variable evolution:

a — stress-strain curves of concrete in tension according to fracture energy;
6 — evolution of the tensile damage variable as a function of strain
Source: made by E.A. Isakov.
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[Ipounocts OeTOHAa Ha OCEBOE PACTSIKEHUE for ONMPEAETSUIACH Yepe3 MPOYHOCTh MPU CKATUH IO IMITU-
pudeckoii 3aBucumoctu (7). DHeprus paspymenus Gy (H/m) ouenusanacsk 1o fib Model Code? B 3aBucumo-
CTH OT MaKCHUMaJIbHOTO pa3Mepa 3anoiaHuTeNs d. (MM) 1 TPOYHOCTH OeToHa (8):

£, =03£7"; (7)

5 f;+8 0,7
G, =(0,0469d,” -0,5d, +26) =~ - (8)

s yueta MacmtabHOro 3¢ ¢eKxra U yMEHbUICHUS 3aBUCUMOCTH PE3yJbTaToB OT pa3Mepa KOHEYHbBIX
AIIEMEHTOB MPUMEHSIIACh TeopwHsl mosiockl TpemuH (crack band theory) [24]. B cooTBeTCcTBHY C 3TUM TTOIX0-
JIOM BBOJUTCS XapaKTepUCTHUECKas MIMPHUHA JIOKAINU3AIMHU [cn (MM), CBA3aHHAs C pa3MEPOM KOHEUHOTO 3ie-
MCHTA B HAIIpaBJICHUHN PpaCpPOCTPAaHCHUA TPCIIUHBI. I[anee MUprUuHa paCKpPbITUA W NEPECBOAUTCS B OKBUBA-
JICHTHYIO JIOKaJIbHYIO ehopmanuio & 1o popmyne & = € + W/len, TAC €r — AePOpPMAIHSL, COOTBETCTBYIO-
as Hadyaxy TPEUIMHOOOpa30BaHUs. JTOT NMpUEM O0ECIeUMBaeT PACHpEAeTICHUE PACKPBITUS TPELIMHBI 110
ANIEMEHTY U JIeNIaeT Pe3yJIbTaThl MEHEE 3aBUCHMBIMU OT IlIara CETKH. B pesyibrare J0CTHraeTcs NMpaBUIIb-
HOE 3aTyXaHue HaNPsDKEHWM Ha HUCXOJISIIENH BETBU He3aBUCUMO OT pazmepa KO, a monnas sneprust Gy, pac-
cerBaeMasi IpH pa3pylIeHUH, OCTACTCs TOCTOSHHOM.

Koa¢ppunment noBpexxieHHOCTH OSTOHA MPU PACTSHKEHUH dr BBIYUCIISICS Yepe3 CTENeHb CHIDKEHHS
JEHCTBYIONINX HAMPSHKEHUI 10 OTHOIICHHUIO K Mpeieny npodHocTu 6etoHa (9) (puc. 2, 6):

©)

3. Pe3yabTarhl U 00CyXKIeHUE

Ha ocHoBaHMM BBINOJIHEHHOTO aHaIM3a JUTEPATypbl U YHCICHHOTO aHaJN3a CUCTEMaTU3UPOBaHbI 3(-
¢extrl kaxxaoro napamerpa CDP Ha noBenenue 6eToHa U c(hopMyIHMPOBaHbl PEKOMEHIALIUHU IO X BBIOODY.
Huxe npuBeneHbl KIIOYEBBIE pe3ysbTaThl 00 X BIUSHUU HA JKECTKOCTb, IPOYHOCTh U XapakTep paspylie-
HUS MaTepuana.

® BLINoJHEHHBIN aHAlU3 JTUTEPATyPHBIX UCTOYHUKOB M PE3yJbTaThl YUCIEHHOTO MCCIIEIOBAHUS MOJ-
TBEPAWJIM, YTO YTOJ JAUJIATaHCUU Y SIBISETCA OJHUM M3 Hamboliee YyBCTBUTEIbHBIX MapaMeTpPOB MOIENU
Concrete Damage Plasticity ¥ CyliecTBEHHO BIIMSIET Ha pPacUueTHYIO JKECTKOCTb, HECYIYIO CIIOCOOHOCTh U
MIPOTHO3UPYEMBIN XapakTep pa3pylicHus OCTOHHBIX M JKEIe300€TOHHBIX AeMEeHTOB [8—14]. VBenuuenue
3HA4YEHHUS Y B pPaMKax MOJEJH, KaK IMPaBUJIO, MPUBOJUT K POCTY HECYIEH CIOCOOHOCTU MPHU CIIBUTOBBIX U
CIIOKHBIX HANPSKEHHBIX COCTOSHUSX, YTO OOYCIIOBJIEHO pPa3BUTHEM MONEPEYHOrO pacliupeHus (ausara-
1Uu), co3narouero 3pdeKkT AOMOTHUTETILHOT0 OOKOBOro oOkaTHs Marepuana. [Ipu Manblx 3HaYEHHUAX Y
MJIACTUYECKOE TEYEHUE COMPOBOXKIAETCS MEHBIINM OObEMHBIM PACIIMPEHUEM, UTO CHUKAET PacueTHOE CO-
MPOTUBIIEHUE CIBUTY U MOXET MPUBOAMUTD K O0JIee XpyIKOMY XapaKkTepy pa3pylleHHs.

g TspKenbIx OETOHOB HOPMAJIbHOM MPOYHOCTH B KauyecTBe 0a30BOro 3HAUEHUS yia AWJIATaHCHUU Iie-
necoobpa3zHo paccmarpuBath Y ~ 30-35° [10; 12; 14]. Bapuanus y B auanazone 20—40° B psjae nocraHo-
BOK MPUBOJIUT K U3MEHEHUIO pacueTHOW Hecyulel cnocooHoctu nopsiaka 5—10 %, 4To mo3BosiseT UCIob-
30BaTh JIaHHBIA UHTEPBAJ KaK OPUEHTUPOBOUHBIN JIJIsl HHKEHEPHBIX PAacyeTOB MPHU OTCYTCTBUU KaJTUOPOBKHU
M0 SKCIIEPUMEHTY.

Jiis 1eMeHTOB, paboTaIUX MPEUMYIIECTBEHHO B YCIOBUSAX OJHOOCHOTO CXKATHs U M3ruda, HauiIyd-
1Iee COIIaCOBAHUE C HKCIEPUMEHTAIbHBIMHU JaHHBIMH, KaK MPaBUIIO, JOCTUTAETCS IPU YMEPEHHBIX 3Haue-
HusX ymia aunatancud [18]. B quanasone y = 25-35° BO3MOXXKHO KOPPEKTHOE BOCHPOU3BEICHHUE KECTKO-
CTH, HECYIIEH CITIOCOOHOCTU U MOCTIMKOBOTO MOBEIECHUS 0€3 UCKYCCTBEHHOTO YIPOUHEHUs. J{Js1 THIMHYHBIX

2 fib Model Code for Concrete Structures 2010. Lausanne. fib; 2013. https://doi.org/10.1002/9783433604090
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’KeJIe300€TOHHBIX KOJIOHH MPSIMOYTOJIBHOTO CEYEHUS U3 TSDKEJIOTo OeTOHA B psijie padoT ONTUMAIbHBIM yKa-
3bIBaeTCs 3HAUeHUe Yy mopsaka 35° [10].

Jln1st 57IeMEHTOB C BBIPAKEHHBIM TPEXOCHBIM CXKAaTHEM WM OJMHM3KUX K IUIOCKOH aedopmanuu (KOpoT-
KH€ KOJIOHHBI, MACCHUBHBIC 3JIEMEHTHI, OTIOPHBIE 30HBI) JAWIATAaTUBHAS CIIOCOOHOCTH OETOHA IONABIIAETCS
BCECTOPOHHHUM JaBiieHreM [11; 26]. B atux ycnoBusix peKoMeHayeTcsl UCIOIb30BaTh MOHMKEHHbBIE 3HAYe-
HUA yIy1a Aunatancuu nopsiaka y = 10-20°, 9ro mo3BosieT YYUTHIBATh CHIDKEHUE JTUJIATAIIMH PU BHICOKOM
ypoBHe ooxarus [11; 12].

Jlnist 371eMEeHTOB, pa3pylleHHe KOTOPBIX ONPENeNseTCs] Pa3BUTHEM HAKJIOHHBIX TPEUIMH M CIIBUTOBBIX
nedopMarii (HapuMep, KOPOTKHE KOHCOJTN ), MOXKET OBITh OTPaBIaHHO PUMEHEHHE TIOBBIINICHHBIX 3HaYe-
Hu . OTAeNbHBIE pacueThl MOKa3bIBAIOT, 4TO \ ~ 45-50° M03BOMISIET OMUCHIBATH TUATOHAIILHBIN XapaKkTep
TPEUMHOOOPA30BAHUS U COIVIACYETCSl C KCIEPUMEHTAIbHBIMH HaOmoneHusMu [9]. [lns ymsrpaBbIcOKO-
npouHbIX KoMio3uToB THra UHPC B oTaenpHBIX HCCIIEIOBAaHUAX MPUBOASTCS MOBBIIICHHBIC 3HAYCHUS yTIIa
JIMJIATaHCUH BIUIOTH A0 W = 55° [25].

Bnusaue xmacca 6eToHa Ha ONTHMaJIbHOE 3HAYECHHE yIVIA AMJIATAHCUU HOCHT BTOPHYHBIM XapakTep
[0 CPAaBHEHMIO C THUIIOM HalpsKEHHO-1e()OPMUPOBAHHOTO COCTOSIHHS U MPHUHATHIMH napamerpamu CDP
[12; 19]. s 6eToHOB HOpMasbHOM TipouHocTH (B25-B40) momycTtimo ucmonb30BaHNE CPEAHUX 3HAYCHUN
V B yKa3aHHBIX JIuana3oHax. J[Js BHICOKONPOYHBIX OETOHOB IeNeco00pa3HO paccMaTpUBaTh 3HAYECHUS
Omke K HIDKHEH I'paHHIle COOTBETCTBYIOIIUX JMAIa30HOB, TOTA KaK Ui OETOHOB MOHMKEHHON MPOYHO-
CTH BO3MOJKHBI HECKOJILKO OoJiee BrICOKHE 3HadeHus rpu ananoruanom HJIC [10; 12].

B DKCIICHTPUCHUTET IJIAaCTHYECKOTO MOoTeHHana B nuanazone 0—0,2 mpu GUKCUpOBaHHBIX TIPOYMX Ta-
paMmeTpax, Kak MpaBUIJIO, OKa3bIBAET OrPAaHMYCHHOE BIMSHUE HA PACUETHYIO KECTKOCTh M NPEACIbHYIO He-
CYLIYIO CIIOCOOHOCTb TP THIOBBIX IocTaHOBKax [11; 12; 19]. BmecTe ¢ TeM cIMIIKOM Majloe € MOXET 3a-
TPYAHHUTBH CXOIUMOCTD PEIICHUS, a CIIUIIKOM OOJIBIIOE € MOXKET 3aBBIIIATH d(PPEKT TUIATAHCUU TTPH HU3KOM
THIPOCTATUYECKOM JAaBJICHUU U TEM CaMbIM MCKa)KaTh MOBEICHUE MOJIEIH. B MHKEHEpHBIX pacueTrax Lele-
coobpas3Ho npuHuMarh € = 0,1 (3HaueHHe 1Mo yMoia4aHuIo B Abaqus) Kak KOMIPOMHCC MEXIy yCTOMYMBO-
CTBIO BBIYMCIICHUI U (hU3NYECKOM MPaBAONOAOOHOCTHIO, @ OTKIOHEHHE OT 3TOr0 3HAYEHUSI — BBITIOIHATH
TOJBKO MPH HATWYHH YKCTIEPUMEHTATBHON KaJIMOPOBKH.

® [lapameTp 6»0/Gco (OTHOLLIEHUE MPOYHOCTH MPHU JABYXOCHOM CKATUU K MPOYHOCTH MPU OJHOOCHOM
ckarum) omnpenenser Gpopmy nosepxHoctu Tekyuectd CDP B 00macTu BEICOKMX BCECTOPOHHMX JaBJICHUN U
MO3TOMY CYILIECTBEHEH JJISl JIEMEHTOB, Pa0OTAIOIIUX MPU 3aMETHOM OO0XKAaTUU U CJIOKHOM HaNpsKEHHOM
coctostHuu [11; 12; 19]. Ilpu 3aHmxeHUH mapameTpa MOJENb MOXET HEIOOLIEHHWBATh HECYIIYIO CIOco0-
HOCTb IPH CJIOKHOM HaNps>KEHHOM COCTOSIHMM, TOTJA KaK MPH 3aBBILICHUH BO3MOXKHA TIEPEOLIEHKA TPOYHO-
CTH M 3aBblllleHHas xecTKocTh [10; 14]. JIns Tsoxenoro 6eTroHa HOpMaIbHON MPOYHOCTH NPU OTCYTCTBUH
CHEeIUANIbHBIX JaHHBIX 11eJIeCO00Pa3HO UCIONB30BaTh Auana3oH 1,1—1,2 kak OpUEeHTHUPOBOYHBIHN, MPUHUMAs
0a3oBoe 3HaUCHUE Gr0/Gc0 = 1,16 (HacTpoiika mo ymondanuio B Abaqus).

= Kos¢pduument ¢opmbl NOBEPXHOCTH TeKydecTH Kc B OOJBIIMHCTBE MPAKTUYECKUX peanu3alui
CDP npunumaercsa paBubiM 2/3 [11; 12; 14; 19]. PacueTsl moka3bIBaloT, 4YTO U3MeHeHHE K. B JHana3oHe
0,5-0,8 00b14HO 1200 BIUSAET HA PACUETHYIO )KECTKOCTh U MUKOBYIO IPOYHOCTH, OJJHAKO 3aMETHO BIIMSIET
Ha JIOKaJu3aluuio Jaedopmaluii, OpueHTAlMI0 U Pa3BUTHE 30H MOBpexAeHHUS. /[ 0OBIYHOTO TSAKEIOro
O0eToHa MpU OTCYTCTBUH JAHHBIX KaJMOPOBKU PEKOMEHAYETCsl MCcmoib30BaTh Ke = 2/3, paccmarpuBas OT-
KJIOHEHHUSI OT 3TOT0O 3HAYEHUS KaK 4acThb MPOLEAYpbl MapaMeTpUyecKod MACHTU(DUKALUN TOJ, KOHKPETHbIE
YCIJIOBUSL.

® B cratnyeckux pacyerax BA3KOIUIACTUYECKHI mapameTp L 1esiecoo0pa3Ho mpuHUMaTh | = 0, 4ToOBI
MOJIeNIb OTpakajla KBa3MCTAaTHUECKOE IMOBeAeHUE 0e3 BBEIEHUS MCKYCCTBEHHOW BS3KOCTHOW peryispu3a-
uuu. [Ipu npobremax co CXOAMMOCTBIO JOMYyCTUMO 33JaBaTh Majoe HEHyJIEBOE 3HAYCHHE [L, JOCTATOUHOE
JUTsL CTAaOMIIM3alluy pelIeHUs IPY MUHUMAJILHOM BIMSHUU Ha pe3yNbTaThl pacueTa. B kauecTBe MCXOAHOTO
OpPHMEHTHPOBOYHOTO YPOBHS MOXKHO MCIIONB30BaTh |1 = 10~* mpu 06s3aTensHO IPOBEpKe UyBCTBUTEILHOCTH
pEe3ynbTaToOB K €ro M3MEHEHUIO U (PMKCAIlMU TOTO, YTO BBEACHHAS PEryJspu3alusl He HCKaXKaeT KIII0YeBbIe
pacueTHbIC XapaKTePUCTHKH.
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3.1. Bepugpuxayusn u cpagnenue ¢ IKCnepUMeHmMOM

Mogens CDP 06bia mpoBepeHa 1o dKCIIEpUMEHTaIbHBIM JaHHBIM. Ha ypoBHE MaTepuana pacueTHbIC
JMarpaMMbl C)KaTHs CPaBHUBAIKMCH C pesyibraramu ucnbiTanuii Kymdepa [26]. B ero pabore oOpasibi
200%200%50 mm u3 GeToHa pouHOCTHIO Ry = 32,2 MIla MCHBITHIBAIIMCH MPH PA3IUYHBIX COOTHOIICHUSAX
IJIaBHBIX HampspkeHu. [lo pesynpratam YMCIIEHHOTO pacyeTa JOCTUTHYTO YJOBJIETBOPUTEIHHOE COBIIAJIE-
HUE BILIOTH JI0 pa3pyliueHus (puc. 3).
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Puc. 3. CpaBHeHHE pe3yJIbTaTOB YUCICHHBIX U JIA00PATOPHBIX UCTIBITAHMH
M c1o4Huk: BeimoaneHo E.A. McakoBbiM 110 [26].

Figure 3. Comparison of the numerical model response and laboratory test results
S ource: made by E.A. Isakov on [26].

Hucxonsmas BeTBb AuarpaMMbl PacTsDKCHHMS M SHEPTUsl TPeUIMHOOoOpa3zoBaHusi Gy TOMOJHHUTEIBHO
MPOBEPSUTHCH Ha 3a/ade M3ruda Oajku ¢ HaJpe30M U COMOCTABIUIUCH C HKCIIEPHUMEHTAILHBIMU JTaHHBIMHU
(puc. 4) [27]. Dueprus tpemnHoodpazoBanus Obuta npunsata Gr= 77 H/m ansg 3anonnurtens pasmepom
da = 12 MM ¥ TmpezenoM NpodHOCTH Ha pacTsbkeHue Ry = 3,33 MIla. CraGunbHoCTh paOoThl MOJENN Ha
CTaJIu¥ pa3ylpoyHeHUs1 ObLIa MPOBEPEHA MPHU PA3IUYHBIX Pa3Mepax KOHEYHO-JIEMEHTHON CETKH.
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Puc. 4. CpaBHeHHE pe3yIbTaTOB YHCIEHHBIX UCTIBITAaHUN 00pa3IoB
C Pa3HBIM pa3MepPOM KOHEUHOI'O JIEMEHTA C JJa00PaTOPHbIMU UCIIBITAHUAMU
U ctounuk: BemonneHo E.A. cakossim o [27].
Figure 4. Comparison of the numerical model response with different finite element sizes with laboratory test results
S ource: made by E.A. Isakov on [27].
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Ha ypoBHE KOHCTpYKLIMHU MPpOBeeHA Bepu(UKaus Ha IPUMEpE Keae300eTOHHOM OaIKu Mo JaHHBIM
O6epuuxuna u Huxymuna (puc. 5) [28]. Xapakrepuctuku OeToHa B pacdere npuHsaTel: E»= 30,0 ['Tla,

Ry =22,5 MlIla. Apmarypa Obljia CMOAEIMPOBaHA JIBYJIMHEHHBIM yIIPYTrOIIaCTHYECKUM MaTepHUajioM.
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Puc. 5. KoHCTpyKIMs U pacueTHas MOZEIb UCTIBITHIBAEMOM Oaliku
M c1o4HuK: BeimonaneHo E.A. McakoBbIM.
Figure 5. Structural configuration and numerical model of the tested beam
S ource: made by E.A. Isakov.

Pesynbrare! pacuera 6aiku HOPMAIBLHOTO apMHPOBAHUS TIOKA3aJIH YOBIETBOPUTEIHLHOE COBIAICHHUE C
AKCIIEPUMEHTAIbHBIMU JJAHHBIMU BILIOTH J0 pa3pyliaromieii Harpy3ku (Tadin.). Tak, 11t Oanku TpaneuueBuI-
HOTro ceueHus cepur bTB oTkIoHeHWe pacyeTHOU MPEAEebHON Harpy3Ku OT CPEAHEN SKCIIEPUMEHTAIBHOMN HE
npeBbicrio 5 %. JKecTKoCTh Ha 3Tane TPemUHOOOPa30BaHNs U PAa3BUTHS IIACTUYECKHX Aedopmanuii Obu1a
CIPOTHO3MPOBAaHA MOJIENbBIO C HOrpemHocThio MeHee 10 % 1o mporudy. Xapakrep TpemnHooOpa3oBaHUs B

Oasnke, OLEHEHHBIN MO pachpeneeHnto ko3 uirenTa noBpexIeHHOCTH OeToHa di, TOKa3aH Ha puc. 6.

CpaBHeHUe Pe3y/IbTATOB YHCJEHHOr0 pacyeTa ¢ J1a00paTOPHBIMH AAHHBIMH
Comparison of the numerical model response and laboratory test results

Cpennne 3Ha4eHust NporudoB 6ajI0k B MM npu Harpyske, kH / | Cpeqnss npegenbHas

Hccienyemas BeanyuHa / Average mid-span deflection of beams at mm at load, kN Harpy3ka, kH /
Quantity Average ultimate
16 24 32 load, kN
Pe3ybTaThl 3KCIICPUMEHTOB / 219 3.66 517 39.27
Experimental results ’ ’ ’ ’
Pesynbratel pacyera B Abaqus /
Numerical results (Abaqus) L 3,30 214 37,60
Horpemnocts, % /
Error, % -22 -10 -1 -4

W ctounuk: BemonHeHo E.A. McakoBbiM / S o ur ¢ e: made by E.A. Isakov.

DAMAGET
(Avg: 75%)

000000000000
ORNVWANINNDOLO

Puc. 6. Yucnennoe pacnpeeneHne TpelyH, IpeICTaBlIeHHOe Yepe3 KoA(hGHUIIMEHT TOBPEKICHHOCTH d;
M c1o4HuK: BeimonaneHo E.A. McakoBbIM.

Figure 6. Numerical crack pattern represented by the concrete damage parameter d;
S o urce: made by E.A. Isakov.
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4. 3akirouenue

B pa6ore Bemonaeno obocHoBanue mapamerpoB mojaenu Concrete Damage Plasticity (CDP) mns mpu-
MEHEHHS B pacyeTax kele300€TOHHBIX KOHCTPYKIIUH.

1. IlpoBeneH aHanu3 BIUSHUS KJIFOUYEBBIX ApaMeTpoB (Y, €, G50/Gc0, Ke, |L) Ha pe3yJIbTaThl YUCICHHOTO
MOJISIIMPOBAHNS, a TaK)Ke 000CHOBaH BBIOOp AMarpaMm aehopMUpoOBaHUS OETOHA.

2. YCTaHOBJIEHO, YTO yroj JAWJIATaHCHH \y OKa3bIBaeT HauOoJiee 3aMETHOE BIUSHHE Ha HECYUIYIO CIIO-
cOoOHOCTH U J1e(hOpMaTUBHOCTb MOAENH. Il TSXKEIOro OETOHA MPU CTATUYECKOM HArpyKeHUH PEKOMEH[Y-
ercs npuHuMath Y ~ 30-35° ¢ BO3BMOXKHON KOPPEKTHPOBKOU B mpenenax 20—40° B 3aBUCUMOCTH OT THUIIA
HanpsHKEHHO-/1e()OPMUPOBAHHOTO COCTOSIHUS, a TaKkKe Kiacca OeToHa. DKCIEHTPUCHUTET IIaCTUYECKOrO
MOTEHIMANA 11eJIecoo0pa3Ho MmpuHUMaTh paBHbIM € = 0,1 kak 6a30Boe 3HaUeHHE, 0OECIIeUnBAIOIIee YCTOM-
YUBOCTb BBIYMCIIEHUM IIPU YAOBIETBOPUTENBbHON (pn3ndeckoil mpapaonogobHocTd. OTHOLIEHHE MPOYHO-
CTEH G»0/Gco IS TSKETIOro OETOHA MPH OTCYTCTBUM CIEIUAIBHBIX TaHHBIX PEKOMEHAYETCs IPUHUMATh PaB-
HbIM 1,16, K03 duuuent Gopmel moBepxHocTH TeKydectu Ke = 2/3. B cTarudeckux 3a1adax rnapameTp Bs3-
KOCTHU |1 PEKOMEHJIyeTCs 3a/1aBaTb paBHbIM Hyi0. [Ipu npobnemax co CXOIUMOCTBIO BO3MOXKHO HMCIOJIb30-
BaHKE MaJIOr0 HEHYJIEBOTO 3Ha4YeHMs | nopsiaka 10~ mpu 00a3aTebHOM KOHTPOJIE BIMSHUS HA AUArpaMMBbl
ne(pOpMUPOBAHHUS.

Jli11 KOPPEKTHOTrO BOCIIPOU3BEACHUS HETMHEWHOTO MOBEJCHUsI OETOHA U MOCTIIMKOBOIO OTKJIMKA HEOO-
XOJIMMO MCIIOJIb30BaTh JHarpaMMbl 1e(OpMUPOBAHUS, COINIACOBAaHHbIE C SHEPIrEeTUYECKUM KPUTEPHEM pa3-
pymienus. st cxatusi peKOMEHIyeTcsl IPUMEHATh 00001eHHy0 KpuByto [lonoBuya, 1uist pacTsHKeHUsT —
HKCIIOHEHI[MAJIbHYIO 3aBUCUMOCTb Ha OCHOBE HEpruu paspyuieHus Gy ¢ peryispusanueil no pasmepy Ko-
HEYHOro 371eMeHTa. JlaHHbIe AuarpaMMbl BepUPHUIHPOBAaHbI HA OCHOBE 3KCIIEPUMEHTAIbHbBIX JAHHBIX UCIIBI-
TaHui Martepuana. CoOrofieHne YKa3aHHBIX PEKOMEHJANN MO3BOJIAET MONYyYUTh YCTOHUNBBIE U (U3NUe-
CKH 00OCHOBAaHHBIE PE3ylbTaThl YHCICHHOTO MOAETUPOBAHUS pabOThl OETOHA BIUIOTH /10 pa3pylLICHUS B
paMkax BeIOpaHHBIX TapameTpoB CDP.
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Abstract. Timber structures, in particular glued laminated beams, have a number of advantages that contribute to their wide use in
industrial and civil construction. The development and research of design solutions that utilize the strength properties of structural
timber more efficiently is a key area for improving the performance of timber structures. The object of this study is a timber beam
of rectangular cross-section loaded with a uniformly distributed load, the outline of which is based on the uniform-strength
trajectories of beams in bending and horizontal shear. The construction of the outline of rational timber beams (RTB) was based on
determining the coordinates of nodal points by constructing straight lines tangent to the contour of a beam of uniform strength. The
RTB is a beam with a zone of constant rigidity in the middle of the span and undercuts in the support zones. The purpose of this
approach was to create a resource-efficient beam structure made of glued timber, characterized by lower material consumption
compared to beams of constant cross-section height along the entire span, as well as relative ease of manufacturing. The results of
the study show that the relative values of the RTB parameters, such as: the height of the support section relative to the maximum
height of the section /sup/h, the length of the undercut relative to the span lew/L and the angle of the undercut oew, depend only on
the ratio of the maximum height of the section to the span /4/L. The change in the width of the section b and the value of the
external load ¢ have no effect on them. The theoretical savings of structural timber of grades 1 and 2 are 6.2%...18.3%.
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efficient timber beams, structural timber saving

Authors’ contribution: Lisyatnikov M.S. — supervision, conceptualization, methodology, text draft; Repin A.V. — methodology,
text editing, conclusions; Terentyev K.M. — methodology, text editing; Roschina S.I. — supervision, conclusions. The authors read
and approved the final version of the article.

Conflicts of interest. The authors declare that there is no conflict of interest.

Mikhail S. Lisyatnikov, Candidate of Technical Sciences, Associate Professor of the Department of Building Structures, Vladimir State University named
after Alexander and Nikolay Stoletovs (VISU), 87 Gorky St., Vladimir, 600000, Russian Federation; eLIBRARY SPIN-code: 4089-7216, ORCID: 0000-0002-
5262-6609; e-mail: mlisyatnikov@mail.ru

Alexander V. Repin, Student, Department of Building Structures, Vladimir State University named after Alexander and Nikolay Stoletovs (VISU),
87 Gorky St, Vladimir, 600000, Russian Federation; eLIBRARY SPIN-code: 8623-6207, ORCID: 0009-0003-3011-7883; e-mail: avir@bk.ru

Kirill M. Terentyev, Postgraduate student, Assistant of the Department of Building Structures, Vladimir State University named after Alexander and
Nikolay Stoletovs (VISU), 87 Gorky St, Vladimir, 600000, Russian Federation; eLIBRARY SPIN-code: 5134-7370, ORCID: 0009-0001-8678-1121; e-mail:
terenzeret@gmail.com

Svetlana 1. Roshchina, Doctor of Technical Sciences, Professor, Head of the Department of Building Structures, Vladimir State University named after
Alexander and Nikolay Stoletovs (VISU), 87 Gorky St, Vladimir, 600000, Russian Federation; eLIBRARY SPIN-code: 4159-8636, ORCID: 0000-0003-
0356-1383; e-mail: rsi3@mail.ru

© Lisyatnikov M.S., Repin A.V., Terentyev K.M., Roshchina S.I., 2026

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License
A https://creativecommons.org/licenses/by-nc/4.0/legalcode

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIA 39


https://orcid.org/0000-0002-5262-6609
https://orcid.org/0000-0002-5262-6609
https://orcid.org/0000-0002-5262-6609
https://orcid.org/0009-0003-3011-7883
https://orcid.org/0009-0003-3011-7883
https://orcid.org/0009-0001-8678-1121
https://orcid.org/0009-0001-8678-1121
https://orcid.org/0000-0003-0356-1383
https://orcid.org/0000-0003-0356-1383
https://orcid.org/0000-0003-0356-1383

Lisyatnikov M.S. et al. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(1):39-52

Acknowledgements. The study was conducted under the state assignment in the field of scientific activity of the Ministry of Science
and Higher Education of the Russian Federation (topic FZUN-2024-0004, state assignment of the Vladimir State University).

For citation: Lisyatnikov M.S., Repin A.V.,, Terentyev K.M., Roshchina S.I. Rational outline of timber beams. Structural Mechanics
of Engineering Constructions and Buildings. 2026;22(1):39-52. http://doi.org/10.22363/1815-5235-2026-22-1-39-52 EDN: IFEHZJ

PannonajibHOe 0YepTaHue 1epeBIHHBIX 0aJI0K

M.C. Jucatuukos ", A.B. Penun"”, K.M. Tepentbes"”, C.U. Pomuna

Bragumupckuii rocygapcersennslil yausepeuteT uM. A.I. u H.I. Cronerossix, Braoumup, Poccuiickas @edepayus
4 rsi3@mail.ru

IMoctynuia B pepakuuio: 5 stuapst 2026 r.
Jlopabotana: 13 ¢pespans 2026 r.
Ipunsra k nyonukanuu: 17 despans 2026 r.

AHHoOTanus. JlepeBsiHHbIE KOHCTPYKLUH, B YaCTHOCTH JOINATOKJIEEeHbIe OaKy, 00JaJaloT PAIOM TOCTOMHCTB, CIIOCOOCTBYIOIIMX
UX HIUPOKOMY HNPUMEHEHUIO B IPOMBIIIIEHHOM U IPAXJAHCKOM CTPOUTENbCTBE. Pa3paboTka U McciefnoBaHUE KOHCTPYKTHBHBIX
pelIeHUH, O3BOJISAIOINX Oosee paloHaIBbHO UCIOIB30BaTh NPOYHOCTHBIE XapaKTEPUCTUKHU KOHCTPYKLIMOHHOW JIPEBECHHBI, SB-
JSIFOTCSI OMHMM M3 aKTyalbHBIX HAIllPaBICHWH TOBBIMLEHUS SKCIUTyaTallMOHHBIX KadeCTB JEPEeBSHHBIX KOHCTPYKIHH. OOBEKT UC-
CJICIOBAHMS — JAEPEBSIHHBIE OaJIKH MIPSIMOYTOIBHOTO CEYEHUs], 3arpyKeHHbIe paBHOMEPHO pacIipe/ieIeHHONH Harpy3Koii, ouepTanue
KOTOPBIX MOCTPOCHO Ha OCHOBE TPACKTOPHH pPaBHONPOYHOCTH OalOK MpH M3ruOe U cKajbiBaHuW. [locTpoeHHe ouepTaHus paruo-
HaJbHBIX AepeBsHHBIX Oanok (PIIB) oCHOBBIBAIOCH HA ONPEAEIEHUH KOOPAUHAT Y3JIOBBIX TOUCK IIyTeM MOCTPOEHHS MPSIMBIX, Ka-
caTeNbHBIX K KOHTYpy paBHonpo4Hoil Oanku. P/Ib npexacraBnser co0oii 6aliky ¢ y4acTKOM ITOCTOSIHHOM JKECTKOCTH B CEpeIHe
[poJieTa W MOAPE3KaMH B OIOPHBIX 30HaX. L{esbio Takoro moaxoaa sIBISIOCH CO3haHue pecypcodPdeKTHBHOM Oano4HOH KOH-
CTPYKIIMU U3 KJICEHOH JPEBECHHBI, OTIMYAIOIIEHCS MEHBIIICH MaTepUaIOEMKOCTBIO 110 CPABHEHHIO ¢ OalKaMHU MOCTOSIHHOM BBICO-
ThI CEUCHMS IO BCEH JUIMHE TIPOJICTa, a TAaKKE OTHOCHTEIBHOM HpOCTOTOﬁ HCIIOJIHCHHUA. PeSyJ'IbTaTbI HCCIICA0BaHMs IMOKAa3bIBAIOT,
YTO OTHOCUTENbHBIE 3HaYeHUs1 napameTpoB PJIB, Takue Kak BbICOTa ONMOPHOIO CEYEHHS OTHOCHTEIBHO MAKCUMAJIBHON BBICOTHI
cedeHus hisup/h, JTMHA TOAPE3KH OTHOCHUTENBHO IIPONETA lew/L W yTONM MOAPE3KH Olcut, 3ABHCAT TOIBKO OT COOTHOIICHHS MAKCH-
MaJbHOW BBICOTBI CE€UCHUS K MpoJeTy //L. VI3MeHeHne ke IUPUHBI CeYeHHs b M 3HaYeHHs] BHEIIHEH Harpy3Kd ¢ HUKAKOTO BIIHS-
HUS Ha HUX HE OKa3bIBaIOT. TeopeTudeckas S9KOHOMHsI KOHCTPYKIIMOHHON ApeBecuHsl 1 u 2-ro coproB cocrasnseT 6.2 %...18.3 %.

KuioueBble ci10Ba: 1epeBsHHBIC OANIKH MEPEMEHHO )KECTKOCTH, PaBHOIIPOUHBIE IePEBSIHHbIE OalKy, IEPeBSIHHBIE OANKH panuo-
HAJIBHOTO OYepPTaHUs, pecypcodPdHeKTUBHbBIC AePEBIHHbIC OATKH, SKOHOMHS KOHCTPYKIIMOHHOM APEBECHHBI

Bxaan aBropos: Jlucamuukos M.C. — Hay4yHOE PyKOBOACTBO, KOHIEMIIUS MCCIEIOBAHUS, Pa3BUTHE METOIOJIOTHH, HAIMCAHHE
WCXOIHOTO TEKCTa, UTOTOBBIC BBHIBONBL; Penun A.B. — pa3BHTHE METONOJIOTHH, J0paboTKka TekcTa; Tepenmves K.M. — pa3zButne
METOROJIOTHH, 0paboTka TekcTa; Powuna C.J. — HaydHOE PYKOBOACTBO, HTOTOBBIE BBIBOJBI. ABTOPHI O3HAKOMIICHBI C OKOHYA-
TENBHOM BEpCHEH cTaTby U 0JOOpHIIH €e.

3asBiieHHe 0 KOHGUIMKTe HHTEepPeCcoB. ABTOPHI 3asIBIAIOT 00 OTCYTCTBUU KOH(INKTA HHTEPECOB.

Baarogapaoctu. PabGorta BbIONHEHAa B paMKaxX TrOCYIapCTBEHHOrO 3alaHusi B cepe HaydHOW IesTeIbHOCTH MUHHCTEpCTBa
HayKH U BhICIIEro oopasoBanus Poccuiickoit denepanuu (tema FZUN-2024-0004, roc3ananue Bal'y).

Joas uurtupoBanusi: Jlucimuuxos M.C., Penun A.B., Tepenmves K.M., Powuna C./. PanpoHanbHOE O4YepTaHHe JIEPEBIHHBIX Oasok //
CrpoutenbHas MEXaHUKA HHXECHEPHBIX KOHCTPYKLUH u coopyxenuid. 2026. T. 22. Ne 1. C. 39-52. http://doi.org/10.22363/1815-
5235-2026-22-1-39-52 EDN: IFEHZJ

1. Introduction

Load-bearing timber structures (TS) have found widespread application in the construction of
buildings and structures due to their physical and mechanical properties, as well as their renewability,
carbon neutrality, and economic efficiency [1-5]. Study [6] is devoted to comparing TS with other types of
building structures. One way to improve their performance is to refine structural solutions by seeking
improved cross-sectional shapes, rational axis outlines of elements, and through the use of variable rigidity,
as discussed in [7]. Adopting a structurally justified solution at the design phase allows to reduce the cost of
the structure and cut construction and operational expenses, as demonstrated by the design of Olympic
facilities made of timber in the Russian Federation. Therefore, improving structural solutions for these load-
bearing elements remains a relevant task for the construction industry.

40 ANALYSIS AND DESIGN OF BUILDING STRUCTURES


https://orcid.org/0000-0002-5262-6609
https://orcid.org/0009-0003-3011-7883
https://orcid.org/0009-0001-8678-1121
https://orcid.org/0000-0003-0356-1383

Tucamuukos M.C. u Op. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLWIA 1 coopyxeHuid. 2026. T. 22. Ne 1. C.39-52

Adopting a technically justified solution at the design phase helps reduce the overall cost of the
structure and lower the construction and operating costs of the entire building. This process involves
modeling and complex mathematical calculations. Existing approaches include numerous variational methods,
as well as the well-developed theory of uniform strength [8], and the numerical finite element methods
described in [9; 10]; however, they require significant computational resources and specialized software.

Variability of the properties of wood, as a natural material, poses challenges for accurately evaluating
the mechanical characteristics of glued laminated beams. Therefore, it is crucial to develop and validate
models for predicting the mechanical characteristics in order to fully exploit the potential of this material
[11]. A stochastic model, which enables the establishment of relationships between safety factors and
individual mechanical characteristics by combining structural analysis tools with probabilistic descriptions
of timber planks, has become an important step in the design of timber structures, including for the purpose
of enhancing the competitiveness of timber compared to other building materials [12]. The transversely
isotropic model proved to be the most appropriate for describing glued structures, due to the averaging of
anisotropic properties in a multilayer solid [13]. Structural optimization is closely linked to the grain
distribution along the cross-section. The grain angle should depend on the magnitude of the applied load,
which led to development of a nomogram for the rational lamination, in which the proportion of low-quality
timber should not exceed 50%. Experimental and numerical analyses [14] indicate the advantages of using
hardwood for manufacturing glued laminated beams, particularly in a combined configuration where the
layers in the middle of the cross-section are made of low-grade timber, which opens up broad opportunities
for resource optimization. Study [15] also demonstrates the effective use of resources in glued laminated
beams by inserting lower-quality lamellas into less-loaded zones, typically in the center of the beam.

The influence of geometric parameters on the stress state was numerically determined in [16]. The
relationship between the section height and stress is parabolic, while the relationship between the wall
thickness and modulus of elasticity is linear. The authors confirm the theory that, in the beam outline, the
height axis is the most critical parameter for the structural shape. Timber lamellas in glued laminated
structures contain knots formed as a result of the natural growth process of trees, which significantly affect
the mechanical properties [17]. Accounting for the location of knots and finger joints in glued laminated
beams, that can cause significant stress and strain concentrations, is important, as demonstrated in [18].
Special stresses are concentrated in the support zones of deep beams, during the study of which an
engineering calculation of maximum stress was proposed, taking into account the rheological properties of
wood, and a method of reinforcement with polymers based on glass fabric with carbon nanotubes was
developed, increasing the horizontal shear strength by 10-20% [19]. The developed reinforcement method
demonstrated the possibility of conserving wood resources in glued laminated beams while maintaining the
design strength [20]. Study [21] demonstrates that replacing up to 34% of the lamellas with lower-quality
timber (after fire exposure resulting from a forest fire) reduces the load-bearing capacity by only 2.5%.

Approaches to improving beam geometry have evolved from individual formulas to comprehensive
analysis and design methods [22]. In [23], a solution for the skew bending of rectangular beams using the
Lagrange method was proposed, which minimizes the cross-sectional area subject to strength constraints. In
[24], a variational analysis method was developed and a system of integral equations for calculating forces
in all components of the structure of a multi-layer beam was obtained. A simple optimization method for
“scissor” trusses, developed in [25], revealed that the slope of the upper chord minimizes forces due to
scaling of the load diagrams.

Finite element methods (FEM) have become the standard for analyzing complex structures. Numerical
modeling of glued laminated timber beams is a complex problem; for example, the quasi-brittle nature of
wood requires modeling of progressive failure mechanisms and nonlinear behavior under load [26].
Simulation in MATLAB can predict flexural rigidity with high accuracy and provide sufficiently accurate
predictions of the flexural strength of glued laminated beams [27]. Developing a model in the ANSYS
software allows to simulate stress states of any complexity. In the practice of large-scale design, modelling
of a lattice timber dome with a diameter of 100 m allowed to reduce wood consumption by 10-15% [28].
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The method for buckling analysis of glued laminated beams with variable cross-sections, proposed by the
authors [29], revealed an underestimation of the design coefficients when using the Bubnov — Galerkin
method. Compound timber elements connected by dowels were studied in [30], showing compliance
coefficients in the range of 0.85—0.93. There is a trend toward increased use of glued laminated timber in
increasingly slender structures, which requires special attention to stability issues, such as lateral buckling [31].
Lateral buckling of narrow beams with bracing, investigated in [32], was refined in an orthotropic
formulation with an equation that revealed overestimation of standard values for a single bracing. Study
[33] is devoted to the investigation of out-of-plane bending of glued laminated structures, presenting a
comparison of the bending and shear characteristics of CLT and GLT beams.

The development of the strength criteria proceeded in parallel with the refinement of standards, as shown
in [34]. The authors of the study demonstrated the inadequacy of the Navier — Zhuravsky calculations for
glued laminated structures and proposed Ashkenazi tensor criterion with checks for radial stresses and
splitting across the grain in the near-support zones. In [35], a critical reassessment of building codes for
timber structures was performed, and errors in the coefficients for lateral buckling were identified. The
authors prepared tables for all types of restraints, refining the formulas and force diagram shapes. Field test
results confirmed the theoretical hypotheses with a discrepancy of no more than 12%. The results demonstrate
the need to refine the regulatory framework for structurally justified timber structure outlines and the
validity of applying the principle of uniform strength in practical calculations.

Practical implementation confirms the justification of the improvements to the TS shapes. Technically
justified structures are being actively incorporated into the designs of real projects. Compound composite
timber beams with mechanical connections, developed in [36], have increased the strength by a factor of
1.5-1.8 and stiffness by a factor of 2.5-3. Software [37] allows to automate the calculation of prestressed
compound beams with uniform stress distribution.

Having conducted the analysis of the use of timber structures in construction, including ways to
improve the shape and configuration of cross-sections, it can be concluded that the study of load-bearing TS
remains relevant. Contemporary researchers are exploring structural solutions aimed at conserving timber
resources without compromising the overall strength. Most of the research is related to the use of composite
materials, compound structures, or refinement of design codes. However, the use of technically justified
structural shapes or cross-sectional configurations is not widely covered in the literature. These factors
allow the authors to formulate the objective of this study, which is to determine the cross-sectional shape of
a timber beam that will make the most complete use of the strength characteristics of structural timber, and
to evaluate the effectiveness of the resulting designs.

The object of this study is a simply supported glued laminated timber floor or roof beam with a
rectangular cross-section and subjected to a uniformly distributed load.

The ratio of the wood consumption of beams with a rational outline to that of beams with constant
rigidity along their entire length is used as a criterion for evaluating the effectiveness of this design.

The outline of a rational timber beam (RTB) is determined by constructing tangents to the function of
the height of the cross-section of a beam of uniform-strength with a constant cross-sectional width. This
method ensures a linear variation in rigidity in the near-support zones of the structure, while the cross-
sectional height remains constant in the middle of the span.

2. Methods

In the first stage of the study, the contour of a beam of uniform strength was constructed using
diagrams of the relationship between the section height and the distribution of bending moments and shear

forces y=hg (x) along the axis of the member (Figure 1).

The height of the cross-section of the beam of uniform strength was determined based on the strength
conditions for timber beams with respect to normal and shear stresses:
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where M(x) = gx(L — x)/2 is the function of the bending moment distribution along the beam axis; Q(x) =
q(L/2 — x) is the function of the shear force distribution along the beam axis; W(x) = bh(x)*/6 is the section
modulus of the beam of variable rigidity; S(x) = bh(x)*/8 is the statical moment of the beam of variable
rigidity; J(x) = bh(x)*/12 is the moment of inertia of the beam of variable rigidity; b is the width of the beam
section; Ry, Ry are the design strengths of timber in bending and horizontal shear, respectively.

The expressions for M(x) and W(x) were substituting into formula (1), the expressions for Q(x), S(x)
and J(x) were substituted into formula (2), and the variable section height /(x) was then expressed:

_6gx(L—x) _ _ [3gx(L—x)
e R T )

e 12gx(L/2—x)-bh(x)* _1.5gx(L/2~x) _p

1.5g(L/2—-x)
o () =124 127 %)
8b-bh(x)’ bh(x) hs = i ()

bRy )

Next, three tangents to the curve of function /A, (x) were constructed. One of them ran horizontally
through its extremum (point D), the vertical coordinate of which corresponds to the maximum height of the

cross-section at the midpoint of the span 7,,,, . The other two tangents were drawn from points 4 and G,

the vertical coordinates of which correspond to the heights of the support cross-sections hsup. These
tangents were, in turn, the extrema of function /p (x) and touched the graph of function 7, (x) at points

B and E. Solving the problem of determining the rational outline of the timber beam reduced to determining
the coordinates of the nodal points of the contour 4, B, C, D, E, F, G (see Figure 1).

¥ = hy(x) ¥ = ho(x)
0
Y |
-
y
Zcui L — Zlcut lcul
L

Figure 1. Diagram for determining the rational outline of a timber beam
S ource: made by A.V. Repin.

In the second stage, half of the beam span from the origin was considered and the coordinates of points
A, D, and G were determined. A coordinate system with its origin at point O was defined, which coincided

with the starting point of diagram hM(x), and the y-axis was oriented vertically downward. The horizontal
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coordinates of points 4, D, and G corresponded to the beginning, middle, and end of the beam span: x , = 0;
xp = L/2; x5 = L. The vertical coordinates of points 4, D, and G corresponded to the heights of the support

sections and the middle of the span (maximum height): ¥4 =Yg =/ ; yp = hpay - The final coordinates of
the points were as follows: 4(0; Aigyp ), D(L/2; by )s G(L; hgyp).

Thus, based on the above, the following equations were obtained:

; )

3gL(L-L/2)/2 0.75
yDzhmax:hM(L/z)z\/ 9L( ) ZL\/ 9

bRy, bRy,

1.5¢(L/2-0) _0.754L
bR bRy

V4 =hgp =hp(0)= (6)

In the next stage, the equations for the tangent line to curve /, (x) were composed:

bR, bRy,

[ 075 B
y= —bbeO (L-x) (Lx, +x(L—2x,)). (7)
: 30,(L=x,) | _ Gay(L=x,)/ (bRy)Y [ 075
here / =| [ or | = =(L-2x,) |—24
T (XO) ( bRb J 2\/3qx0(L—x0)/(bRb) ( XO) bbeo(L_xo)

Next, the position of point B was determined using the equation of the tangent line (7). For this, it was
specified in the equation that xp = x, and the coordinates of point 4 were substituted for x and y:

3qx0(L—x0) +(\/3QXO(L—X0)

y:hM(xO)+hM,(x0)(x—x0)=\/ j (X—XO)S

0.75¢L 0.75¢
= Lxp +0(L-2 .
bRy, \/ bRyxp(L—x5) (L +0(L = 2xp))

Then, using the equation given above, xp was expressed:

_0.75qRy,
bRy % +0.75¢Ry,

®)

XB

The horizontal coordinate of point B is numerically equal to the distance from the support axis to the
critical section in the near-support zones of variable rigidity.
The vertical coordinate of point B was determined by substituting x=x, =xp:

’ 3 L—
Y =h (xp) + Iy (%6)(% —xo)=hM(xo)=\/@:
b

_ lquhS
bRy % +0.75¢R;,

VB L. ©)

The vertical coordinates of points B and F are numerically equal to the height of the critical section in
the near-support zones of variable rigidity: 7, = yp.
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To determine the coordinates of the points where tangents C and E intersect, y in the equation of the

tangent (7) was substituted with expression (5) for 7, :

0.75¢gL> 0.75¢
= L L-2 .
\ bR, \BRox, L Lo+ 2(L=2%))

Next, the value of x. from the equation given above was derived:

xC:\]xo(L_xo)_xo ' (10)

L-2x,

Substituting x; in equation (10) with the expression for xj, the following is obtained:

L

= . 1
€ T Ry b (0.75qRy) (1

The horizontal coordinate of point C is numerically equal to the length of the undercut in the support
zones of the beam: [ = x.

In the next stage of the study, based on the expressions given above, calculations were performed to
determine the rational outline of the timber beam, and the results of the study were analyzed.

During the process of constructing the trajectory of the beam of uniform strength, cross-section heights
were obtained for which the ratio of internal forces to the ultimate strength was equal to one; therefore, the
structural capacity was virtually exhausted. It was decided that when determining the outline of a rational
beam, a safety factor of, for example, 8% is applied. The values of the design strengths will be multiplied by
safety factor n = 1.08.

Design parameters:

® of Ist-grade pine timber:

— bending and tensile strength R? =21.0 MPa;

— shear strength along the grain of glued members in bending Rff; = 2.4 MPa.
® for 2nd-grade pine timber:

— bending and tensile strength R? =19.5 MPa;

— shear strength along the grain of glued members in bending Rff; =2.25 MPa.
Values of service condition factors:

— long-term strength factor 774 = 0.66 is adopted for service conditions involving the combined action

of dead, long-term temporary and occupancy loads on the floors of residential and public buildings, or the
combined action of dead and short-term snow loads;
— coefficient my depends on the height of the rectangular cross-section of glued laminated elements in

bending. In this study, the calculation was performed for beams with different cross-sectional heights;
therefore, in each case, the values of m, and the design strength values of timber in bending Rl? and
horizontal shear Rlll)s will differ (see Table 1);

— the values of the remaining service condition factors such as mg, my, m;, m; are taken as equal to
one, and M, My, M, M|, Mer, My are not used.

Rational timber beams (RTB) with spans of 6.0, 9.0, 12.0, and 15.0 m were examined, with cross-

sectional dimensions relative to the span as follows: height 2 = (L/10; L/12; L/15); width b = (h/4; h/5; h/6).
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The analysis was performed in two directions:

—at each step, relative cross-sectional dimensions 4/L and b/h were assigned, based on which the
absolute values of /# and b, the geometric characteristics of the cross-section, etc., were calculated;

— by varying the value of the design load ¢, a perfect match was achieved between the values of the
extrema of the trajectory of a beam of uniform strength and the absolute value of 4.

Table 1. Values of design strength of timber taking into account service
condition factors ; and the specified safety factor

Section height, cm

Design characteristics 50 and lower | 60 70 80 | 100 | 120 and higher
Coefficient 111, 1 0.96 | 0.93 | 0.90 | 0.85 0.8
RP=R® my, Tim /m,Mpa| 1386  |1331/12.891247|11.78  11.09
RD =RE -my -TIm; /n,MPa|  1.584 | 1.521|1.473|1.426 | 1.346 1.267

S ource: made by M.S. Lisyatnikov.

Based on the data provided above, the coordinates of the key nodal points governing the rational
outline of the timber beam were determined. Next, the geometric parameters of the RTB were calculated:

the height of the support section hsup, the height of the critical section in the zones of variable beam
rigidity h, the length of the undercut in the near-support zones /., , and the undercut angle a,. The

economic efficiency of the new structural design was evaluated by comparing the difference in wood
consumption between the RTB and beams of constant rigidity. For the same cross-sectional width, the wood
consumption is numerically equal to the ratio of the lateral surface areas of the compared structures:

o= VRB _ SRB _ AL — 2loy) + loyt (hsyp + 1)
Ve ScB hxL

; (12)

where Vip, Vep»> Srp»> Scg are the volumes and surface areas of the rational beam and the constant
(rigidity) beam; A, hsup are the cross-sectional heights at the midspan and at the supports, respectively; L is

the span of the beam; /., is the length of the undercut in the near-support zones of the beam.

The calculation process and verification of the results were performed using the MS Excel spreadsheet
program.

3. Results and Discussion

Figure 2 shows the diagrams of RTB with a span of 9.0 m for L/h = 10, 12, and 15, generated using the
Chart Wizard in MS Excel.

The results of the analysis are presented in Table 2. They show that the relative parameters of the
rational beam outline depend on the value of the relative section height 4 at the midspan. Other
characteristics — span L, cross-sectional width b, etc. — have virtually no effect. It has been established
that as the section height 4 increases, the values of such relative values as the length of the undercut

ley / L, the height of the support section /g, , and the coordinate of the critical section in zones of

variable rigidity also increase.

By performing calculations for intermediate values of the relative section height, taking into account
the strength characteristics of structural timber of grades 1 and 2, the relative geometric characteristics of
the RTB as a function of various L/A ratios are obtained. The calculation results are presented in Tables 3
and 4 and in Figures 3 and 4.
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Figure 2. General view of rational beam outlines using the example of structures with a span of LZ = 9.0 m for:

a—Lh=10;b—L/h=12;c— L/h=15
Source: made by A.V. Repin.

Table 2. Main results of the calculation for determining the parameters
of the rational outline of timber beams made of grade 1 timber

Lo | Parameters h=L/10 h=L/12 h=L/15
’ and indices b=hi4 | b=hi5 | b=hi6 | b=hi4 | b=m5 | b=hi6 | b=h/4 | b=h5 | b=h/6

¢, kKN/m 26.61 21.29 17.74 16.04 12.83 10.69 8.21 6.57 5.48
h, m 0.600 0.500 0.400
hgyp - m 0.525 0.365 0.233

b, m 0.150 0.120 0.100 0.120 0.096 0.080 0.100 0.080 0.067
Xg,m 2.602 2.083 1.523
6.0 leyt »m 2.800 2.530 2211
eyt »° 1.534 3.064 4312
hoyp | h 0.875 0.729 0.583
Xo/L 0.434 0.347 0.254
Iyt / L 0.467 0.422 0.368
o, % 6.2 12.9 18.1

¢, kN/m 3534 | 2828 | 23.56 2166 | 17.33 | 14.44 11.83 | 946 | 788
h, m 0.90 0.75 0.60
hgyp > M 0.79 0.55 0.35

b m 023 | o018 | o015 o9 | o015 | 013 015 | o012 | olo
X,.m 3.903 3.124 2.285
9.0 loyt »m 4.200 3.795 3316
eyt »° 1.535 3.064 4312
hsup | 0.875 0.729 0.583
Xo/L 0.434 0.347 0.254
Iyt / L 0.467 0.422 0.368
o, % 6.2 12.9 18.1
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Ending of the Table 2

I'm Parameters h=L/10 h=L/12 h=L/15
’ and indices b=h4 | b=h/5 | b=hi6 | b=h4 | b=h/5 | b=hi6 | b=hi4 | b=h/5 | b=hl6
q, kN/m 44.35 35.48 29.57 27.27 21.82 18.18 14.78 11.83 9.86
h, m 1.20 1.00 0.80
hgyp » ™ 1.05 0.73 047
b, m 0.30 0.24 0.20 0.25 0.20 0.17 0.20 0.16 0.13
Xgy,m 5.203 4.165 3.047
12.0 lcut , m 5.60 5.06 4.42
Oyt > ° 1.535 3.064 4.312
hsup /h 0.875 0.729 0.583
Xo/L 0.434 0.347 0.254
leut /'L 0.467 0.422 0.368
®, % 6.2 129 18.1
¢ kN/m 5543 | 4435 | 36.96 3208 | 2567 | 21.39 1745 | 1396 | 11.64
h, m 1.50 1.25 1.00
hsup ,m 1.31 0.91 0.58
b m 038 | 030 | 025 031 | 025 | o21 025 | o020 | 017
Xp,m 6.50 5.21 3.81
15.0 Loyt > m 7.00 6.33 5.53
Oyt »° 1.536 3.065 4.312
hsyp / h 0.875 0.729 0.583
Xo/L 0.434 0.347 0.254
logt /' L 0.467 0.422 0.368
o, % 6.2 12.9 18.1
S ource: made by M.S. Lisyatnikov.
Table 3. Summary table of calculation results for beams made of grade 1 timber
Parameters and indices Relative height of the section 4
Lno | /05 | L1 | LNA1S | L2 | L/125 | LA3 | L/A3.5 | L/14 | L1145 | L/15
(R 1.535 | 2.000 | 2.404 | 2.755 | 3.064 | 3.337 | 3.577 | 3.792 | 3.984 | 4.156 | 4.312
hsup I h 0.875 | 0.833 | 0.795 | 0.761 | 0.729 | 0.700 | 0.673 | 0.648 | 0.625 | 0.603 | 0.583
Xo/L 0.434 | 0.410 | 0.388 | 0.367 | 0.347 | 0.329 | 0312 | 0.296 | 0.281 | 0.267 | 0.254
lowt /' L 0.467 | 0.455 | 0.443 | 0.432 | 0422 | 0412 | 0.402 | 0.393 | 0.385 | 0.376 | 0.368
®, % 6.2 8.2 10.0 115 12.9 14.1 15.1 16.1 16.9 17.5 18.1
S o urce: made by M.S. Lisyatnikov.
Table 4. Summary table of calculation results for beams made of 2nd grade timber
Parameters and {ndices Relative height of the section /
Lno | L/nos | LAl | L/A1S | LA2 | LA25 | LA3 | L/13.5 | L/14 | L/145 | L/15
Oyt > ° 1.645 | 2.107 | 2.505 | 2.855 | 3.159 | 3.429 | 3.669 | 3.881 | 4.071 | 4.242 | 4.395
hsup I'h 0.867 | 0.825 | 0.788 | 0.754 | 0.722 | 0.693 | 0.667 | 0.642 | 0.619 | 0.598 | 0.578
Xy /L 0.429 | 0405 | 0.383 | 0.362 | 0.343 | 0325 | 0.308 | 0.292 | 0.277 | 0.263 | 0.250
lcut /L 0.464 | 0.452 | 0.441 | 0.430 | 0.419 | 0.409 | 0.400 | 0.391 | 0.382 | 0.374 | 0.366
o, % 6.6 8.6 10.3 11.8 13.2 144 15.4 16.3 17.0 17.7 18.3
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Figure 3. Diagram of the relationship between the relative parameters of the rational outline
of timber beams and the relative cross-section height L/A. 1st grade timber
S ource: made by A.V. Repin.
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Figure 4. Diagram of the relationship between the relative parameters of the rational outline
of timber beams and the relative cross-section height L/A. 2nd grade timber

S ource: made by A.V. Repin.

Calculations show that including a safety factor and/or changing the service condition factors has no
influence whatsoever on the relative values of the rational beam parameters. The absence of influence
indicates that the dominant factor is the ratio between the values of the design strengths to bending and
horizontal shear, while the service condition factors and safety factors, judging from negligible influence,
are similarity factors.

A techno-economic evaluation of the RTB structural designs shows that their economic efficiency
increases as the section height decreases from L/h = 10 to L/h = 15: from 6.2 to 18.1% for grade 1 timber
and from 6.6 to 18.3% for grade 2 timber (Figure 5). At the same time, the difference between the
corresponding economic efficiency values for grade 1 and grade 2 timber is within 0.4%. Thus, the influence
of timber grade on the economic efficiency of RTB structural designs is insignificant. Given the presence
of a large number of factors with insignificant influence on the parameters of the rational beam, it follows
that the RTB analysis method will reduce to determining the relative section height L/4 and subsequently
selecting the RTB parameters from the corresponding table. Intermediate values are determined by
interpolation.

Future research will focus on developing the methodology for RTB analysis and conducting a
comparative analysis with the results of numerical studies using FEM.
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Figure 5. Diagram of the relationship between the economic efficiency (o) of the RTB
and the relative height of the section L/

Source: made by A.V. Repin.

4. Conclusion

The following conclusions were drawn as a result of the study:

1. Theoretical studies of single-span timber beams were conducted to determine their rational outline
based on the uniform strength trajectories of beams with constant cross-sectional widths in bending and
horizontal shear. Expressions were derived to determine the coordinates of the nodal points of the rational
beam contour, and calculations were performed to determine the absolute and relative values of the
geometric parameters of rational timber beams for various spans and cross-sectional dimensions;

2. Analysis of the calculation results showed that the relative values of the shape parameters of a
rational beam depend on the relative section height /4 at midspan. Other characteristics — length L, cross-
sectional width b, etc. — have virtually no effect. It has been established that as the section height 4
increases, the values of the following relative values also increase:

— the length of the undercut /., /L;

— the height of the support section #

sup >

— the coordinate of the critical section in zones of variable rigidity.

3. A techno-economic evaluation of structural designs for rational timber beams shows that the
economic efficiency (wood consumption relative to a beam of constant rigidity) increases as the cross-
sectional height decreases: from 6.2 to 18.1% for grade 1 timber and from 6.6 to 18.3% for grade 2 timber;
the difference between the corresponding values is within 0.4%. The insignificant difference in wood
consumption indicates that the grade of timber has a negligible effect on the economic efficiency of the
studied structures.
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AnHoTanus. TpexrpaHHbIe aHTEHHO-MA4YTOBBIE COOPY)KEHHSI C ACHMMETPUYHON HU)KHEH YacThIO, BBIOJIHEHHOH B (hOpMe ycedeH-
HOHM MHUPaMUBl C ONHUM BEPTHKAIBHBIM MOSICOM, XapaKTePHU3YIOTCS BBIPAKCHHONH HEPaBHOMEPHOCTHIO MPOCTPAHCTBEHHOM JKeCT-
KocTH. ['eoMeTprueckast aCHMMETpPHsI, YCHIICHHAsI IKCIUTyaTallHOHHOM, BIHSET Ha Ae(OpMallMOHHBIE U TUHAMUYECKHE XapaKTepH-
CTHKW KOHCTPYKLHUI U PHBOJHUT K OTIMYHSAM OT KJIACCHUYECKHX CHMMETPUYHBIX OaleHHBIX cXeM. OOBEKTOM HCCIIeTOBaHUS SIBIISI-
FOTCSL TPU DKCIUTyaTupyeMmble OaiHu BbIcOTOH 70 M, HOCTPOSHHBIE IO €MHOM KOHCTPYKTHUBHOI CXeMe, HO pa3jIMyarolinecs mMac-
COl METaJUIOKOHCTPYKLHUH, 00beMOM 000pYAOBaHUS U KIMMAaTHUECKUMHU MTapaMeTpaMu pailOHOB YCTaHOBKU. MeTon uccienoBaHus
OCHOBaH Ha NMPOCTPAHCTBEHHOM KOHEYHO-3JICMEHTHOM MOJICIMPOBAHUU C YYETOM HOPMATHBHBIX BETPOBBIX BO3ACHCTBUH U
MaccoBOH HHepIuu 00opynoBaHMs. IlomydyeHbl KIIIOYEeBBIC 3aKOHOMEPHOCTH PabOThl KOHCTPYKLHMI: MaKCHManbHas MOIATIH-
BOCTH B HalpaBJIEHUHN BEPTHKAJIbHOW I'PaHU; CHIJKEHHE TOPU30HTAIBHBIX NepemelneHuit Ha 9—18 % npu BeTpoBoM Bo3neiicTBUN
B HaKJIOHHBIE TPAaHU; KOHLIEHTPALHUS M3TUOHO-PACTATHBAIOIINX YCHWIIMI B HIKHUX ydYacTKaX HAKIOHHBIX ITOSICOB; BEIpa)KEHHAs
TOPCHOHHO-M3TUOHAsI COCTABISIONIAas COOCTBEHHBIX (opM KolieOaHWH. YCTAaHOBICHO BIMSHHE 00OpYIOBaHUS Ha Ae(OopMaTHB-
HOCTb U JIMHAMHYECKHE MapaMeTpbl: 100aBJIeHHAs Macca CHHXKAET YacTOThI IepBbIX M3rHOHBIX popm Ha 16-20 % u TOpcHOH-
HO-U3ruOHbIX — Ha 10—-15 %. BoraBienHsle 3¢ dexTs! HOpMUPYIOT KOMIIIEKCHOE MIPEACTABIEHUE O IPOCTPAHCTBEHHOI paboTe
ACUMMETPUYHBIX TPEXTPaHHBIX OallleH U CIy)KaT OCHOBOM Ul AaJbHEHIIETO0 CONOCTABICHHS C 9KBUBAJICHTHBIMU CUMMETPHY-
HBIMH MOJIEIISIMH.

KiroueBsle cioBa: tpexrpanHas 6amns, MK3, H/IC, BerpoBast Harpy3ka, coOCTBEHHBIE KoJIeOaHUs, aCHMMETPUYHAs pelieTdaras
KOHCTPYKIHSA, 1e(OopMalliOHHAas KECTKOCTh, TOPU30HTANIbHBIC IIEPEMEIICHUS

3asiBieHune o KOH(])JII([KTe HHTEPECOB. ABTOp 3asABJAET 00 OTCYTCTBHUHU KOH(i)J'[I/IKTa HUHTCPECOB.

BuaarogapHocTu. ABTOp BhIpakaeT OnaromapHocTh renepaibHomy nupextopy OOO «I[TPU3MOHT-METAJII» (Mockga, Poc-
cuiickas @enepanusi) Ceprero BacunbeBruy KnnMoBHYy 3a peoCTaBICHUE TEXHUUECKUX JaHHBIX 10 MOHTaXYy OallleH C acuM-
METPHYHON HIDKHEH 4acThIO B BHIE YCEUEHHOH MUPAMHIBI C OMHHM BEPTHKAIBLHBIM ITOSICOM. ABTOP BEIpaykaeT IMPH3HATEINEHOCTD
peLeH3eHTaM 3a BHUMATEJIbHbIM aHaIU3 U KOHCTPYKTHBHbIE 3aMEUYaHUs, TIO3BOJIUBILNE OBBICUTh KaYECTBO IPE/ICTaBICHHOTO Ma-
Tepuaa.
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Abstract. Triangular antenna mast structures with an asymmetric lower part shaped as a truncated pyramid with a single vertical
chord exhibit nonuniform spatial stiffness. Geometric and operational asymmetry affects their deformation and dynamic behavior,
leading to deviations from classical symmetric tower systems. The research object comprises three operating 70 m towers built
according to the same structural concept, but differing in structural mass, equipment configuration and climatic conditions. The
analysis is based on three-dimensional finite element modelling that accounts for regulatory wind actions and the inertial mass of
the equipment. The study identifies key response patterns. The towers demonstrate maximum lateral flexibility in the direction of
the vertical face, while wind action toward inclined faces reduces horizontal displacements by 9-18%. Combined bending and
tensile stress concentrates in the lower parts of the inclined chords, whereas lattice members operate with a significant reserve of
capacity. Natural vibration analysis reveals a pronounced bending—torsion coupling in modes 3—5 due to asymmetric stiffness.
Equipment mass lowers the frequencies of the first bending modes by 16-20% and the bending—torsion modes by 10-15%. The
results provide a comprehensive understanding of the spatial behavior of asymmetric triangular towers and form the basis for
comparison with an equivalent symmetric model.

Keywords: triangular tower, finite-element analysis, stress—strain state, wind load, natural vibrations, asymmetric lattice structure,
deformation stiffness, horizontal displacements
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1. Beeaenue

AnTeHHO-MauTOBBIE coopyxkeHus: (AMC) npencTapistoT coOol BBICOKHE peleTyaTble IPOCTPAHCTBEH-
HbIE€ KOHCTPYKIINH, SKCIUTyaTHPyeMbIe B YCIOBUAX 3HAYNTEILHBIX BETPOBBIX Bo3/eiicTBUi. X reomeTpuye-
ckas ¢opma, KOHPUTYpaLUs PELIETKH U THII MTOSCOB OINPEEIAIOT HANPSKEHHO-1€(OPMUPOBAHHOE COCTOS-
HUE KOHCTPYKIWH, TUHAMUYECKUE XapaKTePUCTUKH U SKCIUTYaTallMOHHYIO HAJEKHOCTh, YTO TOATBEPXKIa-
eTCSl PAJIOM HCCIIEOBAHUMN, TIOCBSIIEHHBIX ONTUMHU3AIMU M OIEHKE JKECTKOCTHBIX XapaKTEPUCTUK OallleH-
HBIX KOHCTpYKIMil. Tak, B [1] BbIIIOSHEHA TOMONIOTUYECKAsh ONTUMH3AIMS TEIEKOMMYHHUKAIIMOHHOM OamHu
C YYETOM BETPOBBIX U TOJIONICIHBIX HATPY30K, YTO AEMOHCTPHPYET BHICOKYIO YYBCTBUTEIBHOCTh MPOCTPAH-
CTBEHHOW pabOThl KOHCTPYKIIMU K T€OMETpUH perieTku. MccnenoBanus [2] mokasaiu, 4To KOHQUTYpaIus
CTEpP>KHEBBIX JJIEMEHTOB CYHIECTBEHHO BIHUSET Ha PACHpeAeieHHEe HANpsHKEHUH MPU MOBPEXKACHUSIX, YTO
CBSI3aHO C TII00ANBHON yCTOWYMBOCTHIO Kapkaca. B [3] o6ocHOBaHa poiib TeOMETPHUYECKUX MTaPAMETPOB TPH
KOHIICTITYaJJbHOM MPOEKTUPOBAHNUU TEIEKOMMYHHUKAIIMOHHBIX KOHCTPYKIUH, YTO TOAYEPKUBAECT BaXKHOCTh
BBIOOpPA CXEMBI MTOSICOB M PEIIETKH Ha pPAaHHUX dTarax.

BerpoBas Harpy3ka siBIsIeTCSl INIaBHBIM 3KCILUTyaTallHOHHBIM (DAKTOPOM JIJIsl TAKUX COOPY>KEHHMA, TIO3TOMY
3HAUUTEJIbHOE YHCIIO paboT MOCBALICHO a’poAMHAaMUKe OarleH. YncIeHHble U SKCIIepUMEHTaIbHbIE HCCie-
JloBaHUs [4—6] MOKa3bIBAIOT, YTO JIAXe MPU PETYISIPHON TEOMETPUN PEIICTOK W TIAJKUX CTEPXKHIX peajb-
Hasi KapTUHa OOTEKaHUsSI XapaKTepPHU3yeTCsl BHIPAKEHHON TPEXMEPHOCTHIO: YePEOBAaHUEM 30H MOBBIILIEHHO-
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IO U MOHWKEHHOTO JIaBJIECHUS, IEPUOAUIECKUM BUXPEOOPA30BAHUEM U CUIBHON 3aBUCHMOCTBIO a9pOIHHa-
MHUYECKHX KO3(hPUIUEHTOB OT yria araku. O0o0IeHHbIe 1aHHbIe [7-9] yKa3bIBaloT, YTO TEICKOMMYHHKA-
IIMOHHBIE OalIHU 001aJal0T 3HAYUTENILHO Ooee CII0XKHOM adpoMHaMHUYECKON peaknuel, yeM KilacCu4ecKue
CTepKHEBbIE (DEPMBI, UTO CBA3aHO KaK C IUIOTHOCTBIO PEIIETKH, TaK U C JIOKAJbHBIMU MPENATCTBUSIMU B BH-
Jie aHTeHH U oOopymoBanus. Padotsl [10—12] neMOHCTpHUpYET, YTO OIEHKA BETPOBBIX BO3ICHCTBHU JOJDKHA
YUUTBIBaTh BEPOSTHOCTHYIO IPUPOAY IKCTPEMAJIBHBIX CKOPOCTEH BETpa, YTO OCOOEHHO BaXKHO ISl BBICOKHX
THOKHMX COOPYKEHUH.

JluHaMHUYeCKUe XapaKTepUCTUKU OallleH MoJ JeiicTBUEM BeTpa M CEHCMMKM U3Y4eHBI B psje padoT.
B [13] uccnenoBanuch kojebatenbHbie (GopMbl 0PPuIOpHBIX MmIaTGopm, MOKa3aB, YTO HEPABHOMEPHOCTh
pacripefiesieH!si MacC MPUBOAUT K YCHIICHHIO M3THOHO-KPYTHIIBHBIX (OpM KosjeOaHMH. AHAJOTHMYHBIE BbI-
BOJIbI JUIS pelleTyaThiX OalleH npencTasieHsl B [14; 15], rae moka3aHa BbICOKAas 4yBCTBUTEIBHOCTh YacTOT
1 GOpM K U3MEHEHHUIO Macchl 000PYA0BaHUs U BETPOBOI Harpy3ku. BeposTHOCTHBIE OLIEHKHM JTUHAMUYECKO-
rO OTKJIMKA TEJIEKOMMYHHUKAL[MOHHBIX KOHCTPYKLIMM, BBINOJHEHHbIE B [16—18], moaTBep:xaatoT, 4To acuMm-
METpHs T€OMETPUHU U HAarpy3KH IPUBOIUT K CYLIECTBEHHOMY M3MEHEHHIO II00aIbHBIX (hopM KoseOaHUui u
BO3MO)KHOMY CHID)KEHHIO YCTOMUMBOCTH.

BaxxHbIM (akTOpOM, BIMSIOUIMM Ha MPOCTPAHCTBEHHYIO pabOTy TEIEKOMMYHHMKAI[MOHHBIX OallleH,
ABJISIETCS. Macca U KOH(UTYpalus TEXHOJIOTHYECKOTo 00opynoBaHus. Pa3Menienre aHTeHH, paauo0I0KoB
Y BOJIHOBOJIHBIX CHUCTEM HE TOJIBKO YBEJIMUYUBAET COOCTBEHHYIO MAcCy KOHCTPYKLUH, HO U (hopMHUpyeT J10-
HOJTHUTEJIbHBIE BETPOBbIE IUIOMIAAN, U3MEHSS PEaKIUio OalllHU MU JAEHCTBUM T'OPU30HTAIBHBIX HArpy3o0K.
B uncnennsix [19-21] u skcriepuMeHTANBHBIX HccaenoBaHusIX [22; 23] moka3aHo, 4TO 000pyI0BaHHE CIIO-
COOHO CYyIIECTBEHHO U3MEHAThH paclpe/ieieHue NHEPIMOHHBIX CHUJI, CMELIaTh LEHTP Macc OalIHu U yCUIIH-
BaTh M3TMOHO-KPYTWIIbHBIE JlehopMaliiy CTBOJIA. DTU pabOThl NOAYEPKUBAIOT, YTO ACUMMETPUYHOE PACIIO-
JI0’)K€HHE aHTEHH NMPUBOAUT K PAa3JIMYHON CTENEHU BOBJIEYEHHUS IOSICOB U PEUISTKH IPH ACHCTBUU BET-
pa, a yBeIMueHHe Macchl 000PyAOBaHUS CHUKAET YacTOThl U3TMOHBIX (DOPM U yBETUYMBAET IEepeMELICHUs
B HaIlpaBJICHUN HAUMEHbIIEH KECTKOCTH.

OnmHuM M3 crnenuanu3upoBaHHbIX TUIIOB AMC sBisleTcsl TpexrpaHHas pelueryarast OalllHs, HIKHSIS
4acTh KOTOPOM uMeeT (hopMy TpeXrpaHHOI yCedeHHON MUPaMU/Ibl ¢ OJJHUM BEPTUKAIBHBIM U JIBYMsI HAKJIOH-
HbIMHU TnosicaMu. Takas (opma HIpUMEHsIETCs M3-3a OCOOCHHOCTEH TEXHOJOIMM MOHTa)Ka: BEPTHKAJIbHBIN
nosic 00ecreYrBaeT BO3MOXKHOCTD 11OCJIEI0BATEILHOTO MT0JbeMa CaMOIIOAbEMHOI0 KpaHa BJ0JIb pedpa, uyTo
yIpoIiaeT MOHTax OyiokoB (puc. 1). OpHako JaHHOE KOHCTPYKTUBHOE PEIIEHUE CYIIECTBEHHO HW3MEHSET
IPOCTPAHCTBEHHYIO pabOTy COOpPY>KEHHS MO CPABHEHHIO C KJIACCUYECKUMM IPABUIBHBIMU TPEXTPAHHBIMU
nupamMuiaMi. ACUMMETpUs HWKHEro 0J0Ka MPUBOJUT K HEPAaBHOMEPHOMY pacIpellelIeHHI0 KECTKOCTH B
IPOJIOJIBHOM HAalpaBJICHUH, Pa3IMYHOM CTETEHU BOBIICUEHMsI MOSCOB M PELIeTKH NpU JIeHCTBUU BEeTpa U
(dbopMUpyeT BbIpa)KEHHBIH TOPCHOHHBIN KOMIIOHEHT B N3rMOHO-KPYTHIIBHBIX (hopmax konebanuit. Hecmotps
Ha pacnpOCTPaHEHHOCTh TaKUX KOHCTPYKIMH, UX AMHAMHUYECKOE MOBEACHUE M OCOOCHHOCTH palboThI MOJ
JIefiCTBUEM BETPOBBIX HAIPY30K OCTAlOTCA Hen3yueHHbIMU. HopMaTuBHBIE JOKYMEHTHI U ITyOJIUKAILIUU OpU-
€HTUPOBAaHbl HA CUMMETPUYHBIE T€OMETPUUECKHUE CXEMBI, TOrAa Kak TpexrpaHnHble AMC ¢ BepTHKaIbHBIM
H0sICOM 00J1aJJal0T MHBIMU XapaKTePUCTUKAMU KECTKOCTU U IMHAMUYECKOTO OTKJIMKA. TpelyroTcs crenua-
JM3UPOBAHHBIC UCCIICIOBAHNS, HAIIPABJICHHbIE HA BBIBICHUE BIUSHHS T€OMETPUUYECKON U IKCIUTyaTalluOH-
HOW aCUMMETpUHU UMEHHO JUUIsl TAKOTO TUIIA TPEXTPAHHBIX OallleH.

OOBEeKTOM HCCIIEeJOBAaHUS SIBISAETCS METaJNIMYecKass TpeXrpaHHas OallHs aHTEHHO-Ma4TOBOTO THIIA
BbICOTON 70 M C aCHMMETPUYHOM IN€OMETPUEN HMKHEH YacTH CTBOJIA — C OJHHMM BEPTUKAJIBHBIM MOSICOM U
JIBYMsI HAKJIOHHBIMH.

L]env uccnedosanus — BbISBIEHHE OCOOEHHOCTEH NMPOCTPAHCTBEHHOM pabOThl U TMHAMUYECKOTO MO-
BeZicHUs TpexrpaHHbIX AMC ¢ aCHMMETPUYHOM HMKHEH 4acThbiO B BHUJE YCEYEHHOH NUPaMUIBI C OJHUM
BEPTUKAJIBHBIM II0SICOM.

Jlist TOCTHXKEHNUS TIOCTaBJICHHOM LI PELIatoTCs ClIeyIOIUe 3a/1auu:

1) nocTpoenue u BepuUKaIHs KOHEYHO-IEMEHTHBIX MOZIETIEH TPeX 3KCIUTyaTUPYEMBIX TPeXI'PaHHBIX
AMC ¢ acuMMeTpUYHOM reoMeTpuel HIKHETo 0JI0Ka;

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKL 55



Markina Yu.D. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(1):53-66

IX 3Iman/Stage IX X 3man/Stage X
VIl 3man/Stage VIII
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VI 3man/Stage VI 65.25
—_— ® / Monucnact
V 3man/Stage V 3850 > N/ / femoKTaxa /
T 2 /’ / Dlsi{nalgtllm?(
IV 3man/Stage IV 71750 ® / | pulley bloc

Ml / / | KpaH 8 npouecce
Il 3man/Stage Il 00 ® / 3 geMOHLaxg/
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3825 N J J J J \.\ dismantling
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/ : i OtTaxka /
k.. 8 22 ® [ ’ f ' Temporary
> A / / ) | " ‘I | quy line
[ 275 , I | | ‘
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Puc. 1. MoHTax OalllHK CaMOIIOJbEMHBIM KPAHOM:
a — TEXHOJIOTHYECKas cCXeMa MOHTaXa; 6 — MOATOTOBKA K JTamy | — HaBecke caMOIOIbeMHOT0 KPaHa;
6 — Oran [X — ycTaHOBKa CaMOIOJbeMHBIM KPAaHOM BEPXHEro 0J10ka GaniHu
1 ¢ 1o 4 Huk: Bemonueno 10.J]. Mapkunoii, A.A. MapKuHbIM.

Figure 1. Tower installation using a self-erecting crane:
a — technological scheme of installation; 6 — preparation for Stage I: attaching the self-erecting crane;
6 — Stage IX: lifting and installing the upper tower block with a self-erecting crane
S ource: made by Yu.D. Markina, A.A. Markin.

2) aHanIM3 rOPU3OHTAJIBHBIX MEPEeMELICHUI CTBOJIA OalleH NP Pa3IUYHBIX HANpaBIEHUSIX BETPOBOM

Harpy3Ku;
3) ompenenenue U cpaBHEHHE KOA(DOUIIMEHTOB UCTIONB30BAHUS AJIEMEHTOB JUIS Pa3HBIX HAlpaBICHUN

BETpa U YCIOBUMN AKCIUTyaTalluu;
4) onpeneneHre cOOCTBEHHBIX YacTOT U (hOpM KoJeOaHUN U aHAJIN3 UX YyBCTBUTEIBHOCTH K aCUMMET-

PHM KOHCTPYKIIMU M HATMYHIO 000pYy/I0BaHHUS;
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5) BBISIBIEHHE 3aKOHOMEPHOCTEH BIHMSHUS aCHMMETPUU HIDKHETO OJI0Ka Ha JKECTKOCTHBIE U JMHAMHU-
YECKHE XapaKTEPUCTUKU COOPYKEHUI;

6) moxroroBka 6a3bl IS JATBHEHINIETO CPABHEHUS MCCIICIOBAHHBIX OAllleH C SKBUBAJICHTHOW CUMMET-
PHUYHON KOHCTPYKIIHEHN.

2. MeTtonbl

HccnenoBanye BBIMOIHEHO METOIOM YHCIEHHOTO MOJCIMPOBAHMS HAINPSHKEHHO-IE(OPMHPOBAHHOTO
COCTOSIHUSI TPEX IKCIUTyaTHpPyeMbIX OaieH cBsi3u BeicoTor 70 M (puc. 2). Kaxxnast OamiHs npeacTasisieT co-
001 IPOCTPAaHCTBEHHYIO CTEPKHEBYIO KOHCTPYKIIMIO, BHEIIHE 00PA3yIOIIyI0 TPEXTPAaHHYIO YCEUCHHYIO TTH-
pamuy ¢ OIHUM BEPTHKAJIbHBIM HosicoM (110 +45,000 M) u TpexrpaHHyio npu3My B BepxHeil yacTtu. [losica
BBITIOJTHEHBI U3 TPyO, B MJIOCKOCTH I'paHe pacHoioKeHa perieTka u3 TpyO u mBeiiepoB. Hecmorpst Ha
OOLIHOCTh KOHCTPYKTHUBHOW CXEMBbI, HCCIIEyeMble OAlllHU pa3InyaroTcs psaaoM mapamerpoB. K Takum pas-
JUYUSM OTHOCSITCS OTAETBHBIE TE€OMETPHUUECKHUE XapaKTEPUCTHKH, CEUSHUSI YAaCTH TIOSICOB U JIEMEHTOB pe-
IIETKH, COCTAaB M PACIOJIOKEHHE BCIIOMOTATEIbHBIX KOHCTPYKIIUH, Macca U KOH(QUTypanus yCTaHOBICHHOTO
aHTeHHO-uaepHOr0 00opynoBaHusi. OCHOBHBIE KOHCTPYKTUBHBIE MTapaMeTphl IPUBEIECHBI B TA0M. 1.

Puc. 2. O6mmit B 00BEKTOB UCCIIETOBAHNS
a—Dbl;6—b2;6—B3

M ¢ To4HuK: BbINOIHEHO A.A. MapKUHbIM.

Figure 2. General view of the research objects:
a—T1;6—T26— T3
S ource: made by A A. Markin.
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Tabruya 1. OCHOBHBIE XapaKTEPUCTUKUA KOHCTPYKTHBHOTIO pellieHus faleH
Table 1. Main structural characteristics of the tower design

Ne / No. HanmeHnoBanue xapakrepuctuxu / Name of characteristic 3HaueHnue / Value
1 Bricora Metamnueckoii 6amau, M / Height of the steel tower, m 70,00
2 Pa3meps! rpaneii, M / Face widths, m 8,50-2,50
+6,000, +12,000, +18,000,
3 BericoTa pacnionoxenus nuadparm sxxectkocth, M / Elevation of stiffening diaphragms, m +21,375, +24,750,

+31,500, +68,625

BricoTa pacnoyiokeHHs MEpexoAHBIX, TEXHOJOTMYECKHX IUIOMANOK M miomanok g | +6,000, +18,000, +24,750,
4 ycraHoBku oraeit «30My, M / Elevation of transition and service platforms and aircraft +38,250, +51,750,
warning light platforms, m +65,250, +68,625

W c 1o uHnuk: BeimonHeHo 10.J]. Mapkusoii / S o ur ¢ e: made by Yu.D. Markina.

Pacuernble nccnenoBanus BBINMOMIHEHBI aBTOpOM B nporpammuoM komiuiekce SCAD Office ¢ ucnonnb-
30BaHHEM METOJ[a KOHEYHBIX 3JIEMEHTOB B PaMKax MMOBEPOYHBIX PACUETOB HECYIIEH CIOCOOHOCTH KOHCTPYK-
IMiA ONOP C YYETOM Pa3sMEIIEHHOTO M INIAHUPYEMOTO K YCTaHOBKE aHTEHHO-(QHIepHOro obopynoBaHus. J{is
MOJIETTMPOBAHMS HECYILIEH CUCTEMBI UCTIOIb30BATIUCH IPOCTPAHCTBEHHBIE CTEP>KHEBbIE KOHEUHBIE 3JIEMEHTHI
tuna 5 «[IpocTpaHCTBEHHBIN CTEp)KeHBY, 00NaIatoNIe MecThio cTeneHsaMu cBoooasl B y3ie (UX, UY, UZ,
RX, RY, RZ). [lannblii TUII 3IeMEHTa OCHOBAaH Ha alpOKCHUMAalUK U3rubda no Monenu Ditnepa — bepHymu
C Y4eTOM CJIBUTA MO TeOopuH THUMOIIEHKO M 00eCreunBaeT KOPPEKTHOE MPEICTaBICHHE M3TMOHBIX, MPO-
JOJNBHBIX M KPYTHJIBHBIX Je(OpPMaIfii TOHKOCTEHHBIX TPYOYaThIX JIEMEHTOB, XapaKTEPHBIX IS peleTya-
Teix AMC. Hcnonb30BaHNE CTEPKHEBBIX JIEMEHTOB MO3BOJISIET AOCTUTATh TpeOyeMOoil TOUHOCTH pacdera
IIPHU CYIIECTBEHHO MEHbBIIEH BBIUYMCIUTEIBHON Pa3sMEPHOCTH MOJAEIH IO CPABHEHMIO C IUIACTHHYATBIMU U
00BbEMHBIMU KOHEUHBIMH 3JIEMEHTaMH, YTO JIelaeT JAaHHbIM MOAXOJA HamOosee palloHaIbHBIM JJIs MpO-
CTPAHCTBEHHBIX penieTdarsix KOHCTpyKuui [25]. CrepikKHEBBbIE 3JEMEHTHI TaKKe COOTBETCTBYIOT HOpMa-
TUBHON METO/MKE pacdeTa peleTyarsix 6amen'. Mojenb (yHaaMeHTa NpUHATAa aGCOMOTHO KECTKOM, s
y3JI0B y OCHOBAHMSI 3a/1aHbI HYJIEBbIE TIEPEMEIIICHHUS U TIOBOPOTHI TIO BCEM CTETICHSIM CBOOOIBI.

Mogenu BKITIOYAOT TOJHBIM HA0Op MOCTOSHHBIX M BPEMEHHBIX HAarpy30K COIVIACHO TpeOOBaHUSM
Caona npasun Poccuiickoit ®eneparuu CIT 20.13330.2016% coOGCTBEHHBIH BeC KOHCTPYKIUIA ¥ HABECHO-
ro 000opyI0BaHUs, TOJIONIEAHYIO U BETPOBYIO Harpy3ku. BeTpoBoe BO3aeHCTBHE MOJEIMPOBAIOCH KaK pac-
npeaesieHHas Harpy3ka BIOJIb NOsicOB. PaccmaTpuBaiuch TPU HampaBi€HUs BETPOBOTO BO3JEHUCTBUS:
B rpanb W1, Bronb rpanu W2 u ot rpaau W3 (puc. 3). Beibop HeHOpMaTuBHBIX Hanpasienni (cormacao CIT
20.13330.2016° 7151 TpeXrpaHHBIX OIOP SBISETCS 00S3aTENILHBIM PACCMOTPEHHUE TOJIBKO BETpa B IpaHb W1,
OCTaJIbHbIE HANpaBJICHUs HE PErIaMEHTHUPOBAHBI) 0OyclioBieH TeM, 4To mpu W2 u W3 moryT dhopmupo-
BaTbCsl MAKCUMAJIbHBIEC YCHIINS B BJIEMEHTAX PEUIETKH U ONPEAEIIAIONINE OTPhIBHBIE peakny (PyHIaMEHTOB.
OCHOBHBIM PacYETHBIM COYETAHHEM SIBJISAETCS KOMOMHAIMS MOJTHOM BETPOBOM HArpy3Kd C MOCTOSHHBIMHU.
Pacuer BoblnonHssIcsA B IMHENHHOMN nocTaHoBKe. KOPppeKTHOCTh pe3yabTaToB NOATBEPKIAETCS COMOCTaBUMO-
CTBIO C pe3yabTaraMu 0ojiee paHHHX MOBEPOYHBIX PACUETOB HECYIIEH CITIOCOOHOCTH 3TUX e OalleH, BHIION-
HEHHBIX B PaMKaX dKCIIEPTU3BI OTOP JI0 Mepeo0OpyaoBaHus. DKCILTyaTallIOHHbIE TapaMeTphl OallleH MpHuBe-
JeHbl B Ta0I. 2.

Bnusinne BepTHKanbHON IpaHH OLIEHUBAJIOCH 10 OTHOCUTEIEHOMY CHIKEHHUIO IIEPEMEICHNUI TIPU BETpe
B HaksoHHbIE rpaHu 12 u I'3 otHocurensHo I'l. Tlox cHMKeHHEM NepeMeIIeHni TOHUMAETCsl OTHOCUTEIb-
HO€ YMEHBIIIEHHE TOPU30HTAJIBHOIO MEPEMELICHHS IPU JCHCTBUM BeTpa B HakJIOHHbIE Tpanu ['2 wu '3 no

'CIT 20.13330.2016. Harpy3sku u Bo3zeiicTBus. Akryanusuposannas penakius CHull 2.01.07-85*. 154 ¢.; ENV 1993-1-3
EuroCode 3: Design of steel structures. Part 1-3: General rules. Supplementary rules for cold formed thin gaugemembers and
sheeting. European Committee for Standardisation CEN. Brussels, 1996; Wind Actions on Structures: ISO 4354:2009. [2009-
06-04]. Geneva, Switzerland: International Organization for Standardization, 2009. 68 p.

2 CI120.13330.2016. Harpy3sku u Bo3aeiicTsus. AkTyanusuposanHas peaakuus CHull 2.01.07-85%. 154 c.

3 Tam xe.
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CPAaBHEHHIO C NIEPEMEILIEHUEM IIPU BETPE B BEPTHKAJIBbHYO0 TpaHb I'1. [lokazarens BbIpaxaeTcsl B IPOLIEHTax

H ONpCACIIACTC KaK

ST

Il

A

rac 61—1 — TOPU3OHTAJIBHOC INECPCMCIICHNUEC IIPpU BCTPOBOM BOSI[ef/'ICTBI/II/I B I'paHb Fl, 81"1‘ — HCPEMCUICHUC

mpu BeTpe B rpanb [ 2 wmm ['3.

y W1
M2/12
e
r3/F
r/F m/L1
W1 \ / -
W3
W2 - n3/13 \W1

Puc. 3. PaccmarpuBaemble HammpaBIeHHs BETPA 110 OTHOIIEHUIO K KOHCTPYKITHH:
W1 — B rpanb; W2 — Bronb rpanu; W3 — ot rpanu; [11 — BepTUKaibHBIIH HO5IC;
12 u [13 — naxnoHHbIe nmosica; ['l — HakIOHHAs rpaHb, MPOTHBOJISKaas nosicy I11;

I'2 u I'3 — BepTuKanbHBIE I'paHU, IpOTHBOJIEXKaIHe rnosicam [12 u I13

W c 1o uHuk: Bemoinero F0.J1. MapkuHoi#.

Figure 3. Considered wind directions relative to the structure:

W1 — towards the face; W2 — along the face; W3 — away from the face;
L1 — vertical chord; L2 and L3 — inclined chords; F1 — inclined face opposite to chord L1;
F2 and F3 — vertical faces opposite to chords L2 and L3

S ource: made by Yu.D. Markina.

Tabruya 2. IkcmuryaTanuoHHbIe mapaMeTpsl 6ameH / Table 2. Operational parameters of the towers

- B1/T1 B2/T2 B3/T3

N . . . Hwxeroponckas / | Pssanckas / | Hiokeroposckas /
Ob6nacte Poccuiickoii @enepanyu / Region of the Russian Federation Nizhny Novgorod Ryazan Nizhny Novgorod
Berpogoti paiion / Wind region 11 I I
Tun mectHoctu / Terrain category A A A
I'ononennslit paiion / Icing region 11 11 I
CeiicMuuHOCTb paiioHa, 6amsl / Seismicity of the area, points <6 <6 <6
KoadduimeHt HaIe)KHOCTH 10 OTBETCTBEHHOCTH / | | 1
Partial safety factor with respect to importance
Bec xonctpykimu, T/ Weight of the steel structure, t 16,04 16,79 18,13
Bec obopynosanus, T / Weight of equipment, t 3,17 5,09 2,72
CymmapHas BeTpoBas Harpy3ka, Tc / Total wind load, tf 6,97 5,50 6,95

M ¢ 1o 4Huk: Bemonneno F0.JI. Mapkunoii / S o ur ¢ e: made by Yu.D. Markina.
ITosoxuTenbHbIE 3HAYEHUS XapaKTCPU3yrOT YMCHBIIICHHC HepeMeHleHI/Iﬁ, a OTpHULATCIIbHBIC — HX

yBEJIMYE€HUE OTHOCUTENIBHO 0a30BOTO ciryuyasi BeTpa B rpaHb ['1.
CoOCTBEHHBIE YaCTOTHI OMPENCISTUCH TS TIEPBBIX JECATH (OpM KOJIeOAHWH, BKITFOUAIOIINX H3THO-

HbIC, TOPCHOHHBIC U JIOKAJIbHBIC (POPMEI.
Jlnist Bcex Tpex OallieH BBIIOJIHEHO COMOCTABJICHHUE:!
— abCOITIOTHBIX TIEPEMENICHHUH;
— IPOIICHTHOTO CHUKECHHUS TIEPEMEIICHHIA,
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— MaKCHUMAaJTbHBIX KOA(PHUITUESHTOB UCTIOIb30BAHNS;

— MEePHOJIOB COOCTBEHHBIX KOJIEOAHUIA.

MeTtonuyeckuii Moaxo/] B JAHHOM UCCIIE0OBAaHUH TIPEACTABIISET COOOM MOCIIeI0BATEIbHYIO IPOLEAYPY
YHCIICHHOTO aHaJIN3a, BKIIIOYAIONIYIO YETHIPE KIIFOUEBBIX KOMIIOHEHTA:

1) MozmenupoBaHue MPOCTPAHCTBEHHOW PabOTHI OAalTHK MPH TPEX HAMPABICHUSAX BETPOBOW HATPY3KH:
HopmatuBHOM (W 1) u nByx HeHopMaTtuBHbIX (W2, W3);

2) y4eT Kak reoOMeTpHIeCKOl aCHMMETPUN KOHCTPYKIINH, TaK U SKCIUTyaTallHOHHOW aCHMMETpHH, 00Y-
CJIOBJICHHOM Maccoi M pa3MelIeHneM 000pyI0BaHHUS,;

3) conocTaBUTENBHBII pacueT Tpex OalleH, MOCTPOCHHBIX IO OJHON KOHCTPYKTUBHOU CXEME, YTO T03-
BOJISICT BBISIBUTh YHUBEPCAIbHBIC 3aKOHOMEPHOCTH M UCKIIIOUUTH BIUSHUE WHIUBUIYATBHBIX 0COOCHHOCTEH
OOBEKTOB;

4) UCTIONIb30BaHUE HOPMHUPOBAHHOTO IMOKA3aTelNsi CHIDKEHHS MEPEMEIICHUH, MO3BOJISIONIETO KOJTHYe-
CTBEHHO OIIEHHUTH BKJIAJI ACHMMETPHH B IIPOCTPAHCTBEHHOE TIOBEICHUE KOHCTPYKIIUI HE3aBUCHMO OT abco-
JIFOTHBIX 3HAYEHUI HArpy30K M )KECTKOCTEH.

Takum 00pazom, pacueTHbIE MPOLEAYPhl OOBETUHEHBI B SAMHYIO JIOTHUECKU TIOJHYIO CXEMY aHaJn3a
BJIMSIHUSI aCHMMETPHUH T€OMETPHUHU Ha IPOCTPAHCTBEHHYIO PA0OTY TPEXIPaHHBIX OAllICH.

3. Pe3yabTarhbl U 00CyXKIeHUE

AHanm3 dKCIUTyaTallMOHHBIX MTAPaMETPOB U PACUETHBIX JAHHBIX TPEX OallleH CBS3M MOKa3aj, YTO MPH
CXOJTHOW T€OMETPHH HECYIEro CTBOJIA KOHCTPYKIIMH 007alaloT CXOKMMHU 3aKOHOMEPHOCTSMHU TPOCTpPaH-
CTBEHHOM pabOThI, HECMOTPS Ha Pa3IHUYUsI B Macce METAJUIOKOHCTPYKILIMH, KOTMYECTBE U pa3MeneHnn 000-
pynoBanmsi. Haubonbiiee BeTpoBoe BozaeiicTeue npuxofautcs Ha Oamau bl u B3 (6,97 u 6,95 1¢), Torna
kak b2, pacronoxkennas B | BeTpoBoM paiioHe, UCIIBITBIBAET MEHbBINYIO Harpy3ky (5,50 tc). Tem He MeHee
uMeHHO b2 nmeer MakcuMainbHbIe KO3()(QUIIMEHTHI HCIIOIB30BAHUS 110 TIOSICAaM, packocaM U aHKepHBIM 00II-
taM (Tabm. 3) BCIIeACTBHE HAMOOJBIICH Macchl YCTaHOBICHHOTO obopynoBanus (5,09 T), co3naromiero ao-
MOJTHUTENIbHYI0 Harpy3Ky M CMEIIAIOIIEro IEHTP TSHKECTH KOHCTPYKIUH.

Tabruya 3. MakcumalibHble KO3 (PUIHEHTHI HCIO0JIb30BAHUS 3JIEMEHTOB DalleH
Table 3. Maximum Utilization Rates of Tower Elements

MaxkcumanbHbIi KO3()GUIHEHT Henoab30BaHus /

Maximum utilization factor BI/T1 b2/2 B3/T3

TTosicoB (BBICOTHAs! OTMETKA 3JIEMEHTa, M) /

Chords (elevation of the element, m) 0,78 (+3,000) 0,97 (+0,000) 0,7 (+0,000)

PackocoB (BBICOTHAsI OTMETKA dIIEMEHTa, M) /

Braces (elevation of the element, m) 0.40 (+45,000) 0,52 (+45,000) 0,36 (+45,000)

Pacnopok (BbICOTHAst OTMETKA 3JIEeMEHTa, M) /

Struts (elevation of the element, m) 0,55 (+48,375) 0,28 (+38,250) 0,19 (+45,000)

BontoB ankepHbIx rpymni / Anchor bolt groups 0,71 0,90 0,62

Jedopmarronnoe ycinosue / Deformation criterion 0,48 0,16 0,24

W c1ouHuk: Bemonreno 0./1. Mapkunoii / S o ur ¢ e: made by Yu.D. Markina.

Haumenbime ko3 QUIMEHTHI NCTIONB30BAHUS B 3JIEMEHTAX PELIETKU (packocax U pacropKax) Hadmo-
natorcst y B3, uto oOwsicHseTcs ee Gonblieit Maccoil metaiokoHcTpykimid (18,13 T) U, cOOTBETCTBEHHO,
MOBBIIIEHHOH *KecTKkocThio. bamHsa b1 3aanMaeT nmpoMexyTodHOe MOJIOKEHHE IO MPOYHOCTHBIM KPUTEPH-
SIM, OJTHAKO XapaKTepU3yeTCs] HauOOIbIIeH MOAATIAMBOCTHIO 1O JIe(OPMALIUSIM, YTO COTIIACYETCsl C pacipe-
JiefieHueM 000pyJ0BaHHsI IO BBICOTE.

[To pe3ynbraraMm aHanm3a HeCyllel CIOCOOHOCTH YCTaHOBJICHO, YTO KPUTHUECKUE COCTOSIHUS BO BCEX
Tpex O6amHgIX (GOPMHUPYIOTCS UCKIIOUUTEIBHO 110 IEPBOM TPyTIe MPEAebHBIX COCTOSHUN B 3JIEMEHTax I10-
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SCOB U aHKEPHBIX coenuHeHud. Hambonpiime M3ruOHO-pacTATUBAIONINE YCHIUS Pa3BUBAIOTCS B HIKHEH
30HE HAKJIOHHBIX MOsiIcoB (0—6 M) MpU BETPOBOM BO3ACHCTBHY B BePTUKAIBHYIO TpaHb (I'1). DeMeHTsI pe-
HIETKH (PAacKOChI M paclopKH) BO BCEX CLIEHAPHSIX pabOTaroOT ¢ CyIIeCTBEHHBIM 3amacoM. [IpoBepku mo BTO-
poii rpynne NpeAebHbIX COCTOSHUM TakKe HE SIBIIAIOTCS ONPEIENSIONMMU — TOPU30HTAJIbHBIE NIEpeMe-
LICHHUS HAaXOIATCA B Ipelenax AOIyCKa, YTO MOATBEPHKAAET JOCTATOUYHYIO HKCIUIyaTallMOHHYIO KECTKOCTh
BCEX TpeX OOBEKTOB.

Ananu3 nepeMenieHui (puc. 4-6) BBISBHI yCTOMUMBYIO 3aKOHOMEPHOCTbH: JJIsi BCeX OallleH MakcH-
MaJIbHbIE TOPU30HTAJBHBIE TMEpeMemIeHust (OPMUPYIOTCS P BETPOBOM BO3ICHCTBUH B BEPTHUKAIBHYIO
rpanb (I'1). Berep, neficTByromuii eprneHIuKyISIPHO BEPTUKAIbHOU rparn ['1, 3arpykaeT KOHCTPYKIIHIO B
HampaBJIeHHUH, I1I€ )KECTKOCTb MUHUMaJIbHA. JTO CBA3aHO C pabOTON MOSCOB: BEPTUKAJIBHBIN MosC, HopMu-
pytommii rpasb ['1, He cozgaet pacopHoro 3G dexTa, B TO BpeMsi Kak JiBa HAKIIOHHBIX 1osica 00eCeYBatoOT
MPOCTPAHCTBEHHYIO YCTOMYMBOCTH 3a cuT V-00pa3Hoi cxembl. [Ipu melicTBUU BeTpa B HAKIOHHBIE TPaHU
(I'2, I'3) oTHOCHTENTHLHOE CHUKEHUE TIEPEMEIICHHI YBEIIMYUBACTCS C BBICOTOM, ocTturas 9—18 % B BepxHeit
yactu cTBosia. B HukHel 30He 10 14,23 M oH KkpaiiHe HecTaOuieH u koneonercs o —250 o 100 %, nanee
cTabMIM3MUpyeTcs U IUIaBHO CHIDKaeTcs Ha 1-5 % K oTMeTke mepernoma rosica Ha BBICOTe 45 M, Mociie 4ero
CKOPOCTb CHIKEHHMS IJIaBHO BO3pAcTaeT M K BepxHel oTMeTkH OamrHu 70 M majaer enie Ha 5—8 %. Paznu-
que nepeMelieHui Tpyu BETPOBOM Bo3elcTBUU Ha TpaHu [2 u ['3 0ObsAcHAETCS SKCIUTyaTallMOHHON acuM-
METpHUel OamrHu, CBI3aHHON ¢ HEpPaBHOMEPHBIM pa3MelleHHeM 000pyIOBaHUs, IUIOMAI0K OOCITyKUBAHHUS,
JIeCTHUI] U KabenbHBIX Tpacc. [lomHas cumMerpus pabotsl npu Betpe B [2 u I'3 He nocturaercs naxe 6e3
000pyIOBaHus 32 CYET aCUMMETPUYHO PACIIONIOKEHHBIX BCIIOMOTATEIbHBIX 3JIEMEHTOB: IUIOMIAI0K, JIECT-
HUIIBI, KaOEJIHHOTO JIOTKA.
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Puc. 4. l[seToBas HAMKALUS BEITMYUH FOPU30HTAIBHBIX IIEpEMEIIEeHH B y3nax Oamnu b1

IIpH HarnpaBJieHUH BeTpa B rpaHb W1 ¢ yuerom 000py10BaHMUs:
a—srpanb ['l; 6 — B rpanb [2; 6 — B rpanb ['3
W ¢ 1o 4 nunk: Bemonneno 10.J1. Mapkunoit.
Figure 4. Color-coded horizontal displacements of nodes of Tower T1 under wind direction W1 with equipment:
a — towards face F1; 6 — towards face F2; ¢ — towards face F3
S ource: made by Yu.D. Markina.
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Puc. 5. Ilepemernenus npy HampaBlIeHUU BeTpa B I'panb W1:
a— nns b1 ¢ obopynoBanueM; 6 — st b1 6e3 obopynoBanus; ¢ — st b2; e — st b3
W ¢ 1o 4 nuk: Bemonaeno F0.J1. Mapkunoit.
Figure 5. Displacements under wind direction W1:
a — T1 with equipment; 6 — T1 without equipment; 6 — T2; e — T3
S ource: made by Yu.D. Markina.
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Puc. 6. CHnXeHne TOPU30HTAIBHBIX MTEPEMEICHHUH TP HAIIPAaBIEHUH BeTpa B Tpanb W1:
a— s bl; 6 — mis B2 u B3
1 ¢ 10 4 H u k: BeinonHeno 0. J1. MapkuHoii.
Figure 6. Reduction of horizontal displacements under wind direction W1:
a—TI;6—T2and T3
S ource: made by Yu.D. Markina.
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BapuanT ¢ obopynoBaHreM HMeEET BaKHYIO OCOOCHHOCTh: HECMOTPsI Ha oOlee yBelTUUeHHUE MepeMe-
meHui, kK03 PUIMEeHT CHIDKEHMs TepeMeleHnit cTaHoBUTCsA Ha 3—4 % MeHbIle 1o BbicoTe. [lonoaHuTens-
Hasi Macca W BETPOBBIE IUIOMIAAN 00OPYIOBAaHHS MEPEPACHPEACIISIIOT KECTKOCTh M MHEPIIMOHHBIE XapaKTe-
pucTuku KoHCTpyKuuu. Ilo cpaBHeHuUIo ¢ BapuaHToM 0e3 000pynoBaHus U3rMOHas (opma CTBOJIA U3MEHS-
eTcs: B cpesiHell yacTu OaiHu popMUpyeTcs BhIpakeHHast S-oOpa3Hast popma, 00ycIOBICHHAs YBEIMYCHU-
€M rHOKOCTH TIOJT ICHCTBHEM J100aBIEHHBIX MacC.

B Ta61. 4 npuBeeHsl nepHoIbl MEPBLIX AeciaTu GopM cOOCTBEHHBIX KosiebaHuii OarteH. [lepBslit cTon-
0e1l CoepKUT MOPSAAKOBBIN HOMEp (OpMBI KojeOaHHii, COOTBETCTBYIOIIUI pe3ysibTaTaM MOJAJIBHOTO aHa-
J13a KOHEYHO-3JIEMEHTHOU Mozenu. Bropoii cronber noka3siBaeT nepruosl kosebanuii 6amnu b1 ¢ yuetom
YCTaHOBJICHHOTO 00opynoBaHus. TpeTuii cronber coqepKUT 3HaYeHUs Ui TOoH ke OaiHu 6e3 o0opynoBa-
HUS, YTO TO3BOJISET OLIEHUTH BIMSHUE JONOJHUTEIBLHOW MacChl M BETPOBBIX IUIoUael. UeTBepThlil U Iisi-
TBI CTONOIBI MPEACTABIAIOT Tepuoabl kojebaHuii Oamen b2 u b3 coorBeTcTBeHHO. AHaNM3 TIEPHOAOB
(tabmn. 4) u popm (puc. 7) coOCTBEHHBIX KoJeOaHMA, KIIAaCCH(DUITUPOBAHHBIX IO TOPH30HTAILHBIM TTEpEeMeIIie-
HUSIM ¥ YIJIOBBIM IIOBOPOTAM Y3JI0B, IOATBEPAKIAET KIIIOUEBYIO POJIb FEOMETPUUECKOM aCUMMETPHUHU U SKCILITY-
aranmoHHO! Harpy3ku. [{ng b1 BitoueHne o60pynoBaHus CHUXKAET YaCTOTHI MEPBBIX IBYX M3MMOHBIX (hopM
Ha 16-20 %, a TopcoHHO-M3TUOHBIX PopM 3—6 — Ha 10—15 %. V Oamun b2 HabmonatoTcst HanbombIIe
HEepuoAbl COOCTBEHHBIX KOJIEOAHUH, YTO CBA3aHO C COYETAaHHMEM MaKCHMAJbHOM Macchl 00OpyHOBaHUS U
MUHHUMAJILHON BETPOBOM Harpy3ku aiis [ BeTpoBoro paitona. b3 3aHumaer npomMekyTouHOE MOJIOKEHUE —
OoublIas Macca METAJUIOKOHCTPYKIUH YBEIIMUHUBAET €€ KECTKOCTh, KOMIICHCUPYS BIUSHUE 000pYIOBaHUSI.
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Puc. 7. Iepsrie 10 popm cobcTBeHHBIX KoneOanuii 6amHu b1 ¢ o6opynoBaHnem:
a — niepBasi M3riubHast opMa B HANPaBJICHUH MUHUMAaJIBHOW JKECTKOCTH; 6 — BTOpast U3rnOHas popma B OpTOrOHAJIBHOMU IJIOCKOCTH;
6—€ — TPEThA-1IIeCTast U3TMOHO-KPYTHIIbHBIE (DOPMBI; Jic—K — Ce/ibMasi-JiecsiTasi JJOKanbHble GOpMBI KoJieOaHU
W ¢ 1o 4 Huk: BemonHeno F0.J1. Mapkunoit.

Figure 7. First ten natural vibration modes of Tower T1 with equipment:
a — first bending mode in the direction of minimum stiffness; 6 — second bending mode in the orthogonal plane;
6—e — the third — the sixth bending—torsional modes; orc—x — the seventh — the tenth local vibration modes
S o urce: made by Yu.D. Markina.
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Tabruya 4. Tlepuoabl cOOCTBEHHBIX KOJIe0aHUI DaleH
Table 4. Natural vibration periods of the towers

Ilepuox codcTBeHHBIX KoJedanuid, ¢ / Natural vibration period, s
Popaa xouebatmii / b1 c odopynoBanuem / | B1 6e3 o6opynoBanus /
Mode shape T1 with equipment T1 without equipment B2/T2 | B3/T3
1 1,031 0,862 1,389 1,150
2 1,007 0,844 1,370 1,125
3 0,321 0,282 0,358 0,346
4 0,304 0,268 0,339 0,323
5 0,276 0,239 0,324 0,304
6 0,166 0,154 0,163 0,187
7 0,141 0,140 0,153 0,160
8 0,139 0,137 0,153 0,156
9 0,134 0,131 0,123 0,144
10 0,132 0,129 0,120 0,141

M c 1o 4Huk: Bemoaneno F0.J1. Mapkunoii / S o ur ¢ e: made by Yu.D. Markina.

Bce Tpu GamrHu o0nanaroT BeIpaKEHHBIMU TOPCHOHHO-U3TMOHBIMU (opMaMu B JIuarna3oHe 3—6, o0y-
CJIOBJIEHHBIMH TEM, YTO BEPTHKAJIBHBIN MOAC CO3AAET Pa3IUYHYIO JKECTKOCTh B INIOCKOCTSAX M3rH0a U CHU-
aeT KPYTWIbHYIO KecTKOCTh. @opmbl 710 SBASAIOTCS JIOKaJbHBIMHU, COOTBETCTBYIOT KOJICOAHHUSIM OT/IENb-
HBIX TTaHeNel peleTKH U BepXHero OJIoKa M MPaKTUYECKU He 3aBUCST OT obopynoBaHus. Ha 3Tux uactorax
JUHaAMHUYecKas paboTa onpeaesseTcs JOKaIbHbIMU TapaMeTPaMH PELIETKH.

B nenom pesynbTaThl MOKa3bIBalOT, YTO Ul TPEXTPAHHBIX OallleH ¢ OJAHUM BEPTHKAJIbHBIM I1OSICOM
KOHCTPYKTHBHAsI CXeMa SBJISIETCSl JOMUHHUPYIOMUM (DaKTOPOM, ONPEAEISIONINM NIPOCTPAHCTBEHHYIO JKECT-
KOCTb, CUCTEMY IIEPEMELICHUN U JUHAMUYECKUE XapaKTepuCTHKU. KilmMaTnueckue yclioBUs U pa3aIudHOE
pacrpeneneHre 000pya0BaHUs yCHJIUBAIOT, HO HE U3MEHAIOT 00IIMe 3aKOHOMEPHOCTH NoBeeHus. Bee Tpu
00beKTa UMEIOT TUIHYHYIO JJIs1 ACHMMETPUUYHBIX TPEXI'PaHHBIX KOHCTPYKIMN KOMOWHAIMIO MOBBIIIEHHON
rMOKOCTH B HAIllpaBJICHUU BEPTUKAIBHOW I'DAaHM, HAJIMYMS BBIPAXKEHHOTO TOPCHOHHOTO KOMIIOHEHTa W JIO-
KaJIbHBIX 3(P(HEKTOB, CBSI3aHHBIX C PEAIbHBIM PACIIONI0KEHHEM BCIIOMOIaTEIbHBIX AIEMEHTOB.

4. 3axkjrouenue

B pesynbrare uccinenosanus tpex TpexrpaHHblx AMC ¢ acCMMMETPUYHON HMXKHEH 4acTblO, BBIMOJ-
HEHHOH B (pOpMe TpeXrpaHHOH yCEYeHHOW MMPaMHIbI C OJJHUM BEPTHKAJIBHBIM MOSCOM, IOIyYSHBI CIETy-
IOIIHME HAyYHBIC PE3YIIbTaTHI.

1. BrisiBiieHa ycTOUMBasi 3aKOHOMEPHOCTh MPOCTPAHCTBEHHOH PadOThl KOHCTPYKLMI: MaKCHMaJIbHbIC
TOPU30HTAIbHBIE IIEPEMELICHUSI BO BCEX CiIydasx (JOPMUPYIOTCS IPU BETPOBOM BO3I€HICTBUU B BEPTUKAIb-
Hy!o rpasb (I'1), yTo noaTBEpKAaeT JOMUHUPYIOLIEE BIUSHIE T€OMETPUUECKON aCUMMETPUH HHXKHETO OJI0Ka.

2. YcTaHOBIIEHA POJIb HAKJIOHHBIX ITOSCOB, CO3JAIOIINX PACIOPHYIO paboTy M yMeHbLIaoUMX aedop-
Mauuu npu Berpe B HanpasiieHusix 1’2 u I'3 Ha 9-18 % k BepxHUM oTMeTKaM. BepTukanbHbIi 1osC pacrop
He hopMuUpyeT, yTo 00yCIaBIMBaeT HAPABICHHE MUHUMAIBHOHN )KECTKOCTH M HanOoJjiee HeOIaronpusaTHY IO
nehopMaImoHHYI0 (GopMy.

3. Iloka3aHo, 4TO pemeTka 00agaeT 3HAYUTEIFHBIM 3aI1acoM HECYyIIe criocoOOHOCTH, TOTa Kak Ipe-
JIeNTbHBIE COCTOSHUS (OPMHUPYIOTCS B Tosicax M aHkepax. Hambonpimme ycunus Bo Bcex OalIHSIX KOHICH-
TPUPYIOTCS B HIDKHUX yYacTKaX HAKIIOHHBIX TOCOB (0—6 M).

4. YcTaHOBIIEHO BIUSHHE KCILTyaTallMOHHOW acUMMETpHH (000pyI0BaHUE, JIECTHHUIIBI, TUTOIIA/IKH, Ka-
OenpHBIC JTOTKK) Ha NedopmupoBaHHyo Gopmy. OHa ycmimBaeT S-00pa3HbIi XapakTep M3rubda, M3MeHsIeT
pacripeqiefieHle KEeCTKOCTH M MPETATCTBYET JOCTH)KEHHIO TTOJTHOW CUMMETPHH JaXke B BapuaHTe 0e3 00opy-
JTIOBaHUSI.
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5. OmpeneneHo BiaMsiHUE 000pPYIOBAHUS HA JUHAMHUKY: 100aBJIEHHAs MAacca CHIDKAET YaCTOTHI MEPBBIX
m3ru6HeIX ¢popM Ha 16-20 %, a TopcnOHHO-M3TUOHBIX — Ha 10—15 %, npakTuyecku He 3aTparuBasi JOKajlb-
Hble Gpopmsl (7-10).

6. [lokazaHo paznuuue quHaMH4Yeckoi ruokoctu Mexay Oamusamu b1, B2 u B3, obycnosnenHoe coue-
TaHHEM MacChl METAJUIOKOHCTPYKIIMI, BETPOBOM Harpy3ku U Macchl 000pya0BaHHUS.

7. UnentudunmpoBana BeIpakeHHass TOPCUOHHO-M3TUOHAS COCTABISIOMIAs B popMax 3—06, sBIIOMas-
Cs CIIEZICTBHEM aCUMMETPHHU JKECTKOCTHOM CXEMBI U MPHUCYTCTBUS OJHOTO BEPTUKAIBHOTO Tosica. DTOT 3¢h-
(bexT — xapakTepHas 0COOCHHOCTb JJAHHOTO THIa TpexrpaHHbix AMC.

8. CopmHpoBaHbl KOJIMYECTBEHHBIE TOKa3aTenu Ae(OopMalMOHHON M TMHAMUYECKOH 4yBCTBUTEIBHO-
CTH K aCUMMETPHH, 4TO CO3[AET OCHOBY Ul JAJIBHEHILIET0 CPaBHEHUS ¢ SKBUBAJIEHTHON CUMMETPUYHON MO-
JEIIBIO.
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AnHoTanusi. PaccMorpena npoGieMa ornpe/ieNieHUs] TUHAMUYECKUX XapaKTePUCTHK 3/1aHUH Ha OCHOBE MUKPOCEHCMUYECKUX HaOI0-
JICHUH. AKTYaJbHOCTh MCCIIEAO0BaHUs 00yCIIOBIEeHa TPEOOBaHMSIMI HOPMAaTUBHBIX JOKYMEHTOB, IPELyCMaTpUBAIOLINX HEOOX0IU-
MOCTb OlpesiesieHHsT (pakTHIeCKnX AMHAMHUYECKHX IapaMeTpoB 30aHUM IpH UX oO0cienoBaHUU U MoHUTOpHHTe. CyIecTBylomue
METOIVKH, OCHOBAaHHBIE Ha aHAJM3e MHKpOCceHCMUYecKoro ()OHa, MO3BOJISIOT ONMPENEeNUTh COOCTBEHHBIE YacTOTHl KOleOaHui,
OJTHAKO HE Bceryia 00ecrevrnBaoT OTHO3HAYHYIO WACHTH(PHUKAIINIO MO KOJIeOaHUH 1 UX XapakTepa (M3ruOHOTO MM KPYTHIIBHOTO).
Lens nccnenoBaHus — yTOYHEHNE METOIMKN O0OCTIECIOBAHUS 30aHUI B YaCTH ONPEACIIECHHs XapaKkTepa KonebaHuii 1 naeHTuduKa-
o MOoQ CO6CTB€HH]>IX KOHe6aHI/Iﬁ Ha OCHOBE COINIOCTABJICHHUS SKCIICPUMCHTAJIBHBIX U PACUCTHBIX NJaHHBIX. O6T>€KTOM ucciaeanona-
Hus sBisiercs 3nanHue Mucrutyra reopusukn YpO PAH. BeimonHeHa peructpaius MUKPOCEHCMHUECKOTO (DOHA, TPOBE/ICH CIICK-
TpaJIbHBIN aHAJIN3 3alKCcell U ONpe/esieHbl YaCTOThl COOCTBEHHBIX KojeOaHui 3qanus. [ToaydyeHHbIe IKCIIEpUMEHTAIbHbIC JTAaHHbIC
COIIOCTABJICHBI C Pe3y/IbTaTaMH YHCICHHOTO MOJEIMPOBAHHUS, BHIIIOJIHEHHOTO B porpaMMHoM koMiuiekce SCAD ¢ ydyerom KoH-
CTPYKTHBHBIX OCOOCHHOCTEH 3/1aHUs M I'€OJIOTHYECKUX XapaKTEPUCTHK OcHOBaHMs. CpaBHEHHE IOKa3aJl0 COMIACOBAaHHOCTbH HKC-
MEPUMEHTAIBHO ONPE/IETIECHHBIX YaCTOT C PACUETHBIMU 3HAUEHHUSIMU. YCTaHOBIIEHO, YTO B PA3JIMYHBIX YacTAX 3aHUS MOTYT JIOMH-
HUPOBATh pa3Hble GOPMBI KoJeOaHUH, BKIIIOYast M3THOHBIE U KPYTHIIbHBIE MOJIbL. [loyueHHbIe pe3ynbTaThl IOATBEPXKAA0T dPdek-
THUBHOCTH KOMIUIEKCHOTO ITOAXO0/a, OCHOBAHHOTO Ha COBMECTHOM HCIIOJIb30BaHUHM HHCTPYMEHTAILHBIX HAOMIOACHUH 1 YHCICHHOTO
MOJIETIMPOBAHUS, JUIS YTOUHEHUS JTUHAMUYECKUX XapaKTepUCTUK 34aHui. IlomyueHHbIe pe3ynbTaThl MOTYT OBITh MCIIOJIb30BaHbI
npu GOPMHUPOBAHUH KPUTEPUEB MHTEPHPETAMH MHUKPOCEHCMHUYECKUX NAaHHBIX U YTOUHEHHM METOAWKHU OLCHKH AUHAMHYECKHX
XapaKTePUCTHUK 31aHHUM.
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Abstract. The problem of determining the dynamic characteristics of buildings based on microseismic observations is considered.
The relevance of the research is associated with regulatory requirements that necessitate the determination of actual dynamic
parameters of buildings during structural inspection and monitoring. Existing approaches based on microseismic background
analysis allow the identification of natural frequencies; however, they do not always provide unambiguous identification of
vibration modes and their type (bending or torsional). The aim of this study is to refine the methodology for building surveys by
improving the identification of vibration types and mode shapes through the comparison of experimental observations with
numerical modeling results. The object of the study is the building of the Institute of Geophysics of the Ural Branch of the Russian
Academy of Sciences (IG UB RAS). Ambient vibration (microtremor) recordings were performed, followed by spectral analysis of
the signals to determine the natural frequencies of the building. The obtained experimental data were compared with the results of
numerical modeling carried out in the SCAD software environment, taking into account the structural characteristics of the
building and the geological properties of the foundation. The comparison showed good agreement between experimentally
determined and calculated frequencies. It was also found that different vibration modes, including bending and torsional modes,
may dominate in different parts of the building. The results demonstrate the effectiveness of a combined approach based on
instrumental observations and numerical modeling for refining the dynamic characteristics of buildings and may contribute to the
development of criteria for the interpretation of microseismic data and the improvement of methodologies for evaluating building
dynamics.
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Authors’ contribution: Joskresenskiy M.N. — conceptualization, supervision, investigation, experiment description; Kurdanova A.A. —
supervision, investigation, field data acquisition and processing, preparation of figures, experiment description, Kosorotova E.A. —
investigation, field data acquisition; Mikhailov V.S. — numerical modeling, experiment description. The authors read and approved
the final version of the article.

Conlflicts of interest. The authors declare that there is no conflict of interest.

For citation: Voskresenskiy M.N., Kurdanova A.A., Kosorotova E.A., Mikhailov V.S. Comparison of experimental and numerical
dynamic characteristics of a building. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(1):67-80.
(In Russ.) http://doi.org/10.22363/1815-5235-2026-22-1-67-80 EDN: IQZRJE

Mikhail N. Voskresenskiy, Candidate of Technical Sciences, Leading Researcher, Head of the Seismometry Laboratory, Institute of Geophysics, Ural
Branch of the Russian Academy of Sciences, 100 Amundsen St, Yekaterinburg, 620016, Russian Federation; eLIBRARY SPIN-code: 4710-9710, ORCID:
0000-0002-6222-7265; e-mail: voskresenskiy. mn@gmail.com

Alena A. Kurdanova, Junior Researcher, Seismometry Laboratory, Institute of Geophysics, Ural Branch of the Russian Academy of Sciences, 100 Amundsen
St, Yekaterinburg, 620016, Russian Federation; eLIBRARY SPIN-code: 7695-6043, ORCID: 0000-0002-1582-8113; e-mail: a.truuuuman@gmail.com
Elena A. Kosorotova, Junior Researcher, Laboratory of Seismometry, Institute of Geophysics, Ural Branch of the Russian Academy of Sciences, 100 Amundsen
St, Yekaterinburg, 620016, Russian Federation; eLIBRARY SPIN-code: 9804-6660, ORCID: 0000-0002-1445-7250; e-mail: kosorotiha30@gmail.com
Viktor S. Mikhailov, Director of the Project and Research Office, Novosibirsk State University of Architecture and Civil Engineering (NSUACE), 151
Belinsky St, Novosibirsk, 630008, Russian Federation; eLIBRARY SPIN-code: 2330-3643, ORCID: 0000-0002-0178-3516; e-mail: vsmikhailov@mail.ru

68 SEISMIC RESISTENCE


https://orcid.org/0000-0002-6222-7265
https://orcid.org/0000-0002-6222-7265
https://orcid.org/0000-0002-6222-7265
https://orcid.org/0000-0002-1582-8113
https://orcid.org/0000-0002-1582-8113
https://orcid.org/0000-0002-1445-7250
https://orcid.org/0000-0002-1445-7250
https://orcid.org/0000-0002-0178-3516
https://orcid.org/0000-0002-0178-3516

BockpeceHckuii M.H. u Op. CTponTtenbHasi MexaHuka NHXeHEepHbIX KOHCTPYKLMA 1 coopyxenuit. 2026. T. 22. Ne 1. C. 67-80

1. BBenenue

OneHka AMHAMUYECKUX XapAaKTEPUCTHK 3[JaHUA U COOPYKECHHH SBIISIETCS OJHOW M3 KIIFOUEBBIX 3a]ad
HPUKIAIHON reo(hU3UKH, 0COOCHHO B YCIOBHAX IUIOTHON TOPOJCKON 3aCTPOMKH U CEHCMOOIIACHBIX PETHOHOB.
CoBpemeHHbIe TPEOOBaHUS K HAJIE)KHOCTU O0OBEKTOB TUKTYIOT HEOOXOJUMOCTbh IIPUMEHEHUS OIlePaTUBHBIX,
JIOCTOBEPHBIX M HEPA3PYLIAIOIIUX METOJJOB KOHTPOJISI TEXHUYECKOTO COCTOSHUS KOHCTPYKIHUH.

TpanuuroHHbIE METO/bI, OCHOBAHHBIE HAa yAAPHBIX WJIM BUOPALMOHHBIX BO3JEHCTBUAX, YACTO OKa3bl-
BAIOTCS HENPUMEHMMBIMU IpPU OOCIIEAOBAaHMU SKCILTYyaTHPYEMbIX, MCTOPHUUECKUX WM IMPOMBIIIICHHBIX
31aHui. B maccuBHOMN reodusyke B KauecTBE 30HIUPYIONIETO CUTHANA IIMPOKO UCHOJIb3YETCSl €CTEeCTBEH-
HBIN ceiicMuueckuii GoH 3eMinn (MHUKPOCEHCMBI), YTO MO3BOJISIET OBICTPO M IKOHOMUYHO MOIYy4aTh UHDOP-
MAIUIO O CTPYKTYPE 3€MHOMN TONIIU B 0COOEHHOCTSAX B3aUMOJICHCTBHSI 31aHUs C OCHOBaHueM [1; 2].

OnHuM U3 pacnpocTpaHeHHbIX M 3QGEKTUBHBIX METOAOB siBisgeTcst HVSR — cnekTpanbHOE OTHOIIe-
HUE TOPU30HTAJIBHON M BEPTUKAIBHON KOMIIOHEHT MHUKPOCEHCMHYECKOIO CHrHalla, Ipe/uloskeHHbll Haka-
Mypo#t [3]. DTOT MeTo[ aKTUBHO IpUMEHseTcs B poccuiickux HayuyHbIX neHtpax (UI'®@ YpO PAH, Cub-
ctpu, TTACY u np.) u nokasan coto 3pdexruBHOCTD B [4; 5]. st naentudukanum cnoxHbeix GopM Ko-
neGaHui U BepU(PUKALUN YUCIEHHBIX MOJIENIeN IPUMEHSETCS METO/l CTOSYUX BOJIH, KOTOPBIH OCOOEHHO aK-
TyaJeH Ipu 00CIIeI0BaHUY 3/IaHUH CIIOKHON T€OMETPUH U CEHCMOM30JIMPOBAHHBIX KOHCTPYKLHUH, KaK IO-
Ka3aHo B [6; 7].

[IpakTuka celicMH4eCKOTO MOHUTOPHUHIA OTBETCTBEHHBIX OOBEKTOB (HAIpUMeEp, I'MIPO3JIEKTPOCTaH-
Ui 1 31aHui B ApKTHKe) 0000I1IeHa B UccieIoBaHusX [8], ¢ ydeToM 0COOeHHOCTEl MPOMBIIIUIEHHOTO IIy-
Ma. MexayHapoJHbIil oNbIT, B YacTHOCTH ceTh KiK-net B SAnonuun [9-11], nonreepxaaer BaxHocTs HV.SR-
aHalu3a /Ui OLICHKH B3aUMOJIEHCTBUS «OCHOBaHHE—3/IaHHE», YTO OCOOCHHO 3HAYMMO IS 3aHUH Majoi u
cpenHeit staxHocTu [12].

CoBpeMeHHbIE METOAMKH OOBETUHSIIOT pacyeTHbIe MOJENIN U MHCTPYMEHTaJbHbIE U3MEpeHHUs, olec-
neunBas Bepudukanuio npoekTtHeix pemeHuit [13]. Commacno mexrocymapctBeHHoMY crangapty ['OCT
31937-2024', npu BBOZE 37aHMiT B DKCILTyaTallMi0 HEOOXOJMMO YKa3bIBaTh (DAKTUYECKHE JMHAMHYECKUE
XapaKTEPUCTUKHU, YTO OCOOEHHO Ba)XKHO Ul OOBEKTOB IOBBIIIEHHOW OTBETCTBEHHOCTH. B rpaskaanckom
CTPOUTENIbCTBE PACXOXKJCHHE MEXKJIY INPOEKTHBIMH M (aKTHUYECKUMM XapaKTepUCTUKAMHU KOHCTPYKLHUMH
CIOCOOHO BBI3bIBAaTh BUOPALMK M yXY/IIIATh SKCIUTyaTallMOHHbIE ITOKa3arelu. B paMkax HacTosiero uccie-
JIOBAaHMsI PACCMATPUBACTCS YACTOTa COOCTBEHHBIX KOJICOAHUI KaK OCHOBHAsl TUHAMUYECKAas XapaKTepUCTU-
Ka 31aHus1. OOBEKT UCCIeIoBaHUs — 3/1aHHe, IPeIMET — COOCTBEHHBIE YaCTOTHI €10 KojIeOaHHH.

CornmacHO JIeHCTBYIONIMM HOPMATHBHBIM JIOKYMEHTaM, OINpe/ielIeHue JTUHAMUYECKHX XapaKTepUCTUK
37JaHUN MOXKET BBIIOJHATHCS Ha OCHOBE PErMCTPALMU MUKPOCEHCMHUUYECKOro ()OoHa M aHAIM3a CHEKTpallb-
HOM TUIOTHOCTH MOIIHOCTH IS BBISIBJICHUSI COOCTBEHHBIX 4acTOT (TIepuooB) Kosebanuii. OHako mpeasio-
YKEHHBIN 1OJIX0J] HE MPeIyCMaTpUBaeT KPUTEPHEB, MO3BOJSAIOMINX OJHO3HAYHO MJICHTU(UIMPOBATH MOPSI-
KOBBIM HOMEp MOZIbI U YyCTAaHOBUTh XapakTep KojieOaHuil KOHCTPYKIMH (M3THOHOM UM KPYTHIIBHBIN).

Lenp uccnenoBaHuss — yTOUHEHWE METOAMKU OOCIIeI0BaHMS 3/IaHUI U COOPY)KEHUI B 4acTH Oompesierie-
HUSI XapakTepa KoneOaHui (M3rHOHBIX WM KPYTHJIBHBIX) M OAHO3HAUHOM MAEHTU(UKAIUU MOPSIKOBOTO HO-
Mepa MOJIbI COOCTBEHHBIX Kosiebanuil. JIJist TOCTHKEHUS 3TO 1IeNTi B padoTe peraiuch CIeyomne 3a1a4n:

1) aHanu3 pe3ysnbTaToB MHOTOJIETHETO MUKPOCEHCMHUYECKOTO MOHUTOPHHTa 31aHus MHcTUTyTa reodu-
3MKHU JJIs1 BBISIBJIEHUS 3aKOHOMEPHOCTEH TUHAMUYECKOTO TIOBEIEHUS] KOHCTPYKIUH;

2) pacuet, aganrtanys 1 yTOUHEHHE MaTeMaTH4eCKOW MOJENH 3/1aHUs C Y4EeTOM 3KCIIEPUMEHTAIbHBIX
JAHHBIX U F€0JIOTHYECKUX XapaKTePHUCTUK OCHOBAHUS;

3) comocTaBiieHHE PE3yNbTaTOB SKCIEPUMEHTAIBHOTO MOHUTOPHHTA C PACUETHBIMU JJAHHBIMH YUCIICH-
HOT'O MOJIENIMPOBAHUS ISl BBISIBJICHUS! KPUTHYECKUX 30H U OLIEHKH COINIACOBAHHOCTH JAMHAMUYECKUX Xapak-
TEPUCTHK 3aHMUS.

'TOCT 31937-2024. 3nanus u coopysxkeHnus. IlpaBuia o0ciIe0BaHHs U MOHHTOPHHIA TeXHHYeCKoro cocrosuus. URL:
https://fkr-spb.ru/upload/iblock/63e/ecmztSzuoezedp3sclatcp9gobynte9h.pdf (nata odpamenus: 01.08.2025).
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B unccrnenoBanny mpuMeHsETCS SKCIIO3UIIMOHHBIN (TIEPHOIUIECKU) MOHUTOPHHT. [leprnoamaeckuii Mo-
HUTOPUHI MCKJIIOYAET HAKOIUIEHWE M30BITOYHBIX JaHHBIX IPU COXPAHEHHH OCTOBEPHOCTU OLIEHKU. Mo-
nenmupoBanue B SCAD neMOHCTpHpPYET HEOOXOIUMOCTh yueTa BBICOKUX (hOpM COOCTBEHHBIX KOJICOaHMA —
BIUTOTH 110 243-i1, OHAKO B paMKaxX HACTOsIIEH pabOThl pacCMaTpUBAIOTCS MEPBBIE TPU (POPMBI, BHOCSIINE
OCHOBHOM BKJaJl B AMHAMUYECKYIO Maccy, YTO COOTBETCTBYET noaxoxay [14].

KomriekcHbIM moaxon mo3BoJIsieT co3faBaTh 0a3bl JaHHBIX MO JMHAMUYECKOMY MOBEJIEHUIO 3AaHUN
pasHO# ATAXKHOCTH, CIIOCOOCTBYS YTOUHEHHIO MPOEKTHBIX MOJIEJICH M MOBBIMICHHUIO HA/IE)KHOCTH B TpOIIeC-
C€ CTPOMTENBCTBA U IKCIUTyaTalllu.

UccnenoBanus nokasbIBaroT, 4YTO pacue€THbIE MOJIEIH B IporpaMMHbIX KomIuiekcax (SCAD, JIMPA) va-
cTO 0a3upyrOTCS Ha YIPOIICHHBIX MapaMeTpax M HE YUYHUTHIBAIOT (PaKTUYECKOE COCTOSHUE KOHCTPYKIHUH.
OTO NPUBOIUT K PACXOXKACHUSAM B yacToTax u ¢opmax xonedanuii. O.P. [TaxmypuH ¢ coas. [15] yka3siBaior,
4T0 (haKTUUECKUE XAapPAKTEPUCTHKHU 3AAHUNA HEPEIKO MPEBBIIIAIOT pacueTHBIE U3-3a O0XKaTHsl 3JIEMEHTOB U
B3aMMOJICHCTBUS C CAMOHECYIIIUMHU CTEHAMHU.

HeoOxommmocTs BepuduKamm Moaeneii MUKPOCEHCMUYECKAM MOHHTOPUHTOM M METOJIOM CTOSIMX
BostH oTpaxkena B CII 385.1325800.2018 «3amuTa 31aHuii 1 COOPYKEHUHN OT IPOTPECCUPYIONIETO 00pyIIIe-
HUSA»?, OJJHAKO HOPMATHBHO HE PENNIAMEHTHPOBAHA HA PAHHUX JTanaX MPOEKTHPOBAHHS, YTO OrPAHHYUBACT
UCIIOJIb30BaHNE MOHUTOPHHTA JUIS yTOUHEHHs Mozieneil. OTCyTCTBYIOT Takke (hopMan30BaHHBIE MPOIIETY-
PBI ITepexo/ia OT CIEKTPAIBHBIX XapaKTEPUCTHK K KOd((UIIMEHTaM YA3BUMOCTU U €AMHBIE KPUTCPUH OLCH-
KU JJOCTOBEPHOCTH CIIEKTPOB.

B Hacrosmem mcciienoBaHUM YHCICHHOE MOJCIMPOBAHWE AWHAMUKH O0BeKTa BBINOIHEHO B SCAD
Office na mpumepe 4eThipexdTaxHoro opucHoro 3nanus Muacturyra reopusuxku YpO PAH (UT'D) ¢ xene-
300€TOHHBIM KapkacoM. Mojienib co3/1aHa Ha OCHOBE NMPOEKTHOM JOKyMEHTAalluu, BU3yaJbHOrO 00Cieq0Ba-
HUS U 3aMEPOB, YUUTHIBAET HECYIIHE AIEMEHTBl U PaCHpEesIEHUE MacCc ¢ y4eTOM Harpy3oK U I'PYHTOBBIX
YCJIOBHH (CYTIIMHKH).

Paccunrannbie popmbl KosleOaHHU M 4aCTOThI COMOCTABIECHBI C IKCIEPUMEHTAIbHBIMU JTaHHBIMU MUK-
poceiicMHYecKOr0 MOHHTOpPUHTA. BBICOKasi CTENEeHb COBNAJACHUS PACUETHBIX M OKCIEPUMEHTAJIBHBIX pe-
3yJBTaTOB 0OOOCHOBBIBACT MPEIIOKEHHYIO0 METONUKY KakK d((EKTHBHBI HHCTPYMEHT ISl MOBBIIICHUS TOY-
HOCTH JUArHOCTHKHU TEXHUYECKOTO COCTOSTHUS 3/1aHUH.

2. Annaparypa u MeTOIUKAa

B centsa6pe 2022 r. Obl10 mpoBeneHO ceifcMuyeckoe obcienoBaHue 31aHus MHCTUTYTa reopu3uku
¥YpO PAH. B xone skcniepuMeHTa OCyIIeCTBISUIACh PETUCTpaNns MUKpoceiicmuaeckoro (ona. [ ananuza
3aMucei pacCYUTHIBAIMCH CIIEKTPbI MOIIHOCTH CKOPOCTU CMELIEHHUs 110 TPEM KOMIIOHEHTaM 3aperucTpUpo-
BaHHOT'O CEHCMMYECKOTO CUTHAJIA.

3nanne Uncturyra reopusukn nmenn O.I1. BynameBnya — Kupnu4Hoe 37aHuE, BBEACHHOE B JKC-
ryaranuto B 1981 1., ¢ pasmepamu 107 ma 20 M. Ha puc. 1 npuBeneHo u300pakeHUE 3AaHUS, TOJTYICHHOE
¢ omotbio cepprca «Snaekc Kaprei»®. Uszydaemoe 3n1anue umeer T-06pasnyio GopMy, OIHAKO OCHOBHOI,
U, COOTBETCTBEHHO, UCCIIEyeMbIii, 00bEM 3[aHHS BBIIEICH KPACHBIM IPAMOYTOIbHUKOM. OcTanbHas 4acTh
3MaHHS TPEACTABISET COO0M OHOATAKHBIN MPUCTPOH, IOITOMY B ITOH paboTe HE paccMaTPUBACTCS.

OO6cnenoBanue 3MaHUN U COOPYKEHHI C MCIIOJIb30BAHUEM PETHUCTPAIIMN MUKPOCEHCMUYECKUX KoseOa-
HUll TpeOyeT OopraHu3alny CeTH HAOMIOAATENBHBIX TOYEK B oObeme 3manus. B cimyuae 3manus MucTHTyTa
reodpmsuku YpO PAH (MI'®) cucrema HaOmroAeHMA MpeacTaBisuia coooi 16 Touek HaOMIOACHUS, paBHO-
MEPHO PACIPEICICHHBIX [0 YEThIpE Ha KaKJIOM 3Taxe U (POPMHUPYIOIIUX YCIOBHO YEThIpE BEPTUKAIBHBIX U
YeThIpe TOPU30HTAIBHBIX IPOHIIS.

2 CIT 385.1325800.2018. 3amuTa 31aH1ii ¥ COOPYsKEHMIA OT TIporpeccupylomiero oopymmenus. 2018. 22 ¢. URL: https:/sro-a.ru/
upload/medialibrary/b58/hqu55t901v260tre29t25xmcOp9r85ca/SP-385.1325800.2018.-Svod-pravil.-Zashchita-zdaniy-i-sooruzheniy.pdf
(nata obpamenus: 20.11.2025).

3 Slupexc Kaprel. URL: https://yandex.ru/maps/-/CHfw5Xn3 (nata o6pamenus: 24.11.2026).

70 SEISMIC RESISTENCE



BockpeceHckuii M.H. u Op. CTponTtenbHasi MexaHmka WHXeHepHbIX KOHCTPYKLMA 1 coopyxenuit. 2026. T. 22. Ne 1. C. 67-80

Puc. 1. Pacnonoxenue 3nanus UI'® YpO PAH Ha kapte
M c1ou4Huk: BemoaneHo A.A. Kypaanosoi.

Figure 1. Location of the IG UB RAS building on the map

S ource: made by A.A. Kurdanova.

Ha puc. 2 MNpeaACTaBJICHO CXEMATUYHOC I/I306pa)KCHI/IC 34aHus OTHOCHUTCIIbHO aBTOMOOMJILHBIX JA0pOor.
HyHKTI/IpHBIMI/I JIMHUSIMU 0003HAYEHBI JIECTHUYHEIC MPOJICTHI U IIaXTa J'II/I(I)Ta, a KpaCHbIMHU TPCYIOJIbHUKA-

MU — PACIIOJIOXKCHHUE TOYCK Ha6J'IIOI[eHI/IH.
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Puc. 2. Cxema 3aaHHuA OTHOCUTCIIBHO 6HI/13JIC)KaH.[I/IX yJui € pacCIioJIOKEHUEM TOYCK Ha6J’IIO,£[CHPIfI
M c1ou4Huxk: BemoaneHo A.A. KypaaHnosoid.

Figure 2. Model of the building relative to nearby streets with the location of the monitoring points
S ource: made by A.A. Kurdanova.

O6cnenosanue 3nanus Uucturyra reopusuku YpO PAH MeTonoM peructpaiun MUKpOCEHCMUYECKO-
ro myma mnpoBoauTcs exeronHo ¢ 2017 r. Panee st uaMepeHuid mMpuMeEHsUICS anmapaTHO-NPOrpaMMHBII
xkoMmruiekc «Peructp-SD» [16]. C 2021 r. ucnomnb3yercss MOOMIBHBIN PErUCTPATOp CEHCMHUECKHX CUTHAJIOB
REFTEK DAS 130-1/6 B KOMIUIEKTE ¢ KOPOTKOIIEPHOAHBIM BestocumerpoM LE-3Dlite Mk 111 (puc. 3).
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Puc. 3. Kommiekt 000py10BaHHs B TOUKE PETUCTPALIUL:
1 — Benocumerp LE-3Dlite Mk I1I;
2 — peructpatop cericmudeckux curaanoB REFTEK DAS 130-1/6 u akkymyssitop TITAN;
3— ITYJIBT YHPaBJICHUS PETUCTPATOPOM

M ctounuk: BemoaneHo A.A. Kypaanosoi.

Figure 3. A set of equipment at the observation site:
1 — LE-3Dlite Mk III velocimeter; 2 — REFTEK DAS 130-1/6 seismic signal recorder, TITAN battery;
3 — control panel of the recorder
S ource: made by A.A. Kurdanova.

W3mepenus B Toukax HaOMIOAEHUS OCYIIECTBISIIOTCS TOCIEA0BATEIbHO BO BPEMEHHU C MCIIOIb30BAHU-
€M JIByX KOMIUIEKTOB 00opynoBanus. KaHanbel peructpatopa OpUeHTHPOBAHBI MO TPEM B3aUMHO TEPIEH/IN-
KYJIIPHBIM HaIlpaBJICHUSIM: TOPU30HTAJIBHBIM COCTaBISIOMMM X U Y, a TakXke BEpTUKaJIbHOM COCTaBIIsiIO-
et Z. JlnurenbHOCTh 3anucu coctapisier 15-20 mun [17], yactora nuckperuzanun — 125 I'ny, uro obec-
MEYMBAET MaKCUMAaJIbHYIO YacTOTy curHaia o 62,5 I'u. O6paboTka ceiicMorpaMM M BBIYMCIICHUS BBINOJI-
HSUIUCh OTJENBHO M0 KAKAOH HM3MEPHUTENbHOW OCH C HCIOJBb30BaHHEM MPOTPAMMHOIO OOECTIeueHUs
MicroSeisTool [18]. lns ompeneneHusi pe30HAHCHBIX YaCTOT PACCUUTHIBACTCS CIIEKTPajbHAS IIOTHOCTD
MOIIHOCTH C IPUMEHEHHUEM TTOJI0COBOU (mnbTparmu ot 1 1o 7 .

Crnengyer OTMETUTD, UTO MPHU PETUCTPALMH MUKPOCEHCMHUYECKUX CUTHAIOB OPUEHTALMs pErucTparopa
B TOPU30HTAJIBHON IJIOCKOCTH HE COBIIaJiajia C HAlpaBJIEHUSIMHM CTOPOH CBETa, a Oblla OpUEHTUPOBAHA CO-
IJJaCHO pedpaM KECTKOCTH KOHCTPYKIUHU. B rocyqapcTBeHHBIX CTaHIapTaxX, perlaMEHTHPYIOIUX MOPSIOK
MOHUTOpPUHIA 3[JaHUN U COOPYKEHHI, ONHCHIBAIOTCS HOPMATHUBBI JJII TOPU3OHTAIBHBIX COCTABIISIFOLINX,
MOSTOMY B HacToslIel paboTe 3HAYCHHs BEPTUKAIBHOW COCTaBISIONICH He paccmarpuBatoTcsi. Hampasie-
HHUE TOPU3OHTAILHOW COCTABIISIONIEH X OBLITO MapaielbHO KOPOTKOM CTOPOHE 3/1aHNs, a HallpaBlieHue ¥ —
JUIMHHOW CTOPOHE.

3. Pe3yabTarsl U 00CyxKAEHUE

Pe3ynbTarel MOHUTOPHUHTA AEMOHCTPHPYIOT €KETOAHYIO CTAOMIBHOCTh PE30HAHCHBIX XapaKTEPUCTHK,
HECMOTPSI Ha HUCHOJIb30BaHHE PA3TMYHOTO OOOPYIOBAaHHS M MPOTPaMMHOr0 oOecredeHus: (OCHOBHOM JKc-
TpemyM 1o ocu X cootBeTcTBYeT 2,8 ['11, mo ocu ¥ — 2,5 I'my) [19]. [Tomumo noapoOHOro onucaHust pe3yib-
TaTOB MOHHUTOpUHTA B [19] paccmarpuBaeTcs pacnpenenenue kodpdunmenta ysa3BuMocTy (Ky) B TNIOCKOCTH
HaOmonenuit. Koaddument ysa3BUMOCTH — 3TO mapameTp, KOTOPBIH MO3BOJISET ONMUCHIBATH YYACTKH HC-
cleayeMbIX 00beKTOB, Hanbosiee YyBCTBUTEIbHBIE K BO3JCHCTBHIO ynpyrux koieOanuil. [Ipumenenue K
ocHOBbIBaeTcst Ha Metoze H VSR, npennoxenHoMm Hakamypowm [3].
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Ha puc. 4 npuBeneHa kapra pacnpezeneHus Ky. 3HaulTelbHOE MOBBILIEHUE 3HaYeHUI HaOmonaeTcs B
JI€BOM YacTH KapThl (TOPEL 34aHUsI CO CTOPOHBI yiI. AMyH/ceHa). PaHee ObUIO BBIIBHUHYTO MPEAIIOTIOKEHHUE,
YTO JAaHHBIE PA3JIMYUS CBA3aHBI C 0COOCHHOCTAMHU KOHCTpYKIMHU [20]: onuckiBaeMasi 4acTh 3[aHUs TOCTPO-
€Ha OTJIMYHO OT OCHOBHOTO 00beMa, BCIIEICTBHE YETO 3/1aHHUE HE KOJIeOIeTcs Kak einHasl CHCTEMA.
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Puc. 4. Pacnipenenenue ko3 duirenta ys3sumMmocTtu B oobeme 3nanust UI'd

M ¢ 1o4nuK: Bemonaeno A.A. Kypaanosoit.
Figure 4. The distribution of the vulnerability coefficient throughout the IG UB RAS building
S ource: made by A.A. Kurdanova.

OcHOBHO 3aJjaueil HACTOSAIIEro UCCIEIOBAHNUS ABJISIETCS COMOCTABICHHE PE3y/IbTaToB, MOJyUYEHHBIX C
MOMOIIBIO 3KCIIEPUMEHTAIIBHBIX U PACYETHBIX METOAOB. B KayecTBE pacueTHOro MeToa UCIOIb3YETCs YHC-
JICHHOE MOJEIMPOBAHUE METOAOM KOHEeuHBIX 3neMeHToB (MKD) B mporpammuom kommiekce SCAD. Yuc-
JIEHHOE MOJIEIIMPOBAHKE MO3BOJISIET BOCIIPOU3BECTH AMHAMUYECKOE IMOBEACHUE 3/1aHUS C YUETOM PEaJbHBIX
reOMETPUUYECKUX U KOHCTPYKTHBHBIX OCOOCHHOCTEH, a TaKXKe YTOUHEHHBIX XapaKTepPUCTUK IPYHTOBOTO OC-
HOBAaHUS, TIOJTyYE€HHBIX HA OCHOBE MeTo/a MpesioMIeHHBIX BoiaH (MIIB). D10 1aeT BO3MOXHOCTH HE TOJIBKO
IPOBEPUTH COOTBETCTBUE SKCIEPUMEHTAIBHBIX MOJ] KOJI€OaHNUN U COOCTBEHHBIX YAaCTOT, HO U BU3YaJIU3UPO-
BaTh paclpeeieHne HalpsbKeHu, nedopmannii 1 ko3 uIeHTa ysI3BUMOCTH B o0beme 31anud. Ha mo-
JIEJIN ATO TIOKAa3aHO aMIUTUTYI0M CyMMAapHBIX IepeMEeILeHUI.

JInsi TOBBIICHUS TOYHOCTH MOJIENM BBINIOJHEHO YTOUHEHHME WH)KEHEPHO-TEOJIOTMYECKUX YCIOBUH C
HCIIOJIb30BAaHUEM JaHHBIX CEHCMOpA3BEIKHM METOIOM IPETOMJICHHBIX BOJIH. M3MepeHus mpoBOAMIUCH Ha
TEPPUTOPUHN 00BEKTA C perucTpanueil MpoaoIbHBIX U MONepeyHbIX BOIH. [lomyueHHbIe CKOPOCTHBIE Mapa-
METPBI TO3BOJIMINA TIOCTPOUTH CKOPOCTHOM paspes rpyHToB (I1O Zond ST) n ckoppeKTHUpOBaTh XapaKTepu-
CTUKU TPYHTOBOro OcHoBaHHUsA. Ha puc. 5 mpuBeneH CKOPOCTHOM pa3pe3, NOCTPOEHHBII MO NONEPEeYHbIM
BOJIHAM.

TakuM 00pazoM, mosyueHa KOHEUHO-3JIEMEHTHAsI MOJIeJb, YUUTHIBAIOIAsl HE TOJIBKO MaTepuasbl KOH-
CTPYKIIMH, HO U peaslbHbIe TPYHTOBBIC YCIOBUS. Monenb onmuckiBaeT 12 dhopm kosiebanuit (puc. 6), KOTopbie
XapaKTepU3yOT JUHAMUYECKOE COCTOSHUE 3[JaHUs B IIPOCTPAHCTBE.

B npencrasnennom sxcnepumente u moaenu SCAD Oblnu onpezenieHs! nepBbie maTh GopmM coOCTBEH-
HBIX 4aCTOT KojeOaHWM, BOBJIEKAIOIIME HAaUOOJbIIEe KOJIMUYECTBO JTMHAMUYECKHX Macc B KojeOaTelbHbIN
nporecc. IlepBeiMu Tpemst popmamu SBISIOTCS NPEUMYIIECTBEHHO M3TMOHbBIE KOJeOaHMs, OTpakaroliue
ACMMETPHUIO KOHCTPYKIIMU M pacrpeneneHne macc. YerBepras U msatas GOPMbI XapaKTePH3YIOT KPYTHIIb-
HbIE KOJIeOaHUs 1O MPOJOIBHOM M MONEPEYHOIl 0CsAM COOTBETCTBEHHO. PacueTHble 4acTOTHI, MOIy4YEHHbIE
10 pe3ynbTaTraM BhIUUCIIEHHs MaremaTtinueckoil Moaenu B SCAD office (puc. 6), COBNAAAIOT ¢ SKCIIEPUMEH-
TaJbHBIMU PE3yJIbTaTaMU CIIEKTPAJIBLHOTO aHAIN3a MUKpoceiicMudeckoro ¢ona (puc. 7).
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Puc. 5. CxopocTHOI pa3pe3 1o nonepeyHbIM BOJIHAM

W ¢ 1o unuk: Bemonaeno M.H. Bockpecenckum.

Figure 5. Transverse wave velocity section Vs
S o urce: made by M.N. Voskresenskiy.

¥ Mepwoapl u yacToTsl kKoaeBanwi / Vibration Periods and Frequencies

| | Hacrota Mepuon.
Sarpywenne Homep doprel CobicTBeHHOE Frequency Period
Load Case Mode Mumber Efgg‘ﬁ:ﬁe Praa%cs“ cgﬁ
5 [Moaaw.ca / Modal Analysis l1 | 0,069 14,571 0,431
2 0,065 15,474 0,406
3 0,06 16,614 0,378
4 0,045 22,126 0,284
5 0,04 24,961 0,252
6 0,037 27,371 0,23
7 0,029 34,685 0,181
8 0,025 40,193 | 0,156
9 0,023 43,808 6,972 0,143
10 0,022 45,201 7,208 0,139
11 0,021 46,861 7,458 0,134
12 0,021 47,419 7,547 0,133

Puc. 6. ITepuoas! u yacrorsl konedanuii B [10 SCAD

W c1ounuk: Bemonaeno B.C. Muxaiinoseiv, A.A. KypaaHoBoii.

Figure 6. Periods and frequencies of vibrations in the SCAD software
S ource: made by V.S. Mikhailov, A.A. Kurdanova.

[TepBasi, Bropast u TpeTbs Gpopmbl KoneOaHuil — M3ruOHbBIe Ha YacToTax 2,3, 2,5, 2,6 'l COOTBETCTBEH-
HO, YeTBepTas u nsitas — KpyTwibHble HA 3,5 1 4,0 ['11.

Ha puc. 7, 6, npeacraBieHbl 3Ha4€HUSI PE30HAHCHBIX YaCTOT, OIy4YEeHHBIE B XOJI€ IKCIIEPUMEHTA. 3Ha-
YeHHs TIPUBEICHBI JUIA TOUYKM HAONIOACHU, HAXOMAIIeHcs Ha 4-M dTaxke 31aHusl. B sKkcrepruMeHTaIbHBIX
pacueTax mepBas u3rnOHas popma He HaOIIOMAETCs M3-3a MAJIOTO YHEPreTHIecKoro Biana (puc. 7). Omna-
KO OCHOBHBIE PE30HAHCHBIE MMUKU SKCIIEPUMEHTA COBIAAAIOT ¢ (hopMaMu KoieOaHUH, MOTYyYSHHBIMHU C I10-
MOILBIO MOJIENIH. DKCIIEPUMEHTAIbHAS OLEHKA MOATBEPIKIAET paCU€THYIO MOJIEIb.
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Puc. 7. Pesynprar 00paboTku sKCHepUMeHTaNbHBIX AaHHBIX B 1O MicroSeisTool:

@ — 3aIMCh MUKPOCEHCMUYECKOro ()oHa 10 TPeM KaHalaM PerucTpaTopa;
6 — TIIIOTHOCTH MOIIHOCTH JUISl K&X/I0T0 KaHajla perucTparopa

M c1ounuk: Bemonneno A.A. KypaaHosoit.
Figure 7. The result of processing experimental data in MicroSeisTool software:

a — recording of the microtremor on three channels of the recorder;
6 — the spectral power density for each channel of the recorder.

S ource: made by A.A. Kurdanova.
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Panee ynomuHanoch, 94T0 Mpu NPOBEJCHUN €KETOTHOTO MOHUTOPUHTA ITOCTOSHCTBO PE30HAHCHBIX ITH-
KOB HAOJIOIAIOCh BO BCEX TOYKAX HAOIIOICHHUS, KPOME TOPIIA 3/IaHHsI CO CTOPOHBI yi. AMyHaceHa. Eciu B
OCHOBHOM 00bEMe€ 3aHHs PEe30HAHCHAsI YacTOTa MO JUTMHHON CTOpOHE 3/1aHus coctaisuia 2,8 [, To B OT-
nuyatonieiicst yactu — 4,2 ['1. Pannee npeanonoxeHne o ToM, 4TO 3Ta 4YacTh MOCTPOCHA OTIIMYHO OT BCETO
371aHUsA, OBUTO OMPOBEPTHYTO MaTeMaTHYECKOH Mozesblo. Mosienib IeMOHCTPHPYET, YTO ATa Pa3HHIlAa BO3HH-
KaeT U3-3a TOT0, YTO B Pa3HBIX YACTIX 3JaHHs JOMUHUPYIOT pa3indHble GOpPMbI KoieOaHui. ITO MOKa3aHO
Ha puc. 8—11, KOTOpbIe BU3yATM3UPYIOT KoJleOaHus M AU GEpeHIUpYIOT UX 1o Ty Aedopmarmn. Hanbo-
Jiee KECTKUM M YCTOMYMBBIM SIBIISICTCS LIEHTP 3/1aHUS, @ MAKCUMAaJIbHBIE KOJICOAHUS PUXOAATCS Ha KpaitHue
4acTH 31aHuil. [JOMUHUPOBaHKME KPYTHUIIBHBIX YaCTOT Ha KpasiX 3JaHUH — 3aKOHOMEPHOE SIBJICHUE JJIS TIPO-
TSDKEHHBIX CTPOUTEIBHBIX 00BEKTOB. Y KPYTHIIBHBIX ()OPM aMIUIMTYbI OJMXKe K s/py *KecTKocTu (0bractu

CMEIEHHS LIEHTPa Kpy4eHus) OyIyT CyIIeCTBEHHO HUKE, YeM B KPaeBbIX TOYKaX. Y M3THOHBIX (hOpM Koule-
OaHMii aMIUTUTYABI OyIyT CONOCTABUMBI C KPAa€BBIMHU TOUKAMHU.

8 MNepemewerng w
HE= HO
) 3
CyriapHos Nape mewaHHe
0 -
“H. . 457
o 034 ™
M. il |
7] ke o8 *
ame vl
+ qﬂ?.;R? 007 "
<l 3231 "
Bl e '
[l | == E
— Wrana
) pparMesTa m
SEKpuTE .'LH
Puc. 8. Bropas ¢popma konebanuii — usrudnas no ocu Y
W ctouHuKk: Bemoineno B.C. MuxaiinoBbiM.
Figure 8. The second bending mode shape, Y axis
S o urce: made by V.S. Mikhailov.
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Figure 9. The third bending mode shape, X axis
S ource: made by V.S. Mikhailov.
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Figure 10. The fourth torsional mode shape
S o urce: made by V.S. Mikhailov.
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Figure 11. The fifth torsional mode shape
S ource: made by V.S. Mikhailov.

Jlyisa comocTaBieHUs dKCIIEPUMEHTAILHOTO U aHAJIUTUYECKOTO METO/a ObUTH BBHIOpAaHBI NIEPBHIE MAThH
AKCTpeMyMoB KoseOanuil. [lepBas, BTopas u TpeTbst GhopMbl KojgeOaHuit — M3ruOHbIe HA yacToTax 2,3, 2,5
u 2,6 'l COOTBETCTBEHHO, UeTBEpTas U MmsTast — KpyTuibHble Ha 3,5 u 4,0 ['1. Pe3ynbrarsl, noinydeHHbIe C
MOMOIIIBbIO MOZIETUPOBAHUSL, TOATBEPHKAAIOT PE3YIIBTAThl HATYPHOTO IKCIIEPUMEHTA.

ComocTaBiieHHe pacUeTHBIX 3HAYEHUH C HKCIIEPHMEHTAIBFHBIMHU IOKA3aJl0 COBIAJCHUE COOCTBEHHBIX
4acToT U (OPM MOJI, UTO MOATBEPIKIAET KOPPEKTHOCTh HKCIIEPUMEHTAILHOW METOIMKU U a/IeKBaTHOCTH HC-
moJib3yeMbIx Mojeneil. [Ipu 3Tom yucieHHoe MoJAENUPOBAHUE MTO3BOJIWIO JIOTOJHUTEIBHO BBISIBUTH 30HBI C
MaKCHUMAaJIbHBIMU 3HAYEHUSIMU HAIPSKEHU U OTEHIUAJIbHO MOBBIIIEHHON YS3BUMOCTBIO, YTO COIVIaCyeTCs
¢ pacmpeneneHueM KodpGuIueHTa ysi3BUMOCTH, PACCYMTAHHOTO MO JJAHHBIM MUKPOCEHCMUYECKOTO MOHU-
TOPHHTA.

Bo3moxxHocTh Buzyanuzauuu gopm konedanuii B SCAD naet BO3MOXKHOCTh HAIVISIIHO HPEACTABUTH
JUHAMHYECKOE ITOBEICHUE 3aHNS B PE30HAHCHBIX peXUMaXx. ITO CO3/1aeT MPEANIOCHUIKH:
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— J1J151 OTIpEIENIEHNs TOTEHIUAIBHO EPErPYKEHHBIX 30H KOHCTPYKIUH;

— OICHKH YPPEKTUBHOCTH AEMI(UPYIONIIUX IIEMEHTOB;

— MPOBENICHUS MIEPCTIEKTUBHOTO aHaIM3a JEKPEMEHTa 3aTyXaHUsl Ha OCHOBE KOMOMHAIIMH MOJIEITHPOBa-
HUS U HATYPHBIX HAOIOEHUH.

4. 3akirouenue

1. YacToTbl cobcTBeHHbIX Konebanuit 31anus UI'® cTabuiibHBI BO BpeMEHHU, HO HEOJHOPOIHBI 110 00b-
eMy 371aHus. B 10ro-BOCTOYHOM TOpIIe HAOMIOAAETCS CMELIEHNE PE30HAHCHOW YacTOTHI, CBSI3aHHOE C MPeod-
JTaJaHueM Pa3IH4YHbIX GopM KojeGaHuil; KpyTHIbHBIE MOJBI JOMUHHPYIOT Ha KPAaeBbIX Y4acTKax, 4ToO Xa-
PaKTEPHO JUISI IPOTSKEHHBIX 3/1aHUH.

2. JIns aHanmm3a BeIOpaHBI TIEpBBIC MATH MOX: Tpu M3ruOHBIC (2,3; 2,5; 2,6 ') u ABE KpyTHIbHBIC
(3,5; 4,0 T'my). PesynbraTsl 4NCIIEHHOTO MOJICTUPOBAHMUS COINIACYIOTCS C HATYPHBIMU U3MEPEHUSMH.

3. Peructpanust MUKpoceiicMOB Nokazaia ee 3((eKTUBHOCTh KaK HKCIPECC-METO/1a Il OLIEHKH COOT-
BETCTBHS 37JaHNs1 HOPMATUBHBIM TPEOOBAHHSM.

4. YucneHHOE MOJEIMPOBAHKE MO3BOJISIET MTPOTHO3UPOBATH JUHAMHUYECKOE MTOBEJCHUE 3/JaHUs, & MUK-
pocelicMUUECKUl METO MPEAOoCTaBiIsAeT (GaKTUUECKUE JaHHBIE; CONOCTABICHUE ITUX MOAXOM0B IOATBEP-
KJIAeT UX B3aUMOJIOTIOTHIEMOCTb.

5. ®opmbl COOCTBEHHBIX KONeOaHUH (M3ru0 M KpydueHHe) OINpeeNIeHbl IyTeM COIOCTAaBICHHS JKCIIe-
PUMEHTAIbHBIX JAHHBIX C PACUETHBIMU MOJIETISIMU C yYETOM YTOYHEHHBIX XapaKTePUCTHK OCHOBAHHUS.

[lepcniekTHBHBIE HAaNpPaBIEHUS PAa3BUTUS METOIUKH BKJIIOUAIOT pacIIMpeHHe BBIOOPKH 3/1aHHH ¢ pas-
JMYHOW KOHCTPYKILHUEH U reorpadueii, nyueHrne BpeMEHHBIX XapaKTePUCTHK MUKPOCEHCMHUYECKUX CHT'HA-
JIOB, MHTETPAIHIO C IU(PPOBBHIMU MIaTHOpMaMU MOACTUPOBAHUS U aHAIU3 BIMSIHUSA MTapaMEeTPOB JAUCKpPE-
TU3alUU U 000pYyAOBaHUS HAa TOUHOCTH Pe3ynbTaToB. Peanuzaius 3Tux HanpaBieHUH MOBBICUT TOYHOCTh
JTUArHOCTHKH, HA/IEKHOCTh MOHUTOPHHTA U CBOCBPEMEHHOCTh IMPUHATHUS PEIICHUI O TEXHUYECKOMY CO-
CTOSIHHIO 3JaHUM.
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Abstract. Concrete remains the most widely used construction material, yet its brittleness and susceptibility to cracking limit its
application in high-load structures such as aerodrome pavements. Improving mechanical strength and durability is therefore
essential. While fiber reinforcement has been widely studied, mono-fiber systems often yield only partial benefits. Hybrid
reinforcement using basalt macro fibers and microfibers presents a sustainable alternative, but remains underexplored, particularly
for aerodrome pavements. This study investigated the influence of hybrid basalt fibers on the compressive strength of concrete at
7, 14, and 28 days, with the goal of identifying the most effective fiber proportion. Concrete mixes with different ratios of basalt
macro fibers (A) and microfibers (B) were produced, cast into standard cubes, and tested for compressive strength following
established guidelines. Results indicated that hybridization significantly improved strength development compared to the control.
Fiber concrete mixture series achieved the highest 28-day compressive strength of 72.8 MPa, outperforming both mono-fiber and
control samples. This confirms the synergistic role of hybrid fibers in enhancing crack control and load transfer. The findings
suggest that hybrid basalt fiber reinforcement offers a practical, sustainable solution for high-performance concrete, with strong
potential for application in aerodrome pavements and other demanding structural works.
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AnHoTanus. beton ocraercs Hanbojee HIMPOKO HCIONB3YEMbIM CTPOUTENBHBIM MAaTepUaioM, OJHAKO €ro XPYIKOCTh M CKIIOH-
HOCTh K PAaCTPECKHBAaHHIO OIPAaHHYMBAIOT €r0 MPUMEHEHHUE B ITOJBEP)KEHHBIX BHICOKUM HArpy3KaM KOHCTPYKIHSAX, TAKHX KaK I10-
KPBITHS a3poapoMoB. [loaToMy KpaiiHe BaXXHO HMOBBICUTH €0 MEXaHWYECKYI0 IPOYHOCTb M JIOJITOBEYHOCTh. XOTS apMHUPOBaHHE
BOJIOKHAMH IIMPOKO M3Y4YEHO, CUCTEMBI C OJHUM BHIOM BOJIOKHA YacTO JAIOT JHIIb YacTU4YHBbIE NpeuMmylnectsa. [ mbpuaHoe
ApMHUPOBAHHUE C MCIIOIb30BAHHEM MAKPOBOJIOKOH M MUKPOBOJIOKOH M3 0a3ayibTa MpeAcTaBiIseT cOO0H yCTOHYMBYIO adbTepHATH-
By, HO OCTaeTcs HEJOCTATOYHO W3YYECHHBIM, 0COOEHHO UIsi TIOKPBITUI a’pOApOMOB. ABTOpPaMHU HM3yHEHO BIIMSHUE TMOPUIHBIX
0a3aJIbTOBBIX BOJIOKOH Ha MPOYHOCTh OeToHa Ha cxarue yepe3 7, 14 u 28 nuel ¢ nensto onpeaeneHus Hanbosee 3PPpeKTUBHON
MIPOIIOPUUH BOJIOKOH. BbUIN M3roTOBIIEHB! OETOHHBIE CMECH C PA3JIMYHBIMU COOTHOIIEHUSMH MaKpOBOJIOKOH (A) U MHUKPOBOJIO-
koH (B), oTHTHI B cTaHmapTHBIE KyObl M MCIBITAHEl HAa IIPOYHOCTH HA C)KaTHE B COOTBETCTBUH C YCTAHOBJICHHBIMH PEKOMEHMa-
nusAMH. Pe3ynbraTel mokasand, 4TO THOpHIM3alUs 3HAYUTENBHO YIYyYIIMJIa Pa3BUTHE HMPOYHOCTH MO CPABHEHUIO C KOH-
TpoibHBIME OOpasuamu. Pubpoberonnas cmech cepuu 1,5A0,5B nocTuria HauBbICIIEH MPOYHOCTH Ha CXKaTHE uepe3
28 nueit — 72,8 MIla, npeBocxo/s kak oOpasubl C OAHUM BUAOM BOJIOKOH, TaK M KOHTPOJIbHBIE 00pa3ibl. DTO MOATBEPKAAET CH-
HEPreTUYECKyI0 POJib TMOPUAHBIX BOJOKOH B YIYYIIEHHHM KOHTPOJIA TPELIMH M Iepenadu Harpys3ku. Pesynsrarel uccienoBaHus
MOKA3BIBAIOT, YTO apMHUPOBaHUE THOPUIHBIMU 0a3aIbTOBEIMH BOJIOKHAMU SIBJISIETCSI MPAKTHYHBIM M YCTOMYHMBEIM PEICHUEM IS
BBICOKOIIPOYHOTO OETOHA, MMEIOUIMM OONBIION MOTEHIWal Ul NPUMEHEHHS B adPOAPOMHBIX HMOKPBHITHSX U IPYTHX CIOXHBIX
CTPOUTENBHBIX paboTax.

KnawueBble ciaoBa: ruOpuHble BOJIOKHA, OSTOH, apMHPOBaHHbBIH 0a3albTOBBIM BOJOKHOM, MPOYHOCTh Ha CXKATHE, B3JIETHO-
HOCa04YHAast OJI0Ca A3POAPOMA, YCTOHUMBOE CTPOUTEIHCTBO

Brkuian aBropoB: Katic K.A.A. — BbITIONTHEHUE J1a00PATOPHBIX SKCIIEPUMEHTOB, HAITCAHHE TEKCTA, KOHIICTIIHS UCCIIEI0BaHMs, 0030p
JUTEpaTypbl, peaakTupoBanne; Komuapesckas A.B. — HayuHOE PyKOBOACTBO, KOHIIETIIIUS HCCIIEAOBAHUS, Baauaauus; OkonbHu-
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1. Introduction

Airport pavements are designed to withstand extremely heavy and repetitive aircraft loads while
resisting environmental deterioration [1]. A key factor in their performance is the effect of impact forces
from hard landings, which can accelerate structural fatigue [2]. For this reason, runway concrete is specified
with high compressive strength, often between 30 and 40 MPa, and is typically reinforced with steel or
other fibers to improve durability. The Federal Aviation Administration (FAA) recommends a compressive
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strength of about 4,000 psi (=28 MPa) to achieve a 20-year runway lifespan.! Since compressive strength
governs both load resistance and fatigue performance, higher values allow for thinner slabs or increased
load capacity [3]. Recent advances have focused on lightweight high-strength concrete and ultra-high-
performance concrete (UHPC), which provide enhanced durability and lower maintenance needs [4].

Basalt fibers (BFs) have emerged as a promising reinforcement for acrodrome pavements due to their
high tensile strength, chemical stability, and resistance to temperature extremes. In [5], it was reported that
basalt fibers improved compressive and tensile strengths by about 7%, while study [6] emphasized the
influence of fiber length and dosage on workability and long-term durability. In [7], it was found that a 0.1%
fiber dosage optimized compressive strength, whereas higher hybrid dosages could reduce performance.
Hybridization with polypropylene further enhanced flexural behavior. In [8], it was demonstrated that basalt
fiber-reinforced nano-SiO, concrete retained superior mechanical properties even after heating to 800°C.
Similarly, study [9] showed that small fiber additions significantly improved compressive strength and salt-
freezing resistance, reducing porosity and enhancing durability.

In most conventional applications, fiber-reinforced concrete (FRC) incorporates only a single fiber
type. However, combining two or more fibers in suitable proportions can improve concrete’s overall
performance through a synergistic effect, a process referred to as hybridization [10]. In paper [11], it was
demonstrated that hybrid systems significantly enhance the behavior of ultra-high-performance concrete
(UHPC). For instance, the inclusion of long hooked-end steel fibers in hybrid mixes can synergistically
boost compressive strength, while increasing hybrid fiber volume fraction further elevates tensile splitting
strength [12]. Study [13] investigated hybrid basalt—polypropylene fiber-reinforced concrete (HBPRC) and
found that hydrostatic response, peak deviatoric stress, elastic modulus, and Poisson’s ratio were influenced
by both confining pressure and fiber composition. Within this composite, basalt fibers primarily contribute
to strength enhancement, whereas polypropylene fibers improve ductility and deformation capacity.
Similarly, study [14] showed that hybridization with Kevlar and glass fibers at 1.5% dosage yielded superior
compressive, flexural, and tensile strengths, along with higher toughness indices, compared to mono-fiber
mixes. Concrete, derived from mineral cements, remains the most widely used construction material
worldwide [15]. Its compressive capacity is traditionally evaluated through standardized cube or cylinder
tests [16]. However, specimen strength is often incorrectly generalized as the material’s intrinsic strength
[17]. While in-situ strength measurement remains challenging [18], predictive modeling using statistical and
machine learning techniques has improved accuracy and industrial relevance [19].

From a fracture mechanics standpoint, basalt fibers effectively slow crack propagation [20]. Compared
with GFRP and CFRP, basalt fiber-reinforced polymer (BFRP) provides lower cost and better creep
resistance [21]. For UHPC, optimal basalt fiber content of ~1% maximizes compressive, flexural, and tensile
strengths [22], while also improving residual flexural performance with little difference in the damping
ratio [23].

This study aims to examine the influence of hybrid basalt fiber reinforcement, combining macro
fibers and microfibers, on the compressive strength of concrete for aerodrome pavements, and the objectives
are to;

i. evaluate compressive strength at 7, 14, and 28 days;

i1. identify the optimal hybrid fiber mix;

iii.compare results with existing literature; and

iv.provide practical recommendations for using hybrid basalt fibers in producing durable, high-
strength concrete.

Concrete is the most widely used construction material globally, yet its brittleness and cracking limit
performance in aerodrome pavements exposed to high static and dynamic loads. Fiber reinforcement
improves strength, but single type of fibers provides narrow benefits. Hybrid reinforcement, combining
macro fibers for load transfer and microfibers for shrinkage control, offers synergistic gains, though optimal

! Federal Aviation Administration. AC 150/5320-6E, Airport Pavement Design and Evaluations. Washington (DC); 2009.
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ratios remain underexplored. Basalt fibers, a sustainable alternative to steel or synthetics, show promise.
This study investigates their hybridization to enhance pavement durability, address practical construction
demands, and promote eco-friendly, high-performance concrete.

Although mono-fibers like steel, polypropylene, and glass have been widely studied, limited research
exists on the combination of micro and macro basalt fibers and their effect on compressive strength across
curing ages. Gaps include insufficient exploration of basalt hybridization, lack of data on optimal macro/
micro ratios, dearth of specific studies relating to aircraft pavements, and practical recommendations for high-
strength, durable concrete.

2. Materials and Methods

2.1. Experimental Materials

Cement. Cement is a key construction material, primarily used as a binder in concrete [24]. Portland
cement comes from straightforward technology but involves complicated [25]. This study employed Portland
Cement M600 CEM 1 52.5, supplied by Akkermann Cement, meeting GOST 31108-2020* standard.
Characterized by high early and ultimate strength, rapid hydration, and superior bonding, it is well-suited for
high-performance and fiber-reinforced concrete.

Water. Water, though vital, is a limited resource [26]. Mixing water complied with GOST 23732-79°,
while potable water per GOST 2874-82% was accepted without further tests, ensuring purity, proper hydration,
fiber bonding, and long-term durability.

Superplasticizer. A high-range water-reducing admixture was incorporated at 0.7% of cement weight
to enhance workability at low water-to-cement ratios, improving fiber dispersion and compaction. The
selected polycarboxylate-based superplasticizer effectively reduces the yield stress of the fresh mix,
enabling uniform distribution of both macro- and micro-basalt fibers. This ensures optimal bonding between
fibers and the cementitious matrix while preventing fiber balling or segregation, thus improving mechanical
performance and surface finish quality.

Aggregates. Natural medium sands per GOST 8736-93°, with fineness modulus 2.0-2.5 and particle
sizes 0.63—1.25 mm, were supplied by OOO BATOLIT. Clean, well-graded, and free from impurities, they
improved packing density, reduced voids, and enhanced workability in fiber-reinforced concrete.

Coarse aggregate was 20 mm crushed stone from igneous and metamorphic rocks, conforming to
GOST 8267-93° and GOST 26633-917 standards. With crushability of not less than 1200, it provided high
strength, stability, and interlock, enhancing compatibility with fibers and overall concrete performance.

Basalt Fibers (Micro and Macro). Basalt macro fibers (50 mm % 1 mm), produced from basalt rock
by melt extrusion, were added to enhance toughness, crack bridging, and impact resistance. With high
tensile strength and alkali resistance, they improved durability under static and dynamic loads. Basalt
microfibers (18.2 mm X 17 um) were added to control microcracks, reduce shrinkage, and strengthen the
Interfacial Transition Zone. Their high aspect ratio and chemical stability enhance tensile strain capacity,
long-term durability, and resistance to freeze-thaw and chemical attack.

2 Interstate Technical Committee for Standardization in Construction. GOST 31108-2020: Cements for general construction.
Specifications. Moscow; 2020.

3 Interstate Technical Committee for Standardization in Construction. GOST 23732-79 (rev. 2011): Water for concrete and
mortars. Technical conditions. Moscow; 1979

4 Interstate Technical Committee for Standardization in Construction. GOST 2874-82: Drinking water. Hygienic requirements
and quality control. Moscow; 1982.

5 Interstate Technical Committee for Standardization in Construction. GOST 8736-93: Sand for construction works.
Specifications. Moscow; 1993.

¢ Interstate Technical Committee for Standardization in Construction. GOST 8267-93: Crushed stone and gravel of solid
rocks for construction works. Specifications. Moscow; 1995.

" Interstate Technical Committee for Standardization in Construction. GOST 26633-91: Heavy-weight and fine concrete.
Specifications. Moscow; 1991.

84 EXPERIMENTAL RESEARCH



Katic K.A.A., Komnspesckas A.B., OkonbHukosa I".9. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMiA 1 coopyxeHuit. 2026. T. 22. Ne 1. C. 81-90

2.2. Experimental Procedures

Concrete mixes with basalt macro and microfibers were prepared with materials listed in Section 2.
The dry materials were mixed before gradually adding water and superplasticizer to ensure uniformity and
prevent fiber balling. Cubic specimens (100 x 100 x 100 mm) were cast in steel molds, compacted with
vibration, and finished with a smooth steel-trowel surface. After casting, specimens were covered with a
polyethylene sheet and left undisturbed for 24 + 2 hours at laboratory temperature. Following demolding,
the specimens were cured in a water tank maintained at a stable temperature, in accordance with GOST
10180-20128. Specimens were cured until the designated testing ages of 7, 14, and 28 days, representing
early, intermediate, and standard design strength evaluations. Compressive strength was tested using a
2000 kN machine at a controlled loading rate. Specimen ends were cleaned, centrally aligned, and loaded
uniformly until failure. The maximum load at failure (P, in Newtons) was recorded for each specimen. The

compressive strength f,. was calculated using Equation (1):

Je=— (1)

where f, is the compressive strength (MPa); P is the maximum load at failure (N); 4 is the cross-sectional

area of the specimen (mm?).
For each mix and testing age, the average compressive strength was determined from three replicate
specimens to minimize variability and improve reliability of results.

3. Results and Discussions

At seven days of curing, the compressive strength results revealed important insights into the
performance of basalt macro fibers, microfibers, and their hybrid combinations in concrete. The control mix
(K) reached 51.67 MPa in Figure 1, providing a useful baseline for comparison. When mono-fiber systems
were considered, it became evident that dosage played a decisive role in determining strength outcomes.
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Figure 1. Compressive Strength at 7 days against Hybrid Fiber Combination
S ource: made by Q.A.A. Qais.

8 Interstate Technical Committee for Standardization in Construction. GOST 10180-2012: Concretes. Methods for strength
determination using reference specimens. Moscow; 2012. (In Russ.).
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For the macro fiber (A) series, strengths ranged between 47.45 and 54.90 MPa. The mix containing 1%
macro fibers (1A) performed best within this group, achieving 54.90 MPa, which represented an increase of
approximately 6.2% over the control. By contrast, both lower and higher dosages tended to reduce strength
relative to the control, suggesting that the inclusion of macro fibers beyond the optimum level may
compromise matrix consolidation and uniformity. This is similar to study [13] which stated that mono steel
fiber has no significant effect on compressive strength. The compressive strength decreases when the volume
fraction increases from 1.0 to 1.5%, but increases when it exceeds 1.5%. Hybrid fibers with different
combination types produce a synergistic effect.

The microfiber (B) series in Figure 1 showed a similar trend, with strengths ranging from 46.66 to
52.72 MPa. The 1% microfiber mix (1B) achieved 52.72 MPa, reflecting a modest gain of about 2% over the
control. However, mixes with either lower or higher microfiber contents, such as 0.5B and 1.5B, performed
below the control, indicating that excessive or insufficient microfibers do not contribute positively to
compressive strength. These outcomes highlight the existence of an optimum dosage range for each fiber
type, beyond which workability issues, poor dispersion, or increased porosity may negatively affect structural
integrity. This mirrors study [27] which compared systems with mono-fibers (steel or polypropylene) and
hybrids. At 7 days, hybrid mixes had only a slight increase (from ~15.3 MPa to ~15.8 MPa) over mono-
fiber ones, a small but noteworthy improvement.

The most significant improvements were observed with hybrid fiber systems, where macro fibers and
microfibers were combined. The 1.5A0.5B mix recorded the highest compressive strength of 56.80 MPa as
shown in Figure 1, representing a 9.9% increase over the control and outperforming all other combinations.
Other hybrid mixes, such as 1A2B (53.96 MPa) and 0.5A (53.15 MPa), also displayed improvements
relative to the control, although not as pronounced as the 1.5A0.5B mix. The synergistic behavior observed
in these combinations suggests that moderate macro fiber content enhances load-bearing capacity while
small amounts of microfibers help control microcrack propagation, leading to more efficient stress transfer
and improved structural performance. Conversely, certain hybrids, such as 1.5A2B, underperformed, which
indicates that high fiber volumes, particularly of microfibers, may disrupt the homogeneity of the mix,
leading to reduced strength.

At 14 days of curing, the compressive strength results reflected both the continued hydration of cement
and the influence of different fiber dosages and hybrid combinations. The control mix (K) achieved 58.33 MPa
in Figure 2, providing the benchmark for comparison. This value illustrates the expected strength gain from
the 7-day results, showing steady hydration and matrix densification.
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Figure 2. Compressive Strength at 14 days against Hybrid Fiber Combination
S ource: made by Q.A.A. Qais.
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For the macro fiber (A) series, compressive strength values ranged from 52.8 to 62.5 MPa in Figure 2.
The best-performing mix was 1A, which reached 62.5 Mpa — an improvement of about 7.1% compared to
the control. The 0.5A mix also performed well, achieving 60.5 MPa. These results confirm the existence of
an optimum dosage window, as excessive macro fiber inclusion, such as in 1.5A and 2A, resulted in reduced
strengths of 54.36 MPa and 52.8 MPa respectively. Overdosage likely led to fiber clustering, and entrapped
voids, which compromise strength despite the high tensile capacity of basalt fibers.

The microfiber (B) series showed a smaller strength range, between 52.71 MPa and 58.42 MPa. The
highest performance was observed in 1B, which slightly exceeded the control at 58.42 MPa, while other
dosages (0.5B, 1.5B, 2B) in Figure 2 offered limited or no advantage. This indicates that microfibers
contribute more effectively when combined with macro fibers rather than acting alone, as their primary role
lies in controlling microcracks rather than significantly enhancing compressive resistance.

The hybrid fiber mixes produced the most significant improvements. Among these, 1.5A0.5B achieved
the highest compressive strength of 63.87 MPa as illustrated in Figure 2, representing a 9.5% gain over the
control and surpassing all mono-fiber mixes. Other strong performers included 1A2B (59.76 MPa) and
1.5A0.25B (59.18 MPa), both of which exceeded the control, though to a lesser degree. The synergy between
macro- and microfibers appears most effective when macro fiber content is moderate and complemented by
small amounts of microfibers. In such proportions, macro fibers provide crack-bridging capacity and post-
cracking toughness, while microfibers limit microcrack initiation and improve the homogeneity of the
cement matrix. This is slightly comparable to results from [28] which showed that the effective participation
of carbon, polypropylene and steel fibers and their combination with synthetic fibers contributed positively
to the performance of fiber-reinforced concrete. The gain in axial compression strength reached values in
the range of 10 to 19% depending on the content of total fibers and their combination, without problems in
the production process.

However, not all hybrid combinations yielded superior results. Mixes such as 1.5A2B (53.8 MPa) and
2A0.5B (52.3 MPa) underperformed, even relative to the control. These outcomes reinforce the importance
of balance: high volumes of either fiber type tend to reduce compressive strength by interfering with mix
compactness and increasing void content.

At 28 days, the compressive strength results clearly highlight the long-term performance of the hybrid
fiber-reinforced concrete mixes, showing both continued hydration and the stabilizing effect of fiber
reinforcement. The control mix (K) achieved 63.6 MPa in Figure 3, a significant improvement from its
14-day value of 58.33 MPa, demonstrating expected strength gain with curing. This benchmark provides the
basis for evaluating the effectiveness of fiber additions.
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Figure 3. Compressive Strength at 28 days against Hybrid Fiber Combination
S ource: made by Q.A.A. Qais.
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For the macro-fiber (A) series, compressive strength ranged between 58.4 and 70.86 MPa as visualized
in Figure 3. The standout mix was 1A, which achieved 70.86 MPa, representing an 11.4% improvement
over the control. Similarly, 0.5A showed excellent performance with 67.7 MPa, while 1.5A and 0.25A
produced moderate strengths (60.76 MPa and 60.5 MPa, respectively). The lowest performance in this
group was observed in 2A (58.4 MPa), confirming the negative effects of excessive macro fiber dosage,
such as poor workability, void entrapment, and fiber clustering. These results confirm that moderate macro
fiber contents (0.5-1%) optimize crack-bridging without compromising mix compactness.

The microfiber (B) series generally improved compressive strength compared to the control, though
less dramatically than macro fibers. In Figure 3, Strength values ranged between 58.67 and 68.5 MPa, with
1B achieving the highest strength of 68.5 MPa, surpassing the control by 7.7%. Other mixes such as 0.5B
(58.67 MPa) and 1.5B (63.03 MPa) showed less improvement, while 2B (66.67 MPa) performed well. These
findings suggest that microfibers are effective at enhancing long-term durability and reducing microcracking
but provide more consistent rather than peak strength gains.

The hybrid fiber mixes yielded the most notable improvements, with several combinations outper-
forming both the control and mono-fiber mixes. The best-performing mix, 1.5A0.5B, achieved 72.8 MPa,
representing a 14.5% increase over the control, highlighting strong synergy between moderate macro
fibers and a small fraction of microfibers. Other effective hybrids included 1A1.5B (67.46 MPa), 1A2B
(67.13 MPa), and 1A0.5B (66.16 MPa) as displayed in Figure 3. These results confirm that balancing fiber
types and dosages enhances performance: macro fibers provide crack bridging and load redistribution, while
microfibers improve homogeneity and limit microcrack formation. Unlike the findings of [29], where
hybrid reinforcement with steel, polypropylene, and basalt fibers combined with 50% fly ash substitution
achieved about a 30% increase in mechanical properties at 28 days, this study demonstrates the effectiveness
of optimized basalt hybridization alone. Thus, targeted proportions of basalt macro- and microfibers can
significantly improve compressive strength in high-performance concrete. Not all hybrid mixes were
successful. Combinations such as 2A0.5B (58.8 MPa) and 1.5A2B (59.28 MPa) underperformed, even
relative to the control, due to excessive fiber content disrupting workability and compaction. This reinforces
the finding that balance, rather than quantity, trumps performance.

The compressive strength results of hybrid fiber-reinforced concrete provide a strong foundation
for advancing aerodrome pavement technology. The demonstrated improvement, particularly with the
1.5A0.5B mix, shows that strategic fiber hybridization can significantly enhance both early-age and long-
term structural capacity. This is critical for airfield pavements, which are subject to heavy static and
dynamic loads from aircraft, as well as fatigue stresses from frequent take offs and landings. By delivering
higher compressive strength, hybrid fiber mixes enable the design of thinner yet stronger pavement sections,
reducing overall material consumption and construction costs while maintaining safety margins.

Furthermore, the improved strength characteristics open pathways for extending service life,
minimizing maintenance needs, and reducing downtime at airports — a major economic and operational
advantage. The synergy of macro- and microfibers not only enhances load-bearing capacity but also improves
crack resistance, directly addressing challenges such as rutting, thermal stresses, and impact damage. These
findings provide engineers with innovative material solutions that align with modern sustainability goals,
allowing aerodrome infrastructure to evolve towards greater durability, resilience, and cost-efficiency while
meeting the demands of increasing air traffic.

4. Conclusions

This study investigated the effect of hybrid fiber reinforcement, using basalt macro fibers (A) and
microfibers (B) in varying proportions, on the compressive strength of concrete for aerodrome pavement
applications. The goal was to identify optimal hybrid mixes that balance strength with workability.
Experimental results across 7, 14, and 28 days revealed consistent trends. At 7 days, mix 1.5A0.5B achieved
the highest strength (56.8 MPa), about 9.9% above the control, showing the early benefits of balanced
hybridization. At 14 days, the same mix again led with 63.87 MPa, about 9.5% higher than the control.
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By 28 days, 1.5A0.5B reached 72.8 MPa, a 14.5% improvement, confirming its long-term advantage. These
findings align with recent studies highlighting that hybridization enhances strength, limits microcracking,
and improves structural performance.

Recommendations:

1. For aerodrome pavements and high-strength structures, the 1.5A0.5B hybrid mix is recommended,
having consistently delivered superior compressive strength across all curing ages.

2. Moderate fiber contents are essential because excessive microfibers reduce workability, hinder
compaction, and compromise strength despite their crack-bridging benefits.

3. Beyond compressive strength, durability indices such as shrinkage, freeze—thaw resistance, and
chloride penetration should be investigated to develop a holistic performance profile.

4. Predictive modeling can optimize fiber ratios before large-scale testing, while pilot projects in
aerodrome pavements are necessary to confirm long-term field performance.
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