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Most modern buildings use reinforced concrete elements, which can sustain damage during
operation, creating potential risks for their safe use. This article focuses on the analysis of reinforced
concrete beams with cross-sectional damage using the LIRA-SAPR software suite. Special attention is
given to the damage of the protective concrete layer and the top compressed reinforcement, which is
crucial for assessing the residual load-bearing capacity and the stress-strain state of the structures. The
modeling of reinforced concrete elements is performed using the finite element method. The obtained
results have practical significance for further research and the improvement of methods for evaluating
the residual load-bearing capacity of reinforced concrete structures, which will help reduce the risk of
failure of such elements during operation.
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Introduction

The impact of damage to the concrete cover and the upper compressed reinforcement on the load-
bearing capacity of reinforced concrete beams is a pressing issue and of great importance for engineers
who inspect such structures. It is crucial to effectively determine and use the residual load-bearing capacity
of these structures. Damage to reinforced concrete structures can occur due to various factors at different
stages of a building’s life cycle. These factors include technological defects, the influence of various
natural phenomena, mechanical damage, and the duration of operation. Classifications of such damage are
presented in the works of (Blikharskyy, Kopiika, 2022; Kravchuk et al., 2024). Damage to reinforced
concrete elements can lead to a reduction in the load-bearing capacity of beams, increasing the risk of
emergency situations and accidents. Additionally, complex types of deformations of reinforced concrete
elements may arise, which are not considered during design, complicating the prediction of their behavior
in operation (Voskobiinyk et al., 2011). As a result, the need for additional research and adjustments to
existing design standards becomes critically important to ensure the safety and durability of structures.

After analyzing recent studies and publications, we can confirm the importance of studying
reinforced concrete elements with various types of damage. The investigation of these elements using
software packages and numerical methods becomes especially relevant. A significant number of software
packages have been developed for numerical calculations, including Robot, ANSYS, SCAD Office,
ABAQUS, FEMAP, the "LIRA-SAPR" software package, and others.

The study of reinforced concrete elements using the ANSYS software package is presented in the
works of (Ibrahim & Mahmood, 2009; Tjitradi et al., 2017; Hasan et al., 2020), where the authors
investigate the failure behavior of reinforced concrete elements through simulations in the ANSYS
software package.

The use of software packages to assess the impact of damage on reinforced concrete elements
provides crucial information necessary to understand the behavior of these structures and predict their
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residual load-bearing capacity. A comparative analysis and the feasibility of using the LIRA-SAPR and
ANSYS software packages are presented in the work of (Krasnitskyi et al., 2024). The results of studies
using these software packages enable engineers to develop more effective methods for rehabilitation and
ensure the safety and durability of reinforced concrete elements in real operational conditions.

In the work (Lobodanov et al., 2021), experimental studies showed the influence of load level and
type of damage on the load-bearing capacity of reinforced concrete bending elements with damaged
concrete in the compressed zone. Damage to the compressed concrete zone reduced the load-bearing
capacity of the reinforced concrete element, with the reduction depending not only on the depth of
penetration (30 mm) but also on the width of the damage. With a damage width of 20 mm, the reduction in
load-bearing capacity relative to the control beam was 12.83 %, and with a damage width of 80 mm, it was
17.97 %. Furthermore, the study established the need to develop a separate methodology for investigating
and calculating various types of damage and defects. Theoretical studies of damaged beams in the
compressed concrete zone, conducted by Lobodanov et al. (2021), demonstrated the effectiveness of using
the FEMAP software package for modeling and calculations. The FEMAP software provided variability in
the studies and showed results close to the experimental ones.

Experimental studies conducted by (Blikharskyy Z., et al., 2018) showed that the load-bearing
capacity of beams with damaged lower working reinforcement under load was found to be 10 % higher
than that of beams with reinforcement of the same area but without damage. Additionally, the study
established that beams without damage fail due to spalling of the compressed concrete zone, while
damaged beams fail due to the rupture of the lower working reinforcement. These findings were also
confirmed in the work of (Lobodanov et al., 2022), which investigated the damage to concrete in the
compressed zone of beams. The studies showed a 3.8 % increase in the load-bearing capacity of reinforced
concrete beams under load compared to damaged reinforced concrete beams without load.

The work by (Klymenko et al., 2019) presents the modeling of the behavior of damaged reinforced
concrete beams using the LIRA-SAPR software package. The researchers created 15 different models of
experimental beams with various damages to the compressed concrete zone, each of which had a separate
calculation scheme developed. The calculation scheme for each sample consisted of small finite volumetric
elements of type SE No. 236. The calculations were performed using a nonlinear step-by-step iterative
method. The results of the calculations for each sample were compared with the data from laboratory tests.
The beam modeling allowed for the analysis of all processes occurring in the beam during its gradually
increasing static load. The results obtained from the modeling showed good convergence of the residual
load-bearing capacity, with the difference between the modeled results and the laboratory tests ranging
from 3.23 % to 21.46 %.

In the work by (Klymenko et al., 2021), numerical and laboratory experimental tests were conducted
to determine the impact of concrete damage in the support zone of the compressed zone of reinforced
concrete beams on their residual load-bearing capacity in inclined sections. Numerical tests of the samples
were carried out using the LIRA-SAPR 2017 software package. The results of the laboratory and
numerical experiments showed good agreement regarding the load-bearing capacity; however, the failure
behavior of the samples did not coincide. Performing calculations in the LIRA-SAPR software package
allowed for predicting the behavior of the elements and determining their load-bearing capacity with high
accuracy. However, compared to real data, some discrepancies in the failure behavior were identified.

In the work by (Pavlikov et al., 2019), a numerical model of a beam operating under biaxial bending
conditions was considered. The modeling allowed for accounting the features of the loss of load-bearing
capacity and tracking changes in the position of the neutral axis during loading. It was established that
computer modeling enables the planning of experimental studies, optimization of the number and sizes of
samples for testing, and the identification of areas in the samples that require special attention during the
experiment. In the research by (Kos et al., 2022), computer modeling in LIRA-SAPR effectively
reproduced the results of the conducted experiments, allowing for reliable predictions of the strength of
structures and their failure behavior.
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The theoretical study of damaged beams in the compressed zone using the FEMAP software
package, conducted in the work of (Mykhalevskyi et al., 2023), allowed for the examination of stresses in
concrete and reinforcement under different damage scenarios and loading levels. The results of the study
showed that every centimeter of damage to the compressed zone of the beam reduces the effective working
height of the concrete and the load-bearing capacity of the beam. Additionally, the study enables the
evaluation of the consequences of damage and defects occurring in existing structural elements under load,
providing insight into their impact on the elements and their structural behavior. These findings were
confirmed in the work of (Deineka et al., 2024), where similar studies were conducted using the LIRA-
FEM software package. The use of software packages for modeling damaged beams provided more
accurate results compared to analytical calculation methods.

In the study by (Barabash, 2018), the author focuses on calculations that consider the real properties
of reinforced concrete. Reinforced concrete under operational loading, with plastic deformations and crack
formation, reduces the stiffness of the element, which in turn leads to increased displacements. Therefore,
the study of reinforced concrete requires realistic modeling and appropriate analysis. In the paper, the
author suggests using the "engineering nonlinearity" method for calculations, which allows the engineer to
more accurately assess the stiffness distribution of reinforced concrete elements. Modern computational
systems allow for considering various types of nonlinearity during the calculation and analysis of building
structures. This is particularly important for accurately modeling the real behavior of reinforced concrete
structures under load. The work by (Gorodetsky & Romashkina, 2023) provides a detailed description of
the main capabilities of the LIRA-SAPR calculation package, which accounts for both geometric and
physical nonlinearity. This package enables engineers to model complex load and damage scenarios,
considering factors such as plastic deformations, crack formation, and changes in element stiffness.

The study of beams considering physical nonlinearity is presented in the work by (Shakhmov &
Amir, 2022), where it is confirmed that accounting for the physical nonlinearity of deformation in
reinforced concrete beams is crucial for accurately modeling their stress-strain state. As a result, the LIRA-
SAPR calculation package becomes a powerful tool for the design and analysis of reinforced concrete
building structures, ensuring their reliability and safety during operation.

This article focuses on the analysis of stresses occurring in the structures and the evaluation of
deformations of beams with damaged concrete protective cover and compressed reinforcement. The study
of damaged beams is carried out using the LIRA-SAPR software package.

Materials and Methods

For the theoretical study and modeling, a reinforced concrete beam was developed, which was
reinforced according to the calculations based on current standards. The purpose of creating this beam is to
conduct further experimental tests to gather practical data and compare them with the theoretical results
obtained through modeling. This allows for verifying the accuracy of theoretical predictions, evaluating the
effectiveness of the applied models and methods, as well as confirming or adjusting existing theoretical
concepts regarding the behavior of concrete structures.

The test specimen is a reinforced concrete simply supported beam with a length (1) of 2100 mm, a
cross-sectional height (h) of 200 mm, and a width (b) of 100 mm. The effective span (distance between
supports) (11) is 1900 mm.

The working reinforcement, located in the tensile zone of the beam, is made of rolled steel with a
diameter of @16AS500C. This steel has a Young’s modulus (E) of 209200 MPa and a Poisson’s ratio of 0.29.
The upper reinforcement consists of two bars with a diameter of @10A500C, which will later be damaged by
reducing their diameter. The beam is made of concrete of class C25/30, which has a Young’s modulus (E) of
32500 MPa and a Poisson’s ratio of 0.2. All material characteristics are taken according to the standards in
DBN V.2.6-98:2009 and DSTU B V.2.6-156:2010. The transverse reinforcement is implemented in the form
of stirrups with a diameter of @10A500C, spaced 100 mm apart. These stirrups are chosen to prevent the
possibility of failure of the test specimens due to shear force (Fig. 1). The reinforced concrete beam is
designed so that its failure occurs in the pure bending zone.
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Fig. 1. General view of the beam reinforcement

The calculations of the beam were performed using the LIRA-SAPR software. To model the
concrete beam, three-dimensional finite elements No. 236 were used, which allow for simulating the
nonlinear behavior of the material. The choice of finite element type for modeling the concrete is shown in

(Fig. 2).
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Fig. 2. Selection of the finite element type for modeling the concrete

During the modeling of the nonlinear behavior of concrete, the 25th exponential deformation law was
used, which accurately accounts for the complex nature of deformation processes in concrete. The assignment
of the stiffness characteristics of the concrete beam, considering nonlinearity, is shown in (Fig. 3).
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Fig. 3. Definition of the concrete beam stiffness characteristics considering nonlinearity
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To model the behavior of the reinforcement cage, finite elements Ne 210 were used, which are
physically nonlinear universal spatial elements. These elements allow for the consideration of all the
peculiarities of the reinforcement's behavior under load. To assign the material's physical nonlinearity, a
14-piecewise linear deformation function was used, ensuring an accurate representation of the
reinforcement's actual performance within the structure (Fig. 4).
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Fig. 4. Definition of the reinforcement stiffness characteristics considering nonlinearity

The beam cross-section is divided into finite elements (cubes) of 10 mm in size. This segmentation
of the beam into cubic elements is related to the placement and step of the reinforcement, ensuring the
accuracy of modeling its behavior under load. Supports are placed along the entire width of the beam at a
distance of 100 mm from its edge. On one side, there is a fixed hinge support that prevents both horizontal
and vertical displacements of the beam's end, while on the other side, a hinge support is provided, allowing
only vertical displacements. This configuration ensures the required stability and creates the necessary
conditions for accurate analysis.

The load F (kN) is applied to the beam at points located at a distance of 1/3 of the span length of the
beam, as shown in (Fig. 5).

Fig. 5. The loading scheme of the beam

This loading arrangement ensures a pure bending zone, where a uniform bending moment can be
observed in the middle of the beam span, allowing the behavior of damaged beams to be assessed. For
further study and analysis of reinforced concrete beams with complete circular damage to the cross-section,
four damage variants were selected (Fig. 6).

Beam B-0 is the control sample, which has no damage and serves as a reference for comparison with
other samples. Sample B-1 contains a damage with a width of 80 mm located at the center of the pure
bending zone. This damage simulates a localized concrete defect, allowing the impact of such defects on
the beam's load-bearing capacity to be studied. Sample B-2 has a 200 mm wide damage, simulating
concrete spalling. This damage simulates the effect of significant structural concrete degradation, enabling
the study of beam behavior under more severe damage conditions. Sample B-3 is characterized by damage
80 mm wide, located at the center of the pure bending zone, with additional damage to the upper
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compressed reinforcement. Due to the damage, the diameter of the reinforcement is reduced from 10 mm
to 8 mm, simulating corrosion damage to both the concrete and the reinforcement due to long-term
exposure to an aggressive environment or other factors. Sample B-4 features damage 80 mm wide,
displaced from the center of the pure bending zone. This damage allows the investigation of the impact of a
localized defect, not positioned at the center of the pure bending zone, on the deformation and strength
characteristics of the beam. All concrete damages are applied along the perimeter of the cross-section,
simulating an even reduction in the cross-section from all sides.
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Fig. 6. Scheme of experimental reinforced concrete beams with different types of damage

Two types of studies were conducted in the LIRA-SAPR software. In the first study, the maximum
force F, that the beam without damage and the beams with various types of damage can withstand was
determined. In the second study, a load of 0.5 F, was applied to beams with different types of damage. The
load of 0.5F, is close to the operational load typical for most reinforced concrete structures, which justifies
its selection for this study. The applied load F =21.15kN allows for the evaluation of the strength and
deformation of the beam under conditions corresponding to real operational conditions.

Results and discussions

As a result of the simulation and static calculation in the LIRA-SAPR software, models and stress
mosaics for reinforced concrete beams were obtained. The overall model of the control beam with the
mosaic stress diagram in the concrete at F,=42,3 kH is shown in (Fig. 7).

The mosaic stress diagram in concrete, presented in (Fig. 8), demonstrates the distribution of stresses
under the load of 0.5F,=21.15 kN for the control beam. This diagram allows evaluating the behavior of the
concrete under the 0.5F, load and provides a visual representation of the stress distribution in different
zones of the beam.
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Fig. 7. Overall view of the calculation scheme in LIRA-SAPR
and the mosaic stress diagram in the concrete at F,=42,3 kH
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Fig. 8 Overall view of the calculation scheme in LIRA-SAPR
and the mosaic stress diagram in the concrete at F=21,15 kH

The forces in the reinforcement cage, presented in (Fig. 9), illustrate the variation of forces occurring
in the compressed and tensioned zones of the reinforcement under the same load of F=21.15kN.
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Fig. 9. Forces in the reinforcement cage

Theoretical results of concrete and reinforcement stresses for the test samples at 0.5Fu of the control
beam are presented in Table 1. Based on this data, a comparison of stresses occurring in beams with
different types of damage can be made with the indicators of the control beam.

The stress results in concrete at the maximum force F, that the test beams can withstand are
presented in Table 2.

Table 3 presents the stress results in the compressed and tensile reinforcement at the maximum force
that these beams can withstand. Based on this data, the stresses in the reinforcement of beams with various
types of damage can be compared to the values of the control beam.

Table 4 presents the stress results in concrete and reinforcement under the maximum force Fu that
these beams can withstand. Based on this data, the obtained values can be compared with the characteristic
compressive strength values of concrete and the characteristic strength values of the reinforcement.
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Table 1

Stress results in concrete and reinforcement under the load of 0.5Fu for the control beam

. Maximum stress in Maximum stress in the tensile
Maximum concrete stress . .
compressed reinforcement reinforcement
(MPa) (MPa) (MPa)
Type of damage a a
I rh rh
S A 100% Srem 22-100% St 2-100%
ck.m fyk.m fyk.m
B-0 -19,2 100 -120,1 100 195,5 100
B-1 21,4 112 -298.9 249 235,9 120
B-2 -21,3 111 -299.,4 249 237,2 121
B-3 21,4 112 -439,2 366 238,6 122
B-4 -21,5 113 -305,7 255 231,8 119
Table 2
Stress results in concrete under the load F,
Maximum concrete stress Load-bearing capacity of the beam
(MPa) (kN)
Type of damage fox F B
Jekm < 100% E, 50 100%
ck.m u
B-0 -21,6 100 423 100
B-1 -21,7 113 32,5 77
B-2 -25,1 131 32,5 77
B-3 -24.4 127 27 64
B-4 -28,3 147 32 76
Table 3
Stress results in reinforcement under the load F,
- - - i ) )
Maximum .stress n Max1.mum. stress 1n the Load-bearing capacity of the beam
compressed reinforcement | tensile reinforcement
MP MP (kN)
Type of damage (MPa) (MPa)
fB—x fox F B-x
Sosem fyl’;j’; 100% | fuwm | “52100% F, 7 100%
yk.m yk.m u
B-0 -392 100 442 100 423 100
B-1 -542 138 370 84 32,5 77
B-2 -498 127 380 86 32,5 77
B-3 -512 130 323 73 27 64
B-4 -500 128 366 83 32 76

The analysis of the maximum compressive stresses in concrete showed that for the control beam B-
0, under a load of 0.5F,, the maximum stress is 19.2 MPa. For the damaged specimens, this value increases
to 21.5 MPa for specimen B-4, indicating a slight decrease in the concrete's resistance to compression
under various types of damage at this load level.

The analysis of stresses in the reinforcement showed that damage to the concrete cover and
reinforcement significantly affects the maximum stresses in the reinforcement at this load level, reducing
the beam's strength. The stress in the compressed reinforcement for the control beam B-0 is 120.1 MPa.
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For beams with damage, the stresses increase significantly: for specimen B-4, it reaches -305.7 MPa (2.5
times higher than the control specimen), and for specimen B-3, the maximum stress reaches -439.2 MPa
(3.6 times higher). This significant increase in stress for specimen B-3 is due to the reduction in the
reinforcement area from 0.79 c¢cm? to 0.5 cm? as a result of simulating reinforcement corrosion. The
maximum stress in the tensile reinforcement for the control beam B-0 is 195.5 MPa. For damaged
specimens (B-1, B-2, B-3, B-4), this value increases by 18-22 % depending on the type of damage, with an
increase of up to 22 % for specimen B-3.

Regarding the load-bearing capacity, for the control beam B-0, it is 42.3 kN. Damage to the beams
leads to a reduction in their ability to withstand loads. For beams B-1 and B-2, the load-bearing capacity is
32.5 kN (77 % of the control beam's capacity). Beam B-3 showed the most significant reduction in load-
bearing capacity — it decreased by 36 % and now stands at 27 kN. In beam B-4, the reduction is 24 %,
which is a better result compared to beam B-3. This reduction in load-bearing capacity in all beams is due
to the decrease in cross-sectional area caused by the circular damage to the concrete cover, which
decreased from 200 cm? to 96 cm? The cross-sectional area of all damaged specimens decreased by a
factor of 2.1. Additionally, in specimen B-3, the reinforcement area was reduced from 0.79 cm? to 0.5 cm?
as a result of simulating corrosion.

Table 4

Comparison of stresses in concrete and reinforcement
with characteristic values under the load F,

Characteri- . . .
stic Characteri- Maximum stress in Maximum stress in
. Maximum concrete stic strength the compressed .
compressive . . the tensile
strenath of stress of reinforce- reinforcement reinforcement
Type of gt (MPa) ment (MPa)
4 concrete (MPa) (MPa)
amage (MPa)
B—x B-x f
K
£, fur MIOO% f frim MIOO% Friom =—100%
ck Vi yk.m
B-0 -21,6 98 -392 79 442 88
B-1 -21,7 99 -542 108 370 74
B-2 22 -25,1 114 500 -498 100 380 76
B-3 -24,4 111 -512 102 323 65
B-4 -28,3 129 -500 100 366 73

The analysis of the stress results presented in Table 4 for concrete, under the maximum load F, that
the test beams can withstand, shows that both the control and damaged beams reach the characteristic
compressive strength of concrete. The analysis of the maximum stresses in the compressed reinforcement,
presented in Table 4, under the maximum load F, indicates that in the damaged beams, the maximum
stresses in the compressed reinforcement increase to the characteristic strength values of the reinforcement,
suggesting a potential rupture. Meanwhile, in the control beam, these values are 27-38 % lower. The
stresses in the tensile reinforcement, under damage, decrease from 442 MPa for the control beam to 323
MPa for specimen B-3, not reaching the characteristic strength values of the reinforcement.

Thus, damage to the concrete cover and compressed reinforcement significantly affects the load-
bearing capacity of the beams, with the most substantial decrease observed in the beam with damage to the
concrete cover and compressed reinforcement in the pure bending zone. At the same time, the width of the
damage has almost no effect on the load-bearing capacity, as the results for damage widths of 80 mm and
200 mm remain nearly identical.
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Conclusions

The use of finite element methods for modeling existing reinforced concrete elements allows for
more accurate and reliable results compared to traditional analytical methods. This approach makes it
possible to account for the complex behavior of materials and structures under load, which cannot be
achieved using standard calculation methods. Theoretical research of damaged reinforced concrete beams
in the LIRA-SAPR software environment enables a detailed study of the distribution of stresses and
deformations in the concrete and reinforcement under various types of damage. This research reveals
important patterns regarding the impact of damage on the strength and deformability of structures, as well
as allows for a precise assessment of the stresses that occur in the beam depending on the damage
parameters. Modeling reinforced concrete beams demonstrates the effectiveness of this method for
evaluating the influence of defects on the load-bearing capacity and behavior of elements under load in real
operating conditions. The analysis of the results showed that damage to the concrete cover around the
perimeter of the beam's cross-section leads to a reduction in the load-bearing capacity of the beams by 23-
24 %. In the case of additional damage to the compressed reinforcement, the load-bearing capacity
decreases by 36 %. At the same time, changing the width of the damage from 80 mm to 200 mm has
almost no effect on the load-bearing capacity of the beams. The analysis of stresses in the reinforcement of
damaged beams shows that, under damage, the maximum stresses in the compressed reinforcement
increase to the characteristic strength values of the reinforcement, indicating a possible rupture. For the
control beam, these values are 27-38 % lower.

Despite the obtained results, this research requires further improvement and enhancement,
particularly through the comparison of theoretical results with experimental data. This will help increase
the accuracy of the results and make the methodology more reliable for use in real construction and
reconstruction projects.

Prospects for further research

The application of the finite element method continuously expands the prospects for engineers and
researchers, creating a foundation for the improvement of calculation methods for loaded reinforced
concrete elements using advanced finite element modeling technologies. This method also serves as a
primary tool for preparing and optimizing field studies, making the development of its application
capabilities (and the method itself) a relevant task.
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MOJEJIOBAHHS TA AHAJII3 BIVIMBY IIOINKO’KEHHA 3AXUCHOI'O ITAPY BETOHY
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Binpmricte cydacHux OyniBenb 1 CIOpyA BHUKOPUCTOBYIOTH 3aili300€TOHHI €NEMEHTH, SIKi MOXYTh
3a3HaBaTU PI3HOMAHITHUX IIOLIKOKEHb Y IMpoIleci eKcruryaraiii. BUHHKHEHHST Pi3HOTO pOxy HOIIKOJKEHb
MIPU3BOJNTEL 10 HEOE3IMEKH eKcIuTyartallii OymiBenb Ta cropyd. Y JaHOMY JOCIHIDKEHHI 0coOjmBa yBara
MIPUIUIAETHCS aHAJI3y 3a1i300€TOHHUX OAOK 3 CYI[UIbHUMHM IMOIIKO/DKEHHAMH MOMEPEYHOro mepepizy 6amok
3a gonomorow mporpamHoro komiuiekcy LIRA-SAPR. Taki MOIIKO/PKEHHS BKIIOYAKOTH IOIIKODKEHHS
3aXMCHOTO IIapy OETOHY Ta BEpXHbOI CTHCHEHOI apMaTypH, IO MalOTh BENMKE NPAKTUYHE 3HAYEHHS Yy
MalOyTHbOMY PO3paxyHKy OLIHKH 3aJIMIIKOBOI HECY4YOi 3AaTHOCTI Ta HANpYXEeHO-Ae(OPMOBAHOIO CTaHY
3aJ1i300€TOHHUX KOHCTPYKIIiH. MojentoBaHHs 3a1i300€TOHHUX €JICMEHTIB BUKOHYBAJIOCS METOIOM CKiHYCH-
HHUX eJIeMEHTIB y mporpamHomMy komiuiekci LIRA-SAPR. PesympraTé mociiUkeHHS BKIIOYAIOTH aHAII3
HaNpyXeHb B 3aJ1i300eTOHHUX Oajikax Oe3 IOMIKO[KEHb Ta 3 PI3HUMHU THUIAMHU MOIIKOPKEHHS 3aXHCHOTO
mapy OSTOHHY Ta BEPXHBOTO CTHCHYTOIO apMyBaHHS, a TaKOXX IOpPIBHSHHS MaKCUMAaJIbHHX HampyXeHb
JIOCIIJTHUX 3pa3KiB 3 XapaKTEePUCTUYHUMH 3HAUYEHHSIMH MIIHOCTI OETOHY Ta apMaTypH. AHaii3 pe3yJabTaTiB
JIOCII/DKEHHST TI0Ka3aB, MIO MOIIKO/DKEHHS 3aXHCHOrO Iapy OETOHY IO MepUMeTpy Iepepizy Oaiku
MIPU3BOJUTH 0 CYTTEBOTO 3HIDKEHHsSI Hecydol 3AaTHocTi Oajnok. Lle mociimkeHHs Jae MOXIUBICTh BUSIBUTH
Ba)XTUBI 3aKOHOMIPHOCTI, III0 CTOCYIOTHCSI BIUIMBY IOIIKO/DKEHb Ha MIILHICTh Ta AedopMaiiiiHy 31aTHICTb
KOHCTPYKIIIH, a TAaKOX I03BOJSE€ TOYHO OIIIHWUTU HAINpPYKEHHS, SKi BUHUKAIOTH B Oallli B 3aJIe)KHOCTI Bif
rapameTpiB MOIIKOLKeHHA. OTpuMaHi pe3yJlbTaTH MaloTh BEIMKE MPAKTUYHE 3HAYEHHS 1 MOXYTh OyTH
BUKOPHCTaHI JUIsl TOAAIBIINX MPAKTUYHHUX JOCTIKEHb 3 METOIO ITOKPAIEHHS METOJIB OLIHKH 3aJIUIIKOBOL
Hecy4oi 3JaTHOCTI 3aJ1i300€TOHHUX KOHCTPYKIIHM, IO JO3BOJMUTH 3HU3UTH PHU3UKH PYHHYBaHHS TaKHX
€JIEMEHTIB /1 4ac eKCIUTyaTallii.

Kiro4oBi cioBa: nmomkomkeHHs; 3a1i300eToHHa Oanka; MonemoBaHHs; LIRA-SAPR; nanpy-
JKeHHS; 3aXHCHUH 1map.



