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Abstract. In most buildings and structures, reinforced concrete elements, which are operated
with various damages and defects, are used. This article presents the results of theoretical studies of
unevenly damaged reinforced concrete beams using the FEMAP software package. The occurrence
of defects and damages leads to the danger of operation of buildings and structures, changes in the
stress-strain state, and can lead to a decrease in the stiffness and bearing capacity of the structure.
Defects and damages occur under the influence of the external environment, mechanical impacts,
aggressive environment, and because of an explosion. The study aimed at analyzing the effects of
the occurrence of uneven damage to reinforced concrete beams is of great practical importance in
the future calculation of the residual bearing capacity and determination of the stress-strain state of
a reinforced concrete element. Therefore, for theoretical studies, we use the finite element modeling
of reinforced concrete elements in the FEMAP software package. The simulations were performed
with different types of damage caused by wetting, alternating freezing, and thawing, and the
stresses in concrete and reinforcement were analyzed using the finite element method (FEM), which
is an effective numerical method for solving engineering problems. Based on the modeling results,
the stresses were compared with the ultimate stresses, and the deformability of unevenly damaged
reinforced concrete beams was determined. The results of the theoretical studies can be used in the
future for practical experiments and are of practical importance in choosing the optimal method for
calculating the residual bearing capacity of a reinforced concrete element. The importance of this study
lies in its potential ability to improve the safety of building structures and reduce the risk of hazards
during the operation of structures. The effectiveness of the FEM method, combined with these results,
opens up new opportunities for engineers and researchers and can serve as a basis for improving the
methods of calculating reinforced concrete elements under load using the latest finite element
modeling technologies.
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Introduction. Determination of the residual load carrying capacity of reinforced concrete beams
under various damages is an urgent task for the construction industry and is of great importance for
design engineers. Damage to concrete can occur for various reasons, such as chemical attack,
mechanical damage, improper operation, and other types of damage classified in [1]. This can lead to a
decrease in the bearing capacity of beams and an increase in the risk of accidents, as well as to the
occurrence of complex types of deformations of reinforced concrete elements that are not
predictable in the design [2].

Research in this area is aimed at understanding the mechanisms of damage and its impact on
the bearing capacity of reinforced concrete beams. The results of such studies can be used to set
safety standards and develop recommendations. Accordingly, the assessment of the technical
condition of reinforced concrete structures is the main diagnostic tool during operation, so there is a
need to determine the bearing capacity and selecting the optimal reconstruction method.
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This article discusses the stress analysis and deformability of reinforced concrete beams with
non-uniform damage using the Femap software package based on NX Nastran.

Analysis of recent research and publications. The study of reinforced concrete beams with
damage is a relevant area. When the compressed zone of concrete is damaged, the bearing capacity
of the beam decreases, deformations and stresses change. Determination of the bearing capacity of
reinforced concrete beams with damage to the compressed zone is investigated in [3].

The use of numerical analysis of the effect of damage to the compressed zone of concrete in a
reinforced concrete beam provides important information for understanding the behavior and
prediction of performance. Numerical methods are used to analyze the effect of concrete damage on
the bearing capacity of beams and to study the mechanical characteristics of such structures.

Having considered the papers [4-5], which investigate the influence of cracks in the concrete
compressed zone on the bearing capacity of reinforced concrete beams and their impact on the
mechanical characteristics of structures. These articles are substantiated by numerical and
experimental research methods. The main attention is paid to the analysis of the effect of cracks on
the change in the bearing capacity of beams, in particular, various factors such as the depth and length
of cracks, reinforcement, and material properties are taken into account. The results of the study of
crack formation and failure of the concrete compressed zone contribute to a better understanding of
this effect on the performance of reinforced concrete beams and its bearing capacity. In [6], typical
flexural failure was observed in damaged beams. Bending cracks increased and propagated upward in
the high moment region with increasing load. After reaching the yield strength, an upward shift of the
neutral axis was observed, which led to concrete crushing in the compressed zone. Small inclined
cracks of minor impact appeared throughout the span.

Klymenko E.V. [7] carried out the study of damaged reinforced concrete elements, the main
direction of work was to create the basis for a methodology for determining the technical condition
of damaged reinforced concrete structures and assessing the possibility of their further normal
operation based on field tests. During the operation of reinforced concrete elements, there was a
need to protect the bearing structures of the eastern stand of the stadium from atmospheric moisture.
Prolonged soaking of reinforced concrete structures led to the destruction of the cover, corrosion of
the longitudinal and transverse reinforcement. These damages necessitated the determination of the
bearing capacity and deformed state.

The analysis of the stress-strain state and the determination of the residual bearing capacity of
reinforced concrete elements using the FEMAP software package were performed in [8]. The basis
for the research work was significant damage to reinforced concrete elements, errors in the
manufacturing technology, non-compliance with the minimum cover, violations of the formwork
geometry, and installation deviations. The objective of the study was to systematize the approach
and factors that influence the decision-making process for strengthening a damaged reinforced
concrete element, as well as to analyze the factors that influence the process of modeling an existing
reinforced concrete element in order to determine the actual bearing capacity.

The most modern methods of modeling reinforced concrete structures using FEMAP and
NASTRAN software are proposed by S. Kumar [9]. The author discusses methods of modeling,
analysis and design of reinforced concrete elements and describes the process of creating models,
determining loads, performing analysis and evaluating the bearing capacity and stability of
reinforced concrete structures. The author also discusses in detail the use of software products for
calculations and optimization of structures. The final results confirm that Femap and NASTRAN
can be useful tools for modeling reinforced concrete structures and analyzing their behavior.

Among the publications, a broad overview of modeling and analysis of a reinforced concrete
beam using the FEMAP software package is presented in [10]. In particular, the authors describe
the methodology for constructing a geometric model, the correct input of material properties, and
loading conditions. The process of analyzing a reinforced concrete beam with setting up boundary
conditions and performing numerical analysis. Examples of modeling and analysis of reinforced
concrete beams are presented to demonstrate the effectiveness of Femap and NASTRAN. The
results indicate that these software products can be used to determine stresses and strains.
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Research objective. Modeling of reinforced concrete beams with non-uniform damage under
load in the Femap complex using the finite element method. Based on the modeling, to analyze
stresses and strains.

The object of research is reinforced concrete bending structures of buildings and structures
under conditions of long-term operation.

Materials and methods of research. For theoretical research and modeling, a normally
reinforced concrete beam was designed, which will be used for experimental testing and comparison of
the results with theoretical data. The geometric dimensions of the reinforced concrete beam are: length
[=2100mm, height h=200mm, width b=100mm, distance between supports 1;=1900mm. The working
reinforcement in the tensile zone of the beam is designed from rolled steel @16A500S (Young's
modulus E=209200, Poisson's ratio = 0.29), upper reinforcement 2006 A240C, concrete of class C30/35
(Young's modulus E=34500, Poisson's ratio =0.21). The transverse reinforcement is made in the form
of U-shaped clamps @6A240C with a pitch of 75 mm (Fig. 1).
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Fig. 1. General view of beam reinforcement

The reinforced concrete beam was designed to be installed on the test bench in such a way
that its failure is expected in the zone of pure bending. To create the model and perform the
calculations of the reinforced concrete beam, I used Femap, a widely used and modern software
package for engineering analysis that facilitates the construction of finite element models.

The modeling starts with creating the necessary layers and entering the parameters of concrete
and steel — Young's modulus, Poisson's ratio (Fig. 2).
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Fig. 2. Characteristics of reinforced concrete beam materials

The next step was to create a finite element mesh. To ensure the compatible operation of the
reinforced concrete element, the modeling was performed with the condition that the edges and
nodes of the concrete finite element mesh coincide. Formation of the element mesh included the
creation of a plane from which finite elements were created using the "extrude” method along the
entire length of the beam. To obtain accurate data, the finite element mesh was created from
10x10mm and 15x10mm cubes. The reinforcement was modeled using the BEAM element. After
completing the mesh creation, all model nodes need to be merged using the "merge coincidence™
command, which removes all unnecessary nodes and solves the problem of errors during the
subsequent calculation of a damaged reinforced concrete beam.
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After that, we create supports at a distance of 100 mm from its edge in the lower nodes of the

beam along its entire width. On the one side — fixed support with a ban on movement along the TX,
TY, TZ axes. The load with the value F (kN) is applied in 1/3 of the span (Fig. 3) to ensure a clean
bending zone. The applied load F = 35.3 kN.
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Fig. 3. Scheme of load application

For further study and analysis of a reinforced concrete beam with uneven damage, 6
variations of damage with variable values were selected and modeled (Fig. 4). The damage
parameters are the following values:

— depth;

— is the damage angle a;

— is the value of the slice run delta a.

Damage may occur as a result of wetting or alternating wetting, freezing and thawing.
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Fig. 4. Scheme of damage to a reinforced concrete beam
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There are several ways to create a computational model fault in the FEMAP program [10], in this
case, we chose to create it by deleting mesh elements. After deletion, the "merge coincidence” command
must be used again to prevent errors. It is assumed that this damage may cause a change in the stress-
strain state of the reinforced concrete element. As a result of modeling and static calculation using the
Femap software, models and isofields of the reinforced concrete beam B-1 (Fig. 5, Fig. 6),
displacements in the Y-axis (Fig. 7) and along the X-axis (Fig. 8) were obtained.

Fig. 5. General view of damage and stress isopleth of concrete of beam B-1

Fig. 6. Stress isofields in the reinforcement of beam B-1

B-4modfem : Untitled X

Fig. 7. Movement of the damaged beam B-1 along the Y-axis
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The theoretical results of unevenly damaged reinforced concrete beams are shown in Table 1.

Fig. 8. Movement of the damaged beam B-1 along the X-axis

-1,2613

The analysis of these data allows us to understand which of the damage parameters can play a role

in increasing the deformation under the load.

Table 1 — Summary indicators of damaged reinforced concrete beams

Denth Displace- Max | Max stress in
Title | Damage OF]Z Length of ment Displacement stress In the
angle damage the cut alongthe | in the X-axis concrete | . forcement
Y-axis GC os
o 100mm/
B-1 45 400 mm 5.83mm 1.26mm 375N | 135.58 mPa
100mm
B-2 30° - 400 mm | 6.29mm 1.44mm 40.5kN | 146.42 mPa
B-3 45° - 400 mm 7.06mm 2.03mm 45.36 kN 156.4 mPa
B4 | 45 | 200M™ gehmm | 6.41mm L4mm | 4123 N | 14221 mPa
100mm
B-5 30° - 550 mm 6.97mm 1.6mm 44 52kN 158.3 mPa
B-6 45° - 550 mm 7.91mm 2.3mm 49.28 kN | 167.7 mPa

Conclusions and Prospects for Further Research. Having analyzed the data obtained in the
course of the work, the following conclusions can be drawn:

1. The use of finite element modeling of existing reinforced concrete elements will allow
obtaining accurate results compared to analytical methods.

2. The theoretical study of unevenly damaged reinforced concrete beams in the FEMAP
software environment allows us to study in detail the stresses in concrete and reinforcement under
different variations of damage, to analyze displacements depending on the damage parameters. The
results demonstrate the impact of the compressed zone on the reinforced concrete beam, as each
centimeter of damage reduces the effective working height of the concrete, its bearing capacity, and
changes the inclination of the neutral axis.

3. The modeling makes it possible to assess the impact of damage to elements and defects
that occur in existing building elements under load.

4. We can conclude that this study is not complete and requires further refinement and
comparison of theoretical results with experimental data.
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AHoTanis. Y OuibmocTi OyniBedb Ta CHOPYJ BUKOPUCTOBYIOThCS 3alli300€TOHHI €JIEMEHTH,
K1 eKCIUTyaTyIOTbCS 3 PI3HMMM TMOIIKO/DKEHHSIMHM Ta JAedextamu. Y AaHiil CTaTTi HaBeJIEHO
pe3yabTaTH TEOPETUYHUX OCTIKEHb HEPIBHOMIPHO MOIIKOIKEHUX 3a1i300€TOHHUX Oanok 3a
nonomororo nporpamHoro komiuiekcy FEMAP. BunukHeHHs neekTiB Ta MOUIKOKEHb
MIPU3BOMATH /10 HEOE3MeKH eKCcIuTyararii OyaiBeslb 1 CIOopy., 3MIHM HampyXKeHO-1e(hOopMOBaHOTO
CTaHy, MOXYTb IIPU3BECTH JI0 3MEHILIEHHS )KOPCTKOCTI Ta HECYUoi 31aTHOCTI KOHCTPYKIii. [ledexTu
Ta MOLIKO/KEHHS BHHMKAIOTH IIiJ{ BIJIMBOM 30BHIIIHBOTO CEpPEJIOBHUINA, MEXaHIYHUX BIUIMBIB,
arpecMBHOTO CEPEIOBUIIA Ta BHACHIIOK BUOYXY.
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JlocmikeHHsT CIpSIMOBaHHI Ha aHATI3 BIUIMBIB BUHUKHEHHS HEPIBHOMIPHHX IOIIKOKCHB
3aJ11300€TOHHUX OaJIOK Ma€ BEJTMKE MPAKTUYHE 3HAYCHHS Y MaOyTHbOMY PO3PaXyHKY 3aJIUIIKOBOT
HEeCy4oi 3/IaTHOCTI Ta BU3HAYEHHI HANPY>KEHO-1e()OPMOBAHOTO CTaHY 3aJ11300€TOHHOTO CJIIEMEHTY.
Tomy s TpOBEACHHS  TEOPETHMYHHMX  JOCHI[UKCHb  BHKOPHCTOBYETHCS  MOJCIIOBAHHS
3113006 TOHHUX €JIEMEHTIB METOJIOM CKIHYCHHHX €JIEMEHTIB y mporpamHomy komruiekci FEMAP.
MopenmoBaHHs BHKOHYBAJOCh 13 PI3HUMH THUIIAMH TIONIKO/DKEHb, $IKIi BHHHKAIOTH BHACIIIOK
HAMOKAaHHS, MOMEPEMIHHOTO 3aMOPOKYBAaHHSI-PO3MOPOKYBAHHS, a TAaKOX TPOBEACHO aHaJi3
Hanpy>KeHHsT B OCTOHI Ta apMmarypi, MeTooM cKiHdeHHuX eneMeHTiB (FEM), sxuii € edexrHum
YHCEIbHUM METOJIOM [yl BUDILICHHS 1H)XXEHEpHUX 3agad. Ha ocHOBI pe3ysibTaTiB MOJETIOBAHHS
MIPOBEJICHO TIOPIBHSIHHS HANPYXEHb 13 TPAHUYHUMHU HAIPY)KCHHSIMH, BU3HAYCHO J1e(hOpMaTHBHICTh
HEPIBHOMIPHO TIOIIKO/DKEHUX 3aTi300€TOHHMX Oayiok. Pe3ynpTaTH TEOPETHYHUX JTOCIIIKEHb
MOXYTh BHKOPHUCTOBYBATHUCH B IOJNAIBIIOMY JUIA TNPAaKTHYHHX JOCTIIIB Ta MAlOTh MPAKTHYHE
3HAYCHHS TPH BUOOPI ONTHUMAJIBHOTO METOJY pO3PaXxyHKY 3aJHIIKOBOI HECY4oi 3JaTHOCTI
3aJ11300€TOHHOTO €NIEMEHTY. Ba)ITUBICTh IIBOTO JOCIIKEHHS MOJISATa€ B HOTO TIOTEHITIHIN 31aTHOCTI
MOKpaLMTH 0e3neKy OyiBelbHIX KOHCTPYKIIiM Ta 3MEHITUTH PU3UK BUHUKHEHHS HEOE3MEKH i1 yac
excrutyatanii criopya. [ieBicte Mmetogy FEM y moenHaHHi 3 naHUMH pe3yjbTaTaMH BiJKPUBAa€e HOBI
MO>KJIMBOCTI /ISl 1H)KEHEpiB Ta JOCIIAHUKIB 1 MOXE CIY>KUTH OCHOBOIO JUIsl TIOKPAILIEHHS METOJIB
PO3paxyHKy 3aii300€TOHHMX €JEeMEHTIB MpH MAii HABaHTAXKEHHS 13 BUKOPUCTAHHSM HOBITHIX
TEXHOJIOTIM MOJICJTFOBAHHS METOJIOM CKIHUCHHHUX €JICMEHTIB.

KurouoBi cioBa: nomkopkenns, 3amizooeronni 6anku, FEMAP, nepopmaTuBHICTS.

Crarts Hagiimia go pexakiii 11.09.2023

Modern construction and architecture, 2023, no. 6, page 54-61

61





