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Abstract. The results of the study of damaged reinforced concrete beams of rectangular cross-
section reinforced with fiber concrete are considered. Previously, experimental studies of beams
damaged in the stretched or compressed zone, reinforced with steel-reinforced concrete, were carried
out. First, the theoretical value of the load-bearing capacity of a reinforced concrete beam without
damage was determined using various existing methods, and then its load-bearing capacity was
determined experimentally. Based on the results, graphs of the change in deflections under the
increasing load, graphs of the dependence of the relative longitudinal deformation on the load for the
left and right support parts of the beam, as well as for the zone of its net bending, were constructed for
each sample. At the next stage of research, the bearing capacity of two groups of reinforced beams was
determined. The first group consisted of three samples with compression zone damage; the second
group had two samples with damage in the stretched zone. In addition to the bearing capacity,
deflections and relative longitudinal deformations are determined for each sample.

Modeling and calculations were performed for five samples of reinforced beams with variation of
the damage zone and its volume. In all calculations, the load was considered in the form of two
concentrated forces applied symmetrically. Computer modeling and numerical analysis of damaged
beams using the finite element method were performed in two computer programs — Robot Structural
Analysis and LIRA-SAPR. The maximum deflections and stresses are determined.

A comparative analysis of the obtained results with the results of experimental studies was
carried out. It was established that the deflections obtained as a result of calculations in the two
programs are practically the same. And the tensions are somewhat different. The maximum difference
in stresses is observed for the ZBP1 sample — 11.8%. For four other samples, it is approximately the
same, and on average it is 5.8%. Comparing the results of calculating the maximum stresses in LIRA-
SAPR with the results of experimental studies gives a maximum discrepancy of 5.85%. And the
biggest discrepancy occurs in the deflections — here it fluctuates in the range of 19.0+19.2%.

Keywords: damaged beam, reinforced concrete, experiment, finite element method, LIRA-
SAPR, Robot.

CKIHYEHO-EJEMEHTHUI AHAJII3 MOMKO/JXKEHUX FAJIOK,
HIACUJIEHUX ®IBPOBETOHOM

Kipiuenxo JI. 0.}, €cpanxxkus B. 10.!

Y00ecvra depacasna axademis 6ydienuymea ma apximexnmypu

AHoTanisn. PosrnsgmaioTecs pe3ynbTaTH AOCIHIIKEHHS MOLIKO/DKEHUX 3ajli300eTOHHUX Oaox
MPSMOKYTHOTO TOTIEPEYHOro mepepizy, mijicmieHnx ¢idpoderonom. INomepennro Oynu mposeneHi
EKCTICpUMEHTAIIbHI  JIOCHI/PDKEHHsT 0alloK, TONIKO/DKEHWX Y PO3TATHYTIH abo CTHCHYTIH 30HI,
nocunenux cranediopoderoHoM. Crovyarky 3a pi3HUMH ICHYIOUMMH METOAMKAaMH OyJi0 BH3HA4Y€HO
TEOpPETUYHE 3HAUYEHHS HECY4ol 34aTHOCTI 3aJ1i300€TOHHOI Oayiku 0e3 YIIKOIKEHb, a MOTIM ii Hecydy
3JaTHICTh BH3HAYWIN EKCIIEPUMEHTAIBbHO. 3a pe3yjibTaTaMH Uil KOXXHOTO 3pa3Ka IMoOYyZOBaHO
rpadiku 3MiHM NPOTHMHIB MiA [i€I0 HAaBaHTAXKEHHsS, IO 3pocTae, rpadikd 3aJIe)KHOCTI BiJHOCHOT

D. Kirichenko, V. Yesvandzhyia
https://doi.org/10.31650/2618-0650-2024-6-1-124-133 124




V1/1/2024
Crop. 124-133 / Page 124-133

MexaHika Ta MaremMaTuyHi Meromgu [
Mechanics and mathematical methods

MO3/I0BXKHBOI JtehopMartii BiJi HABAaHTaXKEHHS JJIs JIBOI Ta MPaBOi OMOPHUX YACTHH OAlKH, a TaKOXK
JUTSL 30HM 11 9uCcTOTO 3rMHY. Ha HacTymHOMY eTarni JOCHiKeHb OyJ0 BH3HAYEHO HECYdy 3IaTHICTH
IBOX Tpym mocwmieHnx Oamok. Ilepma rpyma ckiamaiacs 3 TPhOX 3pasKiB, IO Majll MOIIKOKEHHS
CTHCHYTOI 30HM; y APYTii rpymi Oylo ABa 3pa3Kd 3 MOIIKOKEHHSIMH y PO3TATHYTIH 30HI. OKpiMm
HEeCy4oi 31aTHOCTI, JIJIsl KOXKHOT'O 3pa3ka BU3HAYCHI MPOTMHHU Ta BiJIHOCHI MO370BXKHI nedopMarii.

MopenroBaHHS Ta pO3pPaxyHKH BUKOHYBAJUCS JUTSI I SITH 3pa3KiB MMOCIIIEHUX OaloK 3 Bapiami€ro
30HU TONIKOKCHHS Ta 11 00’eMoM. B ycix po3paxyHKax po3risiaiocsi HABAaHTAKCHHS y BUIIISIL IBOX
30CEPE/DKCHUX CHJI, [0 TPHKIAJACHI CHUMETPUYHO. BUKOHaHE KOMII'IOTEpHE MOMACTIOBAHHS 1
YHCENPHUI aHaji3 MOIIKOMKEHNX OaJoK METOJOM CKiHYEHHX E€JEMEHTIB y JBOX KOMIT FOTEPHHAX
mporpamax — Robot Structural Analysis i JIIPA-CAIIP. Busnadeni mMakcMManbHI TPOTHHU Ta
HaIpyKCHHSL.

3nmilicHeHWl ~ TOPIBHSUIBHUM ~ aHami3  OTPUMAaHMX  pEe3yNbTaTiB 3  pe3yJbTaTaMu
eKCIIePUMEHTAIBHUX JOCIIIKeHb. BCTaHOBIIEHO, 0 MTPOTHHM, OTPUMAaHi B pe3yIbTaTi pO3paxyHKIB y
JIBOX TMpOrpaMax TMPaKTUYHO OJHAKOBI. A HampyKeHHS JeII0 BiIpi3HAOThCA. MakcuMaibHa
PO30DKHICTh Y HANIPY)KCHHSAX CHOCTepiraeThes s 3pazka RCD1 — 11,8 %. Jlns 940TUpBOX iHIITMX
3pa3KiB BOHa MPHOJIM3HO OJHAKOBA, 1 y cepenHboMy ckiamae 5,8 %. llopiBHSHHS pe3yibTariB
oOuncieHHs MakcuManbHuX HampyxeHb y LIRA-SAPR 3 pesymbraTtamMu excriepuMEHTATBHUX
JOCTIDKEHb J1a€ MaKCHUMaJIbHY pO30KHICTh 5,85%. A HaiOinblIa po30iKHICTH BUHUKAE Y MPOTHHAX
— TYT BOHA KOJUBaeThes B iHTepBaiti 19,0+19,2 %.

Kurouogi ciioBa: nomkopkeHa 6anka, crainediopo0eToH, eKCIepUMEHT, METOI CKIHUCHHUX
enementis, LIRA-SAPR, Robot.
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1 INTRODUCTION

The field of application of reinforced concrete beams in construction is very large. They
are used in various constructions and structures, such as high-rise residential and industrial
buildings, airports, bridges, for laying railway and tram lines, etc.

Due to various reasons, these structures can be damaged. It can be both mechanical
damage associated with the destruction of concrete and corrosion of fittings, and damage as a
result of long-term operation. This problem is especially relevant in our time, since a large
amount of damage occurs as a result of military operations. It is not always advisable to
change the structure, in most cases it is more economical to strengthen the damaged part of
the structure without its complete replacement. At the scale of the country, such an approach
undoubtedly leads to a significant economic effect.

There are different ways of strengthening. The appearance of new materials led to new,
more effective such methods. Reinforcement of building structures with composite materials
reinforced with carbon, glass and other fibers has gained great popularity. Their indisputable
advantages are increased strength, resistance to aggressive environmental influences, etc. But
there are also some disadvantages, first of all, technological difficulties and the production of
the necessary composites in our conditions. Reinforcement of the damaged area with steel-
reinforced concrete is a very promising direction in strengthening damaged structures.
Numerous studies prove that steel fiber concrete can improve concrete characteristics such as
crack resistance, frost resistance, tensile strength, bending, torsion, etc. The use of fiber
allows you to change the nature of the destruction process. Unlike ordinary concrete, in which
this process occurs almost instantly, in fiber concrete there is no brittle failure, and the
structure continues to resist the load, and the nature of the failure changes from brittle to
viscous.

2 LITERATURE ANALYSES AND PROBLEM STATEMENT

Many works are devoted to the strengthening of reinforced concrete beams. All of them
can be divided into experimental and theoretical, and the latter include analytical and
numerical methods for calculating reinforcements. The theoretical methods of calculation of
reinforcements are currently insufficiently developed. This is explained by the complexity of
the mathematical model of amplification, regardless of the method used. This fully applies to
beams reinforced with fiber concrete. In this regard, preference is given to numerical
methods. First of all, the finite element method (FEM), because it is the only universal
method, the possibility of which is practically not limited. This explains the use of FEM for
numerical analysis in all modern engineering calculation programs. Implementation of the
FEM algorithm is carried out using modern computer programs, such as ANSYS [1],
ABAQUS [2], NASTRAN [3], etc., designed for numerical modeling and analysis of complex
structures, including beams with inclusions.

The article [4] discusses 3D modeling in ANSYS of the destruction of an element of a
structural reinforced concrete beam. The authors [5] show the use of the finite element
method for modeling damaged reinforced concrete beams. The corresponding numerical
analysis was carried out in ABAQUS using the concrete plasticity model. The article [6]
considers the critical parameters affecting the efficiency of fiber-reinforced polymer systems
with an external lateral connection based on the finite-element model developed by the
authors. An interesting work is presented by the authors of the article [7], where a
multifactorial numerical experiment was conducted using computer modeling in the ANSYS
program.
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Articles [8-10] are devoted to a similar problem. In [8], experimental data from four-
point bending of six reinforced concrete beams and the results of finite-element modeling
obtained using ANSYS are considered. [9] suggests using discrete fiber reinforcement for
tunnel finishing. The task is also modeled in ANSYS. The same authors in [10] investigate the
ability of fibers to control cracks by summarizing the results of more than ninety tensile tests
of reinforced concrete prisms, conducted with different sizes, reinforcement ratios, number of
fibers, and concrete strength. Recent finite element models for predicting crack spacing in
fiber reinforced concrete composites are evaluated and critically discussed.

3 PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of the work is the numerical analysis of damaged beams reinforced with
fiber concrete and the subsequent comparison of the results with the data of experimental
studies.

To achieve this goal, it was necessary to perform computer modeling and numerical
analysis of damaged beams using the finite element method in two computer programs and to
perform a comparative analysis of the obtained results with the results of experimental
studies.

4 MATERIALS AND METHODS OF RESEARCH

For computer modeling of damaged beams and determination of their stress-strain state

after strengthening, two software packages were used in the work — Robot Structural
Analysis [11] and LIRA-SAPR [12].

5 RESEARCH RESULTS

Modeling and calculations were performed for five samples of reinforced beams with
variation of the damage zone and its volume. In all calculations, the load was considered in
the form of two concentrated forces, the value of F = 40.3 kN each, which corresponds to the
average bearing capacity of undamaged beams. The forces are applied at a distance of 60 cm
from the edge of the beam; the supports are located 5 cm from the edge. Thus, the net bending
zone was 80 cm.

The elastic constants that were specified for the calculations were obtained after
processing by the methods of mathematical statistics of primary indicators based on the
results of tests of prisms and cubes: for fiber concrete: initial modulus of elasticity — E =
3.6-10* MPa; Poisson's ratio — w = 0.22; for concrete: initial modulus of elasticity — E =
2.6-10* MPa; Poisson's ratio is u = 0.2.

When modeling in Robot Structural Analysis, two types of finite elements were used —
triangular elements with three nodes (T3), rectangular elements with four nodes (Q4). The
size of the element was set to 2x2 cm, the grid was broken automatically. The results of
calculations in Robot Structural Analysis are summarized in the Table 1.

In Fig. 1 shows the geometric model of the RCD3 beam sample, in which the
compressed zone was damaged and then reinforced with fiber concrete. In Fig. 2, 3 show
diagrams of deflections and stresses.
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Table 1
Calculation results in Robot Structural Analysis Professional
Sample Maximum deflection, Maximum stress, MPa
P mm XX YY
RCD1 4,07 37,66 20,12
RCD2 4,08 35,26 18,28
RCD3 4,04 35,27 18,28
RCD4 4,05 35,30 17,98
RCD5 3,96 35,20 17,98
Sample RCD3
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Fig. 1. Geometric model of RCD3 sample
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Fig. 3. Stress XX in sample RCD3

In Fig. 4 shows the geometric model of the RCD5 beam sample, in which the stretched
zone was damaged and then reinforced with fiber concrete. In Fig. 5, 6 show graphs of
stresses and deflections.
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Fig. 4. Geometric model of RCD5 sample
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Fig. 6. Stress XX in sample RCD5

Other results of simulation and calculation of damaged beams in the Robot Structural
Analysis Professional program look similar.

When calculating the reinforced concrete beam and the fiber concrete element located in
it, LIRA-SAPR used finite element types No. 44, No. 42 — plates. A linear type of
calculation was used.

The results of the calculations are summarized in the Table 2.

Table 2
Results of calculations in LIRA-SAPR

Sample Maximum deflection, Maximum stress, MPa

P mm XX YY
RCD1 4,09 33,22 32,87
RCD2 4,06 33,22 23,64
RCD3 4,03 33,22 23,65
RCD4 4,03 33,23 23,81
RCD5 3,94 33,12 24,40

In Fig. 7, 8 show curves of deflections and stresses of sample RCD3.
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Fig. 7. Deflections of sample RCD3

Fig. 8. Stress XX in sample RCD3

In Fig. 9, 10 show curves of deflections and stresses of sample RCD5.

Fig. 9. Deflections of sample RCD5

Fig. 10. Stress XX in sample RCD5

Other results of simulation and calculation of damaged beams in the LIRA-SAPR
program look similar.
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6 DISCUSSION OF RESEARCH FINDINGS

Previously, experimental studies of beams damaged in the stretched or compressed zone,
reinforced with steel-reinforced concrete, were carried out. First, the theoretical value of the
load-bearing capacity of a reinforced concrete beam without damage was determined using
various existing methods, and then its load-bearing capacity was determined experimentally.
Based on the results, graphs of the change in deflections under the increasing load, graphs of
the dependence of the relative longitudinal deformation on the load for the left and right
support parts of the beam, as well as for the zone of its net bending, were constructed for each
sample.

At the next stage of research, the bearing capacity of two groups of reinforced beams was
determined. The first group consisted of three samples (RCD1, RCD2, RCD3) that had
damage to the compressed zone; the second group had two samples with damage in the
stretched zone (RCD4, RCD5). In addition to the bearing capacity, deflections and relative
longitudinal deformations are determined for each sample.

In the Table 3 shows the maximum deflections and stresses obtained from the results of
experimental studies and finite element analysis in two programs.

Table 3
Comparison of experimental results and computer analysis
sample Maximum deflection, mm Maximum stress, MPa
P LIRA-SAPR | Robot | Experiment | LIRA-SAPR | Robot | Experiment

RCD1 4,09 4,07 4,97 33,22 37,66 33,71
RCD2 4,06 4,08 4,98 33,22 35,26 32,18
RCD3 4,03 4,04 4,84 33,22 35,27 31,62
RCD4 4,03 4,05 4,95 33,23 35,30 31,28
RCD5 3,94 3,96 4,76 33,12 35,20 31,76

7 CONCLUSIONS

Thus, computer modeling and finite element calculations of five samples of reinforced
beams were carried out in two programs — LIRA-SAPR and Robot Structural Analysis.
Obtained values of stresses and deflections. It was established that the deflections obtained as
a result of calculations in the two programs are practically the same. And the tensions are
somewhat different. The maximum difference in stresses is observed for sample RCD1 —
11.8%. For four other samples, it is approximately the same, and on average it is 5.8%.
Comparing the results of calculating the maximum stresses in LIRA-SAPR with the results of
experimental studies gives a maximum discrepancy of 5.85% (Sample RCD4). And the
biggest discrepancy occurs in the deflections — here it fluctuates in the range of 19.0+19.2%.
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