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Abstract. Analytical, experimental and numerical results of determination of natural frequencies
and forms of oscillations of reinforced concrete and fiber concrete beams are given. Modern
analytical, numerical and experimental methods of studying the dynamics of reinforced concrete and
fiber concrete beams are analyzed. The problem of determining the natural frequencies and forms of
oscillations of reinforced concrete and fiber concrete beams at the initial modulus of elasticity and
taking into account the nonlinear diagram of deformation of materials is solved analytically. Computer
modeling of the considered constructions in four software complexes is done and the technique of
their modal analysis on the basis of the finite element method is developed. Experimental researches
of free oscillations of the considered designs and the comparative analysis of all received results are
carried out. It is established that all involved complexes determine the imaginary frequency and
imaginary form of oscillations. The frequency spectrum calculated by the finite element method is
approximately 4% lower than that calculated analytically; the results of the calculation in SOFiSTiK
differ by 2% from the results obtained in the PC LIRA, the discrepancy with the experimental data
reaches 20%, and all frequencies calculated experimentally, greater than the frequencies calculated
analytically or by the finite element method. This rather significant discrepancy is explained,
according to the authors, by the incorrectness of the used dynamic model of the reinforced beam. The
classical dynamics of structures is known to be based on the theory of linear differential equations, and
the oscillations of structures are considered in relation to the unstressed initial state. It is obvious that
in the study of free and forced oscillations of reinforced concrete building structures such an approach
is unsuitable because they are physically nonlinear systems. The concept of determining the nonlinear
terms of these equations is practically not studied. Numerous experimental researches and computer
modeling for the purpose of qualitative and quantitative detection of all factors influencing a spectrum
of natural frequencies of fluctuations are necessary here.

Keywords: beam, concrete, fiber concrete, dynamics, modal analysis, oscillation frequency,
oscillations shape, model, finite element method, PC LIRA-SAPR, ANSYS

MOJAJBHUMN AHAJII3 3AJIIBOBETOHHUX TA
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1 . . .
Odecvra deparcagna akademisi O6yOi6HUYMBA MA APXIMEKMYpu

AHoTtamisi. HaBeneni aHamiTH4HI, €KCHEPUMEHTAIbHI Ta YWCENbHI Pe3ylbTaTH BU3HAYCHHS
BJIACHMX YacTOT 1 (OpM KOIHMBaHb 3alli300eTOHHUX Ta (iOpoderonHnx Oanok. [IpoananizoBani
Cy4yacHi aHaJIITUYHI, YMCEJIbHI Ta eKCIIEPUMEHTAIIbHI METOIU JOCIIDKESHHS TUHAMIKHY 3a11300€ TOHHUX
Ta (ibpodeToHHMX Oanok. Po3B’s43aHO aHANITUYHO 3ajady BH3HAYEHHS BJIACHHX 4acToT i (opm
KOJINBaHb 3aji300eTOHHUX Ta (PiOpoOeTOHHHX OanoK NMpH MMOYATKOBOMY MOJAYJi NMPYXHOCTI Ta 3
ypaxyBaHHSIM HeJiHiIAHOT giarpamu  aedopmyBaHHS MarepiaiiiB. BuKOHaHO KOMIT'IOTEpHE
MOJICITIOBAHHS PO3TIISIHYTUX KOHCTPYKIIH y YOTHPHOX MPOTPaMHUX KOMIUIEKCax 1 PO3poOIIeHO
METOAMKY IX MOJAJIBHOrO aHajmildy Ha ©0a3i MeToAy CKiHYEHHX eJIeMeHTiB. Bukonani
EKCIIEpUMEHTANIbHI JOCHI/PKEHHST BUIBHUX KOJHMBAaHb PO3MIAHYTUX KOHCTPYKLIM Ta 3AilCHEHHMH
NOPIBHSUTPHUN aHaJi3 YCiX OTPUMaHWX pe3yNbTaTiB. BcTaHOBIEHO, MO yCi 3aisHI KOMIUIEKCH
BU3HAYAIOTh YSIBHY 4YacToTy 1 ysBHY QopMmy KoiuBaHb. CHEKTp 4acToT, OOYHCICHHUH METOIO0M
CKIHYEHMX €JIeMEHTiB, mpuOim3Ho Ha 4 % HIWKYMHA, YMM OOYMCICHUI aHANiTUYHO; pPe3yJbTaTH
pospaxynky B SOFISTIK Ha 2 % Biapi3usitoThcsi Bif pesynbraris, otpumanux B I[IK JIIPA;
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PpO30LKHICTE 3 eKCIIEpUMEHTAILHUMH AaHuMH Aocsirae 20 %, mpu4yoMy, yci 4acToTH, OOYHCIeHi
eKCTICpUMEHTAJILHO, OUTBIT YacTOT, OOYMCICHUX aHATITHYHO a00 METOJIOM CKIHUYCHHX EJIEMCHTIB.
Taka gocuTh 3Ha4Ha PO3ODKHICT TOACHIOETHCS, HA TyMKy aBTOPIB, HEKOPEKTHICTIO
BUKOPHCTOBYBAaHOI MUHAMIUHOI Mojeii apMmoBaHoi Oanmku. Kiacnyna auHamMika CHOpYJ, SK BiJlOMO,
IPYHTYEThCSI Ha Teopii MiHIHHUX [audepeHIliaNbHuX pIBHAHDb, a KOJHBAHHA KOHCTPYKITIH
PO3TISAAAIOTHCA 1010 HEHANPSHKEHOTO BUXITHOTO cTaHy. O4eBHIHO, IO MPH JOCTIHKEHHI BITFHUX 1
BUMYIICHUX KOJMBaHb 3aJ1i300€TOHHUX OydiBEIbHUX KOHCTPYKLIH TakWi MiAXiA HENpUAATHUH,
OCKIIBKY BOHM € (Di3UYHO HEeNHIMHUMU cucTeMamu. KOHIIETIiss BU3HAYCHHS HEJIIHIMHUX WICHIB IUX
pIBHSHB TPAKTUYHO HE BHBYEHA. 1yT HEOOXiIHI YMCIEHHI eKCIIePUMEHTANIbHI JOCITIDKCHHS Ta
KOMITIOTEpHE MOJICTIOBAHHS 3 METOI0 SIKICHOTO 1 KUTBKICHOTO BHISIBJICHHS BCiX (DakTopiB, IO
BIUTMBAIOTh HA CIICKTP BJIACHUX YACTOT KOJUBAHb.

KurouoBi cioBa: 6amka, 6eToH, pidpobdeToH, THHAMIKA, MOJAIBHUIN aHAII3 YacTOTa KOJHMBAaHb,
(hopMa KOJIMBaHb, MOJICIIb, METO/JT CKiHUeHUX eneMeHTiB, [IK JIIPA-CAIIP, ANSYS
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1 INTRODUCTION

A large number of both theoretical and experimental works of domestic and foreign
scientists are devoted to the study of the behavior of reinforced concrete structures under the
static action of external loads. Problems of dynamics of beams, however, as well as other
reinforced concrete structures, are covered much worse.

This state is obviously explained by the fact that the dynamic calculations of reinforced
concrete structures are associated with the solution of a range of issues: determining the
parameters of dynamic loads; limit states and methods of their rationing; accounting for
changes in strength characteristics and deformable characteristics of concrete and
reinforcement; determination of forces in constructions, etc.

A significant contribution to the nature of changes in the dynamic parameters of
reinforced concrete structures is the nature of reinforcement. This fact is well known, but has
not yet been thoroughly studied either quantitatively or qualitatively.

Some authors argue, for example, that the real contribution of reinforcing concrete beams
is several times higher than the contribution obtained by calculations according to existing
theoretical methods. And the influence of dispersed reinforcement, in particular, steel fiber,
on the dynamic parameters has been studied even less. Incidentally, to increase the fracture
toughness, many researchers suggest using steel fiber. Steel fiber concrete is effective in
construction in earthquake-prone areas due to increased resistance to dynamic loads [1-2].
Despite the growing interest in reinforced concrete and the corresponding increase in
publications, the available data are contradictory, have some incompleteness, which allows us
to give only a general assessment of the results presented in them.

When solving almost any problem of dynamics there is a need to determine the natural
frequencies and forms of oscillations (or, as they say, modal analysis of the system), which is
natural, because these parameters determine the behavior of the system and other types of
dynamic influences. With regard to structures made of materials with a linear nature of
deformation, many practically important problems have been solved. But the dynamics of
structures made of reinforced concrete and fiber concrete - materials with a nonlinear
deformation pattern - is obviously not sufficiently studied. Therefore, research in this
direction is actual.

2 REFERENCE ANALYSIS AND PROBLEM FORMULATION

The number of publications on this topic should be considered quite limited. Papers [3, 4]
present the results of experimental studies of reinforced concrete beams on supports with
different stiffness under transverse static and short-term dynamic loading. The resistance of
structures on inclined sections at different span of the cut is considered.

In [5] the solution of the problem of strength of reinforced concrete beams under the
action of transverse and longitudinal dynamic loads is given. Theoretical studies of the stress-
strain state in the cross section of a rectilinear beam structure loaded transversely evenly
distributed by dynamic loading and longitudinal compressive forces are performed. Dynamic
loads change over time according to given laws. At loading the advance entry of one loading
in relation to another is possible. The structure performs oscillations (longitudinal and
transverse), which may be accompanied by multiple changes in the sign of deformation.

In [6] a comparison of these experiments to determine the frequencies of natural
oscillations of reinforced concrete beams with cracks according to the method developed on
the numerical-analytical version of BEM using diagrams of deformation of sections
constructed using SNiP 2.03.01-84 [7].
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The destruction of reinforced concrete columns and beams under impulse loading is
numerically and experimentally studied in [8]. The behavior of concrete is described taking
into account the different mechanical and strength characteristics of the material in tension
and compression. The behavior of steel reinforcement is modeled by an elastic-plastic
medium. Numerical simulation is performed by the finite element method in a three-
dimensional formulation.

In [9] experimental researches of the reinforced concrete elements having zone
reinforcement from steel fiber in a compressed zone of section and strong reinforcement in
the stretched zone, at short-term dynamic bending are carried out. New experimental data
characterizing the process of resistance of steel-reinforced concrete elements with mixed
reinforcement are obtained, the peculiarities of deformation, crack formation and destruction
of such structures under intensive dynamic loading are revealed. Prerequisites and method of
calculation of bending steel-reinforced concrete structures with mixed reinforcement at short-
term dynamic loading are formulated.s

The ratio of elastic moments, deflections and frequencies of natural oscillations of a
reinforced concrete clamped beam were considered by Zharnytsky V. 1. and Ivanov S. S. [10].
Reinforced concrete beam clamped at one end and hinged at the other; the ratio of elastic
moments, deflections and frequencies of natural oscillations are also given in the work of
Ivanov S. S. [11].

3 PURPOSE AND OBJECTIVES OF THE RESEARCH

The purpose of this work is analytical, experimental and numerical determination of
natural frequencies and forms of oscillations of reinforced concrete and fiber concrete beams.

To achieve this goal it was necessary to solve the following tasks:

1. Analyze modern analytical, numerical and experimental methods for studying the
dynamics of reinforced concrete and fiber concrete beams.

2. Solve analytically the problem of determining the natural frequencies and forms of
oscillations of reinforced concrete and fiber concrete beams.

3. Perform computer modeling of the considered structures and develop a method of their
modal analysis based on the finite element method.

4. Perform experimental studies of free oscillations of the considered structures and
comparative analysis of all obtained results.

4 RESEARCH RESULTSS

Experimental and analytical determination of natural frequencies and oscillation
forms of reinforced concrete and fiber concrete beams.

A series of reinforced concrete and reinforced concrete beams with the same
reinforcement by rod reinforcement was made in the laboratory of the Department of
Structural Mechanics of Odesa state academy of civil engineering and architecture (Fig. 1).
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Fig. 1. Reinforcement of beams by rod reinforcement
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Previously completed studies, during which the optimum characteristics of fibrous
concrete mixture were determined and tests were performed to determine the mechanical
properties of concrete and fiber concrete.

To do this, the cubic strength of concrete and reinforced concrete was determined on
samples of 100x100x100 mm. The percentage of dispersed reinforcement varied and was 0,5
%, 1,0 % and 1,5 %, also fraction of coarse aggregate (crushed stone) was < 10 mm in one
testing series and < 20 mm — in second. At the same time, the cubic strength of ordinary
concrete at the same size of large aggregate was determined. A total of 8 series of tests were
performed on 9 samples each.

The experiments used steel fiber (Fig. 2) with curved ends, which is produced by the
Ukrainian association "Stalkanat-Silur" in accordance with the European standard EN 14889-
1: 2006 [12].
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Fig. 2. Steel fiber with curved ends

Processing of the results of this test stage showed that the optimal characteristics of the
fiber concrete mixture is a matrix with a large aggregate of 10 mm (the cubic strength was
significantly higher than the size of crushed stone 10 mm in all series of experiments) at 1.0%
fiber reinforcement, because the higher the percentage of fiber reinforcement, the increase in
cubic strength was insignificant. This composition of the mixture was adopted for the
manufacture of beams.

Plot of o—¢ is shown in Fig. 3.

In the first section, the diagram is linear, so the tangent of the angle of inclination to the
horizontal axis is the initial modulus of elasticity.

o Mla

stress

fiber concrete

104 ‘
conctlete 15/20

Fig. 3. Plot o—¢

Analytical values of frequencies are calculated by known formulas of classical dynamics
[13, 14].
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To conduct experimental research, a test bench MODAL —2, was developed, the general
scheme of which and the principle of operation are described in detail in our previous works
[15, 16].

Table 1 shows experimental and analytical data on the first three frequencies for concrete
and reinforced concrete beams. The natural frequencies determined experimentally are
significantly higher than the theoretical ones.

Table 1
Experimental and analytical results.

Material Frequency, s | Experiment | Calculation | Discrepancy, %
@, 979,23 826,74 15,6
Concrete o, 4032,80 3306,98 18,0
o, 9420,23 7440,70 21,0
_ @, 1071,96 898,76 16,1
i‘g%;)concrete’ o, 441903 | 359505 18,6
o, 10214,62 8088,87 20,8

Computer modeling and finite element modal analysis

Four computer complexes - LIRA-CAD [17], SCAD [18], ANSYS [19] and SOFiSTiK
[20] were used for computer modeling of reinforced concrete and fibroconcrete beams and
further determination of natural frequencies and forms of oscillations.

Based on them, computer models of concrete and fiber concrete beams with the same
reinforcement with rod reinforcement were built.

Fig. 4 shows the forms of natural oscillations obtained in ANSYS.

\_—‘\\___ —
First form
X-/,_\V .
Second form
X
Third form
X///—‘\ //{_‘\\
\\\J/
Fourth form

Fifth form

Fig. 4. Forms of natural oscillations obtained in ANSYS

Similar forms of natural oscillations are obtained in three other software packages.
The values of natural frequencies of concrete and fiber-reinforced concrete beams,
calculated in four software packages, are given in tables 2, 3.
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Table 2

Comparison of the results of calculation of natural frequencies
of reinforced concrete beam.

Frequency | LIRA-SAPR | SCAD ANSYS | SOFISTiK
1 820,82 820,82 820,08 789,25
2 3265,57 3259,13 | 3250,14 | 3139,65
3 3860,0 3812,40 | 38310 3711,85
4 7279,58 7188,43 | 7209,18 | 7159,29
5 12749,66 | 11364,11 | 12659,30 | 12259,82
Table 3

Comparison of the results of calculation of natural frequencies
of the fiber concrete beam.

Frequency | LIRA-SAPR | SCAD | ANSYS | SOFiSTiK
1 867,08 867,00 866,28 833,73
2 3470,50 3461,22 | 3455,48 | 3337,06
3 4080,60 4021,67 | 4051,64 | 3923,43
4 7808,29 77724,56 | 7727,86 | 7507,05
5 13477,53 | 12096,22 | 13386,41 | 12959,54

The above results of calculations were obtained at the initial modulus of elasticity, i.e.

correspond to the state of the beams without external load.
Unlike structures made of linearly deformed material, where the modulus of elasticity is
assumed to be constant throughout the life cycle of the structure, in reinforced concrete and
fiber concrete structures the modulus of elasticity is a variable and decreases with increasing
load.

In the first case, when E =const, in classical dynamics, the natural frequency spectrum
is considered constant. This spectrum, its own forms of oscillations and attenuation rates are
individual characteristics of any system, and do not depend on external influences. All three
of these dynamic factors are of paramount importance because they determine the behavior of
the system under any other types of oscillations - forced, seismic, parametric.

In the second case, all three parameters are variable, and directly depend on the loads
applied to the system. This means that all dynamic calculations of reinforced concrete and
fiber concrete structures must be "tied" to a nonlinear deformation diagram.

At the next stage, the first three natural frequencies of oscillations of reinforced concrete
and fiber-reinforced concrete beams are analytically calculated taking into account the
nonlinear deformation diagram. To do this, the beams were gradually loaded with evenly
distributed on the upper surface of the loads to the level of maximum stresses that correspond

to the characteristic points of the diagram - deformations ¢ =2-10" ¢,=4-10",

g,=6-10" ¢,=8-10", ¢ =10-10"". Thick metal plates were used as cargoes.

Computer modeling and numerical calculations taking into account the nonlinear
diagram of material deformation are performed in two programs.
Their results are given in Table 4 (concrete) and Table 5 (fiber concrete).
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Table 4
The natural frequencies of the reinforced concrete beam at the characteristic points of the diagram.
E 2,5-10" MIla 2,25-10" MIla 2,05-10" MIla 1,94-10" MIla
No LIRA | SOFISTIK | LIRA | SOFiSTIK | LIRA | SOFiSTIK | LIRA | SOFiSTIiK
1 761,6 732,3 505,2 485,8 430,8 414,4 263,8 253,9
2 | 2982,0 2867,4 1978,0 1900,1 1686,9 1624,0 1033,0 993,3
3 | 3607,6 3468,8 2393,0 2301,0 2040,8 1962,3 1249,7 1202,8
4 | 64838 6240,4 4300,8 30714 3667,8 3530,1 2246,1 2159,6
5 | 10859,2 | 104413 | 72034 6923,1 6143,1 5918,2 3761,8 3620,6
Table 5
The natural frequencies of the fiber concrete beam at the characteristic points of the diagram.
E 3-10* MTla 2,88-10" MIla 2,67-10" Mila 2,38-10" MIla
No LIRA | SOFiSTIK | LIRA | SOFISTIK | LIRA | SOFiSTiK | LIRA | SOFISTIK
1 662,6 637,1 520,3 501,0 419,5 403,4 252,1 2424
2 | 2597,3 2498,1 2052,6 1975,6 1642,3 1580,6 1005,9 968,1
3 3138,2 3014,4 2479,5 2384,6 1986,4 1910,0 12114 1165,5
4 5642,2 5430,2 4463,5 4291,8 3571,3 3433,9 2187,0 2102,9
5 9455,2 9092,3 7471,6 7191,5 5975,6 5746,1 3658,5 3520,7

5 RESEARCH RESULTS DISCUSSION

Similar results (quite a significant discrepancy between analytical and experimental data)
were obtained by some other authors. Attempts to explain the observed difference by the fact
that the analytical formulas for the frequencies of transverse oscillations take into account the
moment of inertia of the rod, which in the case of rod reinforcement or dispersed
reinforcement must be calculated by special methods, fail. The algorithm for calculating the
geometric characteristics of the so-called induced cross section is well known and is given in
the numerous literature on reinforced concrete structures, however, based on the formulas of
this algorithm, the effect of moment of inertia on oscillations will not be as significant as
observed in the experiment.

A more important explanation, in our opinion, is the incorrectness of the used dynamic
model of the reinforced beam. The classical dynamics of structures is known to be based on
the theory of linear differential equations, and the oscillations of structures are considered
with respect to the unstressed initial state.. It is obvious that in the study of free and forced
oscillations of reinforced concrete building structures such an approach is unsuitable because
they are physically nonlinear systems. There are very few publications on the physically
nonlinear dynamics of reinforced concrete structures, and the main attention is paid to
methods for solving nonlinear equations of motion, and the concept of determining nonlinear
terms of these equations is practically not studied. Numerous experimental researches and
computer modeling for the purpose of qualitative and quantitative detection of all factors
influencing a spectrum of natural frequencies of fluctuations are necessary here.
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6 CONCLUSIONS

Despite the fact that all four software packages implement the finite element method, the
process of solving the problem in each of them has its own characteristics, which slightly, but
still affect the result. The main ones are: first, different finite elements are involved in
different programs; secondly, the processes of construction of a finite-element grid differ and,
as a consequence, the number of finite elements with the same geometric model of the
structure.

All involved complexes determine the imaginary frequency and imaginary form of
oscillations (the third in Fig. 4). This effect is noted in the works of many researchers as one
of the disadvantages of the finite element method.

Analysis of the above tables and the results of analytical calculations and experimental
data shows the following:

e the frequency spectrum calculated by the finite element method (PC LIRA) is
approximately 4% lower than calculated analytically;
e the results of the calculation in SOFISTIK differ by 2% from the results obtained in the

PC LIRA,;

e the discrepancy with the experimental data reaches 20%, and all frequencies calculated
experimentally, higher frequencies calculated analytically or by the finite element
method.
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