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Abstract. The results of a free oscillations study of a reinforced concrete slab model, the
prototype of which is a floor slab PK 30.12-8, manufactured at the enterprise LLC Velikodolinsky
R/CC Plant, are presented. A stand for dynamic tests was developed, the testing of which was
performed on a metal I-beam. For numerical analysis by the finite element method, engineering
programs for calculating SCAD, ANSYS, and LIRA-CAD software were used. As a result of
preliminary static tests, it was found that the cracking process in the slabs begins at the seventh
stage of loading, with a load of 16.6 kN, which is approximately 0.6 of the actual breaking load
F,.. In this regard, when determining the frequencies and forms of free oscillations, the authors

proceed from the fact that deformation is elastic in nature not only in the absence of an external
static load, but also when it changes in the range from 0 to 0.5 from the actual breaking load.

With the onset of cracking, deformation becomes non-linear, and the modulus of elasticity of
the material changes significantly. Based on these considerations, the frequencies of free vibrations
were experimentally determined in the absence of an external load and the initial modulus of
elasticity of the material, and then with a constant static load varying in the interval (0,5+0,9)F,,

with the step of 0.1F, with the corresponding values of the modulus of elasticity determined

during static tests.

The results of the experimental determination of the first five natural frequencies and their
calculation in SCAD, ANSYS and LIRA-CAD are presented. An analysis of the obtained values
shows good comparability of the experimental and calculated data. ANSYS and PC LIRA-SAPR
give almost the same results, while the results of calculations in SCAD differ from them by 1.5-3%.
At the same time, the frequency spectrum calculated in SCAD is lower than in the other two
programs. The experimentally obtained frequency values were higher than in numerical simulation.
Regardless of the deformation nature, the smallest discrepancy between the experimental and
numerical values is observed for the lowest vibration frequency (within 6.5%). For other spectrum
frequencies, this discrepancy averages 10-10.5%.

Keywords: slab, free oscillations, frequency spectrum, dynamic model, reinforced concrete,
SCAD, ANSYS, PC LIRA-SAPR.

Introduction. The behavior of reinforced concrete slabs under the static action of external
loads has been studied in a large number of both theoretical and experimental works of domestic
and foreign scientists [1-5]. The issues of slab dynamics, however, as well as of other reinforced
concrete structures, are much less studied [6-10].

This situation, apparently, is explained by the fact that dynamic calculations of reinforced
concrete structures are associated with solving a whole range of issues: determination of dynamic
load parameters; limit states and methods of their normalization; accounting for changes in the
strength and deformation characteristics of concrete and reinforcement; determination of forces in
structures, etc. A significant contribution to the dynamic parameters of reinforced concrete
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structures is made by the nature of reinforcement. This fact is well known, but has not yet been
thoroughly studied, either quantitatively or qualitatively.

Some authors state, for example, that the real contribution of reinforced concrete beams
strengthening is several times greater than the contribution obtained by calculations using existing
theoretical methods [11]. And the effect of dispersed reinforcement, in particular, steel fiber, on the
dynamic parameters has been studied even less.

Problem formulation. When solving almost any dynamic problem, it becomes necessary to
determine the natural frequencies and oscillation modes, which is natural, since these parameters
determine the behavior of the system under other types of dynamic effects. As applied to plates and
slabs, this problem has an analytical solution for the Levy boundary conditions [12] and a
numerical-analytical solution for any boundary conditions [13]. However, in these works we are
talking about isotropic plates, without taking into account the specifics of reinforced concrete, the
presence of reinforcement, voids in the plates, additional dispersed reinforcement, etc.

The aim of this work is experimental and numerical determination of natural frequencies and
waveforms of reinforced concrete slabs.

Research Methodology. To conduct the experiment, the authors developed a test bench, the
design and capabilities of which are given in our previous works [14, 15]. The first three
frequencies of free vibrations are determined. For numerical analysis by the finite element method,
engineering programs for calculating SCAD, ANSYS, and LIRA-CAD software were used.

Research results. A series of models of a hollow core slab was made (Fig. 1) with bar
reinforcement strengthening (A I111). At the same time, cubic samples of 100x100x100 mm were
prepared for research from concrete of the same batch, which were tested for compression to
failure, which made it possible to establish the class of concrete (C16/20) in accordance with the
standards (coarse aggregate fraction less than 10 mm). The geometric dimensions of the model are
halved in relation to the dimensions of the serial plate. At the same time, for technological reasons
(fiber dimensions: further studies of plates with additional reinforcement with steel fiber with the
same number of bar reinforcement are planned), model plates have 5 voids, and not 6, as in serial
plates.

5 ome. P70

12,5
70
12,5

95

1400

35 35

7% (D’\Q

L0000

10%
1225 ﬁﬁ\ \]05 105/

SNV

Fig. 1. Hollow-core reinforced concrete floor slab model

Static tests of model reinforced concrete slabs were carried out on a specially mounted stand.
The loading scheme is shown in Fig. 2. During these tests, the load was applied in steps of 10% of
the estimated ultimate load.
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Fig. 2. Loading scheme

In classical dynamics, it is shown that the form of the differential equation of free oscillations
under the action of constant forces on the system will be the same as in the absence of them if the body
displacement is counted from the position of its static equilibrium [12]. This means that in the field of
elastic deformations, the natural frequency does not depend on the external static load on the structure.
As a result of static tests, it was found that the cracking process in the plates begins at the seventh stage
of loading, with a load of 16.6 kN. Here, the cracking moment of 2.94 kNm was recorded, the same for
all tested plates. The breaking load was 27.9 kN at the seventh stage of loading at a moment of 15.41
kNm. Thus, the load at the beginning of crack formation is approximately 0.6 of the actual ultimate

load F,. Therefore, when determining the frequencies and forms of free vibrations of a reinforced

concrete slab, one can proceed from the fact that deformation is elastic in nature not only in the
absence of an external static load, but also when it changes in the range from 0 to 0.5 from the actual
breaking load. Visualization of the experiment first stage results when determining the lowest
oscillation frequency is shown in Fig. 3, 4.
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Fig. 4. Amplitudes of vibrations in a three-dimensional image

With the onset of cracking, deformation becomes non-linear, and the modulus of elasticity
changes significantly. Based on these considerations, the frequencies of free vibrations at the first
stage were experimentally determined in the absence of an external load and the initial modulus of
the material elasticity, and then with a constant static load that varies in the interval (0,5+0,9)F,,

with the step of 0.1F, with the corresponding values of the elastic modulus determined in the

course of static tests.

Table 1 shows the numerical values of the five natural frequencies determined experimentally
and based on computer simulation. And the corresponding waveforms are shown in Fig. 5 (4 forms
shown). The discrepancy in the Table 1 was determined by comparing experimental data and
calculation results in ANSYS.

Table 1 — Eigenfrequencies (s?) at elastic deformation

Discrepancy, %

Frequencies | Experiment | ANSYS | LIRA-SAPR | SCAD Experiment>ANSYS

1 736,2 690,5 688,0 643,2 6,21
2 2118,0 1917,9 1915,6 1791,5 9,45
3 2814,4 2528,0 2523,8 2359,3 10,18
4 3165,4 2836,5 2831,7 2647,5 10,39
5 4281,6 3864,5 3854,4 3613,8 9,74
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Fig. 5. Waveforms

The results of tests and computer simulations at the second stage — at a constant static load
that varies in the interval (0,5+0,9)F, with a step of 0.1F,, for the corresponding values of the

elastic modulus determined during static tests — are given in Table 2.

Table 2 — Natural frequencies (s™) at inelastic deformation

. . i Discrepancy, %
Static load | Frequencies | Experiment | ANSYS | LIRA-SAPR | SCAD Experiment—ANSYS
1 648,4 608,4 607,9 596,4 6,17
2 1889,3 1694,7 1692,8 1658,8 10,30
0,6F, 3 2475,3 2231,8 2230,2 2177,4 9,84
4 2789,1 2504,5 2502,3 2436,9 10,20
5 3801,4 3418,6 3405,6 3292,4 10,07
1 430,8 403,6 403,3 390,8 6,31
2 1250,1 11241 1123,1 1098,0 10,08
0,7F, 3 1640,0 1480,6 1479,7 1423,1 9,72
4 1850,9 1661,3 1660,2 1597,3 10,24
5 2523,6 2267,7 2259,8 21718 10,14
1 368,0 3442 343,9 334,4 6,47
2 1068,7 958,7 957,7 939,8 10,29
0,8F, 3 1407,3 1262,5 1261,7 1230,3 10,29
4 1579,1 1416,7 1415,6 1372,0 10,28
5 2155,9 1933,9 1930,9 1864,1 10,30
1 225,4 210,8 210,6 204,3 6,48
2 654,1 587,1 586,4 567,6 10,24
0,9F, 3 860,8 773,1 772,6 7475 10,19
4 967,4 867,6 866,8 829,2 10,32
5 13211 1184,2 1180,0 1135,9 10,36
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Conclusions. An analysis of the results indicates that it is advisable to use ANSYS or LIRA-
CAD software for computer simulation of the task, which give almost the same results, while the
results of calculations in SCAD differ from them, although insignificantly (by 1.5-3%) At the same
time, the frequency spectrum calculated in SCAD is lower than in the other two programs. The
experimentally obtained frequency values, on the contrary, turned out to be higher than with
numerical simulation. As can be seen from the Table 1 and Table 2, regardless of the deformation
nature, the smallest discrepancy between the experimental and numerical values is observed for the
lowest vibration frequency (within 6.5%). For other spectrum frequencies, this discrepancy
averages 10-10.5%.
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AHoTania. HaBeneHo pe3ynabTaTé JOCTIIKEHHS BUTBHUX KOJIMBAHb MOJENI 3aJ1i300€TOHHOT
IUTUTH, TTpooOpa3oM sikoi € muta nepekpurtsa 11K 30.12-8, mo BUmyckaeTbes Ha MiAIPUEMCTBI
TOB «Benukononuucekuii 3aBog 3BK». Po3pobneno crenn ans AMHaAMiYHUX BHUIPOOYBaHb,
TECTYBaHHs SIKOI'O BUKOHAHO Ha MeTaJeBiil ABoTaBpoBii Oaii. [y yMCEIbHOIO aHalli3y METOJ0M
CKIHYEHHMX €JIEMEHTIB BUKOPHUCTaHI 1HkeHepHi mporpamu po3paxyHky SCAD, ANSYS i 1K JIIPA-
CAIIP. B pe3ynbTari monepeaHix cTaTUYHUX BUIIPOOYBaHb BCTAHOBIIEHO, L0 MPOLEC YTBOPEHHS
TPIIIMH B IUIMTaX MOYMHAETHCA HA ChOMIW CTYIEHI HaBaHTAaXXyBaHH:, IpU HaBaHTakeHH1 16,6 kH,

110 CTaHOBUTH Ipu6au3HO 0,6 BiJ (GaKTUYHOI BEIMYMHU PyHHIBHOrO HaBaHTaxeHHs F, .Y 3B'3Ky

3 IMM TpU BU3HAYCHHI YacTOT 1 ()OpM BUIBHUX KOJIMBaHb aBTOPH BUXOIATH 3 TOrO, IO
negopMyBaHHS HOCHUTHh HPYKHUH XapakTep HE TiIIbKM B BiJACYTHICTh 30BHIIIHBOTO CTaTUYHOTO
HaBaHTAXCHHS, aJie 1 Ipy HoTo 3MiHi B iHTepBati Big 0 70 0,5 Bij pakTHUIHOTO, 0 PYWHYE ILTUTY.

3 MOYaTKOM YTBOpPEHHS TpIilUH JedOpMYyBaHHS CTa€ HENIHIHHUM, TPH IBOMY ICTOTHO
3MIHIOETbCSI MOJYJIb TPYKHOCTI Marepiany. Buxoasun 3 1nux MipKyBaHb, YacTOTH BUIbHHX
KOJIUBaHb OyJM €KCIIEpHMMEHTAJIbHO BHU3HAY€HI NPU BIJACYTHOCTI 30BHIIIHBOTO HABaHTAXEHHA 1
MOYAaTKOBOMY MOJAYJII TPYKHOCTI Marepiainy, a NOTIM — NpHU TMOCTIHHOMY CTaTUYHOMY
HaBaHTaXEHHI, Mo 3MiHIeThest B iHTepBami (0,5+0,9)F, 3 xpokom 0,1 F, npu BiamoBigHuX

BEIMYMHAX MOAYJIS IPY>KHOCTI, BA3HAUEHHUX Y XO/11 CTATUYHUX BUIIPOOYBaHb.

HaBeneHo pe3ynbTraty eKCEpUMEHTAIbHOIO BU3HAYEHHSI I'ITH MEPILINX BJIACHUX YacToT 1 iX
obuucnennss B SCAD, ANSYS i [IK JIIPA-CAIIP. Ananiz oTpuMaHuX 3HAa4€Hb MOKA3y€e XOPOITY
CYMICHICTh €KCHepUMEHTaIbHUX 1 po3paxyHkoBux naHux. ANSYS i1 [IK JIIPA-CAIIP natote
MPAKTUYHO OJTHAKOBI pe3ysibTaTH, B TOHM yac sk pe3ynpTaT po3paxyHkiB B SCAD Biapi3HSIOTbCS
BiJ HUX Ha 1,5-3%. IIpu nbomy criekTp 4acToT, po3paxoBanuii B SCAD, BUABIA€THCS HUXKYE, HIXK B
JBOX IHIIKX HporpaMax. ExcriepuMeHTasbHO OTpUMaHi 3HaU€HHs 4aCTOT BUSBMIIMCS BUILUMHU, HIXK
Py YHUCEIbHOMY MojeitoBaHHI. HeszanexxHo Bin Xxapakrepy aAeopmMyBaHHs, HaliMeHIle
PO301KHICT MK €KCHEPUMEHTAIbHUMHU 1 YHUCETbHUMU BEJIMYMHAMH CIIOCTEPITa€ThCs JUIsl HUKYOI
4acTOTH KOJUBaHb (B Mexax 6,5%). i 1HIIMX 4acToT crekTpa Le po301KHICTh B CEPEIHBOMY
cranosuts 10-10,5%.

KurouoBi cioBa: 1mra, BUIBHI KOJMBAHHS, CHEKTP YacTOT, €KCHEPUMEHT, JUHaMidyHa
Moenb, 3amizodeton, SCAD, ANSYS i IIK JIIPA-CAIIP.

Bulletin of Odessa State Academy of Civil Engineering and Architecture, 2020, no. 78, page 63-70

69


mailto:sng@ogasa.org.ua
mailto:tmakovkina@icloud.com
mailto:alexsandrch14061983@gmail.com

70

BUILDING STRUCTURES

IKCIIEPUMEHTAJIBHBIE 1 KOMIIBIOTEPHBIE HCCJIEJOBAHUA
KOJIEBAHUM ITYCTOTHBIX IJIUT

1CypbﬂHl/IH0B H.I'., n.T.H., mpodeccop,

sng@ogasa.org.ua, ORCID: 0000-0003-2592-5221

'Makoskuna T.C., acnupaHr,

tmakovkina@icloud.com, ORCID: 0000-0002-2628-5724

lIIythaiz'l A.M., K.T.H., CT. IpENO/IaBaTeb,
alexsandrch14061983@gmail.com, ORCID: 0000-0002-5856-623X
Y0oeccrasn 20Cy0apCcmeeHHas akademusi CmpoumenbCcmeda U apxXumexmypbl
yi. duapuxcona, 4, r. Oxecca, 65029, Ykpauna

AnHoTanus. [IpuBeneHb pe3ynbTaThl HCCIEAOBAaHUS CBOOOIHBIX KOJEOAHWN MOJETU
XKeNe300€TOHHON IUIUTHI, IPOOOpa3oM KOTOpor siBisercs tumta nepekpwsitus [1IK 30.12-8,
Beimyckaemas Ha mpennpustun OO0 «Benukomomuuckuii 3aBon JXBK». Paspaboran crenn s
JUHAMHYECKUX HUCIIBITAHUN, TECTUPOBAHUE KOTOPOTO BBHIIIOJHEHO HA METAJNTMYECKON JBYTaBPOBOM
Oanmke. s YHMCICHHOrO aHAJM3a METOJOM KOHEUHBIX JJIEMEHTOB HCIIONBH30BAaHBI WH)KCHEPHBIC
nporpammbl pacueta SCAD, ANSYS u IIK JIMPA-CAIIP. B pe3synbrare mnpeaBapUTEIbHBIX
CTaTUYECKUX MCIBITAHUNA YCTAHOBJICHO, YTO MPOLIECC TPEIIMHOOOPAa30BaHUs B TUITUTaX HAYMHACTCS
Ha CeAbMOWN CTYNEHU HarpykeHus, npu Harpy3ke 16,6 kH, uto cocraBmser npumepHo 0,6 or

daxTHyeckoil paspymaromeil Harpy3ku F,,. B cBsi3u ¢ 3tuM npu ompeneneHuu 4acTtoT U Gopm

CBOOO/HBIX KOJ€OaHUN aBTOPBI UCXOAAT U3 TOrO, YTO AEPOPMUPOBAHUE HOCUT YIPYTUH XapakTep
HE TOJIBKO B OTCYTCTBUE BHEIIHEH CTATUYECKOW HArpy3KH, HO U NIPU €€ U3MCHEHUHU B UHTEPBAJIC OT
0 mo 0,5 ot (hakTHUECKOH pa3pyIIAIONICH.

C nHavasioM 00pa3oBaHMs TPEHIMH J1eOPMHUPOBAHUE CTAHOBUTCS HEJIMHEHHBIM, TPU STOM
CYIIECTBEHHO M3MEHSICTCS MOIY/Ib YIIPYrocTH Matepraia. Mcxoast u3 3TUX cooOpakeHUH, 9acTOTHI
CBOOOJHBIX KOJI€OaHMIi OBUIN KCIIEPUMEHTAIBHO ONPEJICICHBI IPH OTCYTCTBUU BHEITHEH HATPY3KH
Y Ha4aJIbHOM MOJYJIE YNPYTOCTH Marepuana, a 3aTeM — IIPU IOCTOSSHHOM CTaTUYECKOM Harpyske,

mmenstomeiics B unrepsaie (0,5+0,9)F,, ¢ marom 0,1 F,, mpu cooTBETCTBYIOIIMX BEIHMYMHAX

MOJTyJIsl YOPYTOCTH, ONPEEICHHBIX B X0/1€ CTATUYECKUX UCIBITAHUH.

[IpuBeneHsl pe3ynbTaThl SKCIEPUMEHTAIHHOTO OINPENEICHUS IMATH NEPBBIX COOCTBEHHBIX
gacTtoT U ux BbrunciaeHuss B SCAD, ANSYS u [IK JIMPA-CAIIP. Ananu3 nony4eHHbIX 3Ha4YeHUN
MTOKAa3bIBAET XOPOIIYIO0 COMOCTaBUMOCTh SKCIIEPUMEHTANBHBIX U pacyeTHbIX JaHHBIX. ANSYS u 1K
JIMPA-CAIIP natoT mpakTUYeCKH OJMHAKOBBIE Pe3yJbTaThl, B TO BPEMs KaK pe3ylbTaThl pacueToB
B SCAD otnuuarorcst or HuX Ha 1,5-3 %. Ilpu sTtom cnektp wactor, paccuntanHelii B SCAD,
OKa3bIBAaeTCs HUXKE, YEM B JIBYX JPYIMX MporpaMmax. JKCHEPUMEHTAIbHO MONTy4YEeHHbIEC 3HAUCHHS
YacTOT OKAa3aJIMCh BBIINIE, YeM NpPHU YHCICHHOM MOJENHpOBaHWH. HeszaBuCMMO OT XapakTepa
neGopMUpOBaHUs, HAMMEHBIIEE PACXOXKICHHUE MEXIy HKCIEPUMEHTAIbHBIMM M YHCICHHBIMU
BEJIMUYMHAMU HaOio/aeTcsl [Jid HU3IIEeH 4acToThl KoyiebaHuil (B mpeaenax 6,5 %). [dns npyrux
4acTOT CIEKTpa 3TO pacxoxaeHue B cpegHem cocraniser 10-10,5 %.

KioueBble cJjioBa: TumMTa, CBOOOJHBIE KOJIEOAHUS, CIEKTP YacTOT, OJKCIEPUMEHT,
JUHAMHYECKas MOACIHb, kene300eTon, SCAD, ANSYS u [1IK JIMPA-CAIIP.

Cratta Haaidnua 1o penakuii 6.02.2020
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