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Abstract. The aim of the article is an experimental research of the influence of low-cycle
sign-constant loading, as well as the most significant design factors on the deformability of
reinforced concrete beam elements. In this regard, for experimental research, the authors developed
a four-factor three-level Boxing plan B4. The experimental factors of the plan were varied
according to the literature review, which showed that the most significant factors are the following:
the value of the relative shear span a/hy, the concrete class C, the value (amount) of transverse
reinforcement on the beams support sections psy, the level of sign-constant loading 1. The samples
were tested according to the scheme of a single-span beam, alternately loaded with two centre-point
forces. The number of cycles of sign-constant loading was accepted as 10.

According to the results of the experiment, using the COMPEX program, adequate
mathematical models of the basic parameters of reinforced concrete specimens-beams deformability
under the action of low-cycle sign-constant loading were derived, that reflect the influence of these
factors both individually and in interaction with each other. Analyzing these models, the features of
the development of tensile reinforcement and compressed concrete deformations, as well as beams
deflections in the specified conditions, were established. In particular, the factors that have the
greatest influence on deformations and deflections are the relative shear span and the level of low-
cycle loading. Thus, with their increase, the relative deformations of tensile reinforcement increase
by 51% and 52%, the relative deformations of compressed concrete by 40% and 37%, accordingly,
by series. The increase of deflections is 43% and 40% with an increase of relative shear span and
38% and 12% with an increase of loading level, accordingly, by series.

Keywords: reinforced concrete, beam, bend, deformation, deflections, cyclic loadings,
mathematical model.

Introduction. The main difference between cyclic loads and static short-term loads is the
occurrence of residual deformations and their further accumulation from cycle to cycle. Concrete
and reinforcement deformations, as well as deflections in bending elements are stabilized and gain a
slight increase before the destruction stage at certain load cycles within the exploitation levels.
However, for example, when reinforced concrete beams works outside the exploitation levels, the
development of the main deformability characteristics of these elements may not be so predictable.
Furthermore, the influence of cyclic loads of different levels increases the values of deformations
and deflections of reinforced concrete structures in comparison with the action of short-term load,
that must be taken into account in the design. Therefore, the accumulation of experimental data and
their analysis is an advisable and useful scientific task.

Analysis of recent researches and publications. A large number of scientists who have
devoted their works to this team confirmed that low-cycle loads increase the value of deflections, on
average, by 15-20%, and the value of reinforcement and concrete deformations — by 10-15% [1-7].
This is mainly due to the accumulation of residual deformations, as well as micro- and macro-
cracks, as noted in [8].

Besides, most authors tend to idea that the strength and deformation characteristics of
concrete and reinforced concrete structures under cyclic loads are significantly influenced by the
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load mode. In [9] it was noted that the higher the level of cyclic loading, the faster the processes of
concrete decomposition, which reduces the initial modulus of elasticity of concrete by 15...20% and
changes the type of diagram of "stress-strain" of compressed concrete, with bending to axis of
deformation. Also the author in [10] on the basis of test results concludes that the subsequent
loadings exceeding exploitation level increase full deflections of beams by 20-30%, deformations of
reinforcement and concrete — by 15-25%. However, scientists have not established a clear limit of
the cyclic load levels, which changes the stress-strain state of the experimental elements, that thus
requires additional study.

On this bases, the aim of the work is an experimental study of the influence of low-cycle
loads level on deformability of reinforced concrete beam elements, as well as the most significant
design factors both in particular and in interaction with each other.

Materials and methods of research. According to the adopted methodology, the full-scale
experiment is performed according to a four-factor three-level plan of Box B4. Variation of factors
was carried out according to the literature review of sources, which showed that the most influential
factor X is the value of relative shear span a/hg, which varied in three levels: a = hg, 2hg i 3ho. The
second influential factor is a class of heavy concrete: X, — C16/20, C30/35, C40/50, and the third —
the value (amount) of transverse reinforcement on the near support areas: X3 — psyw = 0,0016;
0,0029; 0,0044. As the fourth factor of external action X, is accepted level of sign constant loading:
n=0...0,50; 0...0,65; 0...0,85 of the actual bearing capacity, i.e. the value of the transverse load,
when the width of the opening of inclined cracks wy exceeded 0.4 mm, and the deflections are
£>1/150 [11].

Test specimens-beams were stored in normal thermal and humid conditions at a temperature
of 20 + 2 °C and almost 100% humidity for 100...110 days. Before the test, a thin layer of lime
mortar was applied to the side surfaces of the beams in order to facilitate the fixation of the
formation and development of normal and inclined cracks, and then beams was dried to natural
moisture.

The test specimens were tested according to the scheme of a single-span beam, alternately
loaded by two concentrated forces.

Before the main experiment, 25 experimental beams (twin specimens) of the first series were
tested under the action of a short-term load, practically to a destructive state, when the width of the
inclined cracks and the deflections exceeded the allowable values. In the future, similar
experimental beams of the third series were tested under the action of a sign-constant repeated
transverse load within three experimental levels.

The number of cycles of sign-constant loading is dictated by the criterion of stabilization of
deformations, first of all, in concrete of E.M. Babich and his students [12] and is at least 10, if the
test specimens-beams did not destruct with a smaller number of cycles.

During the experimental studies, direct measurements of deformations of the extreme, most
compressed concrete fibers in this cycle and, accordingly, tension working reinforcement in the
middle of spans (in the zone of pure bending) were performed. The indirect assessment of
transverse reinforcement deformations of near support areas of specimens-beams was made. For all
tested reinforced concrete elements, graphs of experimental and calculated relative deformations
after the action of each cycle of repeated loading of corresponding levels were constructed,
including the stage before failure.

Research results. It is experimentally established that the values of relative deformations of
materials after the action of each cycle of repeated loading at a certain level increase significantly,
residual deformations are accumulated until their stabilization, which usually occurs after 4... 8
load cycles and is 60...80% of general residual deformations of compressed concrete zone. The
second and third load cycles usually account for another 15-25%, and for 4...8 cycles — only
5...10% of these deformations. In this case, the action of low-cycle loads significantly affects the
stress-strain state of the experimental beams. In particular, the stress diagram of the compressed
zone gradually changes due to the compaction of concrete, there is a redistribution of internal
efforts between the compressed concrete and tensioned reinforcement, in which the corresponding
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deformations change. The presented data are in good agreement with the results of research by P.S.
Homon [2], O.1. Korniychuk [13] and others.

In some specimens with a large shear spans at high levels of repeated loading (n = 0.8)
stabilization of residual deformations of concrete or reinforcement and sometimes both concrete and
reinforcement did not occur and their destruction as non-reinforced elements occurred in normal
sections due to the yielding of longitudinal working reinforcement or due to the both yielding of the
reinforcement, and the crushing of the concrete compressed zone.

Similarly, to compressed concrete at repeated loading there was a deformation of longitudinal
tensioned working reinforcement. Tests have shown that the residual deformations in it at unloading
the beams to zero in the first cycles reach values (20...50) -10” and stabilize up to 4...8 cycles.

Residual deformations in transverse reinforcement and concrete of inclined sections were
25... 60% of the total. Their largest increase was observed in the first cycle (=20...50%) and during
reloading in the last cycle. Due to the reduction of plastic deformations, the process of accumulation
of residual deformations in the materials of the support sections at a constant level of low-cycle
transverse load gradually attenuates. Up to 4...8 cycles of such loading both in cross reinforcement,
and in concrete of near support areas, as a rule, there is a stabilization of deformations.

The relative deformations of working tensioned reinforcement in the middle of the span of test
elements. Processing of experimental data on the relative deformations of working reinforcement in
the beams zone of pure bending after their stabilization at the appropriate level of low-cycle load, as
well as before their destruction at n=0,95F, by this method allowed to obtain the following
mathematical models:

G (g"? ) _ 195+ 48X, +10X,+9X3 32X, — 25X} —9X5 —5X5 ~15X3 +15X, X5 + 105
> +10X, X4 1)
v=15,3%,
\?(ag’ff’ﬁ ) =239+ 77X, 424X, 433X +20X, —13XZ —4X3 —3X5+10X,X; ) 1075,
v="17,1%,
2 2 2 2
V()= 210-+52X +16X, +10Xg+34X 4 ~ 26X ~10X3 ~5X ~16X]+16X,Xg + ) | 15
> +10X, X4 ©)
v=>5,1%,
?(82”35& ) = (258+84X,+34X,+35X 21X, ~13XZ - 3X3 - 3X +10X,X;)- 1075,

v=35,3%.

The geometric representation of these models is presented in Fig. 1.

Analysis of mathematical models (1) ... (4) shows that the average values of the relative
deformations of tensioned reinforcement in the middle of the beams after their stabilization at low-
cycle sign-constant loads increase. In this case, the influence of experimental factors on this
parameter in experimental series is significant and the same. Thus, the relative deformations of
tensioned reinforcement of 1% series specimens-beams at the specified load levels and before failure
increase relative to the average values with increasing:

— relative shear span a/hy from 1 to 3 on 49% and 64%);

— concrete class from C16/20 to C40/50 on 10% and 20%;

—amount of transverse reinforcement ps,, from 0,0016 to 0,0044 on 9 and 28%;

— transverse load level n from 0,5 to 0,8 on 33 and 17%,
and 3" series, accordingly, with increasing:

— relative shear span a/hy from 1 to 3 on 50% and 65%;

— concrete class from C16/20 to C40/50 on 15% and 26%;

—amount of transverse reinforcement ps, from 0,0016 to 0,0044 on 10 and 27%;

— transverse load level n from 0,5 to 0,8 on 32 and 16%.

)

(4)
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— at simultaneously increasing of relative shear span and amount of transverse reinforcement
on 4...5%.

Characteristic is also the presence of negative signs in the quadratic effects of these factors,
which indicates that with their increase beyond these limits, the further increase in tensile
deformation will be damped.
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Fig. 1. The influence of constructive factors (a), (b), (c), and transverse load level (d) on
reinforcement deformations at short-term load (— —= —) and low-cycle loading (——=——) of set
level (n), and also before failure (0,95F,) under gradually increasing load (— —o— —) and after
stabilized low-cycle (——e——) loading

Relative deformations of compressed concrete in the zone of pure bending of test beams.
Processing of experimental data on deformations of compressed zone concrete in the middle of
spans of experimental elements after their stabilization at the corresponding level of low-cycle
loading, and also before beams destruction at n=0,95Fu by the accepted technique allowed to
deduce the following mathematical models:

\?(ggﬁu ) = (84 + 17X, +10X,+7X5+21X 4 +4X; X5 +5X, X4 )-107°,0 = 5,1%, (5)
\?(g‘c’ff’ﬁl ) = (129+ 30X, +15X,+11X5+6X,X;3) 10 %, 0 = 6,5%, (6)
\?(s‘ggu ) = (92+17X+10X,+7X5+21X 4 +4X, X5 +5X X4 ) 10,0 = 6,7%, (7
?(gggu ) = (149+ 30X, +11X, +11X —4XE - 2X5+6X,X5)107°,0.=6,1%, (8)

geometric interpretation of which is presented in Fig. 2.

Analysis of the presented models (5) ... (8) shows that the deformations of compressed
concrete and, accordingly, compressive stresses in it, at the given load levels of the experiment,
usually do not reach extreme values, and the destruction of test specimens (if this happens without
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increasing the level load) occurs, as a rule, by inclined sections or (much less often) by normal
sections and begins with yielding of longitudinal work reinforcement.

The average values of the relative deformations of compressed concrete in the middle of the
beams after their stabilization at low-cycle sign-constant loads increase in comparison with the
short-term static load. The relative deformations of compressed concrete of reinforced concrete
beams of the 1% series at the specified load levels and before failure increase relative to the average
values of 84-10™ i 129-10” with increasing of:

— relative shear span a/hy from 1 to 3, accordingly, on 40% and 47%;

— concrete class from C16/20 to C40/50 on 24% and 23%;

—amount of transverse reinforcement ps,, from 0,0016 to 0,0044 on 17 and 18%;

— transverse load level n from 0,5 to 0,8 on 50%,
and 39 series, accordingly, with increasing:

— relative shear span a/ho from 1 to 3, accordingly, on 37% to 40%;

— concrete class from C16/20 to C40/50 on 22% and 15%;

— amount of transverse reinforcement ps om 0,0016 to 0,0044 on 15 and 16%;

— transverse load level n Big 0,5 10 0,8 Ha 46%.
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Fig. 2. Dependence of deformations of extreme compressed concrete fibers on constructive factors
(@), (b), (c) and of transverse load level (d) at short-term load (— —o— —)
and low-cycle loading (——=——) of set level (1), and also before failure (0,95F,) under gradually
increasing load (— —o— —)and after stabilized low-cycle (——e——) loading

Deflections of the test reinforced concrete elements. During the test, it was found that
repeated low-cycle loads at the set levels negatively affect on the beams deflections due to the
accumulation of residual deformations in compressed zone of concrete and tensioned reinforcement.

Processing of the deflections measurement results in samples-beams after their stabilization at
the specified load levels (nF,), as well as before their destruction (=0,95F,) allowed to obtain the
following mathematical models:
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Fig. 3. Dependence of deflections on constructive factors (a), (b), (c) and of transverse load level (d)
at short-term load (— —o— —) and low-cycle loading (——=——) of set level (1), and also before
failure (0,95F,) under gradually increasing load (— —o— —) and after stabilized low-cycle
(——e——) loading

Analysis of mathematical models (9) and (11) and Fig. 3 shows that the test samples
deflections values of the 1% and 3¢ series at the appropriate load levels increase, on average, by 11%
relative to the average values of 4,5 and 5,0 mm with the increasing of:

— relative shear span a/hy from 1 to 3 on 36% and 34%;

— concrete class from C16/20 to C40/50 on 16%;

—amount of transverse reinforcement ps,, from 0,0016 to 0,0044 on 11 i 10%,;

— transverse load level n from 0,5 to 0,8 on 38 and 14%.
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A comparison of models (10) and (12) shows that the deflections of the samples of the 1% and
3% series before the destruction increase, on average, by 8% relative to the average values of 6,0 and
6,5 mm with the increasing of:

— relative shear span a/hy from 1 g0 3 on 50% and 46%;

— concrete class from C16/20 to C40/50 on 22 1 23%;

—amount of transverse reinforcement ps, from 0,0016 to 0,0044 on 23%;

— transverse load level n from 0,5 to 0,8 on 12 and 11%.

Conclusions:

1. Analysis mathematical models of the tensioned reinforcement relative deformations in the
test elements span middle, it is found that increasing the relative shear span increases the effect of
bending moment and they increase by 51% and 52% respectively. The increase of the values of
other experimental factors leads to an increase of the tensioned reinforcement deformations to 24%
in both series. As for the relative deformations of compressed concrete in the area of pure bending
of the samples, the most influential are two factors: the relative shear span and the transverse load
level. Namely, with their increase, the compressed concrete deformations value increases by 40%
and 37%, respectively.

2. The values of the deflections of reinforced concrete specimens-beams mostly depend on the
value of the relative shear span. When it increases, the deflections increase by 43% and 40%,
respectively, according to the series. In second place is the level of transverse load. With its
increase, the increase of deflections is 38% and 12%. The growth of the concrete class and the
transverse reinforcement coefficient increases the deflections by 23%.

3. In general, the influence of low-cycle sign-constant loading on the deformability of
reinforced concrete specimens-beams differs significantly from the influence of a short-term static
load. Namely, the specified type of load increases the value of relative deformations of the
tensioned reinforcement by 8%, the value of relative deformations of compressed concrete by 10%,
the value of deflections by 11%.

Quite an urgent scientific problem today is the restoration and reconstruction of damaged
constructions of buildings and structures in emergency situations, hostilities etc. Therefore, among
the prospects for further research are repeated tests of reinforced with modern composite materials
inclined and normal sections of almost destroyed test specimens of 3% series beams under the action
of a similar load and as a result, the development of techniques to restore damaged beam structures.
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3B'I3KY 3 LMM, JUI NPOBEICHHS EKCIIEPUMEHTAIbHUX JOCHIDKEHb aBTOpaMHu OyB poO3poOsieHHi
4OTUPbOX(aKTOpHUI TpHupiBHEBUIl IiaH bokcy B4. BapitoBanHs nocnigHux (akTopiB IUIaHy
3MIACHIOBATIOCS 32 JIAaHUMH JIITEPATypHOTO OTJISIAY, SKWM TIOKa3aB, IO HAWOUIBIT 3HAYUMUMH
(akTopaMH € HACTYITHI: BEIMYMHA BIIHOCHOTO MpoiboTy 3pi3y a/hy, kmac Gerony C, BennumHa
(KUIBKICTh) MOTIEPEYHOrO AapMyBaHHS Ha IMPUOMOPHUX JUISHKAaX OalOK pPsw, @ TAKOX pIBEHb
3HAKOIOCTIMHOTO MAJOIMKIOBOIO HAaBaHTAXEHHA 1. 3pa3ku Oyiu BHUIPOOYBaHI 3a CXEMOIO
OJTHOTIPOTIHHOI ~ OaJIkk, 3aBaHTAXEHOI JIBOMA 30CEpPEeHKEHUMH cuiaMH. KigbKICTh  IHKIIIB
3HAKOIOCTIHHOTO HaBaHTa)keHHs Oya npuitnsaTa 10.

3a pe3yiapTaTaMu MPOBENCHOTO EKCIEpUMEHTY 3a jnornomMororo mporpamu COMPEX BuBeneni
aJIeKBaTHI MaTeMaTH4YHI MOJIeJIi OCHOBHUX MHapaMmeTpiB 1e(OpMaTUBHOCTI 3a1i300€TOHHUX 3pa3KiB-
OaJtoK 3a J1ii MaJIOIMKIIOBOTO 3HAKOMOCTITHOTO HABAHTAXECHHS, K1 BITOOPAKAIOTh BIUTUB 3a3HAYCHUX
(dakTopiB K OKpEeMO, TaK 1 y B3a€MOJIii OJMH 3 OJHUM. B X0 aHami3y JaHUX MOJIeNell BCTaHOBJIEHI
0COOJIMBOCTI PO3BUTKY NeopMaliiii po3TATHYTOI apMaTypH Ta CTUCHYTOTO OETOHY, a TaKOXK MTPOTHHIB
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OaJoOK B 3a3HAUYCHUX yMOBaX. 30KpeMma, (hakTopamH, sIKi MaroTh HAWOLIBIIMK BIUIMB Ha Aedopmartii i
MPOTMHMA € BIAHOCHHWM TPOJBOT 3pi3y 1 PIBEHb MAJOLMKIOBOIO 3HAKOMOCTIHHOTO HaBaHTAKCHHSI.
Takum ynHOM, TIpH iX 30LTBLIEHH] BiIHOCHI JedopMaliii po3TArHyTOi apMaTypu 3pocTaroTh Ha 51% i
52%, BigHOCHI nedopmaiii ctucHyroro 6erony Ha 40% 1 37% BinnosigHo 3a cepisimu. [Ipupict
nporuHiB cTaHoBUTHh 43% 1 40% npu 30UIbLICHH] BITHOCHOTO MpOsbOTY 3pi3y 1 38% 1 12% mpu
301IbIIICHH] PIBHSA TOBTOPHOTO HABAaHTAKEHHS BIAMOBITHO 3a cepisiMu. TakoX BCTaHOBJICHO, IO
MAJIOIMKIIOBE HABAHTA)XKEHHS B TIOPIBHSHHI 3 OJHOPA30BHMM KOPOTKOYACHHM HAaBaHTAKEHHSIM
30UIbLIyE BiAHOCHI Jedopmaliii po3TArHyTroi apmarypu Ha 8%, BigHOCHI jaedopmallii CTHCHYTOTrO
6erony — Ha 10%, nporuau — Ha 11%.

KurouoBi ciioBa: 3amizo0eToH, 6aika, 3ruH, nedopmartii, MporuHM, ITUKITYHI HaBaHTAXKCHHS,
MaTeMaTH4Ha MOJIEb.
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yi. uapuxcona, 4, r. Ogecca, 65029, Ykpauna

AnHoramms. llenplo craTthu  SBISETCA  OKCIEPUMEHTAIBHOE  HCCIECIOBAaHHE  BIUSHUS
MAaJIOLIMKJIOBOIO 3HAKOIOCTOSIHHOTO HarpyKeHWs, a Takke Hau0oJiee 3HAYMMBIX KOHCTPYKTHUBHBIX
baxTopoB Ha JeOpMATHBHOCTH KENE300€TOHHBIX OAJOYHBIX AJIEMEHTOB. B cBsi3u ¢ 3THM, I
IIPOBEJICHNSI SKCIEPUMEHTAIBHBIX MCCIIE0BAHUI aBTOpaMu ObUl pa3paboTaH YeTbIpeX(aKTOPHBIH
TpexypoBHeBbIii TuiaH bokca B4. BapbupoBaHue ONBITHBIX (DaKTOPOB IUIaHA OCYIIECTBISIIOCH IO
JaHHBIM JINTEPATYPHOTO 0030pa, KOTOPBIN MOKAa3all, 4YTO HAHOOIee 3HAYMMBIMHU (DaKTOPaMH SIBIISTIOTCS
CIIIYIOIIIME: BEIMYMHA OTHOCUTENBLHOTO mposieTa cpesa a’hg, kinacc 6erona C, BenuurHa (KOJMYECTBO)
MIONEPEYHOr0 APMHUPOBAHMS HA TPHONOPHBIX Yy4YacTKaXx OalOK pPsy, YPOBEHb 3HAKOIOCTOSHHOTO
HarpyxeHust 1. OOpa3upl ObUIM HCIBITAHBI IO CXEME OJHONPOJICTHOW Oalku, I[00YepeHO
3arpyKEHHOW JBYMSI COCPENOTOYEHHBIMH cHjaMu. KoJMuecTBO IMKIOB 3HAKOMOCTOSHHOTO
HarpyxeHust 6bu10 npuHsTO 10.

[To pe3ynbraTam mpoBen€HHOTO dKcrepuMeHTa ¢ nmomoisio nporpammbl COMPEX BbIBeIeHBI
aJIeKBaTHbIE MaTeMaTHYECKHe MOJEIN OCHOBHBIX MapaMeTpoB Ae(OpPMAaTHBHOCTU Kene300€TOHHBIX
00pa3loB-0aOK MpHU JEHCTBUM MAJIOLMKIOBOTO 3HAKOIOCTOSHHOTO — HAarpy»KeHWs, KOTOpbIE
OTOOpaXaroT BIMSAHUE YKa3aHHBIX (DAKTOPOB Kak MO OTAEIbHOCTH, TaK M BO B3aMMOJECHUCTBUU JPYT C
npyroM. B xone aHanmm3za JaHHBIX MOJENEH YCTaHOBJIEHBI OCOOEHHOCTH pa3BUTHS jaedopmariuit
pacTAHYTOM apMaTypbl M CXaToro OETOHa, a TakkKe NMPOruOoB OajloOK B YKa3aHHBIX ycloBus. B
YaCTHOCTH, (pakTopamu, KOTOpbIE OKAa3bIBAIOT HAMOOJbLIEE BIMSHUE Ha JepOpMalUM U HPOTHOBI
SBJIIOTCS. OTHOCUTENBHBIN HPOJIET cpe3a M YpOBEHb MAJOLMKIOBOrO HarpyxeHus. Takum oOpazom,
P UX YBEJIMUYEHUH OTHOCUTENbHBIE Ae(popMalinu pacTsIHYTONU apMaTypsl Bo3pactaioT Ha 51% u 52%,
OTHOcUTENbHBIE nedopmarun cxkaroro 0eroHa Ha 40% u 37% cooTBeTcTBeHHO MO cepusim. [Ipupoct
nporu6os cocrasisieT 43% u 40% npu yBenTuueHUH OTHOCUTENBbHOTO TposieTa cpe3a u 38% u 12% npu
YBEJIMUEHNN YPOBHSI Harpy)K€HHsl COOTBETCTBEHHO IO cepusiM. Takke YCTaHOBJIEHO, 4TO
MaJIOLUKIOBOE HArpy)K€HHE IO CpPaBHEHUID C OJHOKPAaTHOM KpaTKOBPEMEHHOM HArpy3Koi
YBEJIMYMBAET OTHOCUTENbHBIE JeopMallii pacTIHyTOH apmaTypbl Ha 8%, OTHOCHTENbHbIE
nedopmanuu cxatoro 6erona — Ha 10%, mporuosr — Ha 11%.

KuaroueBble ciioBa: »xene300eToH, Oanka, W3rud, Aegopmaiiu, MPOTHUObI, MUKIMYECKUE
Harpy3Kku, MaTeMaTuyeckas MoJieb.

Crarta Haaidna o penakuii 6.02.2021
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