CyuacHi 6ydisenvhi kKoncmpykyii 3 memany ma depesunu, 2022. — Bun. Ne 26 (cTop. 72-77)

UDC 624.012.4: 624.072.4 d0i:10.31650/2707-3068-2022-26-72-77
DEFORMABILITY OF STEEL REINFORCEMENT UNDER THE ACTION OF CYCLIC
LOADING

'Somina Yu.A., PhD,
syomina3091@ukr.net, ORCID: 0000-0002-6330-0137
IAhaieva O.A., PhD

o.ahaieva@ogasa.org.ua, ORCID: 0000-0003-0346-0806
'Odessa State Academy of Civil Engineering and Architecture
4, Didrihson street, Odessa, 65029, Ukraine

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 steel
reinforcement of reinforced concrete beams. 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/ho, the concrete class C, the value (amount) of transverse
reinforcement on the beams support sections psw, 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 deformations of steel reinforcement of reinforced concrete specimens-
beams 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 in the specified conditions, were established. In
particular, the factors that have the greatest influence on deformations 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%, accordingly, by series.

Keywords: steel reinforcement, beam, bend, deformations, 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 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 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 researchs and publications. A large number of scientists who have devoted
their works to this team confirmed that low-cycle loads increase the value of reinforcement and concrete
deformations — by 10-15% [1-5]. This is mainly due to the accumulation of residual deformations.
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 load mode [6, 7].
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 steel reinforcement 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
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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’ho, which varied in three levels: a = ho, 2ho i 3ho. The
second influential factor is a class of heavy concrete: Xo — C16/20, C30/35, C40/50, and the third —
the value (amount) of transverse reinforcement on the near support areas: X3z — psw = 0,0016; 0,0029;
0,0044. As the fourth factor of external action X4 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 wi exceeded 0.4 mm, and the deflections are f
> [/150 [8].

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 [9] 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 deformations change.
The presented data are in good agreement with the results of research by P.S. Homon [2], O.IL.
Korniychuk [10] 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)-107 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.

Processing of experimental data on the relative deformations of working reinforcement in the
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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:

Y(gnFu ) _[195+48X,+10X,+9X;+32X, — 25X} —9X3 - 5X3 ~ 15X +15XX; + 10°5
> +10X,X, (1)
v=35,3%,
?(s;’fSFu ) = (239+77X, 24X, +33X; 420X, ~ 13X} —4X3 ~3X]+10X,X; 107, .
v="7,1%,
{g(gnFu ) [210+52X,+16X, +10X; 434X, — 26X} —10X3 —5X3 ~16X5+16X, X5 + 10°5
>3 +10X,X, " (3)
v=15,1%,
?(sg’gﬂu ) = (258+ 84X, +34X, 135X 121X, ~13X] —3X3 - 3X}+10X,X; )10, @
v=35,3%.
The geometric representation of these models is presented in Fig. 1.
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Figure 1. The influence of constructive factors (a), (b), (c), and transverse load level (d) on
reinforcement deformations at short-term load (— —o— —) and low-cycle loading (——=——) of set
level (), and also before failure (0,95F,) under gradually increasing load (— —o— —) and after
stabilized low-cycle (— e ) loading

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-
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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/ho from 1 to 3 on 49% and 64%;

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

— amount of transverse reinforcement psw 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/ho from 1 to 3 on 50% and 65%;

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

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

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

— 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.

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.

2. 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%.

Among the prospects for further research is the study of the serviceability of steel reinforcement
of reinforced concrete span elements under the the action of a high-cycle repeated loading.
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AHoTamisgs. MeTor CTaTTi € eKCIepUMEHTAIbHE JOCIHIIKCHHS BIUTUBY MAJOIUKIOBOTO
3HAKOIMOCTIITHOIO HAaBaHTa)KEHHSA, a TAaK0X HAWOUIbII 3HAYMMHMX KOHCTPYKTHMBHMX YMHHUKIB Ha
neOpMaTUBHICTH 32113006 TOHHUX OAJIKOBHUX €JIIEMEHTIB SIK 30KpeMa TakK i B3a€EMOJIii OJIUH 3 OJHHM.
VY 3B'SI3KY 3 LIUM, JUIsl POBEACHHS €KCIEPUMEHTANIbHUX JOCTIIKEHb aBTOpaMu OyB po3poOsIeHHi
4OTHPhOX(aKTOpHUI TpupiBHeBUH maH bokcy B4. BapitoBanHs nocnmigHux (akTopiB IUiaHy
3MIMCHIOBAJIOCS. 332 JaHUMHU JIITEPaTypHOTO OIJIANLYy, SIKHW IOKa3aB, HI0 HAWOLIbII 3HAYMMHMHU
(akTOpamMM € HACTYIHI: BEJIMYMHA BIJIHOCHOTO MpOJNbOTy 3pi3y a’hg, kmac 6erony C, BennumHa
(KITBKICTB) TIOTIEPEYHOTO apMyBaHHS Ha TMPUOMOPHHX [IISHKAX OaloK pPsw, @ TAKOX pPIBEHb
3HAKOIOCTITHOTO MAJIOIUKIOBOTO HABaHTAXEHHsS 1. 3pa3ku Oyau BUIPOOYBaHI 3a CXEMOIO
OJTHOTIPOTIHHOI 0anKkW, 3aBaHTAXKEHOI JIBOMa 30CEPEHKCHUMH cuiamMu. KinbKicTh ITUKIIIB
3HAKONOCTITHOTO HaBaHTa)keHHs Oyna npuitasara 10.

3a pe3ylnbTaTamMu MPOBEICHOT0 EKCIIEPUMEHTY 3a jornomororo nporpamu COMPEX BuBeneni
aJleKBaTHI MaTeMaTH4HI Mojeni 1e(OpMATHBHOCTI CTalIE€BOI apMaTypH 3ali300€TOHHHX 3pa3KiB-
OaJiok 3a il MaJOIMKJIOBOTO 3HAKOIOCTIMHOTO HAaBaHTAKEHHS, SKi BigoOpakarOTh BIUIMB
3a3HaYeHUX (PaKTOPIB K OKPEMO, TaK 1 y B3a€MOJIii OMH 3 OAHUM. B X071 aHami3zy naHux Monenen
BCTaHOBJIEHI OCOOJMBOCTI PO3BUTKY AeopMalliii po3TSIrHyToi apMaTypd B 3a3HAUY€HHUX yMOBAax.
3okpema, (pakTopamu, sSKi MalOTh HAUOLIBIINIA BIUTMB Ha IedopMarii € BiJHOCHHUNA MPOIBOT 3pi3y 1
pPIBEHb MAJIOLMKIOBOTO 3HAKOIOCTIMHOTO HaBaHTaXCHHSA. TakuM YMHOM, TIpU iX 30LIBIICHHI
BiTHOCHI Jedopmanii po3TArHYyTOi apmarypu 3pocTaroTb Ha 51% 1 52% BiAmoBigHO 3a cepisiMH.
Takoxx BCTaHOBJEHO, IO MAaJOLMKIOBE HAaBaHTAXEHHS B TMOPIBHAHHI 3 OJHOPa30BUM
KOPOTKOYaCHUM HaBaHTA)KEHHSM 301IbIIIye BiTHOCHI edopMariii po3TarHyToi apmaTypu Ha 8%.

KurouoBi ciioBa: crameBa apmarypa, Oanka, 3TWH, Aedopmariii, MUKIIYHI HaBaHTaXEHHS,
MaTeMaTHYHa MOJIEb.
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