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Abstract. In the article are presented the main results of experimental studies of deformability
of the reinforcement of common damaged and brought, in the course of the previous tests, to the
critical state by the 1st group r.c. beams reinforced with carbon fibre (CFRP) sheet in the lower
tensioned zone and on the support area.

Namely, according to the results of the experiment, using the COMPEX program, adequate
mathematical models of the deformations of steel reinforcement of CFRP-strengthened 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. As compared with the series of tests of
ordinary r.c. samples, presence of the external CFRP strengthening reduced deformation of the
tensioned steel reinforcement by 1.65 times on the average. There occurs a re-distribution of the
tension forces between them.

Keywords: steel reinforcement, beam, carbon fibre-reinforced polymer sheet (CFRP), cyclic
loading, deformations, mathematical model.

Introduction. The main difference between cyclic loads and static short-term ones 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. Moreover, there is no studies about workability of steel reinforcement in structures
with strengthening their tensioned parts with CFRP. 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. Resistance of the span r.c. CFRP-strengthened structures subject to low-cycle repeated high-
level loading that have been damaged in operation or in military hostilities was not studies at all.
Therefore, the research along this line is important and up-to-date.

Materials and methods of research. In accordance with the adopted methodology the in-situ
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test is accomplished with the use of 4-factor 3-level B4 plan of Box-Behnken. The factors have
been varied according to the data elicited from the literature review which shown that the most
influential factor x; is the value of the relative span of the section a/ho, which was varied at three
levels: a = ho, 2ho and 3ho. The next influential by value factor is, as a rule, such design factor as the
grade of heavy concrete: x, — C16/20, C30/35, C40/55, and the third factor — the value (quantity)
of the transverse reinforcement in the support areas: x3 — pw = 0.0016; 0.0029; and 0.0044. The
fourth factor was assumed to be the external action factor x4 and a level of the reversal load:
n = £0.50; £0.65; +0.80 of the actual bearing capacity.

The samples were tested according to the pattern of a single span simply supported beam
which was intermittently loaded from the top and from the bottom by two point forces without any
changes in the beam position. Deformations of the reinforcement of the test samples were measured
with the aid of dial indicators having a division value 0.001 mm and 0.01mm accordingly.

Before the main experiment the 25 test beams (twin beams) of the first series were tested in
turn for action of a single-time short-period stage-wise increasing loading, practically, up to
destruction. Afterwards, the similar beams of the second and third series were tested subject to
reversal and non-reversal low-cycle transverse loading of the defined levels according to the test
assumption N = 20 cycles; afterwards the sample was additionally loaded, practically, until
destruction or achievement of the critical level, if that had not happened earlier during the previous
cycles. After the tested samples were strengthened with CFRP sheets Sika® Wrap® - 231C
according to the Sika technology (ser. 5). The construction of strengthening is shown in Fig. 1.
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Figure 1. Patterns of strengthening the lower tensioned zones and support areas of the damaged r.c.
beams of 3rd series with large (a), medium (b) and small (c) shear spans
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The strengthened with external CFRP beams of series 5 were tested according to the same
methodology as the beams of series 3 [6].

Research results. When performing experimental studies direct measurements of
deformations of tensioned working reinforcement in the span middle (in the pure bend zone) were
made, as well as the averaged evaluation of the deformation of the support zone transverse
reinforcement in the tested beam samples. Diagrams illustrating experimental and analytical relative
deformations were constructed for each tested r.c. elements after each cycle of repeated loading of
the corresponding levels, including the stage immediately preceding the failure [7].

It was experimentally established that the values of relative deformation of the materials after
each repeated loading cycle considerably increase upon reaching a certain level and residual
deformation accumulate until their stabilization which, as a rule, takes place after 4...8 loading
cycles. Generally, in the second and third loading cycles occur 15...25% more, and in the 4...8
cycles — only 5...10% of these deformations. At that, the low-cycle loading action considerably
impacts the stress-strain state of the tested beams. In some tested samples that had large shear spans
and were subjected to high levels of repeated loading (n=0,8) there occurred no stabilization of the
residual deformations of the reinforcement and their failure, as non-overreinforced elements, took
place in the normal sections as a result of the yield of the longitudinal working reinforcement or
both due to the reinforcement yield and crushing of the compressed zone concrete.

Deformation of the tensioned longitudinal working reinforcement takes place. The tests
proved that the residual deformations in such reinforcement reach (20...50)-10-5 and are stabilized
to 4...8 cycles when the beams were unloaded to zero in the first cycles.

Residual deformations in the transverse reinforcement comprised 25...60% of the total
deformations. Their greatest increment was recorded in the first cycle (=20...50%) and at additional
loading in the last cycle. Due to reduction of plastic deformations the accumulation process of
residual deformations in the support zone at stable level of low-cycle transverse loading fades
gradually. Deformations in the transverse reinforcement stabilize, as a rule, before the 4...8 cycle of
such loading.

Processing of the obtained data on the relative deformations of the working reinforcement in
the pure bend zone of beams after their stabilization at a corresponding level of low-cycle loading
as well as before their failure at n=0.95F, following the indicated methodology allowed of obtaining
the following mathematical models:

- for the working steel reinforcement of A500C class in common and strengthened beams
subject to the preset levels of loading 1 of series 1, 3 and 5, accordingly:

Y (/") =(195+48x, +10x, +9x, +32x, - 25x] —9x; —5x; —15x; +15x,x, +10x,x,)-107,

(1
v=5,3%,
?(gg§“1)=(210+52x1+16x2+10x3+34x4—26xf—1ox§—5x§—16xj+16xlx3+1oxlx4)-10-5,(2)
v=5,1%,
)7(8;75“1 ) = (127 +25x, +10x, +17x, +32x, —26x7 — 6x,x, + 8x,x, + 14x,x, + 6x,x, + 5)c3x4)-lO’5 3)

v=15,5%,
- for the external CFRP composite strengthening subjected to the same loading:

Y (&)™) = (162+33x, +14x, + 24x, +39x, —11x,.x, + 14x,x, +6x,x, +6x,%,)-107, 0=5,7%, (4)

Their geometrical mages are shown in Fig. 2.
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Conditional data designations:
= — = = For the effects of one-time load (series 1) at given levels;
—-=—-=For the action of a small cycle load (series3) to a given level n;
For the action of the low-cycle load of reinforced beams (series5) at the

established levels;
- —8— - External composite reinforcement FAP at the same loads.
Figure 2. Relative deformations of the steel reinforcement and external CFRP vs the value of the
relative shear span (a), concrete grade (b), quantity of the transverse reinforcement (c) and level of
the low-cycle load (d)

Conclusions:

1. Due to the presence of the external carbon fibre-reinforced polymer strengthening in the
lower tensioned zone of the beams in the 5th series and on their support zones the average relative
deformations of tensioned steel reinforcement of A500C class increase from 258 -10 to 546 -107.

2. Increase of the quantity of external composite reinforcement in these areas leads, as a rule,
to destruction of the tested elements in the normal sections within the “pure bend” zone, which is
accompanied by yield of the tensioned steel and composite reinforcement, and the concrete of the
compressed zone is subject to critical deformations.

3. Deformations of the steel and external composite reinforcement increase in all series by
10% on the average when the levels of such loading change within the indicated limits. Higher level
of transverse reinforcement within the set limits leads to greater by 10% sags in common and
strengthened beams.

4. As compared with the 3rd series of tests, presence of the external CFRP strengthening
reduced deformation of the tensioned steel reinforcement by 1.65 times on the average. There
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occurs a re-distribution of the tension forces between them.

Among the prospects for further research is the study of the serviceability of steel
reinforcement of reinforced concrete span elements, strengthened with CFRP under the the action of
a high-cycle repeated loading.

References

[1] Ya.l. Kovalchyk, "Trishchynostiikist ta deformatyvnist poperedno napruzhenykh
zalizobetonnykh balok mostiv pry dii malotsyklovykh navantazhen", Mistobuduvannia ta
terytorialne planuvannia, vol. 61, pp. 277-287, 2016.

[2] P.S. Gomon, "Rabota zhelezobetonnyh balok tavrovogo secheniya pri dejstvii povtornogo
nagruzhenii", Novye materialy, oborudovanie i tekhnologii v promyshlennosti: mat-ly
mezhd. konf. mol. uch. Mogilev, 2009, p. 90.

[3] P.I. Herb, O.I. Valovoi, "Vplyv povtornykh navantazhen na mitsnist, deformatyvnist ta
trishchynostiikist pidsylenykh u roztiahnutii zoni zalizobetonnykh balok iz betoniv na
vidkhodakh zbahachennia zaliznykh rud", Visnyk Kryvorizkoho tekhnichnoho
universytetu, vol. 25, pp. 87-92, 2010.

[4] M.O. Valovoi, "Mitsnist, deformatyvnist ta trishchynostiikist zalizobetonnykh balok pid
diieiu povtornykh navantazhenniakh", Stalezalizobetonni konstruktsii: doslidzhennia,
proektuvannia, budivnytstvo, ekspluatatsiia, vol. 16, pp. 45-48, 2008.

[5] S.Ja. Drobyshynets, Ye.M. Babych, "Robota stalefibrobetonnykh ta
stalefibrozalizobetonnykh balok pry odnorazovomu ta povtornykh malotsyklovykh
navantazhenniakh", Stalezalizobetonni  konstruktsii:  doslidzhennia, proektuvannia,
budivnytstvo, ekspluatatsiia, vol. 6, pp. 65-71, 2004.

[6] YuM. Panchuk, "Robota zghynalnykh zalizobetonnykh elementiv zi zmishanym
armuvanniam pry vysokykh rivniakh malotsyklovoho navantazhennia", avtoref. dys. na
zdobuttia nauk. stupenia kand. tekhn. nauk: 05.23.01. Rivne, 2000.

[7] V.V. Savytskyi, "Eksperymentalni doslidzhennia roboty zbirno-monolitnykh nerozriznykh
zalizobetonnykh balok pry dii povtornykh navantazhen", Perspektyvy rozvytku
budivelnykh konstruktsii, budivel, sporud ta yikh osnov, vol. 58, pp. 90-96, 2003.

JTE®OPMATHUBHICTDb CTAJIEBOI APMATYPH MOIKOIKEHAX
3AJII30BETOHHUX BAJIOK, IMIJJCUJIEHUX BYTJIEILIACTUKOM,
3A JIi UKJITYHOTO HABAHTAKEHHS

'Cpomina FO.A., K.T.H., IOICHT,

syomina3091@ukr.net, ORCID: 0000-0002-6330-0137
'Kapmok L.A., X.T.H., IOLEHT,

irina.carpyuk@ogasa.org.ua, ORCID: 0000-0002-3480-0968
'AnTonosa JI.B., actipanTka

antonova.dv@ukr.net, ORCID: 0000-0001-9021-857X
'00ecvra depacasna axademia 6yoienuymea ma apximexmypu
By linpixcona, 4, r. Oneca, 65029, Ykpaina

AHoTanis. Y cTaTTi HaBEJCHO OCHOBHI pE3YyNbTaTH EKCIEPUMEHTAIBHUX JOCIIIKEHb
neGopMaTUBHOCTI CTAJEBOI apMaTypH K 3BUYaHUX 3a1i300€TOHHUX 0aloK, TaK 1 MOUIKO/KEHUX B
X0/l TOmepenHiX BUMPOOYBaHb 10 KPUTHYHOTO CTAaHY 3pa3KiB, MOCHJICHHX BYIJICIUIACTHKOBUM
MOJIOTHOM y HYDKHIN PO3TATHYTIN 30HI Ta HA IPUOTIOPHIN JIJISHIII.

A came, 3a pe3ylpTaTaMH €KCIIEpUMEHTy 3a pormomorot mporpamu COMPEX orpumano
aJZleKBaTHI MaTeMaTH4Hi Mozeni aedopMariiii craneBoi apMaTypu MiACHICHHUX BYTJIEIUIACTHKOM
3a11300€TOHHUX 3pa3KiB-0aJIOK MiA €0 MaJIOIUKIOBOTO 3HAKOMOCTIHHOTO HaBaHTaXEHHs, SKi
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BiJI0Opakar0Th BIUTUB IUX (PAKTOPIB SIK OKPEMO, TaK 1 y B3a€MOJIii OJMH 3 OJHUM. AHATI3YIOUH IIi
MOJIeJTi, BCTAHOBJICHO OCOOJHMBOCTI PO3BHTKY JedopMalliii pO3TATHYTOI, a TaKOX MOMepeyHOi
apMaTypH B 33JIaHUX yMOBax. 30KpeMa, (hakropamu, siki HalOiIbIIe BIUIMBAIOTH HA aedopMariii, €
BITHOCHUI TMpPOJBOT 3pi3y Ta piBEHb MAaJONMKIOBOTO HaBaHTa)XCHHs. BcTaHOBIEHO, MO Y
MOPIBHSIHHI 3 Cepi€l0 BUMPOOYBaHb 3BUYAWHOTO 3alli300€TOHHOTO 3pa3ka-Oaiku, HasBHICTH
30BHIIIHFOTO apMYBaHHS BYIJICIUTACTHKOM 3HHM3MJIA BEIIMYMHU Ae(opMalliii po3TATHYTOI CTajIeBoi
apMaTypu B cepeaHbroMY B 1,65 pa3u BHACIHIIOK IEPEPO3NOIITY 3YCHIIb PO3TATY.

KurouoBi ciioBa: crameBa apmatrypa, Oanka, 3TwH, Aedopmariii, MUKIIYHI HaBaHTaXEHHS,
MaTeMaTHYHa MOJIEIb.
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