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Abstract. Wide usage of reinforced concrete structures in various areas could be explained
because of the number of its’ advantages, which are in turn the result of this material artificial and
composite character. However, the number of complicating aspects should be taken into
consideration, including the influence of aggressive environment and, subsequently, the corrosion
processes in both concrete and reinforcement. Corrosion impacts on existing structures nowadays
are remarkably significant. Therefore, this article aims to identify and describe the major factors of
corrosion process, considering, in particular the development of such processes in thermally
strengthened rebar. As an example is taken the uniform type of corrosion in steel bar and its major
influences on reinforced concrete element reliability. In addition, the literature review is conducted
and perspective ways of proposed technique development and further analytical and experimental
investigations are described.

Keywords: corrosion in RC elements, uniform steel corrosion, thermally strengthened rebar,
analytical modeling.

Introduction. Remarkable prevalence of reinforced concrete structures in various fields of
application [1, 2], could be associated with the number of its’ advantages including variety of
possible structural and architectural forms, high durability and strength, rather low price due to
availability of local materials and small amount of operation and care costs [2, 3]. All the above
indicated positive parameters could be obtained due to artificial and composite character of this
material which is the result of long-history development and scientific research. However, there is
still the number of complicating aspects which should be taken into consideration, among which the
most critical one is its low maintenance to aggressive environment [4]. The corrosion process in
reinforced concrete elements has complicated synergic character due to complex complementarity
of individual components of concrete along with artificially generated properties of high-strength
reinforcement.

Therefore, for complete analysis of corrosion process in both steel bar, as well as in reinforced
concrete structure generally, the number of theoretical and experimental investigations is required.

Problem formulation. Considering the fact of significant impacts of corrosion on different
application fields, infrastructure and construction industries, its reliable and complex evaluation is
very important. Thus, the purpose of this work is to identify and describe the major factors of
corrosion process in the most complex way. Objectives of the article include identification of
uniform corrosion influences on steel reinforcement and on reinforced concrete element in general
and also evaluation the expediency of different analytical techniques usage.

Analysis of recent research. Peculiarities of RC structures™ life cycle, their respond to
different external actions and complex compatible performance of individual components have been
widely discussed in the number of studies [5, 6]. Thus, among the most popular areas of scientific
studies there is research on possible changes of reinforcement steel microstructure by its thermal
strengthening and corrosion protection [7-9]. For example, as was stated in works of Toth L., et al.,
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2018, [10], thermal strengthening could result in complete microstructural changes in reinforcement
steel and thereby, complication of corrosion processes development.

Authors typically pay attention to different responds of various types of steels to aggressive
actions [4, 11-13]. Noticeable is the article of Fahim A. et al. (2017), [11] and Sharanya et.al.
(2016) [4] providing deep comparative analysis of reinforcement material composition as the factor
of steel resistance to corrosion. Mild steel rebar and stainless steel subjected to NaCl action are
analyzed and recommendations for further research are given. Shi et al. (2017) in the study [12] in
addition emphasizes on interfacial zone defects” impact on steel behavior under chloride attack.
Also attention should be paid to chemical composition of both concrete and reinforcement as well
as to coating thickness [6, 13].

In general, the most of experimental and theoretical investigations concerning corrosion
processes following factors are discussed: the state of corrosion development and stress-strain state
of RC element, as well as possible local damages of the material, zones with non-uniform
composition of steel and surrounding concrete. In addition, attention should be paid to specifics of
aggressive environment and presence of internal stresses along the steel bar cross-section.

In this article the general attention will be paid to specifics of corrosion processes
development in thermally-strengthened rebar due to its heterogeneous characteristics along the
cross-section.

Materials and methods of research. The corrosion uniform distribution is evaluated in the
article. In order to determine the most remarkable aspects of the degradation process and to obtain
reliable data analytical investigation was conducted. The theoretical modelling included the material
properties modelling for thermally strengthened rebar taking into account non-uniform distribution
of material properties along the cross-section. In addition, the set of calculations was performed,
which took into account geometrical and chemical specifics of rebar material. The particular levels
of corrosion damages and material degradation were taken into account in calculations.

Analytical investigation. The theoretical analysis is conducted in order to fully evaluate the
influence of corrosion processes on steel bars™ properties and corresponding reliability of reinforced
concrete elements. Material properties are considered according to following assumptions.

Analytical modeling is conducted for the samples of @ 20 mm A500C thermally strengthened
rebars™ with non-uniform material properties™ discussed in previous research (Blikharskyy Ya.Z,
2019, [14]), Fig.1.
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Fig. 1. Non-uniform material parameters for thermally strengthened rebar
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As could be seen on the Fig.1, the rebar cross-section could be divided into three zones:

— the thermally-hardened layer with the depth of &' =2,7 mmand the yield strength of
0y, =650 MPa ;

— the transitional layer properties will be formulated with the use of linearization along its
thickness " =0,8 mm . The limit yield strength is averaged as:

L _
%G&!Z _ li—@%g&m _ 0'0,25“:70,2 _ 5600 8440 150 MPa, (1)
oy, =04, —0,55" -%a&fz =545 MPa;; (2)

— the inner layer is not subjected to thermal transformations and has the lower yield strength
value equal too,’, =440 MPa. This zone, henceforward called as “core’ has the thickness of

6" =6,5mm.

After stresses in steel rebar exceed the level of the yield strength o, typical is the strain
increase without stress increment and interruption of compatible work of steel and concrete. Thus
during calculations is considered the work of steel rebar within the elastic state, when o <o ,.In
order to use traditional assumptions while element calculation the limit stress value for bar material
is accepted as the yield strength for corresponding layer which at this particular state of corrosion
spreading will be subjected to aggressive action of environment. Henceforth [a] =0y, -

The corrosion spread in thermally strengthened rebar is rather complicated process due to
synergic action of the wide range of factors. Therefore, in this article the mathematical computation
and experimental investigations are conducted for uniform distribution of corroded layer in radial
direction (Fig.2).

) Spreading of the
corroded layer

Fig. 2. Uniform distribution of the corrosion in steel bar

It is assumed, that the load is applied in the section center of gravity and could be considered
as the concentrated force of certain limit value as shown on the Figure 3.
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Fig. 3. The principal loading scheme

Therefore, the limit state for steel bar could be identified as for centrally-tensed steel element
(egs. 3-5).
The limit stress value for corresponding level of corrosion will be equal to the yield stress:

Umax = O_(iJ,Z ' (3)
Accordingly, the particular limit force will be:
ernax = O-max : Slfact 1 (4)
where the steel bar actual area taking into account the corrosion damages:
_ - di2
St == = =y = %)’ 5)

where x, — the thickness of corroded layer;
r., d, =2r, — the actual steel bar radius and diameter on particular corrosion stage;

Fo = diZ"“ =10 mm — the initial radius of the rebar before the beginning of corrosion process;

S! .. — the actual area of steel bar cross-section, taking into consideration the corroded layer
thickness;
03'2— the yield stress of the rebar material for the particular layer.

The actual values are calculated for different levels of corrosion x, (Table 1) and for

innit innit innit

corresponding functional equations f(x) =N, (X), f(X) =N, [%j , T(X)= h[h] the
generalized 6-order polynoms ( see eqs.7) are found with determination coefficient R* =0,998 ~1.
The generalized form of approximation polynom:
f(x)=a,-x°+a,-x°’+a,-x* +a, - X’ +a,- X" +a,-x' +a, - x°. (7
The final equations for limit force decrease evaluation:
N, (X) =-0,0065x° +0,2481x° —3,7301x" +27,618x° —99,695x° +122,6x" +118,04x°,  (8)

SI

N ( fact J =17674x° —39704x° + 31706x" —10662x> +1593,9x* + 67,867 +0,4002x°, (9)
innit

ernax SifaCt _ 6 5 4 3 2 1 0

wls 17 86,595x" —194,53x> +155,35x" —52,24x> +7,3193x“ + 0,3325x +0,002x". (10)

innit innit

Bulletin of Odessa State Academy of Civil Engineering and Architecture, 2020, no. 79, page 34-42 37



BUILDING STRUCTURES

Table 1 — The values of steel bar parameters for corresponding corrosion stage

Stage X , mm y Actual s, mm? N KN I?ercentage of
lameter d, ax N, .. decrease, %
0 20 314.159 204.204 0.00
0.5 19 283.529 184.294 9.75
I stage
x <[027], 1 18 254.469 165.405 19.00
[c]=650 MPa 1.5 17 226.980 147.537 27.75
2 16 201.062 130.690 36.00
2.5 15 176.715 114.864 43.75
1I stage 3 14 153.938 83.896 58.92
x, €[2,7;35],
[c]=545 MPa | 35 13 132.732 72.339 64.58
4 12 113.097 49.763 75.63
4.5 11 95.033 41.815 79.52
5 10 78.540 34.558 83.08
5.5 9 63.617 27.992 86.29
6 8 50.265 22117 89.17
111 stage 6.5 7 38.485 16.933 91.71
[;] i E’Eﬁl’a 7 6 28.274 12.441 93.91
7.5 5 19.635 8.639 95.77
8 4 12.566 5.529 97.29
8.5 3 7.069 3.110 98.48
9 2 3.142 1.382 99.32
9.5 1 0.785 0.346 99.83
—10 —0 —0 —0 —100

The results of analytical evaluation of N'_ decrease were presented graphically (Fig. 4-5) and

can be used for further calculations in order to determine the influence of particular corrosion
development stage at reinforced concrete element reliability.
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Fig. 4. The graphical presentation of the results for f(x) =N, (x)
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Fig. 5. The graphical presentation of the results for f (x) =N, LS—J

innit

Results of the research. The theoretical modeling of destruction process along the rebar

cross section was conducted and obtained results were analyzed.

In this work the major emphasize was made on diameter decrease and corresponding
reduction sample reliability. As could be seen from graphical representation of obtained results
(Fig.4, 5) the decrease in strength parameters is the sharpest on the first stages of corrosion process
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when destruction process is developed within the thermally-strengthened layer with higher
mechanical characteristics. Thus, it is incredibly important to take into account the non-uniform
anisotropic structure of the steel rebar along its cross-section. However, it is important to note, that
in real situation the corrosion process could be much more complicated than the uniform one,
presented in the study. In each particular situation for more complex evaluation the proposed
methodology has to be modified through empirical coefficients. In addition, also the time scale
factor has to be taken into consideration, as well as layers™ chemical properties and microstructure
features, because of their different response to the aggressive environmental impact.

Conclusions and perspectives for further research. The method for analytical evaluation of
corrosion processes in thermally strengthened rebar was presented in the article. The thorough analysis
of obtained results shows that they could be used for further theoretical investigations of this issue and
experimental research on particular armature samples. In addition, the thorough literature review of this
issue was conducted and main areas, which need to be further investigated, are identified.

It could be concluded, that although the proposed modeling technique is rather perspective for
implementation in existing calculation algorithms’ it represents only the marginal situation of the
corrosion process and does not take into account different external factors of particular situation. In
order to effectively evaluate the impact of corrosion on reinforced concrete element reliability more
detailed theoretical research and experimental approbation is required. Also applicable are real-time
observations of existing buildings and structures, subjected to aggressive environment impacts.
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BILIUB PIBHOMIPHOI KOPO3Ii CTAJIEBOI APMATYPHU HA MIITHICTb
3AJII3OBETOHHUX KOHCTPYKIIN

1B.11ixapc1,1cm71 S1.3., K.T.H., JOIICHT,
Yaroslav.Z.Blikharskyy@Ipnu.ua, ORCID: 0000-0002-3374-9195
'Koniiixa H. C., cTyneHTka,

kopijka. nadlja 1999@gmail.com, ORCID: 0000- 0003 2270-4028
Hauzoyaﬂbnuu yHisepcumem «JIvgiscvka nonimexuikay»

ByI. C. bangepu 12, m. JIsBiB, 79013, Ykpaina

Anoranisi. [llupoke BHUKOpPHUCTaHHS 3ai300€TOHHUX KOHCTPYKIIA B PpI3HUX OOJIACTSX,
XapakTepHe AJIsl HaraJbHOl 6y,u1Bean01 NPaKTUKW, MOKHA IMOSCHUTH yepe3 psn ix mepesar. [laHi
nepeBarv, Mo BKIIOYAIOTh p13HOMaH1THICTI> MOYUIHBHX KOHCTPYKTHBHHX i apx1TeKTypH1/1x dbopwm,
BHCOKY JIOBTOBIYHICTH 1 MIIHICTh, BITHOCHO HEBHCOKY IIiHY 3aBISKH MOXKJIMBOCTI BHKOPHCTAHHS
MICLIEBUX MarepiajiB 1 CKOPOUEHHSI BUTpAT HAa BUTOTOBJIEHHSI, MOHTAX 1 €KCIUTyaTallif0 B OCHOBHOMY
CIIPUYMHEH] KOMIIO3UTHUM XapaKTepOM CKJIaJy JaHOTO Marepially 1 CHHEPri4HOIO B3aEMOJIEI0 HOTO
CKJIaJIOBUX KOMIOHEHTIB. OfHaK, CJIiJl BpaXOBYBaTHU KUIbKICTh YCKJIAJHIOOUYHMX ACMEKTIB, BKIHOYAIOUH
BIUIUB arpecUBHOIO Cepe/oBHIA Ta KOpPO3ilHI IMpouecH K y OeToHi, Tak 1 B apmarypi. Brims
KOpO31HHX MPOILECIB HA 1CHYIOYl KOHCTPYKIIIi Ha ChOTO/IHI € BU3HAYAILHUM (DAaKTOPOM 3HMKEHHS iX
HQIIHHOCTI 1 eKCIUTyaTalliiiHOT mpuaaTHOCTl. B maHiil cTari 3a METy MOCTaBICHO BU3HAYEHHS 1 UiTKa
i1eHTUdIKaIsT OCHOBHUX (DaKTOpIB KOPO3IMHOro mporecy. SIK KOHKpeTHMH MpPUKIAA PO3IJISIHYTO
0COOJIMBOCTI 3HM)KEHHS MII[HICHUX MapaMeTpiB TEPMIYHO-3MIIIHEHO] apMaTypy MpH MOIIUPEHH] B Hil
KOpPOJIOBAHOT'O I11apy, SIK IMIMPOKO MOLUIMPEHOI CUTYallli B MPAKTULIl TPOEKTyBaHHs. B poOoTi mpoBeneHo
aHAJITUYHE MOJIETIOBAHHS PIBHOMIPHOTO THIy KOpO3ii B paiaJbHOMY HampsMKy 3 OIVISiy Ha
TMOIIAPOBY aHI3OTPOMII0 apMarypHoi craimi. OTpuMaHi pe3yabTaTd MOXYTb OyTH B IOJAJIBIIOMY
3aCTOCOBaHI Il TEOPETHMYHHX JIOCTDKEHh 1 YHCETbHOTO MOJCNIOBAHHS, a TaKOX IS
eKCIIepUMEHTaIbHOI anpoOarrii. [IepcrieKTHBHOI0 € MOKJIMBICTD iX BHUKOPHCTAHHS ISl KOMIUIEKCHOT
OLIIHKM BIUIMBY KOpPO3IMHMX MPOILECIB HA HECydy 3JaTHICTh 1 HAJIHHICTh 3aJ1i300€TOHHOIO €JIeMEeHTa
3arasioM. HeoOXifHO, OJHAK, 3a3HAYMTH, L0 PO3MISTHYTa MOJETb KOpO3ii € JIOCHTh CHpOLICHOIO 1
XapaKTepHU3ye JIUIIE TPAaHUYHUIA BHUIAIOK MOMIMPEHHS 3pyHHOBAHOTO MIapy B MacuBi matepiamy. Jlis
OLTBII TOYHOI 11eHTH]IKAI] KOHKPETHOI CUTYaIlii HeoOXiqHe eMmipruHe 1i KopuryBaHHs. Jlo1aTkoBO
3po0JIeHO AETaTbHUM OIS/ JITepaTypH 1 aHali3 HasBHUX JOCII/DKEHb 3 JAHOTO MHUTaHHs. 3po0JeHo
BHCHOBOK, IO JOCHTIDKCHHIO TMpoOyieMaM KOpo3li B 3ai300€TOHHUX €JIeMEHTaxX 3arajioM 1 B
apMaTypHHUX CTASIX aHI30TPOINHOI CTPYKTYPU HEOOXITHO MPUAUIUTH OUIBIIY KUIBKICTh TEOPETUYHUX
JOCTI/DKEHb. Tako BaKJIMBOIO JUIS OLIHKM OTPUMAHMX PE3yJbTaTiB € (OpMyBaHHS JOKIJIAIHOI i
JIOCTOBIpHOi 0a3u EKCHEpUMEHTAbHUX JaHUX JIaDOpaTOPHUX BHUMPOOYBaHb OKPEMHX 3pasKiB 1
HAOYHHX TEXHIYHUX OTJISA/IIB PEATHHO ICHYFOUMX KOHCTPYKIIIH 1 CIIOPY/I.

KirouoBi ci10Ba: Kopo3sis B 3a1i300€TOHHUX €IE€MEHTax, piIBHOMIpHA KOpO3isl CTali, TEPMIYHO
3MII[HEHA apMaTypa, aHAIITHYHE MOJETIOBAHHSL.
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Yaroslav.Z.Blikharskyy@Ilpnu.ua, ORCID: 0000-0002-3374-9195
'Konmiika H.C., ctynenTka,

kopijka.nadija.1999@gmail.com. ORCID: 0000-0003-2270-4028
Hayuonanvnoui ynusepcumem «Jlveo6ckasn nonumexnukay

yi. C. banzeps! 12, r. JIbBoB, 79013, Ykpanna

AnHoTanus. Illupokoe uCHONB30BaHUE KEIE300CTOHHBIX KOHCTPYKIHUH B Pa3IMYHBIX
00J1acTsIX, XapaKTepHOE Ul UMEIOIIENCs] CTPOUTENIBHOM NMPaKTHUKH, MOKHO OOBSICHUTH Yepe3 psf
UX OpeumyllecTB. JlaHHbIE NpeuMyIEecTBa, BKIIOYAIOLUIUME Pa3HOOOpa3He  BO3MOXKHBIX
KOHCTPYKTUBHBIX U apXUTEKTYPHBIX ()OPM, BBICOKYIO JOJIFOBEYHOCTh U IIPOYHOCTH, OTHOCUTEIBHO
HEBBICOKYIO 1LIeHYy OJyiarogapsi BO3SMOKHOCTH HCIOJIb30BAHUS MECTHBIX MAaTEpPHAJIOB U COKpAIIECHUE
3aTpaT Ha U3rOTOBJICHHE, MOHTA)X M DKCIUIyaTalllI0 B OCHOBHOM BBbI3BaHbl KOMIIO3UTHBIM
XapaKkTepoM COCTaBa JIaHHOTO MaTepHajla U CUHEPrH4eCKMM B3aMMOJECHCTBHEM €ro OTAEIbHBIX
KOMIIOHEHTOB. OJHAaKO, CIEAYET Y4YUTBIBATH KOJUYECTBO YCIIOXKHSIOIMIMX acCIEeKTOB, BKIIIOYas
BO3JICHICTBUE arpeCcCUBHOI cpellbl U KOPPO3HOHHBIE MPOLECCHl Kak B OETOHE, TaK U B apMarype.
BnusiHue KOpPpO3MOHHBIX IPOLIECCOB Ha CYHIECTBYIOIME KOHCTPYKLUM Ha CETONHS SBIIAETCA
OTIPENIENIAIONM (aKTOPOM CHIDKEHHS WX HAJeKHOCTH M OKCIUIyaTaAllMOHHON NPUTOAHOCTH. B
JAHHOM cTaThe IIeJIBI0 MOCTABJICHO OIpEJeIeHUe U YeTKas UICHTU(UKALMS OCHOBHBIX (DAKTOPOB
KOPPO3HOHHOTO Iponecca. B kauecTBe KOHKPETHOTO IIpUMepa PAaCCMOTPEHBI OCOOEHHOCTH
CHI)KEHHE ITPOYHOCTHBIX IAapaMEeTPOB TEPMHUUECKHU-YKPEIUIEHOW apMaTypsl IIPH pacIpOCTPAaHEHUN
B HEHl KOpPOJOBAHOIO CJIOS, KaK ILIMPOKO pACHpOCTPAaHEHHOW CHUTyallud B IIpPaKTHKE
IIPOEKTUPOBaHUsA. B paboTe NpOBEAEHO AHAIUTUYECKOE MOJEIMPOBAHHE PABHOMEPHOI'O THIIA
KOpPpO3UU B PaJuaJbHOM HAMpaBICHUM C YYETOM IOIIAPOBOM aHU3O0TPOIHMH apMaTypHOU CTallu.
[Tonmy4yeHHble pe3yinbTaTbl MOTYT OBITh B JalbHEHIIEM MCIOJIb30BaHbl JJIi TEOPETUYECKHX
UCCJIEIOBAaHUM M YHCIEHHOIO MOJEIMPOBAHUSA, a TakKe il SKCIEpUMEHTAIbHON ampobaluu.
IlepcrieKTUBHOW  ABJIAETCS BO3MOXKHOCTb MX HCIOJB30BaHUS Ul KOMIUIEKCHOM OLICHKH
BO3JCHCTBUSL ~ KOPPO3HUOHHBIX IPOLECCOB HAa  HECYIIYI0 CHOCOOHOCTh M HAaJEXKHOCTb
&Kene300€TOHHOro 3JeMeHTa B LeioM. Heo0XxoanMo, OHAKO, OTMETHTh, YTO paccMaTpuBaeMas
MOJEJIb KOPPO3HH SIBJISIETCS] JOCTATOYHO YIIPOILIEHHON U XapaKTEePU3YeT JIUIIb IIPEIEIbHbIN Cirydai
pacrpocTpaHeHHsl pa3pyLIEHHOTo ClIosl B MaccuBe Marepuania. [l Oonee TOUHON MACHTUDUKALIMN
KOHKPETHOW CHUTyallUM HEOOXOAMMO SMIIMPUYECKOe €€ KOppeKTHpoBaHue. JlomoiaHUTEnbHO
C/IENIaHO TOJAPOOHBIH 0030p JUTEpaTypbl M aHAJIU3 HMEIOIUXCA HCCIEJI0BAaHUA MO JaHHOMY
Bornpocy. CrienaH BbIBOA, YTO MCCIEOBAHUIO IPOOIEMaM KOPPO3HUH B KeEIE€300€TOHHBIX 2JIEMEHTaX
B OOIIEM M apMaTypHBIX CTaJsX AHU30TPOIHOW CTPYKTYPhl B YaCTHOCTH HEOOXOIUMO YIENIUTh
0oJbIllee KOJMYECTBO TEOPETHUECKUX HccieloBaHUMM. Takyke BaXKHOW ISl OLIEHKU IMOJIyYEHHBIX
pe3yabTaToB sBJIseTCs (POpMUpOBaHME TOJAPOOHOW M JOCTOBEPHOM 0a3bl IKCHEPUMEHTATbHBIX
JAHHBIX JTAOOPATOPHBIX MCHBITAHUN OTIENIbHBIX 00pa3l0B M HAIJIAJHBIX TEXHUYECKHX OCMOTPOB
pEaJIbHO CYIIECTBYIOIUX KOHCTPYKLUN U COOPYKEHUH.

KnroueBble c1oBa: Koppo3us B jKeJI€300€TOHHBIX IEMEHTAX, pAaBHOMEPHAsi KOPPO3Us CTalH,
TEPMUYECKH YCHJICHHAs apMaTypa, aHAIUTHYECKOE MOJEITUPOBAHNUE.

Cratta Haaidnuia o penakuii 27.03.2020
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