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Abstract. Analytical inspection showed that
with a long service life of reinforced concrete
structures of hydraulic structures, their individual
elements such as reinforcing bars are destroyed
due to insufficient fatigue and corrosion strength of
the reinforcement metal. They occur mainly under
the action of the main variable loads — bending,
vibrations of reinforced concrete slabs, mechanical
and erosion of the environment. The main causes
of failure of the valve are its rupture and wear due
to repeated action of force factors. The surface
zone of the reinforcement in connection with con-
crete is especially intensively destroyed due to
weak adhesion strength. The use of low-strength
reinforcing steels can also be one of the reasons for
the failure of reinforcement joints with concrete.
Improving the corrosion and mechanical reliability
of reinforced concrete structures of hydraulic struc-
tures is possible through the use of: for the manu-
facture of reinforcing bars which are the main
power structure of reinforced concrete economical-
ly modified alloy steels, which undergo complex
heat treatment and are characterized by high corro-
sion and fatigue properties. alternating) loads; The
resistance against SCRN, VIR and corrosion-
mechanical fatigue of reinforcing steels intended
for the construction industry has been studied.

It was found that the experimental steels, eco-
nomically modified REE, copper-nickel, especially
chromium niobium and vanadium meet the re-
quirements of the International Standard NACE
MR 0175-96 on chemical composition and me-
chanical properties, and steels of grades
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10HSNDA and 20F do not have a sufficiently high
resistance SCRN <limits ©o2min) and corrosion-
fatigue failure, and steels of grades 20F and
06G2B showed low resistance to VIR (CLR> 6%
and CTR> 3%). Therefore, it is necessary to carry
out a full (100%) input control of corrosion and
mechanical resistance of all materials involved in
the manufacture of reinforced concrete structures
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for hydraulic purposes for operation in hydrogen
sulfide-containing environment.

Keywords: corrosion destruction, flooding,
crack resistance, endurance, fatigue strength.

INTRODUCTION

It is known [1 — 5] that the resistance of the
metal to fatigue failure is characterized by the
limit of endurance (fatigue), i.e. it is the high-
est stress that can withstand the metal without
failure at any number of cycles. The endurance
limit is most often determined in tests with
alternating symmetric cycle (R = -1), and
therefore the endurance limit is denoted by 6.-1.

As a rule, the endurance limit is limited to
107 cycles (this number of cycles is called the
test base). Thus, it can be noted that the endur-
ance limit is the maximum cycle stress that can
withstand the material without destruction at
the base number of cycles (for ferrous metals,
this base is 107 cycles). Then on fatigue curves
it is possible to find such important indicator,
as durability at fatigue under which accept
number of cycles of loading which maintains
steel at destruction at a certain pressure [3, 4].

It is known from the literature [1] that the
endurance limit in metal correlates well with
the mechanical properties of metals. Thus, the
value of 6.1 is on average (0.4...0.6) oy - for
carbon and alloy steels; (0.3...0.5) oy - for
bronze and brass. This characteristic can be
similarly compared with Brinell hardness: 6.1
= (0.128-0.156) HB - for carbon steels (0.168-
0.222) HB - for alloy steels; 6.1 = 0.19HB - for
aluminum alloys.

It is known from modern fracture mechan-
ics [2 — 4] that with increasing number of cy-
cles at any stresses above the endurance limit
in metal, the following processes occur se-
quentially: 1) plastic deformation; 2) the for-
mation of cracks, the cells of which are non-
metallic inclusions (HB); 3) gradual develop-
ment of some of them with the predominant
spread of the main crack; 4) rapid final de-
struction.

The process of fatigue begins with the plas-
tic deformation of the surface layers of the
metal fittings. Moreover, the displacement of
dislocations under conditions of re-alternating
loads is observed at loads below the elastic
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limit of the metal. The rate of local plastic de-
formation during cyclic deformation is several
orders of magnitude higher than the rate of
deformation under static loading. Dislocation
slip begins in grains with a favorable orienta-
tion near stress concentrators. As the number
of cycles in the surface layers increases, the
density of dislocations and the number of va-
cancies increases. Upon reaching the base
number of cycles Nr, a surface reinforced lay-
er of metal is formed with a large number of
germinal cracks, the size of which does not
reach a critical value. Increasing the number of
cycles cannot cause further development of
fracture in such a layer. Only when the stresses
exceed the crack endurance limit reach a criti-
cal length [5, 6], after which the process of
their discharge into the main crack begins with
the spread of the latter.

RESEARCH METHODS
AND MATERIALS

As model media used: NACE medium (5%
NaCl solution, which contained 0.5%
CH3COOH and saturated H2S; t = 22 + 20C;
pH = 3.8...4.0); The objects of research were
the following steels: 16G2AF; 20F;
15HSNDA; 10HSNDA; 09G2FB; 06G2B and
08HMCHA.

He corrosion rate was determined using the
gravimetric method: the test period was 480
hours. Samples cut directly from reinforcing
bars with a diameter of 32 mm were also test-
ed for susceptibility to hydrogen-induced frac-
ture (BIR) according to the International
Standard NACE TM-02-90, as such a test is
mandatory when choosing a material for the
manufacture of responsible hydraulic struc-
tures in contact with media, which contain
hydrogen sulfide [1, 5].

The VIR of rectangular samples 80 mm
long (along the rolling), W = 12 mm wide
(across the rolling) and thickness T (deter-
mined by the diameter of the reinforcement
taking into account the allowance for machin-
ing to metallic luster), which were cut directly
from the reinforcing bars after rolling. The test
involves a 96-hour exposure of stressed sam-
ples in a synthetic solution of NACE (5%
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NaCl solution + 0.5% CH3COOH, continuous
saturation of H2S with a bubbling rate of 10
ml/min; pH = 3...4), and the minimum volume
of the solution was 4 ml per 1 cm2 of the sam-
ple surface [18]. Subsequently, the samples
were cut, and the cut surface was polished and
etched in a medium of chemical reagents. All
detected at magnification x 100 cracks were
measured, except those that were at a distance
of up to 1 mm from the surface of the sample.

Based on the measurement results, the coef-
ficients of sensitivity of steel to hydrogen-
induced fracture were calculated according to
the following formulas: coefficient of crack
length CLR = (Xa/W) 100%; the coefficient of
crack formation width CTR = (£b/T) -100,%,
where Xa and Xb are the sum of the longitudi-
nal and transverse dimensions of the crack
formation, respectively.

According to the International Specifica-
tion, the following requirements for hydrogen
resistance of tubular steels are set: for VIR —
coefficients of crack length CLR< 6% and
crack thickness CTR< 3%.

The susceptibility of reinforcing steels to
sulfide corrosion fracture under stress (SCRN)
was determined according to the standard
NACE TM 01-77 (90) — method A (on cylin-
drical samples with a diameter of 6.4 mm),
which allowed the thickness of the reinforce-
ment section [11]. Samples were tested on the
installation of the model "Instron" (UK) under
load (in each experiment used 5 samples). The
ultimate stress 6SSC was determined in order
to compare the quality of steels of different
brands and valves. Test conditions according
to this standard are as follows: duration — 720
h in 5% NaCl solution containing 0.5%
CH3COOH and saturated H2S; pH = 3; t = 22
+ 20C.

The parameter 6SSC was determined from
the dependence oi — Igt (o1 — initial load; T —
time to failure, h), at which the samples are not
destroyed on the accepted time base of tests.

The graph of the dependence i — lgt was
built on the minimum values of time to failure
under each load, because the use of average
values of t is unacceptable given the need for
guaranteed performance of reinforced concrete
structures in technological environments with
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hydrogen sulfide. The shape and dimensions
of the samples for fatigue (multicycle) tests are
shown in Fig. 1.

e

Fig. 1. Sample for tests for fatigue strength
(fatigue)

Long-term strength (air tests) and corro-
sion-fatigue tests were performed on a weight-
type installation USMR-6 under load (in each
experiment used 5 samples). The basis was 1
1x108 cycles (see Fig. 2 and 3).

Fig. 2. Schematic diagram of the installation for
uniaxial stretching. Designation: 1 - refrig-
erator; 2 - sample; 3 - capacity; 4 - furnace;
5 - cargo

Fig. 3. Test cell in NACE medium (with hydrogen
sulfide). Designation: 1 - basis; 2 - cell; 3 -
sample; 4 - core; 5 - lever; 6 - cargo
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Tests for sulfide cracking were performed
according to the method according to the
standard NACETM-01-90 [1]. NACE solution
was used as the model medium. The basic test
period is 720 hours. All samples were tested at
a voltage equal to 0.8 of the yield strength of
the metal reinforcement, which was deter-
mined by the rupture of three samples in air.
Tests of samples with an annular groove in the
middle were performed by the method of con-
tinuous deformation to failure (at low speed €
=2.10°sY) in a corrosive environment.

The results of experimental research
and their discussion

The results of measurements of the corro-
sion rate of metal samples of reinforcing steels
in the model environment NACE are presented
in Fig. 4. Analysis of the data in Fig. 4 shows
that the highest corrosion resistance in this
environment are characterized by economical-
ly modified vanadium, niobium, chromium,
nickel and cerium steels, in particular
16G2AF, 09G2FB, 15HSNDA and
08HMCHA, less resistant to corrosion of steel
grades 06G2B 10 20F.

Va g/(m* - hour)
0.30| s
0.25
0.20}
0.15)

0.101
0.051
0

Fig. 4. Corrosion rate diagram of reinforcing steel
samples in the NACE model environment.
Numbering of samples and grades of steels:
1-16G2AF 2 - 09G2FB 3 - 15HSNDA 4 -
08HMCHA 5 - 06G2B 6 - 10HSNDA

SKRN research

The tendency of reinforcing steels to SKRN
is graphically shown in Fig. 5. It can be seen
that the steels of the following grades
16G2AF, 09G2FB, 15HSNDA, 10HSNDA are

MiABOAHI TEXHOMNOTrII  Bun.11 (2021), 88-95
MpomucnoBa Ta UMBINbHa iHXeHepiA

characterized by the greatest resistance of
SKRN. Steels 20F, 08HMCHA and 06G2B
have slightly lower resistance. It is seen that
both in the resistance to the corrosion process
and in the case of resistance to stress corrosion
(SCRN) there is a complete analogy, ie the
greatest resistance to SCRN is characterized
by steels economically modified with vanadi-
um, niobium, cerium and other useful elements
[8—11].

o,. MPa
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3001
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100 200 300 400 500 600 7001800

720 r,hour

Fig. 5. Susceptibility to sulfide corrosion fracture
under stress of reinforcing steels when tested
in model environments. The numbering cor-
responds to the designation on Fig. 3

However, it should be noted that the absolute
values of otssc should not yet be used in the
design of reinforced concrete structures for
critical purposes, for example for hydraulic
underground structures due to lack of reliable
methods for determining and predicting their
fatigue (long-term) strength, as they can
change and carbon gas and their partial pres-
sures, pH, ambient temperature, process stops,
condition of structures, etc.) [4, 9, 12]. There-
fore, in calculations of long-term strength and
load-bearing capacity of reinforcing steels of
reinforced concrete structures, determining the
diameter of reinforcement, the initial parame-
ter may be the minimum allowable value of
the yield strength of steel omin 0.2, and the
suitability of structural materials is evaluated
by ultimate stresses [10]: ktssc = otssc/omin 0.2
(Fig. 6).

It is considered that steel is suitable for the
manufacture of fittings and operation in tech-
nological environments with a high content of
corrosive components, including hydrogen
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sulfide (up to 20 mol.%), When Kissc > 0.8 [10
—12].

olxu;/oﬂ ;"“"
1 Environment
0.8l NACE
2

0.6L 3
0.4

0.2,

0

Fig. 6. Threshold values of resistance to sulfide
corrosion failure under stress of reinforcing
steels of reinforced concrete structures of
long service life in the NACE environment:
1 - steel 16G2AF; 2 - 09G2FB 3 - steel 20F.
The deviation of the values of ¢ ssc does not
exceed 10%

From the above experimental results it is
seen that the highest corrosion resistance
against SCRN is characterized by steel grade
16G2AF and 09G2FB, and steel grade 20F has
low values of the coefficient kissc = 0.45...0.60
(see Fig. 4). Thus, the performance of steels
for reinforcing steels for construction purpos-
es, which is estimated by the parameters Kissc
and otssc, IS different.

It should be noted that the results of the re-
sistance study of SCRN steels correlate well
with the data of the gravimetric corrosion rate
determination method both in NACE solution
and in NaCl solution (see Fig. 4).

Thus, it can be generalized that economical-
ly modified steels 16G2AF and 09G2FB,
which contain low concentrations of harmful
impurities of sulfur, phosphorus and hydrogen,
are characterized by high resistance to uniform
corrosion, including against SCRN, and there-
fore can be recommended for use in the pro-
duction of reinforcement for reinforced con-
crete structures of hydraulic structures.

VIR research
The results of VIR studies of reinforcing
steel (without application of load) showed that

in the NACE solution is hydrogen cracking
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and surface swelling of some steels grade
06GB and 20F. The calculated values of VIR
hydrogen cracking indicators for these steels
are: CLR =3.2...4.8%; CTR = 6.9...10.8%. It
is established that steels 16G2AF, 09G2FB,
08HMCHA, 15HSNDA- meet the require-
ments of Technical conditions [11 — 17].

Study of corrosion fatigue
(long-term strength)

In the course of experimental researches the
following (Fig. 7) is established:

1) NACE medium, which contains hydro-
gen sulfide, more than 1.75 times, reduces the
fatigue limit of samples with a diameter of 5
mm from steel grade 09G2FB (from 700 to
400 MPa).

2) Hydrogen sulfide-containing medium
NACE almost 5 times (from 490 to 200 MPa)
reduces the fatigue limit of steel 10HSNDA.

3) The highest values of long-term strength
showed experimental steels in NACE. Eco-
nomical modification of REM  steel
(OBHMCHA steel) allowed to increase the
corrosion and fatigue strength even when test-
ed in an aggressive NACE environment more
than 2 times compared to conventional steel
grade 10HSNDA (see Fig. 7). Thus, the condi-
tional limit of corrosion fatigue of steels
15HSNDA and 06G2B in hydrogen sulfide-
containing medium at 1 million cycles (base of
many cycle tests) — (curves 4 and 6 in Fig. 7)
increased from 190 to 280-290 MPa.

o, MPa

o \\‘\_‘_w
600 - - 1

500

o, AN W

16: 1‘0' “0‘ 16" “0’ N, cycle

Fig. 7. Corrosion fatigue curves of reinforcing
steel samples in NACE solution: See steel
grade designation. Fig. 3
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From the above experimental results it can
be generalized that the positive effect of dop-
ing with modifying impurities is observed sta-
bly when using them in low-alloy steels in a
limited amount mentioned above. Their further
increase causes clogging of the metal with
large particles of silicates or oxides and oxy-
sulfides of cerium niobium and vanadium,
without affecting the total number of non-
metallic inclusions.

In domestic and foreign studies by a num-
ber of authors it is noted that the reasons for
the decrease in resistance to SCRN and VIR of
some carbon and low-alloy steels may be the
presence of silicates, as well as microleaching
of individual alloying elements or impurities,
or violation of thermomechanical modes of
reinforcement rods [12, 13].

Therefore, the results of laboratory and ex-
perimental studies have shown that economi-
cally modified steels are characterized by high
corrosion and fatigue strength and can be used
in reinforced concrete structures in contact
with aggressive environments of hydraulic
systems. The obtained results of experimental
researches can be useful for designers at de-
velopment of projects on use of reinforced
concrete products in hydraulic engineering
constructions, for example, underground sewer
systems, ie their careful check in the condi-
tions of industrial construction is required
[15 - 17].

0 100 200 300 400 500 600 700 800
t,hour

Fig. 8. The work of corrosion destruction of rein-
forcement samples in the NACE environ-
ment. Designation of reinforcing steels:
1 - 16G2AF, 2 - 09G2FB, 3 - 15HSNDA,
4 - 0BHMCHA, 5 - 06G2B, 6 - 10HSNDA,
7-20F
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The results of tests of corrosion destruction
of reinforcing steel samples in the NACE envi-
ronment are shown in Fig. 8.

Analysis of the data shown in Fig. 8 makes
it possible to note that the greatest resistance to
sulfide-corrosion fracture have reinforcing
steels brands 16G2AF, 09G2FB, 15HSNDA.
The other brands 08HMCHA, 06G2B,
10HSNDA and 20F have less resistance to
corrosion damage.

CONCLUSIONS

1. The analytical inspection showed that at
long service life of reinforced concrete designs
of hydraulic engineering constructions their
separate elements for example reinforcing
cores are destroyed owing to insufficient fa-
tigue-corrosion durability of metal of arma-
ture. They occur mainly under the action of the
main variable loads - bending, vibrations of
reinforced concrete slabs, mechanical and ero-
sion of the environment. The main causes of
failure of the valve are its rupture and wear
due to repeated action of force factors. The
surface zone of the reinforcement in connec-
tion with concrete is especially intensively
destroyed due to weak adhesion strength. The
use of low-strength reinforcing steels can also
be one of the reasons for the failure of rein-
forcement joints with concrete.

2. Increasing the corrosion-mechanical reli-
ability of reinforced concrete structures of hy-
draulic structures is possible through the use
of: for the manufacture of reinforcing bars
which are the main power structure of rein-
forced concrete economically modified alloy
steels, which undergo complex heat treatment
and are characterized by high corrosion-
fatigue properties. cyclic (alternating) loads;

3. Resistance against SCRN, VIR and cor-
rosion-mechanical fatigue of reinforcing steels
intended for the construction industry is inves-
tigated. It was found that the experimental
steels, economically modified REE, copper-
nickel, especially chromium niobium and va-
nadium meet the requirements of the Interna-
tional Standard NACE MR 0175-96 on chemi-
cal composition and mechanical properties,
and steels of grades 10HSNDA and 20F do not
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have a sufficiently high resistance SCRN
<limits - 60.2min) and corrosion-fatigue fail-
ure, and steels of grades 20F and 06G2B
showed low resistance to VIR (CLR> 6% and
CTR> 3%). Therefore, it is necessary to carry
out a full (100%) input control of corrosion
and mechanical resistance of all materials in-
volved in the manufacture of reinforced con-
crete structures for hydraulic purposes for op-
eration in hydrogen sulfide-containing media.
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HccnenoBanne KOppo3nu 1 MeXaHNYeCKOM
YCTOMYHUBOCTH apMATYPHBIX CTAJICH,
NpeAHa3HAYEHHBIX ISl IKCITyaTaluu
B THAPABJIMYECKHX COOPYKEHHAX

Muxaun Cykau, Mupocnas Kunopauyk,
Banepuii Maxapenxo

AHHOTauus. AHaJIUTHYECKOE OOCIen0BaHNE
[TOKa3ajio, YTO MPH JUIUTEIBHOM CPOKE IKCILTyaTa-
UM KEIe300€TOHHBIX KOHCTPYKIUH THAPOTEXHU-
YECKUX COOPYKEHUI OTHENBHBIE HMX JJIEMEHTHI,
Takhe KaK apMaTypHBIE CTEp:KHH, Pa3pyLIArOTCA
M3-3a HEJJOCTATOYHOM YCTAJIOCTHOM U KOPPO3HOH-
HOM cTOMKOCTH MeTaiia apMmarypbl. OHU BO3HH-
KAalOT B OCHOBHOM IIOJ AECHCTBHEM OCHOBHBIX IIe-
PEMEHHBIX Harpy3ok — n3ruba, BUOpaluu KeJe30-
OCTOHHBIX TUINT, MEXaHUYECKOH M D3PO3HU OKpY-
xKarowed cpeabl. OCHOBHbIE NPUYMHBI BBIXOAA
KJIallaHa W3 CTPOsl — €ro pa3pblB U H3HOC M3-3a
MHOTOKPAaTHOTO JEWUCTBUS CHIIOBBIX (DaKTOPOB.
[loBepxHOCTHast 30Ha apMaTypbl B CBA3M ¢ OeTo-
HOM OCOOEHHO HMHTEHCHBHO pas3pyllaeTcs H3-3a
Caboil TPOYHOCTU ClEeIUIeHHs. Flcroyib3oBaHue
MaJIONPOYHBIX apMaTypPHBIX CTaJIel Tak)Ke MOXKET
OBITH OJHOM W3 MPUYMH Pa3pyLICHHS CTHIKOB ap-
MaTypbl ¢ 6eToHoM. [1oBbIIIEHHE KOPPOSMOHHOM 1
MEXaHMUUYECKOH  HAIEKHOCTH  KeJIe300€TOHHBIX
KOHCTPYKUMH THIPOTEXHUYECKUX COOPYKEHUI
BO3MOXKHO 32 CYeT NMPHUMEHEHUA: i1 H3rOTOBIE-
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HUSl apMaTypHBIX CTEPXKHEH, SBIISIOLIMXCSI OCHOB-
HOM CHIJIOBOW KOHCTPYKIIHMEH >Kene300€TOHHBIX
9KOHOMHMYECKH MOIU(HUINPOBAHHBIX JIETMPOBAH-
HBIX CTaJie, KOTOPbIE MPOXOAT CIOKHYIO TEPMH-
YeCKyr0 00paboTKy W XapaKTepHU3YIOTCS BBICOKOU
KOPPO3HOHHBIE M YCTaJOCTHBIE CBOMCTBa. Iepe-
MeHHbIe) Harpy3ku; M3yuena ctoiikocts kK SCRN,
VIR U KOppO3MOHHO-MEXaHUYECKOH YCTaJIOCTH
apMaTypHbIX CTajel, MpeJHAa3HAYCHHBIX UL
CTPOUTENILHON UHIYCTPHUH.

VY CTaHOBIEHO, YTO ONBITHBIE CTald, YKOHOMH-
geckH ~ MomuduImpoBaHHele P33,  memHo-
HHKEJIEBBIC, OCOOCHHO XPOMOHHOOWN W BaHAIMH
COOTBETCTBYIOT TpEOOBAHUSIM MEXIYHAPOAHOTO
cragnapra NACE MR 0175-96 mo xumuueckomy
COCTaBy W MEXaHMYECKMM CBOWCTBAM, a CTajH
Mapok 10XCHJIA u 20D He MMEIOT IOCTaTOYHO
BbIcokoe conpoTuBieHne SCRN < mpenena
00,2min) ¥ KOPPO3HOHHO-YCTAIIOCTHOE Pa3pyLICHUE,
a craau Mapok 20F u 06G2B nokaszanu HU3KYIO
croiikocts kK VIR (CLR> 6% u CTR> 3%). Ilo-
3TOMY Heo0Xxoxumo mnpoBoauTh HoiHbIM (100%)
BXOJHOM KOHTPOJIb KOPPO3MOHHOM U MeEXaHHWYe-
CKOH CTOMKOCTH BCEX MAaTEpHUAIIOB, 3aJCHCTBOBAaH-
HbIX IIPpU HU3TOTOBJICHHUU )KCHC306CTOHHI>IX KOH-
CTPYKIMH TMAPABIMYECKOTO HAa3HAYCHUS AN pa-
0O0THI B CEPOBOAOPOICOICPIKAIIUX CPEIAX.

Kirouesnie cioBa: KopposuonHoe paspyiie-
HUE, 3aTOIUICHHE, TPEIIMHOCTOWKOCTh, BBIHOCIIH-
BOCTb, YCTAJIOCTHAsI IPOYHOCTBHIO.
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