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Abstract. The aim of the study is to develop a methodology for calculating the strength of normal sections of flexural
reinforced concrete elements, which suffered corrosion damage and were strengthened with external composite reinforcement.
The objects of the study are reinforced concrete elements used in various structures that are exposed to aggressive chloride
environment that causes corrosion of concrete and rebars. The research method is based on the use of a diachronic model of
deformation of corrosion-damaged elements. This model takes into account changes in the mechanical characteristics
of concrete and reinforcement during corrosion and includes equations based on analytical relationships for determining the
initial load-bearing capacity of intact structures. An important aspect of the method is taking into account external polymer
composite reinforcement, which allows to increase the flexural rigidity and strength characteristics of damaged elements.
The Picard’s iterative method, which is designed for approximate solutions of differential equations, was used to ensure the
accuracy of calculations. The results of the study showed that the proposed method allows to effectively assess the strength
of normal sections of reinforced concrete elements subjected to corrosion. It was found that the methodology, which takes
into account the changes in strength and deformation characteristics of materials, as well as the effect of aggressive chloride
environment, ensures high accuracy and reliability of the analysis. The use of external polymer composite reinforcement
significantly increases the stability and durability of structures. Thus, the developed methodology is an important tool for
increasing operational reliability and extending the service life of reinforced concrete structures exposed to aggressive
environments, which is a relevant problem in the construction industry.

Keywords: strength, reinforced concrete, chloride corrosion, composite materials, strengthening of building structures
Conflicts of interest. The authors declare that there is no conflict of interest.
Authors’ contribution. Undivided co-authorship.

For citation: Rimshin V 1., Suleymanova L.A., Amelin P.A. Strength of normal sections of flexural reinforced concrete elements
damaged by corrosion and strengthened with external composite reinforcement. Structural Mechanics of Engineering
Constructions and Buildings. 2024;20(4):331-341. http://doi.org/10.22363/1815-5235-2024-20-4-331-341

Viadimir I. Rimshin, Corresponding Member of the Russian Academy of Architecture and Construction Sciences, Doctor of Technical Sciences, Professor of
the Department of Housing and Utility Complex, Institute of Environmental Engineering and Mechanization, Moscow State University of Civil Engineering
(National Research University), Moscow, Russia; eLIBRARY SPIN-code: 9629-5322; ORCID: 0000-0003-0209-7726; e-mail: v.rimshin@niisf.ru
Lyudmila A. Suleymanova, Doctor of Technical Sciences, Professor of the Department of Construction and Urban Management, Belgorod State
Technological University named after V.G. Shukhov, Belgorod, Russia; eLIBRARY SPIN-code: 7156-3920; ORCID: 0000-0002-1180-558X; e-mail:
ludmilasuleimanova@yandex.ru

Pavel A. Amelin, Assistant of the Department of Construction and Urban Management, Belgorod State Technological University named after V.G. Shukhov,
Belgorod, Russia; eLIBRARY SPIN-code: 8237-9002; ORCID: 0000-0002-7104-3214; e-mail: p.amelin@inbox.ru

© Rimshin V.I., Suleymanova L.A., Amelin P.A., 2024

This work is licensed under a Creative Commons Attribution 4.0 International License
aram https://creativecommons.org/licenses/by-nc/4.0/legalcode

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIA 331


https://orcid.org/0000-0003-0209-7726
https://orcid.org/0000-0002-1180-558X
https://orcid.org/0000-0002-7104-3214

Rimshin V.I., Suleymanova L.A., Amelin P.A. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(4):331-341

IIpoYHOCTHL HOPMAJIBHBIX CeYEeHHH U3rn0aeMbIX Kea1e300€ TOHHBIX 3JIEMEHTOB,
NMOBPEKIACHHBIX KOPPO3Hel U YCUJIEHHBIX BHEIIHUM KOMIIO3UTHBIM AapMHUPOBAHUEM

B.A. Puvmnn' 7™, JI.A. Cyaeiimanosa®”, II.A. Ameann?

! HanpoHansHEI HccIeqoBaTenbekuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENLHEIN YHuBepcuter, Mockea, Poccus
2 benropocKuii rocy1apcTBEHHbIH TexHonornueckuil yausepcurer uM. B.I'. Illyxosa, Benzopod, Poccus
P4 v.rimshin@niisf.ru

Ioctynuna B pepakuuio: 10 anpens 2024 r.
ITpunsita k my6iaukanun: 25 urons 2024 r.

AHHOTanus. VccnenoBanne HanpaBiIeHO Ha pa3pabOTKy METOAMKH pacdera MPOYHOCTH HOPMAJIBHBIX CEUCHHH M3rH0aeMbIX
JKeJIe300€TOHHBIX JIEMEHTOB, MOABEPIIINXCS KOPPO3HOHHBIM ITOBPEXKICHNSM W YCHUJICHHBIX BHEITHUM KOMITIO3UTHBIM apMH-
poBarueM. OOBEKTOM HCCIIE0BAHUS SBIIIOTCS JKeIe300€TOHHBIE KOHCTPYKIIUH, UCTIONb3YEMbIE B PA3INUHBIX COOPYKECHUSX,
KOTOpBIE TOJBEPTalOTCS BO3ACHCTBHIO XJIOPHIHON arpeCCHBHOW CpeNbl, BRI3BIBAIOIICH KOPPO3WI0 OETOHAa W apMaTypHBIX
crepkHel. MeTox uccinenoBanus 0a3upyercss Ha NPUMEHEHUH JHUAaXpOHHOM Mojesnn neOopMHUpPOBAaHUS KOPPO3UOHHO-
TMOBPEKJACHHBIX 3JICMCHTOB. OTta MOJCJIb YUYHUTBIBACT USMCHCHUA MEXAHUYCCKUX XaPAKTECPUCTHUK 6eTOHa 1 apMaTyphl B IIPO-
1ecce KOppo3un M BKIIOYAET B ceOs pacdeThl, OCHOBAaHHBIC HA aHAIMTHYECKHX 3aBUCHMOCTAX JUISl ONpENeICHHs MepBOHa-
YaJbHOM HECyIIeH CIIOCOOHOCTH HETOBPEXICHHBIX KOHCTPYKIMH. Ba)kHBIM acrieKTOM METOJMKH SIBIISIETCSI yYET BHEIIHETO
TMOJMMEPKOMIIO3UTHOI'O apMHUPOBaHMs, KOTOPOC MMO3BOJIACT IOBBICUTH HU3rHOHBIE KECTKOCTU U IMPOYHOCTHBIC XapaKTECPUCTH-
KU TIOBPEKACHHBIX 31eMEHTOB. [I11s1 oOecrieueHnst TOUHOCTH pacyeToB UCIIOIb30BAH UTEpannoHHbIi MeTos [Inkapa, npenHa-
3HAYEHHBIN I aMpPOKCUMAIMH pereHni quddepeHManbHbIX ypaBHEHUH. Pe3ybTaTsl uccieJoBaHus OKa3alt, YTO Mpea-
JIOKCHHAas1 MCTOJHKaA ITO3BOJISCT 3(1)(1)6KTI/IBHO OLICHUBATH MPOYHOCTH HOPMAJIbHBIX CEUCHUIM )K6H6306GTOHH]>IX 3JICMCHTOB,
HOJBEPXKEHHBIX KOPPO3HH. Y CTAHOBJICHO, YTO METOJIMKA, YUUTHIBAIOIIAs] U3MEHEHUS IPOYHOCTHBIX U JIe(hOpMaLHOH-
HBIX XapaKTEPHUCTHK MaTepHajioB, a TAKXKE BO3/ICHCTBHE XJIOPUIHON arpecCHBHON Cpelibl, 00ECTIeunBaET BHICOKYIO TOUHOCTh
U HaJIeXHOCTh pacueToB. [IpuMeHeHue BHEIIHEro NOMUMEPKOMIIO3UTHOTO apMUPOBAHUS 3HAYUTENILHO YBEJIMYHUBACT yCTOMU-
YUBOCTh U JONTOBEYHOCTh KOHCTPYKIMHA. TakuM oOpa3oMm, paspaboTaHHass METOJUKA CIY)KUT BaKHBIM MHCTPYMEHTOM JUIS
TIOBBIIICHNS 3KCIUTYyaTA[IOHHON HAJEKHOCTH M HPOJJICHUS CPOKa CIIyXKOBI >KeNe300€TOHHBIX KOHCTPYKIMH, MOJBEPraro-
HIUXCsI BO3AEHCTBUIO arpeCCUBHBIX CPEJ, UTO ABISIETCS AKTyalIbHOM 3afaueil B CTPOUTENBHON OTPACIIH.

KnaioueBsbie coBa: NpoYHOCTS, )KeN€300€TOH, XJIOPHIHAS KOPPO3Hsl, KOMIIO3UTHBIE MAaTEPHAIIbl, YCHIEHHE CTPOUTEIIBHBIX
KOHCTPYKLMH

3asiBjIeHHe 0 KOH()INKTe HHTEPeCcOB. ABTOPHI 3asBISIOT 00 OTCYTCTBHH KOH(IMKTAa HHTEPECOB.
Bkuan aBropos. HepaszaenbHoe coaBTOPCTBO.

s uurupoBanusi: Rimshin V.1, Suleymanova L.A., Amelin P.A. Strength of normal sections of flexural reinforced concrete

elements damaged by corrosion and strengthened with external composite reinforcement // CtpoutesnbHas MeXaHUKa UHKE-
HEepHBIX KOHCTPYKIHiA 1 coopyxenuii. 2024. T. 20. Ne 4. C. 331-341. http://doi.org/10.22363/1815-5235-2024-20-4-331-341

1. Introduction
1.1. Problems of Corrosion of Reinforced Concrete Structures

Buildings and structures may contain flexural reinforced concrete elements that are exposed to
aggressive corrosion loads, which leads to deterioration of concrete and reinforcement, causing premature
onset of limit states [1-4]. Corrosion of reinforced concrete is a complex set of chemical processes,
as a result of which the strength and deformation properties are significantly changed [5-7].
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One of the key problems in construction is exposure to chloride environments, which is recognized as
hazardous and is widespread in practice. Studies conducted by various methods, including expert surveys,
analysis of project documentation and field observations, show that about 3/4 of enterprises in chemical,
metallurgical and other industries, as well as in the field of transportation and in coastal areas, are exposed
to aggressive environments containing chlorides [8—10].

1.2. Existing Models of Corrosion Damage

At the moment, the processes of determining the stress-strain state of structures damaged by corrosion
under the combined action of service and environmental loads have been sufficiently investigated.
The works of V.M. Bondarenko, V.I. Rimshin, N.K. Rosental, A.I. Popesko, I.G. Ovchinnikov, G.A. Smolyago,
V.P. Selyaev, V.P. Chirkov, P.S. Mangat, G.C. Gaal, R. Al-Hammoud, C. Andrade and others [1-16] are
devoted to this subject.

In the model of corrosion damage of concrete, it is possible to partially apply the dissipative resistance
theory of V.M. Bondarenko [5], according to which the cross-section of the element is divided into three zones.
The first zone represents the area of complete material failure of thickness Z". The second zone is a transitional
zone of partial concrete damage of thickness 6. The third zone is the area of concrete undamaged by corrosion
of thickness p (Figure 1).

By - K*=1

I — K*

Agressive —_—— /_

environment

7

compressive stress
compressive stress

Figure 1. The change of strength characteristics of concrete along the cross section

and the relationship between the depth of corrosion and stresses
S ource: made by V.I. Rimshin, L.A. Suleymanova, P.A. Amelin

According to the theory, the stress in corrosion-damaged concrete is described by the following
relationship [4-6]:

G oo =0, (1) K (2), (1)

where o, (¢) is the stress-strain model of undamaged concrete; K(z) is the function of damage for layer of

thickness z.
Coefficient K varies between 0 and 1 and is defined in general form as:

K (Z)Ziiaiz g 2

where zis the vertical coordinate measured from the stress axis of the corrosion-damaged concrete
element; a, are the coefficients of the power series, which are found at fixed values of K.
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According to the model, the conditions for determining parameters a; are the following:

dk”
tz=p Kp)=1 2| _=o, 3
at z=p K(p) r - 3)
at z>p K'(p+d)=K,. (4)

Given that z=p+ 06 — K (p+c)=0, coefficients a,, a,, a, are equal to:

_(rY.
a, (6)3 (5)

a1=26£2; (6)
1
a2=—8—2. (7)

Rebar corrosion changes the geometric characteristics of reinforcement to a greater extent than the
physical and mechanical characteristics of steel. The calculated cross-sectional area of damaged steel
reinforcement is presented as [15]:

A =44, ®)

where As is the cross-sectional area of rebar before corrosion; 4" is the calculated area of corrosion
damage of rebar cross-section determined from Table 1.

Table 1
Models of corrosion development along the rebar cross-section and calculated area of corrosion damage

Rebar corrosion type Hlustration Function for determining the corrosion area of rebar, 4,

)

Absence of critical concentration 0

Continuous uniform corrosion \ / j 7I5S (2r - 55 )
\| /
pE P-4

8 |
. . . 1
Continuous non-uniform corrosion |\ ) J I/SV i
\ . © g
— // |
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Ending of the Table 1

Rebar corrosion type Illustration Function for determining the corrosion area of rebar, 4"

/ \ 82\/m—m’ +8? arcsin Jm - 2r6S\/E - 2r83\/Z+

| +8_Jmr® —8>m* + r’arcsin d,Nm
Local and pitting corrosion s s .
/’_\/ B 85

where m 3
A

S ource: made by V.I. Rimshin, L.A. Suleymanova, P.A. Amelin
Note. r is the original radius of rebar, ds is the depth of corrosion damage.

The depth of corrosion of steel reinforcement in the studies of I.G. Ovchinnikov is determined by
the following relationship [16]:
0,t<t,,

8, =18, ,(t—t,) , 9)
T+(t te)

where §, ,, T are experimental constants of damage; finc is the corrosion initiation time.
The time duration of the incubation period is determined based on the Fick’s law [15]:

2

p =L | 4 (10)
inc 12D 1_& H
C

N

where D is the coefficient of chloride diffusion, a is the thickness of the protective layer of concrete, C; is
the chloride concentration at concrete surface.

1.3. Existing Prerequisites for Composite Strengthening of Reinforced Concrete Elements

A relevant problem in long-term operation of buildings and structures is the extension of the remaining
service life of damaged reinforced concrete elements. In construction practice, the process of inspection of
technical condition of reinforced concrete structures is performed simultaneously with the aim to increase
the bearing capacity of the elements for resisting higher load values.

Along with the existing methods of strengthening of structures, such as increasing the cross-section
and reinforcement, application of steel casings, the method of external polymer composite reinforcement
is used. The development and application of strengthening methods for intact reinforced concrete structures
with external composite reinforcement became possible owing to theoretical and experimental works of
V.I. Rimshin, D.R. Mailyan, V.I. Morozov, S.I. Merkulov, P.P. Polsky, J.F. Bonacci, A.H. Al-Saidy and
others [17-23].

The tensile behavior of composite materials is characterized by their elastic deformation up to
fracture. Composite fibers differ from steel in that they are not ductile and their failure is brittle. The stress
of composite materials depends on their strain according to Hooke’s equation:
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6,=E&,8 ,, (11)

where £ is the elastic modulus of the composite material; ¢ , is the fiber strain at a specific moment in time.

This affects the strengthening design of reinforced concrete structures with external reinforcement
made of composites, as restrictions are imposed on the magnitude of elastic deformations of concrete and
steel.

However, at the moment, the problem of determining the load-bearing capacity of previously
damaged flexural reinforced concrete elements due to contact with aggressive chloride environment during
operation is studied to a small extent. Which is the subject of this scientific study.

The objects of this study are flexural reinforced concrete elements damaged by aggressive chloride
environment and strengthened with external composite reinforcement.

The aim of the study is to develop a methodology for calculating the strength of the normal sections
of flexural reinforced concrete elements subjected to aggressive chloride environment and strengthened
with external polymer composite reinforcement.

2. Methods

In this paper, a mathematical iterative method is used for determining the unknowns, which is reduced
to the sequential application of the Picard’s method.

The Picard’s method, when used as a tool for partitioning the cross-section of a reinforced concrete
element, is an iterative approach used for analysis and modeling of damaged structures. It involves
successive refinement of the cross-section characteristics by dividing it into sub-elements and iteratively
calculating their properties. In general, the formula of the iterative Picard’s method is defined by the
following relationship:

y(t)=y0+J.;f(x,y(x))dx. (12)

Below is the solution algorithm:

> Initial conditions such as cross-sectional configurations of the reinforced concrete element, including
dimensions, shape, position and number of rebars, geometric parameters of damage such as depth and
length of cracks are specified.

» The cross-section is divided into several zones (sub-elements), taking into account both damaged
and undamaged areas.

» An initial approximation of y is selected (adopted at first as a constant) and substituted in the right-
hand side of the differential equation: dy /dx = f(x, y).

» The equation is integrated with respect to x, which yields y in terms of x in the second
approximation, and the specified numerical values are substituted into it. The result is rounded to the
specified number of decimal places or significant digits. Initially, the mechanical properties of each sub-
element are evaluated. Iterative calculation of the stress-strain state is performed for each sub-element,
taking into account the interaction between them. The sub-element characteristics are updated based on the
calculation results, gradually refining the model.

» The iterative process is repeated until convergence is achieved, when changes in the characteristics
become insignificant. The results are verified to ensure that the model is adequate and the calculations are
correct.

» Integral characteristics of the entire section, such as moment of inertia, static moment, stiffness
and bearing capacity, are determined on the basis of the iterative calculations.

The Picard’s method in this context provides accurate modeling and analysis, which is essential for
assessing the condition of a structure and making decisions about its repair or strengthening.
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3. Results and Discussion

The methodology of strength analysis of flexural elements assumes initial determination of flexural
strength M of the undamaged structure using the following analytical relationships:

o Z, h
N+o6 A +0 A +bj_l/26pdz+bj /zccdz =0; (13)

o Z, h/2
M+o, Az .+0.4.z, +bI_h/chzdz +bjz0 c,.zdz =0. (14)

Further, to calculate the strength of normal sections damaged by corrosion and elements with
cracks, a special case of the diachronic deformation model of V.V. Belov and S.Ye. Nikitin is used [24; 25].
This model takes into account:

» changes in strength and deformation characteristics of concrete in compression and tension;

» development of corrosion in rebars;

For the normal section, the resultant systems of equations of the diachronic model of deformation for

corrosion-damaged reinforced concrete elements comprise the conditions of static equivalence XN, =0

and XM =0, as well as kinematic relationships under all-round aggression:
New=b[ 61 (1)y+ 28] 1% (1) +(5=28,) [0, (D + Ar e Err= Asen s (15)

—bj o) ( ydy+28j ¢ (v) ydy +
h ho
+(b—282)j5 ,(y)ydy+A4  Es, (5 j AscorEsss(E—aj, (16)
_m:L, (17)
X

where 7 is the height of the rectangular section; b is the width of the rectangular section; €' is the strain
of the reinforcement in tension, in the middle section; E, is the elastic modulus of the reinforcement; a is
the distance from the resultant force in the reinforcement to the closest section edge; €, is the concrete
strain, in the middle section; cjeg’,cb are the concrete stresses in the damaged and undamaged zones

respectively; d,, 0, are the depths of damage of the concrete section in the compression zone and side edges.

The calculation methodology is based on a number of assumptions and hypotheses, including the
assumption of constant external load on the element and concentration of aggressive environment around
the section throughout the entire observation period. Corrosion of reinforcement by section reduction and
polynomial stress-strain relationship of concrete are also taken into account. It is assumed that the axis of
the center of gravity passes through the middle of the beam section height.

The contribution of external composite strengthening of flexural element is determined by adding the
forces in the composite reinforcement at a distance 4/2 from the location of the axis of symmetry to the
equilibrium equations (15) and (16), as shown in Figure 2.

As a result, the following relationships are obtained:

N =b o (128, 0 (190 +(v-282) [ 0, (1 +

+A;,corE;€b - As,corEsss - AfEfef; (1 8)
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5 egr Y _degr *
M =b[ o3 (y)yay+28,[ .0 (V) yay+(p-252) LIGI, (»)ydy +

hi/2

N N h R h h .
+As,corES8b (5_51 j - As,corEsgs (5_0) - As,corESSS E ) (19)
g, x
y i g (20)
ey h—x
b
qa where A, is the cross-sectional area of the composite material;
/%/ E, is the elastic modulus of the composite material; €7 is the
6 34 g cor . . . . . . .
s 1 . strain of the composite material, in the middle section.
! 84 In order to perform the iterative calculation, equations (17)
=
X, |, and (18) defining axial force NV, and bending moment M are
| \ﬁ‘ L : 5
] 5/ 1
expressed in terms of flexural stiffness D, curvature - and fiber
strain at the starting point €,:
! 21
N =Diz—+ D3€os 2
Vx
s
1
M s = D11—+ D1i3€o - (22)
Figure 2. Model of the normal section I'x

of strengthened damaged rectangular element o ]
S ource: made by V. Rimshin Taking into account the forces of the polymer composite

L.A. Suleymanova, P.A. Amelin material, the flexural stiffness values are equal to:

5 eg r * eg r *
Di=b[ B vy dy+ 28] B (n)viy 0y +(6-28) [ E, (v)vsyay+

2

N R N A
+As,corasEsVs (5_0 ) - As,cor(xs EsVs [E_aj - Aj(xfEf[E) > (23)

3 egr ¥ egr *
Du=b[ EX* (y)vsy oy + 2BZJ&E§ (s oy +(b-282) L,]Eb (Mvsy Iy +

hl/2

. NN . h
+ Ag.corOs E sV Eg—a j - As,corocSEsvs(E—a) - A/-ongf (%) (24)

8

Di3 = bj E;egr (y)vbay + ZSZI;Esegr (y)Vbay + (b—282) _[;Eb (y)vbay +

hil2

+A;,cora;E;vs - As,coraSESVs - AfafEfa (25)

where E&¢" F, are the elastic moduli of concrete in damaged and undamaged zones respectively; E.. E,

are the elastic moduli of reinforcement in tension and compression zones respectively; £, is the elastic

modulus of the polymer composite material; o(;,, o,.o, are the adjustment factors of geometrical

characteristics of compressed, stretched and polymer composite reinforcement; v,,y, are the coefficients
of the secant modulus of concrete and reinforcement of a particular region.
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4. Conclusion

In this study, the general relationships of stress-strain state changes in corrosion-damaged flexural
reinforced concrete elements, which are strengthened with external polymer composite reinforcement, were
determined. The results of the study allowed to formulate the following conclusions:

1. A methodology for calculating the strength of flexural reinforced concrete elements has been
developed, including the initial determination of the load-bearing capacity of undamaged structure using
analytical relationships.

2. To estimate the strength of normal sections of corrosion-damaged reinforced concrete elements,
a diachronic deformation model was used, which takes into account the changes in strength and deformation
characteristics of concrete and reinforcement due to corrosion.

3. The developed methodology includes stress-strain models of corrosion-damaged reinforced
concrete elements and application of external polymer composite reinforcement, which makes it possible
to accurately determine flexural stiffness and strength characteristics of structures.

4. The proposed methodology is based on a number of assumptions, including constant external load
and concentration of aggressive environment around the cross-section throughout the observation period,
which ensures the stability of the calculations.

5.1t is established that exposure to aggressive chloride environment is a critical factor contributing
to the corrosion of concrete and reinforcement, which leads to premature failure of reinforced concrete
structures.

6. In order to obtain accurate results, the Picard’s mathematical iterative method, designed for
approximate solutions of differential equations, was applied, which provides high accuracy and reliability
of the results.

These conclusions emphasize the significance of the developed methodology and its potential for
improving practices of protection and strengthening of reinforced concrete structures in aggressive
environments.
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