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by nonlinear dependences. In the resulting defining equations, the hypothesis of
flat sections, as well as the premise of reaching the limit values of concrete de-
formations on the stretched fibers of the cross-section are used. Stresses in con-
crete are determined through deformation values in accordance with the nonline-
ar deformation diagram of concrete. On the basis of the assumptions accepted,
analytical dependences for determining the moment of cracking in the sections
of bending elements with single and double reinforcement have been acquired.
The formulas obtained were used in the analysis of various factors influence on
crack resistance of bendable reinforced concrete elements. It was found out that
the moment of crack formation practically does not change when percentage

of reinforcement of longitudinal tensile or compressed reinforcement changes.
The most effective method of crack resistance improvement is the increase of
concrete strength. The proposed methodology is verified by comparison with
experimental results on reinforced concrete prototypes. It is concluded that
the use of the diagram of nonlinear deformation of concrete on the basis of
the theory of plasticity by G.A. Geniev allows to estimate more strictly the crack
resistance of reinforced concrete rod elements.

For citation

Vu N.T., Fedorova N.V. Calculation of the
formation of normal cracks in a reinforced
concrete element based on the deformation
theory of plasticity of concrete by G.A. Geniev.
Structural Mechanics of Engineering Con-
structions and Buildings. 2023;19(1):3-16.
http://doi.org/10.22363/1815-5235-2023- Keywords: deformation diagrams, plasticity, relative deformations, reinforced
19-1-3-16 concrete structures, cracking moment

Ngoc Tuyen Vu, Candidate of Technical Sciences, senior lecturer, Department of Fundamental Education, Moscow State University of Civil Engineering
(National Research University), 26 Yaroslavskoye Shosse, Moscow, 129337, Russian Federation; ORCID: 0000-0001-5755-8345, Scopus Author ID:
57215934802, eLIBRARY SPIN-code: 5948-4496; ngoctuyennd9 1 @gmail.com

Natalia V. Fedorova, Doctor of Technical Sciences, Professor, leading researcher, Department No. 40 “Perspective Priority Directions in Construction
Equipment”, Research Institute of Building Physics of the Russian Academy of Architecture and Building Sciences; 21 Lokomotivny Proezd, Moscow,
127238, Russian Federation; ORCID: 0000-0002-5392-9150, Scopus Author ID: 57196437054, ResearcherID: O-8119-2015, eLIBRARY SPIN-code:
3365-8320; fedorovanv@mgsu.ru

© VuN.T., Fedorova N.V., 2023
This work is licensed under a Creative Commons Attribution 4.0 International License
AT https://creativecommons.org/licenses/by-nc/4.0/legalcode

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN 3


https://orcid.org/0000-0002-5392-9150
https://orcid.org/0000-0001-5755-8345

Vu N.T., Fedorova N.V. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(1):3-16

Pacuer no 00pa3oBaHNI0 HOPMAJIBHBIX TPEIUHMH B KeJI€300€ TOHHOM 3JIeMEHTe
Ha OCHOBe AeOopMalMOHHOM Teopuu MmjaacTu4HocTH 0eToHa I'.A. I'enneBa
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Hcropus cratbn AnHoTauus. [IpeacrasieHa yTouHeHHas METOIMKA ONPEeTICHUsI MOMEHTA Tpe-
[Mocrymnuna B penakuuto: 7 okrsiops 2022 r. LIMHOOOPa30BaHUsl B HKEJIE300€TOHHBIX CTEPKHEBBIX KOHCTPYKIMSIX C UCTIOJIB30BAaHHU-
Jopaborana: 21 nexa0ps 2022 r. €M JMarpammsl JieopMUpoBaHUs OETOHA, MOCTPOCHHOW Ha OCHOBE Je(hOpMAIIHOH-
IMpunsra k mybnaukamuu: 25 nexadbps 2022 r. HO Teopuu mnactuuHocTy I'.A. I'eHueBa, B KOTOPOH HHBApHAHTh! HAIPSKEHHOTO

1 1eOPMUPOBAHHOTO COCTOSTHHSI OETOHA CBSI3aHBI MEKAY COOOH HENMHEHHBIMU
3aBUCUMOCTAMU. B IONyuYeHHBIX ONPENENAIONUX YPABHEHUAX HCIIOJIb30BaHbI
THIOTE3a INIOCKHUX CEYEHHUH, a TAkoKe MPEIIOChUIKA O JOCTHXEHUHU Ha PACTIHYTHIX
BOJIOKHAX TONEPEYHOr0 CEYCHHUs NMpEIeNIbHbIX 3HaueHHW nedopmanuii 6eToHa.
Hamnpspxenust B 6eTOHE ONpeersiFoTes Yepe3 3HaueHns aeopMannii B COOTBET-
CTBUU ¢ HEIMHEHHOH nuarpaMMoii nedopmupoBanus 6erona. Ha ocHoBe npuHs-
TBIX TPEIIOCHUIOK TOJNyYeHbl aHATUTHYECKHE 3aBUCHMOCTH JUIS OIpENeIICHUS
MOMCHTA TpCHLI/IHOO6pa3OBaHI/Iﬂ B CEUYEHHSAX M3rM0aeMbIX DJIEMEHTOB C BapuaHTaMH
OJMHOYHOTO W JBOWHOTO apMmupoBaHus. [loxyueHHBIE (HOPMYIBI IPHUMEHSIINCH
IpY aHaJIM3€ BIWSIHUA PA3IMYHBIX (PAKTOPOB HA TPELIMHOCTOMKOCTH U3rHOaeMbIX
JKeJIe300€TOHHBIX 3JIEMEHTOB. Y CTAaHOBJICHO, YTO IPH M3MEHEHUH IIPOLIEHTa ap-

st UMTHPOBAHUSE MUPOBaHUS IPOJIOJILHOM PACTSHYTOM MM CXKATOI apMaTypbl MOMEHT 00pa30BaHUs
Vu N.T. Fedorova N.V. Calculation of TPEIIUH MpaKkTHIecKu He Mensercs. Hambonee apdhexTHBHBIM METOIOM IOBHI-
IIEHUSI TPEIIMHOCTOMKOCTH SIBJISCTCSl YBEIMUYEHUEe NpoyHOoCcTH OeToHa. IIpenso-
JKEHHAasi METOJIMKa BepU(UIMPOBaHA CPaBHEHHEM C IKCIIEPUMEHTAIBHBIMU pe-
3yJIbTaTaMH Ha )KeJIe300€TOHHBIX ONBITHBIX 0Opa3uax. CienaH BbIBOJ O TOM, YTO
WCIIONIb30BAHNE HAarPaMMbl HETMHEHHOTO 1e(OpMUpOBaHUs OETOHA HA OCHOBE
teopun mwiactudHocty [.A. ['enreBa mo3Bossiet 0oJee CTPOro OLEHUThH TPEIHHO-
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Introduction

It is known that in reinforced concrete structures under the action of loads and impacts, the formation of
cracks is allowed due to partial or complete removal of the stretched concrete zone from the work [1-4].
The work of many scientists, such as V.I. Murashev [5], A.A. Gvozdev [6], A.S. Zalesov [7], V.N. Baikov [8],
N.I. Karpenko [9], E.N. Kodysh [10], N.N. Trekin [11], V.A. Eryshev [12; 13], VLI. Kolchunov [14],
A.G. Tamrazyan et al. [15] was devoted to the solution of this problem in different periods of time. A number
of methods has been developed for determining the moment of crack formation, and successfully implemented
in regulatory documents of different generations. Nevertheless, accurate prediction of the crack formation pro-
cess has not lost its relevance and is important for improving the design of safe reinforced concrete structures,
and in some cases it is critical and excludes the possibility of their further operation (for example, waterproof
structures, structures operated in ground water, reservoirs, silos, coating shells [16—18], etc. ). The accurate de-
termination of the moment of crack formation for structures made of high-strength reinforced concrete and fiber
reinforced concrete is of particular importance [19-22]. As shown in [23] the range of deformation to failure
is relatively short and does not exceed 25-30% in such structures after the formation of cracks. Such studies

By Hzok Tyen, xanquaT TEXHHYECKHX HayK, CTapLIMH HpernojaBatesb, Kadenpa GyHIaMeHTansHOro oopasoBanus, HallmoHaIbHBIN HCCIIe10BaTEIbCKUI
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are also relevant for conventional mass-designed structures, since the formation of cracks entails a significant
change in the parameters of the limit states of the second group — stiffness, crack opening, which in many cases
become decisive when assigning reinforcement and the level of prestressing. In this regard, studies aimed at cla-
rifying the level of load at which cracks form in the structure continue to be relevant

In the previous Russian Construction Standards and Regulations (SNiP) 2.03.01-84*! the structural model
for determining the force perceived by the cross-sections of the bending elements normal to the longitudinal axis
during the formation of cracks was built on the basis of the following provisions. The hypothesis of flat sections
(Bernoulli's hypothesis) is adopted when the calculated section is deformed. It was assumed that at the moment
of cracking, the relative deformation of the extreme stretched fiber of concrete reaches a maximum value equal
to 2R, ../ E,, and the stress in tensile concrete, regardless of its deformations, was assumed to be constant and

equal to the tensile strength of concrete Ry sr. The stresses in the concrete at the compressed zone are determined
taking into account the elastic deformations of the concrete, i.e. the stress diagram in the compressed zone has
a triangular shape (Figure 1, a). According to the accepted provisions, the moment perceived by the section
normal to the longitudinal axis of the element during the formation of a crack is determined by the formula:
Mcrc = Rbt,seerl' (1)
The concept of elastic-plastic moment of resistance is introduced in order to take into account plastic de-
formations of tensile concrete Wj:

. 2(1,, +al, +al,) ... )

1
P h—x

A
Cl,s'

2

—

A S Rbt, ser Rbl‘, ser

a b

Figure 1. Schemes of the stress diagram in the cross section of the element
when calculating it according to the formation of cracks normal to the longitudinal axis of the element:
a — according to SNiP 2.03.01.84*; b — according to SP 63.13330.2018>

In the new code of rules currently in force SP 63.13330.2018, in contrast to SNiP 2.03.01.84*, some ex-
cellent starting points for constructing a calculation model are adopted: the stress diagram in the tensile zone of
concrete takes a trapezoidal shape with stresses not exceeding the design values of concrete resistance stretching
Ruiser; the relative deformation of the extreme stretched fiber of concrete is taken equal to its limit value
€y = 0,00015 (Figure 1, D).

From the point of view of the theory of elasticity, the above approaches for determining the moment of
cracking in the cross section of reinforced concrete elements violate the generalized Hooke's law for con-
crete [24]. It has also been proved by experimental data that the actual diagram of concrete stresses in the tensile
and compressed zone differs from the accepted one and has a curvilinear shape even with a low level of
loading [25-30]. Therefore, such approaches, described in domestic standards in order to simplify the calculation

"' SNiP 2.03.01.84*. Concrete and reinforced concrete structures. Moscow: USSR Gosstroi Publ.; 1989. 84 p. (In Russ.)
2 SP 63.13330.2018. Concrete and reinforced concrete structures. Main provisions. Moscow: Ministry of Construction and Hous-
ing and Communal Services of the Russian Federation; 2018. 124 p. (In Russ.)

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 5



Vu N.T., Fedorova N.V. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(1):3-16

apparatus, are conditional. In this regard, it is of interest to quantify the noted assumptions and develop a variant
of a more rigorous calculation model, taking into account the plastic deformations of concrete to determine
the limiting force perceived by the sections of bending elements normal to the longitudinal axis during the for-
mation of cracks. The solution of the problem under consideration in this paper is based on the deformation theo-
ry of plasticity of concrete by G.A. Geniev.

Method

The stress-strain state of a bent reinforced concrete element before the formation of cracks will be deter-
mined based on the following assumptions:

1. Sections remain flat during bending, i.e. deformations along the height of the element change according
to a linear law [31].

2. The stresses in the concrete of the compressed and tensile zones are determined taking into account the
inelastic deformations described by the deformation theory of plasticity of concrete by G.A. Geniev [32; 33].

3. The condition for the formation of a crack in the section is the equality of the limiting deformations on

the stretched side of concrete to the value of the limiting tensile strength of concrete €, -

4. Stresses in tensile reinforcement are taken depending on the relative deformations as for an elastic body.
In accordance with the adopted second hypothesis, the invariants of the stressed and deformed state of
concrete are interconnected by nonlinear dependencies:

r
T—%(PEFJR 3)

where the initial shear modulus Gy is determined by the formula

__E
%_2u+@’ @

I, I's — intensity of shear deformations and its limiting value respectively.

To determine the moment of formation of normal cracks, consider the case of pure bending of a reinforced
concrete rod, for which only normal stresses occur in the cross section. In this case, we have the following
boundary conditions: 6, #0, ©, =0;,.

Let us express the intensity of concrete shear deformations and its limiting value in terms of the main
deformations:

= \/g\/(sl —g, )2 +(e, —83)2 +(eg;—¢, )2 = \/g\/(gl -V, )2 +(ve, —ve, )2 +(ve, —¢, )2 :%(l—v)gl; (5)
r, =%(1—v)sl,uh- (6)

Let us express in (1) the intensity of shear stresses, the square of which is numerically equal to the second
invariant of the stress deviator:

1

T:%\/(Gl—02)2+(02—03)2+(03—01)2 :%\/(01_0)2+(0_0)2+(0_61)2 :ﬁcl' (7)

Putting formulas (4)—(7) in (3) we get a nonlinear relationship between the main stress and the main de-
formation of concrete € in cross section with pure bending:
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€

c,=E|1- €. (8)

81 Lult

Formula (8) for compressed and tensile concrete can be written as

€
o,(e,)=E,|1- : €45 )
b,ult
t4
Oy (8y) = E, | 1-——2— |&,,. (10)
bt,ult

Here, the ultimate strains of concrete in tension and compression are determined by the formulas

2 Rb ser
Epult = — (11)
Eb
Rb ser
Bunan =25 (12)
b

In accordance with the accepted third and fourth prerequisites for calculating the stress and strain dia-
grams in the cross section of a reinforced concrete element, they have the form shown in Figure 2.

1-1

% £
% "

9 EaN

AV & bt ult

Figure 2. The adopted scheme for the distribution of strains and stresses
in the section of the element when determining the moment of cracking

Using the accepted first premise, we determine the deformation of compressed concrete at a distance xb
from the neutral axis:

Xy

g, =—2—
b
h—x

Eptult- (13)

Similarly, we determine the deformation of tensile concrete at a distance xy: from the neutral axis:

Xy

14
Ep = h——tx Eptult- (14)
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Using formulas (11) and (13) into formula (9), we obtain the dependence of the stress of compressed con-
crete on xp:

Rbt,serxb |:2Rh,ser (h - )C) - Rbt,serxb:l
R (h - x)2 .

b,ser

o,(x,) =

(15)

Similarly, putting (12) and (14) into formula (10), we obtain the stress of tensile concrete, depending on x;:

Rbt,serxbt |:2 (h - 'x) - xbt :|
(h=x) |

Oy (X ) = (16)

We also determine the deformations of tensioned and compressed reinforcement from the first premise
about flat sections:

. _h—x—as8 2Ry h—x-a, 1

s h—x bt,ult Eb h—x s ( )
X—CZS/ 2]abtser x_ag

£, = = —— (18)

sc h—x 8bt,uh_ Eb h_x'
From the condition that the sum of the projections of all longitudinal forces is equal to zero, we obtain
the following expression:

h—

2X=0,Eg A+ I Ot (xbt)bd(xbt) :J.Gb (xh)bd(xh)+E e, (19)
0

s7sct st
0

Using formulas (15)—(18) into formula (19) we get

(1+B)bx’ +3| 20( 4, + 4 ) +bh | x> +6[ o 40, — Al )—ah(24,+ 4))=bi* |x+

“2h{bh* +30[ 4, (h—a,)+ Ala, ]} =0, 20)

here,

E Rbt ser
o=—; p=——.
£, p 2 1)

b,ser

From the solution of the cubic equation (20), the height of the compressed zone of the section is deter-
mined. After that, we can determine the moment of internal forces relative to the zero line. It will be equal to
the external moment:

h—x x
M, =E¢g A (h—x—as)+ J Oy, (xbt)bxbtd(xbt)+Jcb (xb)bxbd(xb)+EssscA; (x—ai). (22)
0 0

Being used in formula (22) the found formulas for stresses in concrete and deformations in reinforcement,
we obtain:

8 ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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— 2’(x‘]stt,ser + SSbtRbt,ser + BJ[J I:SR[LSGT (h —X) _3Rbt,serx:| + 2(x‘]\/R

bt,ser
Ccrc - 9 23
h—x 6 4(h—x)2 h—x 23)
rae
JszAs(h—x—aS)2 (24)
moment of inertia of tensile reinforcement to the neutral axis;
2
b(h—x
S, = u (25)
2
static moment of tensioned concrete to the neutral axis;
bx’
J, = (26)
3
moment of inertia of compressed concrete to the neutral axis;
J =4 (x-a) 27)

moment of inertia of compressed reinforcement to the neutral axis.
. . . . : I _ -
Let us consider a special case of a single reinforcement. In this case, when A, =a, =0, the equation

for determining the height of the compressed zone takes the form
(1+B)bx* +3(2ad, +bh)x* +6] ad, (a,~2h)~bh* |x+2h[ bh* +3ad,(h-a,)]=0. (28)

The moment of cracking is determined by the expression:

— Z(X‘JSRbt,scr + 5Sbt]zbt,scr + BJb |:8Rb,50r (h B .X) B 3Rbts5°rx:|
cre h—x 6 4(h _ _x)2 .

(29)

Results and discussion

According to the obtained calculated dependences, the calculation of the moment of crack formation in
a reinforced concrete bending element of a rectangular section with section dimensions: height # = 200 mm,
width b = 100 mm was performed. A short load action was considered. A500 class reinforcement with modulus

of elasticity is adopted E, =2-10° MPa. At the same time, the percentage of reinforcement of the longitudinal
tensile reinforcement varied p = A4 /bh from 0,2 to 4%, percentage of reinforcement of longitudinal compres-

sion reinforcement p| = 4’/ bh ot 0,2 1o 4%, and the class of concrete varied from B10 to B100.

By analyzing the results of the calculation, it was established (Figure 3) that with an increase in the per-
centage of reinforcement L, by 20 times, the value of the height of the compressed zone of concrete x slightly
increases by 1.18 times when calculated according to the calculated dependencies SP 63.13330.2018 and
by 1.13 times when calculated using formula (20). In this case, the relationship between them is linear (Figure 3, a).
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Figure 3. Influence of the percentage of reinforcement of longitudinal tension reinforcement:
a — on the height of the compressed zone of concrete; b — maximum stress in compressed concrete 6, max; ¢ — moment of cracking;

according to the proposed method; —®~ according to SP 63.13330.2018

A similar linear relationship is observed between the percentage of reinforcement with longitudinal tensile
reinforcement and the stress in the upper compressed fiber of concrete (Figure 3, »). Quantitative maximum
compressive stress 6, max slightly depends on i .

Insignificant changes are observed in the quantitative values of the moment of cracking in the considered
reinforced concrete element M. at different values of reinforcement percentage g . With an increase in
the percentage of reinforcement g by 20 times moment of cracking, perceived by the section, calculated
according to SP 63.13330.2018, increases by 1.45 times, and calculated by the method under consideration —
by 1.66 times. An analysis of the influence of the percentage of reinforcement with longitudinal compressed re-
inforcement was also carried out 1 on the stressed state of the reinforced concrete section at the time of crack
formation (Figure 4). It has been established that the height of the compressed zone of concrete x decreases with
an increase in the percentage of reinforcement W (see Figure 4, a), but this decrease is insignificant and when
calculating according to SP 63.1330.2018 and when calculated by formula (18) equals to 1.17 times. The maxi-
mum stress in the concrete of the compressed zone is practically independent of the percentage of reinforcement
Us (see Figure 4, b). In this case, the moment of cracking, determined according to SP 63.1330.2018, increases
by 3.6 times. The value of this moment, calculated by the above method, does not change (Figure 4, c¢).
The independence of the value of the moment of cracking from the percentage of reinforcement by longitudinal
compressive reinforcement can be explained as follows. As the percentage of reinforcement increases g from
the equilibrium equation in the direction of the normal to the cross section (see Figure 2), the height of
the compression zone will decrease. In this case, an additional compressive force occurs in the concrete com-
pression zone, caused by the compressed reinforcement. Therefore, the value of the moment of cracking, calcu-
lated by integrating the compressive stress in concrete and reinforcement over the area of the compressed
zone, will practically not change.

10 ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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Figure 4. Influence of the percentage of reinforcement of longitudinal compression reinforcement:
a — on the height of the compressed zone of concrete x; b — maximum stress in compressed concrete os.mx; ¢ — moment of cracking M,,.;

according to the proposed method; —®~ according to SP 63.13330.2018

Analysis of the change in the height of the compressed zone of concrete, the maximum compressive
stress in concrete, as well as the moment of cracking, depending on the class of concrete used, showed the fol-
lowing (Figure 5). The height of the compressed zone of the section of the element, calculated according to
SP 63.13330.2018 and according to the proposed method, does not depend on the value of the concrete class
(Figure 5, a)

The value of the maximum compressive stress in concrete 6,max When changing the class of concrete,
it increases significantly according to the proposed method, and when calculating according to SP 63.13330.2018
this value is practically unchanged (Figure 5, b).

The values of the moments of cracking in the calculation for SP 63.13330.2018 and according to the pro-
posed method, depending on the class of concrete, they change significantly (Figure 5, c). t can be seen from
the graphs that with a 10-fold increase in the class of concrete, the moment of cracking increases when calculat-
ing according to SP 63.13330.2018 by 3,93 times and when calculating according to the proposed method —
3.95 times.

Investigating the dependence of the cracking moment on the above factors, we can conclude that rein-
forcement does not play a significant role in improving the crack resistance of reinforced concrete structures.
The most effective way to increase the crack resistance of reinforced concrete elements is to increase the class
of concrete used. The difference between the moments of cracking, calculated according to SP 63.13330.2018
and according to the proposed method, depending on various factors, varies from 9.3 to 16.7%.

To assess the degree of reliability of the obtained dependences, a numerical comparison was made of
the results of calculating the fracture toughness moment calculated by the proposed method with the experi-
mental data of VI.I. Kolchunov, Al-Hashimi Omar [34], obtained using modern tools, which allowed a more de-
tailed and accurate study of the process of crack formation in reinforced concrete structures. The results of
a comparison of experimental data on the moment of crack formation, calculation data obtained by formula (23),
and according to the method of SP 63.13330.2018 for beams with a section of 100x250 mm, with a total length
of 1200 mm, supported on two supports and loaded with concentrated loads, from ordinary and lightweight con-
crete are presented in Table.
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As follows from the table, the calculated value of the moment of crack formation according to SP 63.13330.2018
turned out to be significantly underestimated compared to the experimental values by an average of 30%
for beam structures made of lightweight autoclaved cellular concrete and by 22.5% for beams made of heavy
concrete. When calculating according to the proposed method, the agreement between the calculated and exper-
imental average values of the moment of crack formation is closer.

Calculation results of the cracking moment in bending elements

Construction . Load of first crack M3 M :rl: M,
d Concrete Reinforcement f tion. k
code ormation, kg kH'm | kH'm | Asp,% | kH'm | A, %
Heavy concrete B25:
B2-1-2 Ry =23 MPa, R421308gﬁga 2400 4.8 3.6 25.1 3.9 16.8
E»=25330 MPa g
Heavy concrete B25:
b5-1-2 Ry =23 MPa, R421308§ﬁga 2300 4.6 3.6 20.3 3.9 15.6
E»=25330 MPa !
Autoclaved
ba-4 cellular concrete Rzgg 01?)2131%21 1150 2.3 1.6 30 1.8 20.1
Ry, =3.5 MPa y

Note: M>P , M

SP
cre

, M ! —the moment of fracturing, respectively experimental, by SP 63.13330.2018 and the proposed method;

A, — the discrepancy between the experimental data and the results of calculations by SP 63.13330.2018; A, — the same and the calcu-

lation results in accordance with the received formula (23).

From this we can conclude that the use in the calculation of the diagram and analytical dependences of
the nonlinear deformation of concrete, obtained on the basis of the theory of plasticity by G.A. Geniev, allows
a more rigorous assessment of the crack resistance of bent reinforced concrete elements.
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Conclusion

1. An alternative variation of the calculation model was proposed and analytical dependencies were ob-
tained to determine the moment of crack formation in a reinforced concrete bending element reinforced with
double reinforcement based on the deformation theory of plasticity of concrete by G.A. Geniev.

2. The numerical analysis of the influence of the percentage of reinforcement of longitudinal tensioned
and compressed reinforcement and the class of concrete on the moment of cracking in reinforced concrete
bending elements showed the different influence of these factors when using the SP 63.13330.2018 method
for calculation and the dependences of the proposed version of the calculation model. The quantitative values of
the moment of cracking when calculated according to the proposed formulas with Integrals are higher from
9.3 to 16.7% compared to the calculation according to SP 63.13330.2018. At the same time, the calculated
values obtained by the proposed method are closer to the values of the cracking moment obtained experimentally
for beams made of heavy and light concretes.
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