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Abstract. The relevant problem of concrete strength in the near-reinforcement zone is solved as a problem of volumetric
stress-strain state with the “closure” of output integral parameters of this zone on the framework of the whole reinforced
concrete element, synthesizing hypotheses and dependencies of various disciplines of solid mechanics, including fracture
mechanics. The model of reinforced concrete element takes into account V1.I. Kolchunov’s effect of reinforced concrete,
which describes the mechanism of formation and development of transverse and longitudinal cracks. In this respect,
generalized hypotheses of linear and shear strains for warping and gradients of relative mutual displacements of reinforcement
and concrete are adopted. New functionals of reinforced concrete are constructed, which are consistent with the physical
interpretations of the strength of cross-sections of bar elements in near-reinforcement zones. Constitutive equations for
the concrete matrix, which models zones between transverse cracks, are written. The displacement components for the near-
reinforcement zone in relation to the crack opening width at the “concrete-reinforcement” contact interface in transverse,
longitudinal and radial cracks, respectively, are found. The use of the adopted assumptions and a multi-level calculation
approach for the near-reinforcement region brings the model significantly closer to a real evaluation of the physical
phenomena.
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AnHoTanus. PemeHa akTyanpHas 3a1ada COMPOTHBICHUS OKOJIOApMaTyPHOI 30HBI OETOHA Kak 3ajada 0OBEMHOTO Hampsi-
KEHHO-Ae(POPMUPOBAHHOTO COCTOSHHUSA C «3aMBIKAHHEM» BBIXOJHBIX HHTETPANBHBIX ITAPAMETPOB 3TOH 30HBI HA CTEpXKHE-
BYIO CXEMY BCETro )KeJIe300€TOHHOTO 3JIEMEHTa, CHHTE3UPYIOLIYIO B ce0e IMIOTe3bl M 3aBUCHMOCTH MEXaHHUKH Keye300e-
TOHA W MEXaHWUKH pa3pylIeHHs. B pacdeTHO Momenu keine300eTOHHOTO 3JeMeHTa yuTeH d(P(eKT xeme300eToHa mpod.
Bn.M1. KomayHOBa ONMUCHIBAIOMINN MEXaHHW3M OOpa30BaHMA M Pa3BUTHS MOMEPEYHBIX W MPONOIBHBIX TpemuH. [Ipu 3Tom
ITPUHATBL 06061116HH])IG TUITOTE3bI JIMHEMHBIX U YTJI0BBIX z[eq)opMaunﬁ JJIs1 z[ennaﬂauni/i U TpaAuCHTOB OTHOCUTECIIbHBIX B3a-
MMHBIX CMEUIeHUH apMaTypbl 1 6eToHa. [locTpoeHbl HOBbIE (PYHKIMOHAIIBI JKeNIe300eTOHa, KOTOPHIE COTIACYIOTCS C (QHU3H-
YECKUMH TIPEICTABICHUSIME O COIIPOTUBICHUH MOMEPEYHBIX CEUCHUI CTEPKHEBBIX JIEMEHTOB B OKOJIOAPMATYPHBIX 30HaX.
3anucanbl pu3nUecKre ypaBHEHHUs Ui OETOHHOM MaTPHIIbl, MOJESIHUPYIOLIEH 30HBI MEXK/y MMONEPEYHBIMHU TPEIIMHAMHU.
Haiinens! cocTaistoniye nepeMenieHnii Uil OKOJI0OapMaTypHOH 00JacTH MPUMEHHUTENBHO K IMIMPUHE PACKPBITUS TPELUINH
Ha TPaHUIC KOHTAKTa «OETOH—apMaTypa» B MONEPEYHBIX, IPOIOIBHBIX U paJHabHBIX TPEIIMHAX COOTBETCTBEHHO. Mcmomb-
30BaHHME MPHUHATHIX MPEANOCHUIOK M MHOTOYPOBHEBOW PAaCUETHON CXEMBI AJI OKOJOAapMaTypHOH 00iacTé 3aMETHO HpH-
OJIMIKACT PACUETHYIO MOJIENb K PEabHOM OLIEHKE (DU3HUUCCKHUX SBICHHIMA.

KaroueBbie c10Ba: 00beMHOE HAIPSHKCHHOE COCTOSHHE, OKOJI0APMATypHasl 30Ha, IIEpEeMEIIeHUE, IIIITUHAPUICCKIE KOOp-
JHATHI, 3P QEKT Kee300eToHa, JIUHEWHbIE U YTIIOBbIe HedopMaliini, 0000IeHHas THITIOTe3a

3agBaenne 0 KOHGINKTE HHTEPECOB. ABTOPHI 3asBIISIFOT 00 OTCYTCTBUHM KOH(JIMKTA HHTEPECOB.
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1. Introduction

Mechanics of reinforced concrete is fundamental for ensuring mechanical safety of buildings and
structures in the conditions of new challenges of man-made, natural and terrorist nature. One of the key and
extremely controversial problems of the modern theory of reinforced concrete is the problem of crack
opening. For solving this problem, in the last two or three decades, considerable amount of information on the
mechanics of deformation and cracking in reinforced concrete has been accumulated worldwide [1-9],
including such regulatory documents introduced into the design practice as ACI Committee 318-14,
EN 1992-1-2: 2004, SP 5.03.01-2020, SP 63.13330.2018", etc. A lot of models, associated with a large
number of theoretical and experimental investigations, have been developed over this period, among which
the studies of Russian [10-14] and foreign [15-21] scientists can be mentioned. In the last two decades, in
the framework of such concept and on a common methodological basis, studies on this problem are conducted
also under VL.I. Kolchunov’s supervision [22—27]. In this regard, this paper discusses modelling of the bond
between reinforcement and concrete, taking into account physical nonlinearity and the presence of
transverse cracks, and using a two-level approach: at the first level, the entire reinforced concrete element is
analyzed as a bar, while at the second level, the volumetric stress-strain state of the near-reinforcement zone
is considered using a number of parameters obtained from the first-level model.

2. Methodology

Combined action of concrete and reinforcement in a reinforced concrete element is ensured by the
near-reinforcement zone. This is a local zone of concrete directly adjacent to the lateral surface of the
reinforcing bar and ending (according to the Saint-Venant principle) at some radial distance #b (Figire 1).
Therefore, the problem will be solved using cylindrical coordinates. The positive directions of these
coordinates are given in Figure 1.

Adhesion zone

Diagram of section I-I between cracks e and
section II-II in the stress diagram;

sections I *~I* between cracks in the average
relative deformation diagram;

o(z)

1 — physical neutral axis of reinforced concrete,

=]

0.5 frc 0.5frc

2 — average neutral axis of reinforced concrete

Figure 1. Regarding the analysis of experimental and numerical studies
in solving the problem of determining the stress-strain state of the near-reinforcement zone:
a — characteristic sections; b — in the zone of adhesion of concrete to reinforcement
S o urce: made by VLI. Kolchunov

'See: ACI Committee 318-14. Building Code Requirements for Structural Concrete and Commentary. Farmington Hills, Mich:
American Concrete Institute, 2014; 519 p.; EN 1992-1-2: 2004. Eurocode 2: Design of concrete structures — Part 1-1: General rules
and rules for buildings, 2004. 225 p. SP 5.03.01-2020. Concrete and Reinforced Concrete Structures. Minsk; 2020. 236 p.; (In Russ.)
SP 63.13330.2018. Concrete and Reinforced Concrete Structures. General Provisions. Moscow: Minstroy; 2018.152 p. (In Russ.)
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Theoretical solution to the problem under consideration was preceded by a number of experimental
and numerical studies [10-27]. As a result of the experimental studies (using continuous chains of strain
gauges for measuring deformations), a qualitative picture of concrete strain along the Z-axis has been
obtained (Figure 1).

The results of such studies allowed not only to find the qualitative nature of the strain distribution
in concrete, reinforcement and their mutual displacements in the near-reinforcement zone along the Z-axis,
but also to obtain a theoretical solution for determining a number of strength parameters of a reinforced
concrete bar element, taking into account physical nonlinearity and the presence of transverse cracks.

Thus, the first aspect of the following solution of the volumetric stress-strain state in the near
reinforcement zone is that a multilevel analysis approach is used here: at the first level, the entire reinforced
concrete element is analysed as a bar; at the second level, the volumetric stress-strain state of the near
reinforcement zone is considered using a number of parameters obtained from the first level model. In turn,
the output integral parameters of the second-level model influence the parameters of the first-level model
at the next iteration stage. Such an approach is possible, for example, when using parameter s, traditional
for reinforced concrete, which allows to update the average value of the parameters of the first-level model
without changing the model.

The second important aspect of the proposed solution is that after the formation of cracks (both
transverse and longitudinal), fracture mechanics hypotheses are involved in the analysis.

3. Results and Discussion

The solution will be derived taking into account the physical nonlinearity and particular nature of
concrete, being different resistance to tension and compression. Relationship diagrams Gsi— €si, W(A) — €bi,
oun—  are used in the analysis.

The projection of the 65— € diagram onto axes t-— 7y, allows to establish the relationship between
shear stresses and shear strains or, when local shearing is introduced, between the relative mutual
displacements of reinforcement and concrete g,. It is important to emphasize that, since the stresses in the
concrete of the near-reinforcement zone adjacent to the crack are compressive in the cross-section of
a reinforced concrete element (see Figure 1), the shear stresses are determined by the upper branch of the
strain diagram. This will have a significant effect on the maximum value of shear stresses. Thus, the zones
of maximum shear bond stresses are concentrated in proximity to transverse cracks. Therefore, on one hand,
the greater the number of transverse cracks crossing the reinforcing bar, the better the bond between the
reinforcing bar and concrete in the near-reinforcement zones (before yielding of the reinforcement or formation
of radial cracks). On the other hand, as the load increases, the adhesion of concrete and reinforcement in the
region between cracks (at zi= 0,5/urc) first increases, and then, due to the specificity of deformation of the
concrete matrix (Figures 1, 2), begins to decrease.

Firstly, this is associated with the fact that in these regions, the stresses in the concrete of the near-
reinforcement zone are tensile in the cross-section of the reinforced concrete element. This affects both the
current value of the shear stress and its possible maximum.

Secondly, as transverse cracks appear, the area and magnitude of tensile stresses between cracks
decrease. In view of the above, special attention is required for the highlighted sections (see Figures 1, 2)
located at distances z = ¢ and z = z;. An additional assumption concerning the near-reinforcement zones
adjacent to sections I-I and II-II, where it is necessary to determine the stress-strain state of concrete, is
taken. The strain diagrams of concrete in tension in section I-I and concrete in compression in the near-
reinforcement zone in section [I-II are assumed to be linear. This assumption is consistent with the ideas
about the resistance of cross-sections of bar elements and is confirmed by numerous experiments. Stresses
on and o’» (see Figure 1) in a reinforced concrete bar element are determined from the conditions of
equilibrium of moments in sections I-I and II-II with respect to the point of application of the compressed
concrete resultant force. The values of strain ex(z) in sections I-I and II-II are determined taking into
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account the strain incompatibility of concrete and reinforcement. They are denoted as &1 and & n respectively.
Using the 6»— €»i diagram for section I-1, stress 61(r) is found. Given that the strains and stresses along
the z-axis are considered, the diagrams are projected onto this axis. Since it is known that the curvilinear
segments of the diagram are described by a square parabola and the coordinates of the end points of these
parabolas (€z1 and Ox, €11 and O») are specified, then the angle between the considered axes is needed only
to determine the initial modulus of the G- — €5,- diagram:

E,.=0E,, (1)

where ¢ is the coefficient accounting for combined stress state and the presence of shear stresses along

axis z%.

In this case, the value of the shear bond stress and normal stress G» is determined at a load of 0.2
of the cracking moment Mcr.. After substituting the expression for determining the strain in section I-I into
the expression for determining the stress in the same section, the following equation is obtained:

2

r r
GZ,I(V):klsilD2 l-— +(pEbgz,ID l-—, ()
tl tl
o, —0oF ¢
where klzw; D=—g_ +ag; t;=h—x —a.
821 ’

0.5 ferc

a C

Figure 2. Diagram of the stress state:
a — in the near-reinforcement zone, b, c — deformation of the concrete matrix in sections I-I and II-II respectively:
1, 2 — stress-strain state before and after crack formation, respectively;
3, 4 — direction of microcracks and macrocracks, respectively; 5 — deformation of concrete
S o ur c e: made by VLI. Kolchunov

2 Veryuzhsky Yu.V., Kolchunov V.I. Methods of reinforced concrete mechanics: textbook. Kyiv: NAU Book Publ;
2005. (In Russ.)
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The fundamental equations for the near-reinforcement zone, with respect to the case when only
transverse cracks are present and longitudinal and radial cracks have not been developed yet, are now
considered.

Taking into account that the problem is axisymmetric, the values of and T, are equal to zero

earw
and the equations of equilibrium in cylindrical coordinates take the form
Jr. do. 1
—E s 7 (), (3)
or 0z r
dc, dt_ G, —0O
e () 4)

or oz r

The Couchy geometrical relations will also simplify, as displacement components v and strains Yo, Ye:
are also equal to zero due to symmetry. The rest of the strain components have the form

Ju u ow ou ow
€, =—; §=—; € =

T T TR TR ®

The constitutive equations for the concrete matrix, which is modelled as an elastoplastic isotropic body
between the transverse cracks, are expressed as

1
e, —M[Gr ~n(2)(o. +0,) J; (6)
V.= ()

where E(A), {(A) and W(A) are respectively the elastoplastic deformation moduli and the Poisson’s ratio for
concrete.

It should be emphasized that for expression (2) in the second parentheses, the differentiation with
respect to z is first performed and then it is evaluated at z = z1.

Then for the near-reinforcement zone between transverse cracks, equation (3), considering expression
(2), will have the form

2
ar—”+AuD2 1-2 ] 44, D[1-2 |+ = =0, 8)
or t L) r

The following notation can be introduced:

(%eﬁ +2ki€. &J
oz oz

oe.

= A ; E
LI (Pbaz

z=12]

=4y t,=hy—x, —a..

z=z]
The solution to differential equation (8) is adopted in the form of a product of two functions of 7:

T, =u(r)v(r). 9)
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The following is obtained after differentiation of both sides of equality (9) and their substitution into
equation (8):

2
ov v Ju ) r r
P VN -y p?l1-L| -4, Dl1-1 . 10
u(ar-i_rj-l_uar M [ tlj Aﬂ( tJ (10)

Function v is selected such that the expression in the parentheses of the left-hand side of equation (10)
is equal to zero. Then, the following is obtain after separation of variables in this equation:

ov  or

w__or (an

LY r

and after integration: v=7r".

By substituting the determined value of D(r) into equation (10) and performing algebraic
transformations and integration, the following is obtained:

2.2 2.3 2 4 2 3
u(r)=4, D +2Dr —D’; +4,, Db +Dr +C,. (12)
2 3 4 2 3

After substitution of v(r) and u (r) into equation (9):

G
T, =r A+ A, A, +7'. (13)
Here
A4 2D* A4,.D D? D
A== 4, =——+ 2 A =4 | - |+ 4, | -=| 14
3,1 4t12 4,1 3t1 3tl AS,I 1,1 2 2,1 2 ( )

Integration constant C is determined from the condition that 7,- = T.1 at 7 =a., Here, 7.1 is the shear

stress in section I-I, which is known from the analysis of a reinforced concrete bar element assuming strain
incompatibility of concrete and reinforcement’.
Then

2 2 2 2
C =4 “_*[Dza*_D Da j AZI( _)[Da* Da*J—a;‘As,l—ajA“—afAﬂ. (15)

" (a.-1) t 3¢ 3

In the near-reinforcement zone adjacent to the transverse crack (section II-II), equation (13) will have
a similar form. In this case

de
; OE, —
s PLy 9%

=4

z=zy

-4, (16)

ok, ot j
oz "oz

(—8 +k,2¢.

z=zy

Parameters Asn—A4sn and C: differ in the fact that in relationships (14) and (15) # needs to be
substituted instead of #1.

3 Veryuzhsky Yu.V., Kolchunov V.I. Methods of reinforced concrete mechanics: textbook. Kyiv: NAU Book Publ.;
2005. (In Russ.)
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Then, having stress components T:- calculated, the second differential equilibrium equation (4) can be
considered. It is easier to solve the problem in terms of stresses. From the equation for determining the
strains in section I-1 it follows that

1
w(x)

Substituting expressions (17) and (13) into equation (4) results in a differential equation, which after
algebraic transformations will take the following form:

d 1 2
%ﬂﬁBl+rsz+rBlo+;BH+%=Bn. (18)

(0.-¢.E(\))-o,. (17)

Gez

Here the values of parameters B,—B, are determined according to the work of Y.V. Veryuzhsky,

V.I. Kolchunov’.
The solution of differential equation (18) is also adopted in the form of a product of two functions,
which after a number of similar transformations is reduced to the following expression:

_r'B,_r’B, B, B, 1B, C,

c, = e S 19
' 4 5 4 2 37 (19
Integration constant Cz is determined from the condition that 6, = 0 at 7 = b.:
6 5 4 3 2
* * * B * *
szbBl+sz+b IO_bBIZ_i_bB“' (20)

6 5 4 3 2

Here, parameter b+ is determined from the condition that at » = b. local stresses 1,- in the zone

adjacent to the reinforcement practically decay, i.e. their values approach zero. Then it follows from
equation (13) that

C
blA, +blA, +b.As, +b—1 =0. 1)

Relationship (21) can be used to determine parameter b.. Taking into account that the rate of change
of this function is quite substantial, even small changes of b. lead to significant changes of stress .
Numerical studies show that at b. = 3...4a, the values of 1. can be considered as approaching zero.
Moreover, at b. > 4a, the outer radius of the near-reinforcement zone can be considered infinitely large

(with an error of less than 6%). In this case, the solution is no longer related to the shape of the outer
contour. Thus, formulas (13), (17), (19) characterize the stress distribution for the near-reinforcement zone
with any shape of the outer contour of the cross-section of a reinforced concrete element.

Knowing stress components o:, 6r, Go, Tz, the strain components are determined using formulas (6),
(7). Then, the displacement components are found from the Cauchy relationship (5):

u=[edr+f(z); (22)

w=le.dz+ £, (r); (23)
o _ou o

TG0y ez o 29

Here ¢, € are determined according to equation (6), and t- is determined according to equation (13).
Substituting the values of o., oo and o, from relationships (2), (17) and (19) into equation (6) and
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performing algebraic transformations taking into account (22) and (23), the values of displacements u, w are
obtained. After substituting the latter and the stresses from equation (19) into equation (24), considering the
integration of the equations, the following is obtained:

u=D+Cz+Cs; (25)
r r6 rS r4
w=D|1-—|([e. dz)|z—z,1+n, —+1n, —+1m, —+
[ tlj( 21 Z)|Z Z, 1T, 6 N s s 4
4
(r—a) r P 1+p(2)
+n,———+nN.—+n,—-2C,———=Inr-C,r+C,. 26
Ny 4 Ns 3 Ns B 1 E()\,) 4 6 ( )

Here, the values of n,—n,, C,—C,, D,, E,, H, are determined according to the work of Y.V. Veryuzhsky,
V.I. Kolchunov*.

In case of the near-reinforcement zone adjacent to the transverse crack (section II-II), equations
(13)—(26) will have similar form. In this respect, equation (16) is used, and values €-1u, A1,11, #, Tz 11, €11 are
substituted in these equations instead of €1, 414, t1, Tz 1, €41 respectively.

In all of the above formulas, deformation modulus E(A) and coefficient ((A) are determined from the
o»i—€ni and W diagrams. The strains are determined by the formula

\/5 \/ 2 2 2 3,
€, =—————=4/l€,—¢,) —(&,—¢€,) +(e,—€.) +=7... 27
bi 2|:1+H(}\,):| ( z r) ( 7 ) ( ) 2y ( )
Stress o is determined as a function of concrete strain €. Then
E(0)=20 (28)
Ep;
A more complex relationship is used for (L(A):
e at € < Earcc, the value of W(A) is equal to 0.2;
e at Ecre.c < €pi < Ecre, the value of W(A) is calculated according to formula
€, —€
n(r)=0,2+0,32—xc (29)
gcrc,v - 8crc,c
e at €cer < € < & the value of W(A) is equal to 0.5;
e at & < & < & the value of (L) is calculated according to formula
8bi — Sv
n(r)=0,5-(0,5—p, ) —2—>. (30)
Sbu - 8v

Here, concrete parameters €x, € are taken according to the tables, parameters €y, Us» are determined
according to diagrams Gsi— €.

Considering that the analytical solution for the near-reinforcement zone has been obtained, projecting
the o» — €»: diagram onto any axes, for example, onto the 6:— ¢€; axes, does not cause difficulties.

* Veryuzhsky Yu.V., Kolchunov V.I. Methods of reinforced concrete mechanics: textbook. Kyiv: NAU Book Publ;
2005. (In Russ.)
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Longitudinal cracks (Figure 3, a) cancel the adhesion resistance at Au < ®., where o, is determined from
the relationships of fracture mechanics. The longitudinal crack opening width is calculated by the formula

a,..,=Mu=u—u, (31)

cre,c

where u» and us are the radial displacements of concrete and reinforcement respectively at 7 =a.
In this case, it is possible to take into account the aspects associated with continuity violation at the

concrete — reinforcement interface through the boundary conditions.

IT | T IT
/\/\——-\/\/\'w/\

Transverse cracks

Longitudinal crack
Ay
Ns NS

Radial crat%

FLoF | 0Ske-2f | 05ae2F |+ |t be
IT | I IT b
a b

Figure 3. Analysis of longitudinal cracks:
a — in the vicinity of section I-I; b — fracture pattern as a result of radial cracks in the vicinity of sections II-1I

S o ur c e: made by VLI. Kolchunov

Longitudinal cracks along the contact surface of concrete and reinforcement are the most important in
the sense of ensuring adhesion of these materials. Displacement u» is determined by formula (25) at » =a.

Displacement us is determined by formula

u, = asmdr. (32)
Here
o, (z2)
€. = - . 33
rs “’s E ( )

More precise values of €:s and us can be obtained by using the aspects of the proposed solution for the
near-reinforcement zone with respect to the reinforcing bar. However, numerical analysis shows that the
influence of stress components G, and Ggs on the value of & is less than 3%. Therefore, it is logical to
neglect this influence when solving the problem under consideration in order to simplify the calculations.

Then from (5), the following is obtained after integration:

_ p’sGsi (Z)
T E (34)

The integration constant is determined by satisfying the condition that #, =0 at » =0. Then C=0.

The value of u_is calculated at » =a according to formula (34).
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Longitudinal cracks appear, generally, in the near-reinforcement zones between transverse cracks due
to the difference in radial displacements of concrete and reinforcement at the point of their contact (see
Fig. 3, a). The longitudinal crack profile is close to a triangle with its maximum opening between the
transverse cracks (section I-I) and zero opening at a distance of 2¢* from the transverse cracks. In this case,
it is assumed that there is no adhesion between concrete and reinforcement in the region of the main
longitudinal crack at Au = ®,. However, if the stiffness and strength of the structure is ensured by the bond

between concrete and reinforcement in other regions adjacent to transverse cracks (where Au < ®, ), then,

taking into account that the presence of longitudinal cracks at the reinforcement surface does not damage
the concrete cover, the operation of the structure can be continued.

The proposed analysis approach allows not only to detect transverse cracks, but also longitudinal and
radial cracks. Considering that the loading scheme from G¢ does not cause crack retardation at their apex,
the emergence of radial cracks effectively cancels adhesion resistance in this zone, i.e. results in its failure

at a_., 2,. The cover layer is destroyed, the reinforcement is bare, so further operation of the structure

erer
should be prohibited, even if its resistance due to other regions is not exhausted and it meets the criteria set
by the standards for strength and stiffness. Failure from radial cracks (Figure 3, b) is characteristic for the
near-reinforcement zones adjacent to the transverse crack. Here (depending on the design features), fracture
by concrete crushing at the near-reinforcement zone is also possible. In this case, the value of & is
calculated by formula (27), where the strain components are calculated at z =z and r=a.

Note that the proposed solution in terms of stresses has an advantage over a similar solution in terms of
displacements. The latter, even within the adopted assumptions, leads to a non-homogeneous second-order
differential equation with a large number of particular solutions, which clearly complicates the calculation.
An attempt to abandon the use of a multi-level calculation approach complicates the solution to the problem
of the volumetric stress-strain state in the zone under consideration so much that it becomes analytically
indeterminable. As a result, the solution is possible only by variational methods. Comparing the considered
approach with variational methods of solution, which allow to obtain an approximate solution of differential
equations with sufficient accuracy for engineering calculations, it can be noted that the proposed solution
is first of all simpler. Nevertheless, with respect to the considered problem for reinforced concrete bar
elements, this solution is on par in accuracy with the variational methods, when a sufficiently large number
of independent functions and terms of the corresponding series are specified in the latter. At the same time,
even with such a refined approach, the known methods do not allow to take into account the aspects of
continuity violation of the concrete matrix when cracks emerge in it. Hypotheses and methods of fracture
mechanics have not yet been properly applied here. The same can be said for the consideration of the strain
incompatibility of concrete and reinforcement.

Thus, the differentiated approach to the analysis of the near-reinforcement zone allows to introduce
more reasonable criteria for the operation of reinforced concrete structures taking into account not only
transverse, but also longitudinal and radial cracks. With that, considering the specific aspects of concrete
strength in the near-reinforcement zone (including the strain incompatibility of concrete and reinforcement)
brings the analysis substantially closer to the real assessment of the physical phenomena occurring here.
At the same time, the proposed methodology preserves the relative simplicity of the calculation and its
physical essence, and, consequently, its engineering observability.

4. Conclusion

1. The relevant problem of concrete strength in the near-reinforcement zone has been solved as a problem
of the volumetric stress-strain state with “closure” of the output integral parameters of this zone on the
framework of the whole reinforced concrete element. In spite of the complexity of such a problem, taking
into account the strain compatibility of concrete and reinforcement and the violation of concrete continuity,
the solution of the differential equations written in this case is obtained in a closed analytical form.
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2. An important aspect of the proposed solution of the problem is the hypotheses of fracture mechanics
and the deformation effect of reinforced concrete established by VLI. Kolchunov, as well as the consideration
of both transverse and longitudinal cracks. At the same time, generalized longitudinal and shear strain hypo-
theses for cross-section warping, jumps from relative mutual displacements of reinforcement and concrete
&g, are developed.

3. Physical equations are written for the concrete matrix modeled as an elastoplastic isotropic body
between transverse cracks. The solution is obtained considering the physical aspect of concrete, being its
different resistance to tension and compression.

4. The developed differentiated approach to the strength analysis of the near-reinforcement region
allows, with respect to the reinforcing bar and concrete matrix, to introduce more reasonable criteria for
the operation of reinforced concrete structures, taking into account not only transverse, but also longitudinal

and radial cracks. Here, stresses ¢, do not cause crack retardation at their apex, and the emergence of

radial cracks effectively cancels the cohesion resistance in this zone and leads to its fracture at a_ ., 2 ®,. The

Ccre,r
cover layer is destroyed, the reinforcement is bare, so further operation of the structure should be
prohibited, even if its resistance due to other regions is not exhausted and it meets the criteria set by the
standards for strength, stiffness and crack resistance for the characteristic failure due to radial cracks.

5. Comparing the proposed method with the variational methods of solution, which allow to obtain
only an approximate solution of differential equations, when there is a sufficiently large number of
independent functions and terms of the corresponding series, the proposed solution using a multilevel
calculation approach does not complicate the volumetric stress-strain state in the considered zone. In such
a differentiated approach, hypotheses and methods of fracture mechanics allow to introduce more reasonable
criteria for the operation of reinforced concrete structures taking into account not only transverse, but also
longitudinal and radial cracks. With that, considering the noted aspects of concrete resistance in the near-
reinforcement zone brings the analysis significantly closer to the real assessment of the physical phenomena
occurring here. At the same time, the proposed methodology retains the relative simplicity of calculation
and engineering observability.
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