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Abstract. The most famous of computer systems for the design of reinforced concrete structures in
the world are taken into account only regular dispersed cracks. Completely different criteria should be used
when analyzing the appearance and development of discrete cracks in reinforced concrete, the modeling
methodology of which has not been developed to date. Therefore, the article provides working
prerequisites, a methodology for simulating discrete cracks and calculating their rigidity. Several levels of
cracking are considered. The development of spatial cracks is carried out on special bilinear surfaces. Then
they fit in the approximating spatial finite elements that "expand”, modeling a spatial crack, the opening of
which is given in the form of a deformation effect with allowance for the discontinuity effect. When solving
the inverse problem of determining the crack opening width, the deformation effect is not specified, and
only the presence of a gap of the minimum possible width is modeled by means of an embossing; its
opening, with appropriate loading, determines the width of the crack opening as the divergence of the
shores of this gap. It is considered another variant of simulation of discrete spatial cracks in the article, in
case of their implicit manifestation. Here pairs of finite elements adjacent to such a crack are distinguished
from opposite sides. It is a special two-element design console model. These pairs are considered in two
states: before their "expand" and after their "expand" taking into account the deformation effect and the
discontinuity effect of concrete. It is introduced the classification of basic spatial cracks in spatial reinforced
concrete composite constructions, cracks that develop to zones or from zones of geometric concentration;
cracks that develop to zones or from zones of force and strain concentration of loading; cracks that develop
in zones of inter-medial strain concentration. Their scheme is supplemented and based on these basic
cracks by applying adjacent cracks, which are sought using the deformation criterion for their formation
and the method of finding the extremum of a function of many variables using the Lagrange multipliers.

AHHOTaUMiI. B OonblUMHCTBE W3BECTHbIX B MUpe BblYUCIUTENbHbLIX KOMMJIEKCOB MpU
MPOEKTUPOBAHUUN KENE300ETOHHbLIX KOHCTPYKUMIA YYMTbIBAIOTCS MNUWb perynsipHble  AMCNepcHble
TpeLmHbl. COBEPLUEHHO MHbIE KPUTEPUN HEOBXOAMMO UCNONb30BaThb NPV aHaNM3e NosIBNEHNUS U Pa3BUTUS
ONCKPETHBIX TPELUMH B Xene3obeToHe, MeToanka MOAENUPOBaHUS KOTOPbLIX Ha CEroAHSILLIHUA OeHb He
paspaboTtaHa. [losToMy B cTaTbe paspaboTaHbl pabouve npennochbinkn, MeToauka MOLENMPOBaHUS
OVCKPETHbIX TPEeLWMH W pacyeTa MX XecTkocTu. [py 3TOM paccmaTpuMBaeTCsl HECKONbKO YPOBHEWN
TpeLLLI/IHOOGpaSOBaHI/IFl. Passutne NPOCTPAHCTBEHHbIX TpeLWWnH OcCYyllecTBndeTca Nno cneunanbHbIM
OUNUHENHBIM MOBEPXHOCTAM. 3aTeM B HMX BMNWCHIBAOTCS annpOKCUMUPYIOLLME MPOCTPaHCTBEHHbIE
KOHEYHbIE 3MEMEHTbI, KOTOPbIE «pacLUMBAOTCS», MOAENMPYS NPOCTPAHCTBEHHYO TPELUMHY, packpbITve
KOTOpoW 3agaeTcs B Buae AedopmMaLMOHHOro BO3AENCTBUSA C y4eTOM adochekTa HapyLLeHNs CNOLHOCTM.
Mpu pelweHnn obpaTHOM 3adayn onpefeneHns LIMPUHbI PackpbiTUS TpewmH, aedopMaLnoHHoe
BO3OENCTBUE HE 3a[aeTCsl, a C MOMOLLbI0 PacLUMBKMA MOOENUPYETCA NULLb HANM4ne Lenn MMHUMansHo
BO3MOXHOW LUMPWHbI, €€ pacKpbITUE MPU COOTBETCTBYIOLLEM HArpyXeHUn W onpeaensieT LUMPUHY
pPackpbITMS TPEeLUMHbI, Kak pacxoxaeHne GeperoB aTon wenu. B ctatbe paccMoTpeH n Apyron BapuaHT
MOOENUPOBAHMSA OUCKPETHBLIX MNPOCTPAHCTBEHHLIX TPELLMH, MPU WX HESIBHOM MposiBneHuu. 3aech
BbIAENSATCA Napbl KOHEYHbLIX 3IEMEHTOB, NMPUMEraOLLMNX K TAKON TPELLMHE C MPOTUBOMOMOXHbIX CTOPOH,
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— cneupanbHas pacyeTHas OBYX3NeMeHTHas KOHCOMbHas Mogenb. OTU napbl paccmMaTpuBalTCcs B ABYX
COCTOSIHMAX: OO0 UX «PacLUMBKM» U MOCME UX «PacLUMBKM» C y4eToM AedOpMaLMOHHOIo BO3OENCTBUSA U
achcbekTa HapylieHus cnnowHocTn GeToHa. BBoautca knaccudmkaums 6a3oBbiX MPOCTPAHCTBEHHBIX
TPEWMH B MPOCTPAHCTBEHHbIX XENe300eTOHHbIX COCTaBHbIX KOHCTPYKUMUSX, — TPELMHbI, KOTOpble
pa3BMBalOTCH K 30HAM UMN U3 30H FrEOMETPUYECKON KOHLEHTpaLWUW; TPELLMHbI, KOTOPble pa3BUBAKOTCA K
30HaM WM M3 30H KOHLUEHTpauum CWUMoBOro M AedOpMauUOHHOIO HarpyXeHusl; TpeLUMHbl, KOoTopble
pa3BMBalOTCHA B 30HaX MEXCPeAOoBOM KOHUEeHTpauun aedopmanuin. Onupasacs Ha 3Tu 6a30Bble TPELUUHbI
NX CXxema AOMOMHAeTCA NyTEM HaHECEHUS CMEXHbIX TPELLMH, KOTOpble OTbICKUBAKOTCA C NpUBNevyeHnem
aedopmMaLnoHHOro Kputepus Mx obpasoBaHUA U MeToAa OTbICKaHWs 3KCTpeMyMa (YHKUMU MHOTUX
NnepeMeHHbIX C UCMOMNb30BaHMeM MHoxuTenewn fllarpaHxa. [ns oTbiCkaHWa YPOBHEBOIO paCcCTOAHUS MeXAy
TPELMHaAMN N LUMPUHBI UX PacKpbITUS Bbipe3aeTcs NpeacTaBuUTENbHbIM 00beM U3 xene3obeToHHOW
KOHCTPYKLMMK, NOOBEPXKEHHON KPYYEHWO C u3rMbom (pacyeTHass Mogernb BTOPOro YpPOBHS), U B utore
3anucbiBaeTcsa guddepeHumansHoe ypaBHeHNe, HeobxoaMmoe AN onpeaeneHns UCKOMbIX MapamMeTpoB.

1. Introduction

In connection with the recommendations of bionics, more and more unique reinforced concrete
buildings are being introduced into construction practice in recent decades, which are experiencing
complex resistance, necessitating the use of their spatial design scheme [1, 2]. Alongside with them, flat-
stressed reinforced concrete (including composite) structures (FSRCCS, bearing walls occupy up to 40%
of the total volume of reinforced concrete) are used in a very wide scale in construction. The problem of
determining their rigidity in the presence of cracks remains practically unexplored [3], therefore its
development is an urgent problem and the need, which is one of the most important problems of capital
construction [4, 5].

The resulting cracks significantly reduce the rigidity of reinforced concrete structures [6]. In most
computer systems known in the world [7], accounting for the formation of cracks in reinforced concrete
structures is performed using criteria for achieving the main stresses or the main deformations of the
elongation of concrete of its limit values [8]. However, such criteria reflect the appearance of only dispersed,
regular cracks in reinforced concrete structures.

Absolutely different criteria should be used when analyzing the appearance and development of
discrete cracks in reinforced concrete [9]. Here the main role is played by the concentration of deformations
at the places of sharp changes in geometric dimensions, zones of concentration of force and deformation
loading, inter-medial concentration [10], and the like. Nevertheless, to this day, the technique for modeling
discrete cracks, including the use of computer systems known in the world, has not been developed.

In order to fill the existing gap in reinforced concrete under conditions of complex torsional resistance
with bending [11-13], including under seismic influences [4, 5, 14], the essence of the proposed technique
for simulating discrete cracks is described below, taking into account the effect of discontinuity and
inconsistency of deformations of concrete and reinforcement. The need to develop this technique is also
due to the fact that finding the width of the discrete crack opening with the help of the known computer
systems in the world (direct and inverse problem) is absent.

The article is also devoted to the construction of a method for calculating the rigidity of reinforced
concrete structures, buildings and structures in the presence of discrete cracks under conditions of complex
resistance, torsion with bending arising in conditions of seismic influences (Figure 1).

The basis of this technique is the scheme of discrete cracks, which takes place during seismic
actions in buildings and structures made of reinforced concrete, obtained as a result of an analysis of a
number of earthquakes [4, 14, 15].

Analysis shows [4, 5, 14, 15] that, as a rule, the development of discrete cracks under seismic actions
occurs according to the "envelope" scheme, which manifests itself in the resistance of flat-strained
reinforced concrete constructions, and not only, as already known scheme of the "envelope", as applied to
slabs with static vertical load. overlapping with a static vertical load.

In the future, based on these basic diagonal cracks (Figure 1, b, position 1), the scheme of discrete
cracks ("envelope" scheme) can be refined by applying adjacent cracks (Figure 1, b, position 2), which are
sought with the use of the deformation criterion for their formation and the method of finding the extremum
of a function of several variables using the Lagrange multipliers. Definition of the scheme of discrete cracks
will undoubtedly contribute to the classification of basic cracks for reinforced concrete plane-stressed
composite structures, proposed by I.A. lakovenko [16, 17]. This classification is based on the geometric, force
(deformation) and interspersed concentration of the stress-strain state with the corresponding sources-
concentrators.
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The cracking scheme, based on the envelope scheme, is used as the main one if flat-stressed finite
elements (panel buildings, pylons, etc.) are used in the design model of a building, structure or reinforced
concrete construction, Figure 2, a, b.

If the modeling of buildings and volumetric reinforced concrete constructions is performed with the
help of volumetric finite elements taking into account their complex resistance, it becomes necessary to
develop a technique for calculating the rigidity in the presence of already spatial cracks.

2. Methods

If the modeling of buildings and volumetric reinforced concrete structures is performed with the help
of volumetric finite elements taking into account their complex resistance, it becomes necessary to develop
a technique for calculating the rigidity in the presence of already spatial cracks. Considering that at present
the development of the finite element model of reinforced concrete in the calculation of spatial and plane-
stressed structures with allowance for nonlinear deformation has reached a rather high level, therefore it is
advisable to focus on the use of the most sophisticated software complexes for the calculation of their
stiffness and simulation of discrete cracks. In this case, it is necessary to adequately take into account the
nature of the development and the opening of cracks in them.

The method of modeling discrete cracks and calculating the rigidity of spatial reinforced concrete
structures, buildings and structures with their complex resistance, under the action torsion with bending,
will be based on the following design positions:

1. The formation of a subsequent level of spatial cracks occurs after the concrete fibers stretched
along the axes of the working reinforcement (longitudinal or transverse) of their ultimate deformations Eptu

are reached. There may be several levels of cracking. The development of spatial cracks is carried out on
special bilinear surfaces. For this purpose, knowing the equation of a bilinear surface in parametric form
[19], the value of the corner points of the cross-section of the reinforced concrete constructions — points
A, B, C, D is inscribed in it; the equation of a bilinear surface is concretized with respect to a given cross-
section.
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Figure 1. The calculation model of the aboveground and underground parts of the building under
seismic action (a) and the scheme of basic and adjacent discrete cracks in RC wall panels (b)
1 —basic cracks; 2 — adjacent cracks
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Then the spatial cracks are the surfaces which approximated by the parallelepipeds inscribed in
them after modeling the reinforced concrete construction with the same spatial finite elements
(Figure 2, c).

2. The classification of basic discrete spatial cracks is introduced. In spatial reinforced concrete
composite structures [10, 16], such basic cracks can occur: 1) cracks that develop to zones or from zones
of geometric concentration of stress-strain state, etc.); (in places where the cross-sectional dimensions
change, in the incoming corners, in the areas of non-circular holes and the state (in places where cross-
sectional dimensions change, in the incoming corners, in zones of non-circular holes, and 2) cracks that
develop to zones or from zones of concentration of power and deformation loading (the location of the
supporting reactions and concentrated, the place of the change in the loading intensity along the contour
of the structure, the place of deformation loading from the subsidence, the type of loading is of particular
importance-bending, shearing 3) longitudinal cracks that develop in zones of inter-medium stress
concentration (in joints between concrete in flat-strained reinforced concrete composite constructions,
along longitudinal reinforcement in anchoring zones, etc.).

In construction practice (for example, in complex engineering-geological conditions), the most often
encountered are schemes of force and deformation loading, which, as a rule, cause the imposition of
different cracks [17].
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Figure 2. The proposed model of cracks: a —real crack; b — modeled with the help of "

, , . _ A=ag.
disconnection" plane-stressed finite elements (FE) and deformation effects cre, ) .

¢ —modeled with the help of "disconnection" spatial finite elements (FE) and deformation effects;
oAl _am AN
A = Gcrc. Ag =8 : A3 =arc in ablock design model with a spatial and normal section
passing through the end of the spiral-shaped crack;
1 —crack; 2 —transverse reinforcement and its simulation with 201 FE, 3 — longitudinal
reinforcement and its simulation with 201 FE; 4 — possible closure of the fracture and its

simulation with the help of 255 FE

3. With a complex resistance, as already noted above, the building (Figure 1, a) can be modeled
with the help of flat ones, or with the help of spatial finite elements.

The essence of the proposed model of cracks [20, 21] is that the actual crack (Figure 2, a for flat
reinforced concrete structures and described by (2) formula for spatial reinforced concrete constructions)
is replaced by a model in the form of a broken line corresponding to inscribed finite elements (Figure 2, b
for planar and Figure 2, ¢ for spatial, is considered on the example of the computer complex "Lira-CAD"),
which "expand" by modeling a crack, and its expansion is given in the form of a deformation action

A= Acre, j o directed perpendicular to the surface of the spatial cracks [19], described by the dependence

(). The effect of discontinuity [23, 24] is taken into account by means of introducing a variable crack width
opening depending on its distance from the axis of the working (longitudinal or transverse) reinforcement.

The solving of inverse problem [21, 22] is determining the width of crack opening; the deformation
effect is not specified, and only the presence of disconnection of the minimum possible width is modeled
with the help of an embossing, and its opening, with the appropriate loading, determines the opening width
of the crack, as the divergence of the shores of this gap.

4. There is another possible variant of simulation of discrete cracks [14, 21, 22]. It is used in the
case when the renumbering of the nodes of the design scheme of the reinforced concrete construction
(building or structure), connected with the necessity of "disconnection", considered in the first variant, is
undesirable.

In this variant, the final elements do not "expand" along the entire crack, and in the first stage of
discrete cracking simulation only imaginary discrete cracks are used, the development of which is predicted
by the introduced classification of cracks as applied to a specific calculation.

At the second stage of modeling cracks along the trajectory of an imaginary crack, pairs of finite
elements adjacent to such a crack from opposite sides are distinguished. These pairs are considered in
two states: before their "barking” and after their "barking".

For this purpose, a special design two-element console model is involved in the calculation (in the
first case, a flat one in accordance with Figure 3, a, b.

In the second case, the spatial crack in accordance with Figure 3, c—e, which is used to perform a
sequential iterative analysis of the stress-strain state of the spatial console adjacent to the simulated spatial
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crack on opposite sides and realized with the help of "disconnection” and the deformation effect, which
also takes into account the effect of disturbing the continuity of concrete.

In this case, the distributed reinforcement is replaced by two (for the plane model) and four (for the
spatial model) by rod finite elements in each mutually perpendicular direction, respectively. The
displacement of nodes is determined from the calculation of a two-element design model with the loads
specified in the nodes (nodal finite element forces). In this case, the anchoring of two nodes in a flat model
and four nodes in a spatial model (alternating with pivotally fixed and pivotally movable supports), for the
purpose of averaging, it is necessary to set left, right, front, and bottom-top. It is also important that along
with the node loads in the two-element model, deformation effects associated with the width of the crack
opening are also specified, which in turn is related to the discontinuity effect [23, 24].
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Figure.3. The construction of a two-console flat and spatial model:
a — flat, without "disconnection"; b —the same, after " disconnection”;
¢ —three-dimensional, before "disconnection”; d — the same as (c), after " disconnection”;
e —deformation effects; 1 — 255 FE before the "disconnection”; 2 — 201 FE;
3 — 255 FE after the "disconnection”; 4 — 233 FE
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The deformation action is set in each node (except the reference ones) in three increments in
accordance with Figure 3, e, where |, m and n are the direction cosines of the principal crack opening
vector at one or another point to the X, Y and Z axes, respectively.

Then, having the applied efforts and movements in the nodes of the consoles, the values of the work
in two states are compared: "before the disconnection” and "after the disconnection" of the two-element
model. From the condition of equality of these works, the thickness of the finite elements in the state "before
the disconnection” decreases. This procedure is performed for all pairs of FE adjacent to the fracture (along
horizontal, vertical or their lateral surfaces) from different sides. As a result, along the imaginary crack, the
thickness of the finite elements decreases, which provokes the formation and development of cracks
according by the criterion of regular disperse cracks, without resorting to FE.

The average forces in the nodes in different directions for the two-element console model are
determined from the physically non-linear calculation of the entire structure. For this purpose, nodal forces
are used in the corresponding FE of concrete and reinforcement.

In the places where the horizontal sections of simulated cracks move vertically and laterally, the
robots of the angular finite elements are determined by averaging them.

As aresult, a new thickness of the finite elements adjacent to the crack is found by the formula:
Wl

=" ’ 2
w, ™ 2)

where W, and W, the work of the two-element model "before disconnection" and “after disconnection”,

respectively.

b

The proposed algorithm provides for an iterative process controlled by the achieved accuracy of the
thickness of the marked finite elements that are adjacent to imaginary cracks and the dynamic
characteristics of the reinforced concrete construction (building or structure).

It is appropriate to note here that the rigidity of the core reinforced concrete structures in areas with
inclined cracks, including those that intersect (characteristic for seismic actions for the landing sites and
interfaces) is replaced by equivalent rigidity:

M 2. Ax
B(A)=——, 3
=", ©

where W, — work of forces of selected area.
Here, the iterative process ends after reaching a predetermined error in the determination B;(A) .

In areas with normal cracks, the rigidity of the core reinforced concrete structures is determined using
the values of the bending moment M and the radius of curvature p and according to the normative
technique [22] for the corresponding stretched zone (the section with normal cracks is recommended to be
divided into 4 to 6 zones):

Bi(X) = M; - pj (4)

5. Projections of different cracks on the horizontal (vertical) are sought on the basis of the block

model with the estimated cross sections passing through the beginning and end of the crack (specified in
the iteration process, one of these sections, as a rule, is attached to the strongest force — the supporting

reaction Rsup or goes to one of the faces of the construction) with the use of analytic dependencies, which
are based on the extremum of a function of many variables using the Lagrange
Fo= f(qSW,XB,Gs,X,Gb,GSJ +Ob 1, Cy, M A2, hg g A, A, A7) multipliers and
F;= f(qsw, Xg 21053 C2s Ay Ao, %3), respectively, and the resulting condition for the equality of the
zero partial derivatives [16, 24]:
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The result is the formula:
(kikaksy +kikpy + kikh3)C5 +Cy +kikz, —kikpksy =0. (6)

Parameters Ki, K5, k31 —Kj3 depend on the geometric characteristics of the reinforced concrete
composite structures, the geometric and mechanical characteristics of concrete and reinforcement, the
adhesion parameters, the parameters of the stress-strain state of the calculated sections I-1 and 1I-II that
pass through the beginning and end of the inclined (spatial) crack, respectively— S, B’, é,lv Bé,z, Ay

Esw: Gsw: Gsw,hor» Qs.3» ho, Tp. X Xg 21 0p:05,051: Tyy2, a.b, Rsup’ Asi, O, Wg, V.

6. In the flat-stressed and spatial reinforced concrete (including composite) constructions, a multi-
level process of development of various spatial cracks takes place [16, 17]. It is determined by the
calculated models of their level appearance in the form of representative volumes of concrete with a
reinforcing bar long AX , commensurable with the distance between the clamps (Figures 2 a, b — for plane-
stressed and Figure 4 — for spatial reinforced concrete constructions), which allow us to find the distances
between the cracks and the width of their opening, taking into account the discontinuity effect.

Then
1 1 D . D
- o . + SV 4+ —
8b’[(y) S swAsw D cst(y)Asw Dz Dis y Di
(7)
1 1 D],.4 D],.5
=€ -Eo. - ——g E.. - . + -V + ,
sw Esw - Asw DL sw(y) sw Asw D; Dl y Dis

where the parameters D;...Dj, are expressed as functions of the forces in the sections that cut out a
representative volume (Figure 4) with the parameters of concrete, reinforcement and clutch.

The level model is used to determine the deformations of stretched concrete sbt(y) along the axis

of the transverse reinforcement of the i-th level of formation of different spatial cracks, the distance between
them and the width of their opening in a reinforced concrete composite structure.

The nature of the diagram ssw(y) , performed by experiments of other authors [4, 6, 15, 16], shows

that for a certain strain load, the deformations on the areas adjacent to the cracks begin to decrease and
even change sign, while deformations in the middle of the section between the cracks continue to increase

until at this point new crack. Analysis of the nature of the diagram 8bt(X) shows the necessity (Figure 5)
of taking into account the deformation effect in crack [23].
7. After finding different cracks and determining the deformations in the concrete along the axis of

the transverse and longitudinal reinforcement, it is possible, according to the accepted criterion for the
formation of cracks, to proceed to the calculation of the distance between the spatial cracks.

In this case, knowing the deformations in the transverse reinforcement or the deformation in the
longitudinal reinforcement in the section with the y coordinate and the deformation in the concrete
(determined using the calculated model of the i-th level (Figure 4) by the formula (8), it is possible to find
the relative mutual displacements of the reinforcement and concrete:

£g(¥)=esu(y)—enty). ®)
where on the basis of [23]:
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y
[x(y)dy. (©)
0

Equ(Y)=€gy + AT —
W W E sSw ASW ASW E sSw

Here S is the perimeter of the cross section of the reinforcement; &, — deformation of the

reinforcement in crack; AT — resultant conditional tangential stresses in the local zone adjacent to the
crack [23, 24]; t(X) — conditional tangential stresses.

After substituting (8) into (9) and taking into account the accepted criterion for the formation of cracks,
after differentiating and solving the inhomogeneous first-order differential equation, we may have:

D
gq(y)=C-e™ B4
g(y) DL, B (10)

where B —is the parameter of bond reinforcement with concrete, determined in accordance with the formula

S -G
— =S = The integration constant C is found from the boundary condition, according to which, for

K-Ag-Eg
AT c
Y=0, eg(y) =g+ —p———2.
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Figure 4. Carving of representative volume from a reinforced concrete structure, subject to
torsion with bending: a — representative volume of concrete, including reinforcing bars and part
of a spatial crack; b and c are calculated models of the second and subsequent levels for
determining deformations of stretched concrete &, (y) between spatial cracks with their

longitudinal and transverse sections, respectively
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Then
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Figure 5. The diagrams of concrete deformation sbt(y), reinforcement ssw(y) and their relative
mutual displacements sg(y) in the area between inclined (for a flat model) or spatial (for a spatial
model) cracks in RCC

Oht,c

Here corresponds to concrete deformations gy, (y) in a section located at a distance t,

VpEp
from the section with a crack (Figure 5). In this case, the values oy  are taken with a “minus” sign here
and in all the below formulas.

Then,

AT o) D _ D
eg(y)= (8sw + - e __—l4 Je o 12)
EswAsw VpEp Dig-B Di3-B

From the solution of the differential equation (12) and taking into account the criterion for the
formation of cracks, distances between cracks of the following level along the axes of the transverse
(longitudinal) reinforcement are sought:

2(InB, - B',)
ore ' (13)
- B’

where the parameters B’, B, Bé, Bz’l are functions of the boundary deformations of the elongation of

concrete, the parameters taking into account the effect of discontinuity (through o . and A7 _ the

compressive stress and the resultant conditional tangential stress in the local zone adjacent to the crack
(they are determined in accordance with the proposals of V.M. Bondarenko and VI.I. Kolchunov [23]),
geometric parameters, the parameters of bond reinforcement with concrete.

Thus, the cracking continues until the moment of destruction. In this case, not one is allocated (as is
customary in a number of known techniques), but several levels of crack formation [25]:
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lere > lercs =0 cracks
lerca 2> lore > lorep — first level
lere2 = lore > lerez — second level ¢ (14)

lere 26t —last  level

Comparing the functional and level values of Icrc , an analysis is performed of the possible realization
of the appearance of subsequent fracture levels.
Having the levels of crack formation along the longitudinal and transverse reinforcement of the

reinforced concrete structure, a complete picture of the various cracks adjacent to the concentrated force
and to the support is constructed.

The refined and most complete degree of realization of the cracks (whether these cracks intersect
the lateral reinforcement or it will be crossed only by a dangerous spatial crack) are determined from the
analysis of the stress-strain state along the clamps on the basis of the design scheme, the subsequent
level shown in Figure 4, which "closes" to the multi-iterative process provided by the PC.

Crack opening is considered as the accumulation of relative mutual displacements of reinforcement
and concrete in areas located on both sides of the crack; this takes into account the effect associated with
the violation of the continuity of concrete (the modernized Thomas’ hypothesis) [23, 24].

In accordance with this hypothesis, the problem by definition reduces to finding the relative mutual
displacements &g (y) of reinforcement and concrete in different sections between the cracks:

t Nelere |
agre = 2[eg (yodys + [eq(yHy+ [eq(y)y. (15)
0 0 Nlere

crc

After integration and some simplifications, we get:

a :_ZAT _ 2By _ 2B, Inl 1+ Baz2 - AwEsw
" G B B qswS + Ba,lAswEsw ’

(16)

where G — conditional modulus of deformation of bond reinforcement with concrete; S — perimeter of the
cross section of the reinforcement; ¢, — deformation of the armature in the crack; A, —the cross-sectional
area of the clamps; other parameters have already been expanded above.

3. Results and Discussion

The algorithm in accordance with the proposed methodology for calculating the rigidity of flat-
stressed and spatial reinforced concrete composite structures with the use of the software complex of the
PC "LIRA-CAD" was considered in two variants [14, 16, 17, 21, 22].

In the first variant, the rigidity is determined with using the special technique of simulating explicit
cracks-gaps when they are opened and closed (Figure 2), taking into account the effect of discontinuity
and inconsistency of deformations of concrete and reinforcement. Reinforcing bars are modeled with an
additional 201 FE, and a possible closure of the crack is a concrete 255 FE.

The second option involves performing the calculation without changing the order and numbers of
the FE. In the FEs adjacent to implicit cracks, their thickness decreases. The work of each pair of FEs is
calculated twice using a two-element console model (Figure 3): before "disconnection” FE (W1) and after
"disconnection" FE with applied nodal forces and deformation effects from crack opening, taking into
account the discontinuity effect (with distributed the reinforcement is replaced by two (for a planar model)
and four (for a spatial model) by rod fibrous FEs.

Efforts at the nodes of the two-element console model are determined from the nonlinear calculation
of the entire reinforced concrete construction for the given force and deformation effects. The movements
of the nodes are determined from the calculation of the two-element console model (TeCM) with the forces
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applied and stresses in the nodes (Figure 3). When solving the inverse problem associated with the need
to determine the width of the discrete crack opening, deformation effects are not specified, but a gap with
its minimum possible width is modeled. In this case, the displacement of its banks along three mutually
perpendicular directions as a result of the calculation of the TeCM determines the corresponding
components of the width of the discrete crack opening between this FE pair.

As a result, the new thickness of the FEs adjacent to the crack is determined by formula (2). The
calculation algorithm assumes the presence of an iterative process, which is controlled by the achieved
thickness accuracy of the indicated FEs. In this case, it is also possible to analyze the width of the crack
opening, obtained in existing software systems in the finite elements with reduced thickness, which adjoin
the imaginary discrete crack [14, 21, 22]. Such a comprehensive comparative analysis of the widths of the
disclosure will undoubtedly contribute to an in-depth study of this quantity, which in the theory of reinforced
concrete is "obstinate,” which is not amenable to description in the form of an acceptable theoretical
formula, has been for many decades.

Thus, a method is proposed for calculating the resistance of reinforced concrete structures with the
combined effect of transverse force, bending and twisting moments and longitudinal force for the second
stage of the stress-strain state, which allows us to reveal the actual stress-strain state in the presence of
spatial cracks, with the distance between the cracks and the width of their disclosure.

4. Conclusions

1. It is substantiated the urgency and necessity of technique development for modeling spatial
discrete cracks in the case of complex resistance of reinforced concrete structures of buildings and
structures, under the action torsion with bending, which have a significant effect on their stress-strain state,
and, first of all, on the change in rigidity.

2. The working calculation prerequisites have been developed on the basis of analysis and
generalization of experimental and theoretical studies. They allow one to simulate discrete cracks and
evaluate the rigidity of reinforced concrete structures, with complex resistance — torsion with bending, which
includes:

— modeling of different spatial cracks by bilinear surfaces;
— the proposed classification of basic spatial cracks;

— block calculation model with working sections, to determine the stress-strain state of which the
capabilities of existing software complexes are attracted, taking into account the inter-medial
disturbance in the seam between the layers of concrete and the incompatibility of deformations
of concrete and reinforcement;

— modeling cracks by "shaving" the final elements with the help of cracked cracks and setting the
deformation effect, taking into account the effect of discontinuity;

— involvement of a special two-element cantilever model for analyzing the resistance along the
fracture path and along the seam between the concrete layers;

— change in the thickness of the final elements adjacent to the crack and the introduction of
equivalent rigidities;

— finding the projections of adjacent spatial cracks on the horizontal (vertical) with the use of analytic
dependencies, which are based on the extremum of functions of many variables using Lagrange
multipliers;

— aspecial design model for multilevel crack formation, which allows us to search for the distances
between the cracks and the width of their openings, taking into account the effect of discontinuity,
and to display a multilevel crack development process involving inequalities.

3. The algorithm is developed for calculating the stiffness of plane-stressed and spatial reinforced
concrete structures with complex resistance — torsion with bending and the presence of discrete cracks
involving existing computer systems, including:

— two options for special modeling of opening and closing of cracks, taking into account the effect
of discontinuity and inconsistency of deformations of concrete and reinforcement;

— the iterative process of applying forces in the nodes of the two-element console model,
determined from the nonlinear calculation of the entire reinforced concrete structure (or its block
design model with working sections-spatial and normal, passing through the end of the spiral-
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shaped crack) to given force and deformation effects (in solving the inverse problem , associated
with the need to determine the width of the opening of a discrete spiral-like crack, deformation
effects are not specified, but a spatial gap is modeled minimally possible opening width, thus
moving it coasts along three mutually perpendicularly directions define components width of the
cracks between the respective pair of finite elements), which allows you to significantly refine
their stress-strain state in the case of force, deformation (including seismic) impacts and, as a

consequence, significantly improve the efficiency of reinforced concrete design.
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