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Abstract. Despite a fairly long period of research and a significant number of publications around the world on
the problem of the complex resistance of reinforced concrete, the existing calculation models still remain far
from perfect. This is especially true for structures with a non-rectangular cross section. The article presents a
version of the model and an algorithm for the analytical calculation of reinforced concrete structures of a
circular cross section in torsion with bending, which most fully reflects the specifics of the power resistance of
such structures. The model takes into account all the components of external forces in a rod element of a
circular cross section, the spatial nature of cracks, with the combined action of moments, various cases of the
location of the compressed concrete zone, depending on the ratio of the acting forces in the calculated structure.
For a spatial crack, calculated sections are taken in the form of diagonal large and small ellipses and a spatial
surface bounded by concave and convex spatial parabolas. In compressed and stretched concrete, a broken
section of three sections is considered, two in the form of longitudinal trapezoid and the third, middle section in
the form of a small ellipse rotated at an angle to the longitudinal axis of the structure. The obtained analytical
dependencies allow one to determine interconnected design parameters, such as stresses in the concrete of the
compressed zone, the height of the compressed concrete, stresses in the longitudinal and transverse
reinforcement, deformations in concrete and reinforcement, the length of the projection of a spatial inclined
crack, and others. The deformation model and algorithm can be used in the design of reinforced concrete
structures of circular and annular cross-section, working in bending with torsion.

Keywords: reinforced concrete, circular section, calculation scheme, bending moment, torsion, spatial crack,
dangerous spatial crack, governing equations.
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AnHoranusa. HecmoTps Ha 10CTaTOYHO NPOJODKHUTENBHBIA CPOK MCCIEJOBAHUI UM 3HAUYUTEIIBLHOE
KOJIMYECTBO IyOJIMKamuii BO BCEM MHpE 110 MpoOJIeMe CIIOKHOTO CONPOTHBICHUS JKele300eToHa
CYIIECTBYIOIIME pacuYeTHbIE MOJEIH IO HACTOAIIEr0 BPEMEHH OCTAIOTCSA JajeKO HE COBEPIICHHBIMHU.
OcoOeHHO 3TO OTHOCHUTCA K KOHCTPYKIHMSAM HENPSMOYTOJIHOTO IIONIEPEeYHOro cedeHus. B crarbe
NIPEACTAaBICH BapWaHT MOJAENM M AITOPUTM aHAJIMTHYECKOTO pacyeTa >KeJIe300€TOHHBIX KOHCTPYKIHUH

14 International Journal for Computational Civil and Structural Engineering



Deformation Model and Algorithm for Calculation of Reinforced Concrete Structures of Round Cross-Section Under
Torsion with Bending

KpYTJIOTO TIOTIEPEYHOTO CEUYCHUS MPH KPYUCHHH C M3THOOM HamboJee IOJTHO OTPAKAIOIIUH creruduky
CHIIOBOTO COTIPOTHBIICHUS TAKMX KOHCTPYKIUIH. MO/IeTh YIUTHIBAECT BCE COCTABIIIONINE BHEITHIX yCHINA B
CTep)KHEBOM DIIEMEHTE KPYTJIOTO TMOMEPEYHOTO CEYEHHs, IPOCTPAHCTBEHHBIM XapakTep TPEMWH, Npu
COBMECTHOM JIeHICTBHM MOMEHTOB, Pa3IHMUHbIE CIydal PAcIHOI0KEHHUS CKATOM 30HBI OETOHA B 3aBHCHMOCTH
OT COOTHOLICHMs JEHUCTBYIOIIMX YCHIMH B PACCUMTBHIBAEMON KOHCTPYKUMHU. [l IPOCTpaHCTBEHHOMU
TPEUIMHbl TPHHATHI pAacUETHBIE CEUCHHWS B BHAE JAWArOHAIBHOTO OONBIIOTO W MAajoro AIUIMIICOB U
MIPOCTPAHCTBEHHON MOBEPXHOCTH OIPAaHMUYCHHON BOTHYTOM W BBIMYKJIOH MPOCTPAHCTBEHHBIMU MapadOIaMu.
B cxaToM W pacTIHyTOM OCTOHE PAcCMOTPCHO JIOMAHHOE CCYCHHUE M3 TPEX YYacTKOB, — JBa B BHJIC
IIPOJOJIbHBIX TpalelUy U TPETUH, CPEIHUN Y4acTOK B BUJE MaJIOrO 3JUIMIICA, IIOBEPHYTOIO IOJ YIJIOM K
MPOJIOJILBHOM OCH KOHCTpYKUMHU. [loslyueHHble aHAIUTUYECKUE 3aBUCUMOCTU IO3BOJISIIOT OIpPEIesITh
CBsI3aHHBIC MEKIY COOON pacyeTHBIC MapaMeTphl, TAKHE KaK HAIPSOHKCHUS B OCTOHE CKATOW 30HBI, BBICOTY
cKaToro OeTOHA, HAPSHKEHUS B TIPOJIONBHOM U MOTIepeyHOi apMatype, aedhopManuu B OETOHE U apMarype,
JUIMHY TIPOSKIIMH TPOCTPAHCTBEHHON HAKIOHHOW TpemuHB W 1pyrue. [lepopmammoHHas Mojaenb |
ANTOPUTM MOTYT OBITH WCIOJNB30BAaHBI MPU MPOCKTHPOBAHUH KEIIE300€TOHHBIX KOHCTPYKIMHA KPYTIOTO U
KOJIBLIEBOTO TIOTIEPEYHOT0 CEYCHNUS, paOOTAIONINX Ha U3THO C KPYyUCHHEM.

KiroueBble ciioBa: jxene300eTOHHbIE KOHCTPYKIMHU, KPYTJIOe CeUeHUE, pacyeTHast CXeMa, IIPOYHOCTb,
U3ru0aromuii MOMEHT, KPYTSIIUI MOMEHT, TPOCTPAHCTBEHHAs TPEILIMHA, pa3pelIatoIiie YpaBHEHHS.

INTRODUCTION

It is known that the rational and safe design of
building structures is largely determined by the
availability of effective and relatively simple and
understandable methods for their calculation.
This is especially true for critical structures of
buildings experiencing a complex stress state,
which undoubtedly include structures that work
on the simultaneous action of bending with
torsion. Until now, this is one of the most
complex and little-studied problems of the theory
of reinforced concrete, since it is applied and
used in domestic [10, 15, 18, 19, 23, 24] and
foreign [2, 5-9, 13, 16, 17, 20, 21] research and
in regulatory documents up to the present time,
the methods remain extremely conditional and do
not reflect the complex resistance of reinforced
concrete structures at all levels of loading under
such effects. Numerical solutions using software
systems based on the finite element method and
other numerical methods do not reflect the
physics and all the specifics of the deformation
of such structures, and the results of the solutions
obtained are not unambiguous and are largely
determined by the qualifications of the engineer.
Known analytical solutions usually consider the
calculation of structures of rectangular [2, 5, 7, 9,
13, 18, 20], and more recently box-shaped [26]
sections and do not investigate the specifics of
the calculation of structures of circular and
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annular sections. At the same time, structures
with these cross-sectional shapes are often used
in such critical structures as, for example, the
stiffening core of high-rise buildings, bridge
supports, cable cars, and the efficiency of their
design solutions depends on the accuracy of the
calculation. Therefore, the development of
analytical methods for calculating building
structures made of reinforced concrete, fiber- and
steel-reinforced concrete and other similar
multicomponent conglomerates remains in
demand not only for verifying software systems
and developing regulatory documents, but also
when designing building objects that use
fundamentally new design solutions and
technologies that have not passed verification in
the practice of construction and operation.
Therefore, the purpose of this study was to build
a deformation model and an algorithm for
calculating the complex resistance of reinforced
concrete structures of a circular cross section
under the combined action of torsional and
bending moments, which most fully reflects the
physical features of the force deformation of
such structures.

Deformation model. In the development of
studies [25], in which, to determine the
calculated forces in reinforced concrete
structures of the considered cross section, a
general calculated scheme with spatial sections
was proposed and the corresponding resolving
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equilibrium  equations and  deformation
equations were compiled that determine the
stress-strain state in such structures under the
considered effects on Based on the specification
of these constitutive equations, here is an
algorithm for determining all the calculated
parameters used in this model.

It is assumed that the calculated reinforced
concrete structure is conditionally divided into

two blocks and in the space of these blocks
there is a spatial crack limited along the length
of the structure by normal cross sections 1-1 at
the beginning and 3-3 at the end of the
projection of this crack. The area of the beam
covered by the crack, being projected onto the
side surface of the structure, can be described by
a large ellipse (Figure 1) with a projection
length equal to c.
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Figure 1. Calculatied scheme of a reinforced concrete element of a circular cross section under the
action of bending and torque moments: a — block with small and large ellipses between normal
sections I-1 and 3-3; b, ¢ — diagram of forces, compressed and stretched zones in section I-1 and 3-3
respectively
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In the compressed concrete of the design section
within the projection of the inclined crack there
are three characteristic sections with dimensions
I, I, I3, — longitudinal sections (1; and 153),
as well as a cross section of a small ellipse at a
longitudinal distance 1, (see Figure 1). In the

stretched concrete there are the same three
sections 14, I,, I3, but in addition to the ellipse

for the section I,, there is also a parabola
envelope in the sections 1; and I5.
The small ellipse equation for a spatial section is:

T (1)

Then in stretched concrete in the first section we
have a spatial curve fq123(x,y,2) and in the

second  section a  spatial parabola
Fpar1, 2, 3, (X,Y,2).
To construct the first spatial parabola

foar123(X,y,z) we find the coordinates (x,y,z)
of point 1 (T.1) along the axis x (x=-1;-0.515),
the coordinate along the axis z (z=R-x;) and,

belonging to the circle in section 1-1, the
coordinate along the axis y:

y=+JR2—(R-x1)?. (2)

Next, we find the coordinates (x,y,z) of point 2
(T. 2) along the x axis (x=-05l,), the z
coordinate (z=-R+xy —Ax;—xpy) and the y
coordinate.

Let us write down the equation of the first

spatial (in the form of a propeller curve)
parabola:

Frart2a(0y.2) =202+ y1(0%.  (3)

where z;(x)? and y;(x) — parabolas along

respective coordinate axes.
The construction of the second spatial parabola
foar, 2,3, (Xy,z) is similar to the above
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scheme the auxiliary plane curve is defined
vo(x) and the equation of the second spatial

parabola is obtained accordingly:

fparlr,Zr,Br(x:yl):\/ZZ(X)2+y2(X)2 . (4)

CALCULATION ALGORITHM

In accordance with the accepted design scheme
of the reinforced concrete structure of the beam
of round cross section under the action of
bending and torque moments and transverse
forces, the most dangerous are spatial sections
located at the support with maximum torque,
bending moments and transverse forces.

In this scheme, the first block is separated by
the cross section I-1 passing at the end of the
spatial crack, is in equilibrium under the action
of external forces applied to it from the side of
the support and internal forces arising at the
place of the cross section.

When evaluating the complex resistance of the
beam under consideration, the design scheme
shown in Figure 1 is implemented in the
following order.

1. The main one is an arbitrary vertical section
Kk, passing through the end of the front of the
spatial crack, in which the intensity of
deformations is taken &;,, =gy, .

2. We calculate the value of shear deformations
equ (Figure 2):

€qu =2C0sPsinB(eyy —e3y), (5)

where angle B determines direction of main
deformation of concrete shortening in vertical
section k.

3. Using the diagram of the dependence
proposed in [23] a/hg—cosB (where a — is the

distance from the support to the edge of the
crack, hy — the working height of the section)
the value of the shear stress limit is calculated

qu
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o: 1 _ 2 - 2n.
Ra=e=Tna = S © Ex1 =10 08B +egy sin®p; )
hu H €,1=81y sin2B+a3‘ucoszﬁ; (8)
4. For point 1 of state diagrams [23] of chJ:G_i’“ %[sxﬁu(k)szﬂ; 9)
compressed zone concrete in the section under Eiu1-p°(2)
consideration using known dependencies of _Ciu 1
solid deformable body mechanics, strains and R, 1_M2(M[821+“(7‘)8X1] (10)
stresses are successively calculated: '
cos 3
1.0
0‘9 /
// L~
0.7 /// /
i //’/(// L
0.5 /,'/{/ /* /{ } 6
0.4
0,33 / / /
g > 3 4 5 6 7 a/hy

Figure 2. Diagram a/ hg—cosf: 1 - for ratio T/M = 0.1; 2 - for ratio T/M = 0.25; 3 - for ratio T/M
=0.5; 4 - for ratio T/M = 0.75; 5 - for ratio T/M = 1.0; 6 - for ratio T/M > 1.0

5. The transition from stresses in compressed
concrete on the inclined site of the section under
consideration to stresses on the normal site is
carried out according to the known formulas of
mechanics of the solid deformable body:

cxlcosza+czlsin2a+rxlzlsin2a; (11)
Ty k = Ix %21 gy 20— C0s20;  (12)
Ohxuk = :0)(8‘:; ; (13)
Txzu = Txz,u :;;(—;'2; (14)
Tyx .k :\IR(% _sz,kz . (15)
18

Here o — is the angle between the cross section
normal to the longitudinal axis and the section
k-k in question (see Figure 1).

In practical calculations, the direction of the
main deformations of compressed concrete
shortening (angle B) in the vertical section
passing through the end of the front of the
spatial crack can be determined using a graph
of dependence a/hg—cosp (see Figure 2).

6. From equilibrium equation of projections of
all forces acting in section I-1 on axis x
(>.X=0), height of compressed zone of

concrete in normal section (unknown x):

Gl ,ubl(P(Xk ,x)x—ch mAg, =0.  (16)
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Knowing the circumference radius of the
circular cross section, the area of the
compressed zone of concrete in this sections is
calculated Ap, and then the height of the

compressed zone x of concrete in this section is
calculated.

From the hypothesis of proportionality of
longitudinal deformations there are stresses in

longitudinal working reinforcement G, in
section I-I:

_ P10*0pu x,I "Eg()) . hg — X
En(}L) x

Gs,l +GOSRS,| (17)

If condition (17) is not met, voltage o, is
taken equal to R.

Normal shortening deformations along the x
axis in compressed concrete at various points of
design section k-k and in section I-1 can be
found on the condition of their proportionality
to limit deformations ey, rigx at the extreme

point of section k-k (see Figure 1a):
— from right point (rig) to section I-I (similar to
section 3-3)

Epuk,rigx @ .
8b7| :—g, (18)

— from right point (rig) to middle point (bk)

€bu k,rig,x " qmb
a—ll

2,01
Ehukrigx | a— |1+7|2'§—nhor,b'|2
; (19)

a—ll

Ehkx=

— from right point (rig) to left point (lef)

€hu k,rig,x -[a—(l1+I2)]

(20)
a—ll

Ehu k lef x =

7. From the equilibrium equation of torques of
all internal and external forces acting in section
I-1, relative to the axis perpendicular to this
section and passing through the point of
application of equal forces in concrete of
compressed zone (>.T =0), shear stresses from

torque and transverse force (unknown < and
tg, ), are determined, where they are directed

in opposite directions, and the ratio between
them is taken equal to the ratio T,/ Qq :

03+031+12+%b' X+0)_o)1_tz_b—21b" x-T;=0; (21)

Ty+ =TT 37Q,05 (22)
AN (23)
Q1 Qi

Here b' (b") — distance in radius from the
center of gravity of the section to the arc of the
section contour on the side where shear stresses
tr, and tq, are directed to one side (directed

to opposite sides).
For total shear stresses calculated by the
formula (22) the condition must be met:

TZ+S‘Cp|. (24)

Here 1 pl :1'1Rbt'

The second support block is separated from the
reinforced concrete element by a spatial section
formed by a spiral-shaped crack and a vertical
section passing along the compressed zone of
concrete through the end of the front of the
spatial crack (see Figure 1).

For a circular cross section, the torque in section
1-1 will be:

1
Mt,| =Ip|’u-kxl-bcir-(pcirﬂ-(zl—O.S-kxl)+0.5-tp|’u~(X1—XX1)-bcir- 0.5'7\.X1+§'(X1—}\,X1) +Qs(h0—21). (25)
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From the equilibrium equation of projections
of internal and external forces acting in

~tpix XD =T px kg (g —X)-b+ Ky -Rgyp =0.

Here, it is assumed that the load forces in the
working reinforcement on average between the
cracks in the cross section I-1 are zero.

The lateral force perceived by the compressed
zone concrete will be:

Ql,bzfpl,x'x'b- (27)

In turn, the transverse force perceived by the
concrete of the stretched zone will be (Figure 4):

QII,T:Tpl,x'kQ,m(hO_x)'b- (28)

On the other hand, the value of the transverse
force as part of the entire transverse force
perceived by the design section is

(28)

Qur=0Q0-Qp-

section I-1 on the axis Y (XY =0):

(26)

The equation (26) can be used to determine a
parameter kg, hat takes into account the

presence of adjacent spatial cracks on the
stressed-strain state of the stretched zone in the
middle (between the cracks) of the calculated
cross section I-I:

K Rap—Tpixxh
Qm ©p1x (No )b

(29)

8. From the equilibrium equation of bending
moments of all internal and external forces
acting in section I-1 (> M g =0), a generalized

reference  reaction  (unknown  Rsp) IS
determined:

G5 1MAg ;[0 =9 (X, X)X ]-M | —Rgpag =0 (30)

b)

-
/
=

N

S)
r:-T' ¥y
=
S:f(GSAS) x
OI
~

Figure 3. Schemes of distribution of shear strains and shear stresses in the cross section I-1 (3-3)
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Figure 4. Diagram of transverse shear stresses tq in medium cross sections I-1 (3-3)

Where @(Xy , X) — coefficient of completeness of

stress graphic in compressed concrete. For the
limit states of the first group, the value of this
coefficient can be taken to be 0.75); m is the
number of rods of longitudinal working
reinforcement in the section under consideration.

For a circular cross section from the equilibrium
equation of moments of internal and external
forces in section I-1 relative to the y axis passing
through the point of application of equal forces
O, in the stretched reinforcement (3 Mo,=0),

we obtain the unknown M peng | -

M bend,l = Rsup,l M 8mis Pro* 'Jbu,x,IAb,I [ho —Qzcir x/+ +m'Rsc,I,up "Oyp cir 'Asc,up (hO _a,s)

!
+z Rsc,l,i,lef "Oc i Asc,],i,lef (hO - as,i,lef)"'

!

+Z Rsc,l,i,rig O cir Asc,],i,rig (h() - as,i,rig

)= X Ry nider *Ocir - As 1 itef (asiier —2s,d )~

_Z Rs,I,i,rig Wiy 'As,l Ji,rig (as,i,rig —asd )_ KmK pr.M - Rs.up,l - Rsup,l -a=0, (31)
and then lateral force from internal forces:
M bend, | M bend, |
Qi =Rgsypim = == —. (32)
P am’| a+KMKpr’M

9. From the condition of zero equality of the
sum of projections of all forces on the x axis
(>-X=0, block II, see Figure 1) acting in space

section k, an unknown parameter is
determined - the height of the compressed
zone in section k (xgk ) :

—Gsk "My - Asg +ZRSc,up,i Oy Ascup,i _ZRs,i,rig “Orig - As i rig — 2 Rsilef "Olef *Asjief +
+ZRsc,i,rig "Oc rig 'Asc,i,rig JrZRsc,i,lef “O¢ lef Ascilef —P10T Xy u,Mt 'Ab,ll T P10 xy u,Mt 'Ab,l3 -

Ohlrig 'Ab,* ~Osclrig 'Asc,l,rig —GOp3lef ‘Ab,** —Osc 3 lef 'Asc,S,Ief -

—Xpk Ak xg ~P10TxyuMt b, ad +P10Txy,uMt " Abls,ad ~Oblrig - Abscirad ~

Cp3ef * Abxxcirad ~X bk Abk,core =0-

\Volume 18, Issue 2, 2022
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The following restrictions must be taken into
account for xs:

Olho < XB,k S03h0 ;
XB,k < Xy -

(34)
(35)

In equation (34), X, - projection of the

resulting directions in the grain of concrete on
the axis x; Ay, — area of compressed concrete

on the site 1j; A, — area of compressed

concrete on the site I3; Ay, — concrete area

of the right sector of broken section (sector with
height xg1); Ap.«cir — concrete area of the left

sector of broken section (sector with height
Xg3); Apj ad — concrete area with height Ax,

at the site 13} Ap), og — concrete area with

height Axz at the site l3; Ay, jrag — area of

compressed concrete of part of the right sector
with height Ax;; Ap.icirag — Ccompressed

concrete area of the left sector part with height
AX3; Apgcore — area of part of compressed

zone of concrete in section k of small ellipse
enclosed between points AB and section of arc
of ellipse spaced from surface of small ellipse
by height xsk (see figure 1); Apk x, — area of

part of compressed zone of concrete limited by
sections of arcs of ellipses in section k-k, spaced
from each other at a distance xsgk;
nrig mrig

kZl Rsirig * @rig - Asjirig ( kzl Raw,irig - @ rig - Asw,i,rig )

— forces in stretched longitudinal reinforcement
(transverse clamps) located in the area of the
RH circuit of the first section of the spatial

parabola foar12.3(X,Y,2) (site 11);
Mgt Nief
2 Rawitet " @tef Aswitet (2 Rsjilef *Olef Asjlef )
k=1 k=1
— forces in the stretched longitudinal

reinforcement (transverse clamps) located in the
area of the left contour of the second section of

' f XY,z
the spatial parabola part, 2, 3, (X.¥,2)

I3); Mo _ section working height, ?7/lef | ®7.rig

(site

Pelef  P8rig  _ parameters that take into

account the components of the "heating™ effect
in the working reinforcement.

To determine the projection of component
stresses in compressed concrete X, the x axis

is previously calculated as the following
unknown in the section k-k.

Deformations of longitudinal reinforcement in
the left and right parts of the section & rig x

and  egxef x  On  condition of  their
proportionality in section x and section k-k:

Esk _8s) :lm,s
Ea -(a—Zhib-c—Zh:b-OS-b) o
a
€5k rig X =WJ (37)
Ss,k,lef,xng'k'rig’xg[i;l(lﬁlﬂ]- (38)

The relationship between angular deformations
is recorded:

Yzx,pl = Ko ¥V zx Mtel (39)

where  k«i=M{/Mcc. In  the first
approximation for the crack torque we take
Mt cre =0,4My.

We also take limit values of tangent stresses
Tzx,pl =Rgq =Ren-

Knowing the angular deformations from the
torque, the values  of the tangent stresses

from the action of the transverse force are
determined

(40)

Tx,Q = Tazx —Tzx Mt

T T
K = XM _ X (41)
Tax Mt Tzx

For the middle point (bk) of the compressed
zone of the broken design section k-k, the
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projection of the component stresses in the
compressed concrete X, on the x axis in the

V21
Q71 0pyx P1*|a— 11+712'5—nhor,b‘12

section 1, is calculated by the formula:

X
bk a

The height of the compressed zone X in the

section k-k between the cross sections I-1 and
I11-111 (see Figure 1) can be found from a linear
proportion;

X1+ X
x, = X1t %3

. (43)

where x;— is the height of the compressed zone
in section I-I; x3 — is the height of the
compressed zone in section H11-111.

By calculating the height of the compressed
zone of concrete xgy in section k-k from
equation (34) and using the conditions of
proportionality between the heights of the
compressed zone in sections k-k and 1-1, the

following ratios are written to determine the
height of the compressed zone in section 1-1:

tga

+ (P12 TaxuQ T 010 Txyu i) @3x 5 (42)

XB k

Y, =—" 44
! XB,k +AX1 ( )
AXq =Xy —Xq. (46)

XB k _y. _ XB1

XB,k +AX1 1 XBJ+AX1
from which is calculated
Yy-Axq

Xg1= . 45

51~ 1 (45)

Similarly, the height of the compressed zone is
in another normal section xg 3 ( see Figure 1):

10. Intensity of load in clamps on the right side
of round cross section is determined from
equality of zero of sum of projections of all
forces acting in space section k-k on z axis
(3.Z=0, refer to Figure 1):

h
Q'sw,rig :T[q swlef Mg T _(P7,*Rsz(’3*,cirAs,*,cir _(P7,*,rigRsZ“)rig *cir As rig +

thLO

TP7 x lef R ®ef *Ag et —Q +Rgyp "'((PllT zyu Mt TPoT zy,u,Q)' Ab,ll +

+((P11'C zyuMt —P9T zy,u,Q) 'Ab,l3 +

((Pl4 “ToxuMt T P12 ‘sz,u,Q)‘ Ap x cir +

((P14 “Taxu,Mt — P12 'sz,u,Q)' Apsxcir + Lok Ao kxg — ((PllT zyu Mt T Q9T zy,u,Q)' Apyad +

((Pll’lT zyu,Mt — P9t zy,u,Q) 'Ab,l3,ad + ((P14 “TaxuMt T 912 'sz,u,Q)'Ab,*,cir,ad +

+((P14 T uMt ~P12 Txu,Q ) Ap x cirad +Z bk * bk core -

Here ¢©7et » ©7rig — parameters that take into

account the components of the "heating™ effect
in the reinforcement. At each iteration step,
these parameters are taken into account as

\Volume 18, Issue 2, 2022

(46)

constants, not as functions and are determined
based on the second level model [25]; Q — the

transverse force of the section from the support
to the section k-k.
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For the middle point (bk) of the compressed
zone of the broken design section k-k the
projection of the component stresses in the

Zb,k = ((912 TxuQ TP14 'sz,u,Mt)'

Here, the components of tangent stresses in
compressed concrete are calculated by analogy
as in para. 9, with replacement by t,, o by

TixadQr TzuMt BY TzyadQr Tayum DY

T zy,ad Mt etC
The load intensity in the clamps on the left side
of the round cross section qg, s is based on the

ratio:

Usw,lef =Asw,rig — T11%°TQ > (48)

It is assumed that the projections of inclined
cracks on the left and right sides of the circular
section are approximately the same ¢; ~¢, and

then the value of the coefficient 4y, =44 -5,

where b is taken equal to the radius of the cross
section of the calculated structure. Values of
tangent stresses taking into account the action of
transverse force on the left or right of section
are performed with plus-minus sign (+tq)

respectively.
At that, condition check is performed for load
intensity in clamps gy ef

—n.Rbt'ASW SOgswlef <
Usg Y s

M_qm 1q. (49)

Values of parameters included in formula (51)
are calculated by formulas:

N-Rpt - Asw
Usg

(50)

= Usw,lef ,min»

Cc
Y1119 =VQx Tplu=VQx Ren {Ej , (51)

Py "‘((PQ “TzyuQ i(Pll‘fzy,u,Mt)'

compressed concrete on the z axis in the
section |, is calculated by the formula:

z 2

: (@)

2

At the same time, tangent stresses tq) are

based on the condition of proportionality of
relations of stresses and forces in section k and
in section I-1;

ol o Q1 (52)
ok Qkm

Here tg, and tq) — tangent stresses due to the

action of the transverse force in the normal section
I-I and in the center of the compressed zone of the
spatial section k- k, respectively; Q; and Qy , —a

transverse force acting in the normal section I-1
and in the center of the compressed zone of the
space section k-k, respectively.

11. Stresses in longitudinal reinforcement o

are determined from the equation of moments of
all internal and external forces (>.Mg=0),

acting in the vertical longitudinal plane relative
to the axis Z, passing through the point of
application of equal forces in the concrete of the
compressed zone:

o gMA;-(h1g—0.5%, )-My —Rgypa;m =0 (53)
This checks the condition:
c;SSmaS’RS' (54)

If this condition is not met, then o4 we take it
equal to m,R,, where m_=1/1,,.), Ik -
distance from the beginning of the stress
transfer zone in the pre-stressed reinforcement
to the section under consideration; If there is no
prestress in the design, the factor m,, =1.

The bending moment, as a function of the
calculated parameters of the section k-k, is from the
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static condition of equal to zero moments of all
internal and external forces acting in the vertical
longitudinal plane relative to the y axis passing
through the point of application of equal forces in
the concrete of the compressed zone by
(> Mpx=0,see Figure 1) Mpena k(05 Osrig) Os lefs
hﬂ- XB.ks As,d- Rs,rig- Rs,lef"qs- W cirr P56 P70 Pay
P11, 9swrig) Dswlef Ab,*,c:’r- Ab,**,cir-

10203, T2y 0.0/ Toyu Mt XB K XB1:XB 3 Kbk )-
This constraint is detailed in [25].

The bending moment corresponding to the level
of crack formation is from the following
constraint

M bend k

_ IV'crc,k _ Mcrc,k . (55)
0.85W, )  0.85Wq-y’

R pt

Here, Ry =2.2Mlla - design tensile strength of

concrete; y=2 - a coefficient taken for a
circular section equal to two; Wpg,g =nD3/32.
The generalized reference reaction

corresponding to the moment of crack formation
is accepted Rgypcre = 0,4 Rgypy -

From here, the transverse force from internal
forces in the design section is determined:

M bend k

Qk = Rsup,k,M =

12. Intensity of load in clamps located in lower
stretched zone of round cross section is
determined from equality of sum of projections

1

amk am,b(C)"‘KMKpr,M

(56)

of all forces acting in spatial section k- k on y
axis equal to zero (3.Y=0, refer to Figure 1) we
have:

Qsw,o :ﬁ‘[_@s,*,rigRsZ“)rig cirAs rig = ~Pgx lef Rs D 0jef cirAs lef —®gx - RsD 0xAg +
|2 +4R

2 2
+013 Tyxu Mt *Absx+ 913 Tyxu Mt Apss + Yok XBk V124D +013 Tyxumt - Absad +

+013 Tyxu Mt “Abxrad +Ybk 'Ab,k,xB +Ypk ’Ab,k,core]-

Here, ¢g — parameters, which take into

account components of "heating” effect of
reinforcement. At each iteration step, these
parameters are taken into account as constants,
not as functions, and are determined based on
the second level model [25];

For the middle point (bk) of the compressed
zone of the broken design section k-k, the
projection of the component stresses in the
compressed concrete on the y axis in the section
I, is calculated by formula:

J2 J2

Yok =99 “TyuQ 'Ti(PB “Tyx,u,Mt T (58)
Here, the components of tangent stresses in
compressed concrete, by analogy with formula
(49) with the replacement of the corresponding
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(57)

components of tangent stresses .,y o o instead of

Tyuo and Ty aqme instead of

Tzy,adQ =TzyuQ ~TzycreQ:

Tyx,ad Mt = Tyx,u,Mt — Tyx.crc,Mt -

13. The torque, as a function of the
calculated parameters of the section k-k, is
from the static condition of equal to zero
moments of all internal and external forces
acting in the vertical transverse plane relative
to the x axis passing through the point of
application of equal forces in the concrete of
the compressed zone b, (3>.7bk=0, see Figure 1)

Tyx,u,Mt >

M k(dswo U sw,rig Asw,lef N q:MNhor b P7,* 0gx,Rs,
As:XBk:hoAp A, Aplys

?11,99:TyzuMt:Tyzu,Q ’Ab,*,cir ’Ab,**,cir ‘Mhor b )-
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This constraint is detailed in [25].

14. The length of the projection of the spatial
crack is determined using the function f(x,y,z)
for the diagonal large ellipse of the circular
cross-section structure introduced into the
design scheme, with a smaller b=R and larger
I(c)+RV2+1(c)  2l(c)+Rv2 )

diagonal a=
2c0So 2c0sa

respectively:

C=|1(C)+|2+|3(C)=

where, I;(c)=I3(c)=dcosa=d -cos45°=d%;
c:ll(c)+I2+I3(c)=Lcosa
(R*-2%)

z=0;

(y=yo)®  (z-20)° |
21(¢)+R2 .2 R?
2c0sa.

(59)

Based on this, the size of the spatial crack for
projecting it onto the horizontal axis is:

LCOS(}LSR-?)\/E.
(R%-22)

051, 05RV2  Ry2
coso.  COSo  2COSa.

2
ZRZR*E:R\/Es R-3V2 RV2 <R-3\/2

(60)

R-141<R-4.24

As a result, for the length boundary of the
spatial crack, we can write:

141R<c<4.24R.
In addition, for the length of the spatial crack,

the limitation of the existing standards must be
checked - no more than c, determined by the

formula of paragraph 8.1.9 SP 63.13330.2018:

o RsAs(2h+D)
0=, [—",
Qswy

and take into account the limitation ¢ <2h+b.

(61)

CONCLUSION

1. A block analytical calculated model and an
algorithm  for estimating the complex
resistance of a reinforced concrete structure of
a circular cross section from the action of
bending with torsion, with modeling of the
calculated sections by small and large ellipses
and modeling of the calculation spatial crack

by sections of specially constructed spatial
parabolas.

2. Straining model equations for determination
of unknown bending Mp,qx and torque

moment M, height of compressed zone of
concrete xek, deformations ey rig x» €s lef x
and  stresses G s Kk rig X Osk lef x in

reinforcement on the left and right of design
section, intensity of load in clamps located
respectively on the left and right side of design
section gyjer Gswrig and intensity of load in

clamps located in lower stretched zone of
section Qsw.. obtained using physical ratios for
concrete and reinforcement and static conditions
in spatial design section.

3. In the spatial section k, for the block cut off
by a complex section passing along a spiral-
shaped crack in the compressed zone, all
reinforcement is taken into account, falling into
this cross section and "heating” effect "in the
stretched longitudinal and transverse
reinforcement, falling into this spatial section,
as well as normal and tangent stresses, located
on sections normal to longitudinal axis at the
distance x from support and that, as bending
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moments increase, height of compressed zone of
concrete in section k between first and third
round normal cross sections decreases.

4. For dangerous spatial crack length of
projection of this crack is found With projection
on horizontal axis of diagonal large ellipse of
function f(x,y,z) with smaller diagonal b=R

and ellipse with larger diagonal
a=ly(c)+l,+13(c) for which restriction is
accepted 1.41R<c<4.24R.
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