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CALCULATION SCHEME OF REINFORCED CONCRETE
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Abstract. The developed design diagram of the ultimate resistance of reinforced concrete structures in bending with torsion
of circular cross-sections most fully reflects the features of their actual exploitation. For a spatial crack of a diagonal large
ellipse, sections are taken in the form of a swirling propeller with concave and convex spatial parabolas from the first
and second blocks between vertical transverse circular sections from the beginning to the end of the crack. For practical
calculations in compressed and tensioned concrete, a polyline section of three sections is considered: two longitudinal
trapezoids and the third middle section of the radius curve of a small ellipse close to forty-five degrees. When calculating
unknown forces, solutions of the equations of equilibrium and deformations of the sections are made up to the end of the
crack passing through the moment points for the resultant moments and the projections of internal and external forces.
Shear torsional stresses along the linear longitudinal sections of the trapezoid were presented, as well as normal and shear
stresses located on the end cross-sections at a distance x from the support. The height of the compressed area of concrete
decreases with an increase in bending moments in the spatial section between the first and third cross-sections. It is found
in their relationships and connections. The dowel action of reinforcement is determined using a special model of the second
level with discrete constants. The static loading scheme was considered from the standpoint of an additional proportional
relationship between the torques along the length of the bar in the spatial section and the first and third transverse sections.
For a dangerous spatial crack, when projected onto the horizontal axis, the length C was found from a diagonal large
ellipse of a round bar.

Keywords: reinforced concrete, circular section, calculation scheme, bending moment, torsion, spatial crack,
dangerous spatial crack, governing equations

PACUETHASA CXEMA KPYIJIBIX KEJE3OBETOHHbBIX
KOHCTPYKIMM NPU CJOKHOM NPEJAEJBHOM
COINPOTHUBJIIEHUU-KPYUYEHUU C U3T'UBOM

Bn.H. Konuynos ', C.A. Byikun ?

1 YOro-3amanmblit rocymapcTBeHHbIH yHUBepCUTeT, T. Kypek, POCCHU S
23A0 «['0posCKO# TPOESKTHBINA HHCTHTYT UIIBIX U OOIICCTBEHHBIX 3MaHuii», I. Mocksa, POCCHU

AHHoTanust. Pa3zpaboranHas pacyeTHas cxema IpPeeIbHOTO CONIPOTUBIICHHUS KeIe300€TOHHBIX KOHCTPYKIMH MPH KpPy-
YEHUH C N3rMOOM 2JIEMEHTOB ¢ KPYIIBIMH ITOTIEPEYHBIMH CEUCHNUSIMH HanOoIee OJIHO OTPAXaeT 0COOEHHOCTH HX JIEH-
CTBUTENBHON pabOTHI. [l MPOCTPAaHCTBEHHON TPEIIMHBI JUATOHAIBHOTO OOJIBIIOrO IUINAICA IPUHSTHI CEUYCHUS B BUJIE
3aKpy4EHHOTO TIPOIEIIepa ¢ BOTHYTOH M BBITYKJIOH ITPOCTPAHCTBEHHBIMH 1apabosiaMH M3 HEPBOTO M BTOPOTO OJIOKOB
MEXXIy BEPTHKAIBHBIMH MONEPEYHBIMU KPYIIIBIMU CEUCHMUSMH OT Havaja 10 KOHIA TPEeKHbI. IS MpaKTHIecKnX pacde-
TOB B C)KaTOM M PAaCTSHYTOM OETOHE PaCCMOTPEHO JIOMAHHOE CEYEHHE U3 TPEX YIaCTKOB, — JIBa MPOOJIbHBIX TPAIICIIUU U
TpeTuii cpenHui OMM3KUN K COPOKa IATH TPaycaM yIacTOK KpUBOH pannyca Masioro suimrca. [Ipu pacyere HeM3BECTHBIX
YCHIINI COCTaBJIEHBI Pa3peIaloIine YpaBHEHHUs paBHOBECHS U Je(pOpMaIiii MONEPEUHbBIX CEIEHUH 10 KOHIIA TPEIHHBL,
MIPOXOJSIIIIE Yepe3 MOMEHTHBIE TOUKHU JUI PAaBHOACHCTBYIONIMX MOMEHTOB M MPOEKIMH BHYTPEHHUX W BHEIIHUX CHIL
Bbbutn mpescTaBiIeHbl KacaTeIbHbIE HANPSHKEHHUST KPYUYESHHUS 110 JTMHEHHBIM NIPOJIOIBHBIM CEUYEHHSAM TPAICNH, a TAaKKe
HOpMAaJIbHBIE U KacaTelbHbIC HAIPSHKEHMS, PACIIOJIOKEHHbBIC Ha KOHIIEBBIX MTONEPEYHBIX CEUEHHUAX HAa PACCTOSHHUU X OT
omopsl. IIpu 3TOM ¢ yBenmueHneM N3rndaronnX MOMEHTOB YMEHBIIAIOTCS BBICOTHI CXKATOM 00acTi OETOHA B IIPOCTPaH-
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CTBEHHOM CEUYEHHH MEXXIy EPBBIM U TPETHUM MONEPEYHBIMU CEUCHUSIMH, KOTOPbIE MOTYT OBITH Hall/ICHbI U3 UX OTHOLIIE-
HUH ¥ CBSI3eH. YUNTHIBACTCS «HATSJIBHBIIN» 3QQEKT B paCTIHYTOH ITPOJOIBLHON 1 IONIEPEIHON apMarype, onpeessieMbli
C IPUBJICYCHUEM CIICIIMAIBEHON MOJIEIN BTOPOTO YPOBHS C AMCKPETHBIMU KOHCTaHTaMu. CTaTHyecKast cxemMa Harpys>KeHUs
paccmarpuBaiach ¢ HO3UIMN JOMOIHUTEIBHOTO MIPOITOPIIMOHAIBHOTO COOTHOIICHHS MEXKTy KPYTSIIUMHA MOMEHTAMH 0
JUITMHE CTEP>KHS B IPOCTPAHCTBEHHOM CEUCHHH M B TIONEPEUHBIX IIEPBOM M TpeTheM ceueHusiX. [Ipu aTom aist onacHon
MIPOCTPAHCTBEHHOH TPEIINHBI TPH TIPOCIIMPOBAHNH HA TOPU3OHTAIBHYIO OCh ObuIa HaiieHa anHa C U3 TMaroHaIbHOTO

OOJIBIIOTO JJUIHIICA KPYIJIOTO CTCPIKHA.

KiioueBble ci10Ba: jKene300€ TOHHEIC KOHCTPYKIHHU, KPYTJIIOC CCYCHUEC, paCUCTHA CXEMaA, TPOIYHOCTD,
PI3I'PI6aIOH.[PII>i MOMCHT, prTﬂH_[I/Iﬁ MOMCHT, OIllaCHas MPOCTPAaHCTBCHHAA TPCUINHA, PA3PCIHAOIINE YPAaBHCHUA

INTRODUCTION

In regard with the complication of the types of
actions on building structures, the creation of
calculated models and the construction of
calculated diagrams of the complex resistance
of reinforced concrete in torsion with bending
becomes more and more urgent [1, 2, 3]. This is
also due to the fact that, firstly, there are
relatively few such studies [3—9], and secondly,
with the noted actions, it is necessary to take
into account the spatial work of the
overwhelming majority of reinforced concrete
structures with more and more original
architectural and structural solutions of
buildings and structures. The existing modern
calculated models of reinforced concrete, the
analysis of which is given, for example [6], does
not fully take into account the features of the
resistance of complexly stressed reinforced
concrete elements after cracking, including the
very scheme of cracks, taken in the calculation
with different cross-section sizes and not always
confirmed experimentally.

Therefore, the purpose of this research is to
develop a calculated diagram of the ultimate
resistance of reinforced concrete structures in
torsion with bending for circular cross-sections,
which most fully reflects the features of their
resistance after cracking [2, 12, 17, 18].

METHODS
To determine the calculated forces, the
resolving equations of equilibrium and

deformations are drawn up. In this case, the
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projection of a dangerous spatial crack is
determined through the diagonal (larger) ellipse
of the round bar [13].

As a result, for a reinforced concrete structure of
a beam in a circular cross-section, we obtain a
spatial crack and, accordingly, a calculated
scheme after its formation. In this case, there are
cross-sections from sections 1-1 at the
beginning to 3-3 at the end of the spatial crack -
an ellipse for the first and second blocks (Figure
1). We obtain a calculated diagram of the
resistance of a reinforced concrete beam of a
circular cross-section from the action of
combined bending with torsion, taking into
account a spatial crack. In compressed concrete,
there are three zones /, [,, [, - longitudinal

zones (and), as well as an ellipse in the zone /,

(Figure 2). In tensioned concrete, the same three
zones [/, [,, [,, are located, but the ellipse is

adopted for the zone /,, as well as a parabola for
the zones /, and /,.

The equation of a small ellipse for a spatial
section is:

2 2

y z

w el M
R R

RV2.

Here b=R;a= = =
cosa cos4d5°

Then, in stretched concrete in the first and
second sections, we have spatial curves of the

form fparl’“(x,y,z) .

To construct the first spatial parabola

International Journal for Computational Civil and Structural Engineering



Calculation Scheme of Reinforced Concrete Structures of Circular Cross-Section Under Bending with Torsion

Sar123(%,¥,2) , we find the coordinate T.1 (X, y,
z) along the x-axis (x =—/, —0.5/,) belonging to

the circle in section 1-1 in a plane parallel to the
Ozy plane. Then, for the coordinate at the
desired point, we can write:

y=t[R-(R-x). @

Now we find the ordinate of T.2 (x, y, z) along

the x-axis (x=-0.5/,) belonging to a small
ellipse lying in the
(z=-R+x, —Ax, —x,,):

plane Ozy

y:i\/Rz —(=R+x, - Ax, _xb,k)2 . (3)

For a point lying in the plane of the coordinate
axes Oyz we have the following coordinate
values: x =0; y=0;z=-R.
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Figure 1. To the construction of an elliptical calculated scheme of a spatial crack in a reinforced
concrete structure with a circular cross-section: a) a circular cross-section; b) elliptical section;
¢) the layout of the broken cross-section for compressed concrete
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Figure 2. Calculated scheme for determining the ultimate resistance of a reinforced concrete
structure in a complex stress state - torsion with bending: a spatial crack for a large ellipse with a
swirling propeller in the direction of concave and convex spatial parabolas coming from the first and
second blocks (a) and located between circular cross-sections I — I (b) and 3-3 (c)

Let's define the coefficients A4,, B,, C, for the 4 2R—x, =X, +Ax, +x,, _0: (@)
auxiliary curve z(x)=4,-x’ + Bx+C,. To do this, b +05L)Y = (<05, T

; i 2R—x, —x, + Ax, +x
we substitute the values of the coordinates at C-R- LT X 1+ Xk (11+0-512)2 )

points 1, 2, 3 into the equation of this curve. hT (I, +0.5L,)* = (<0.51,)*

After algebraic transformations, we get:
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Similarly, the values of the coefficients 4,, B,, C, of the auxiliary plane curve are obtained, we
obtain:

W/R2—(R—xl)21

(L, +0.51) !

JR —(R—x) = [R* = (-R+x, - Ax, - x,,)" -

4= ; ; ; 6)
(=0.51,)* = (-1 - 0.51,)
JRP=(R-x)" -
P +05L)
\/Rz —(R-x,)’ —\/R2 ~(—R+x, —Ax, —x,,)" — /R = (R-x) A
Coo : (4 +05L) ®

((-0.5L,)* = (=4, = 0.51,) ) (1, +0.51,)°

Let us write the equation of the first spatial

m2,(0.50;[R ~(-R+x, ~Ax, ~x, )} ;-R+x, ~Ax, -, ,);(11
patabola 1, 1(x,,2): O3L5 R ~(R 3, =A=' =R =, )5 (1)

m3,(0.50, —;\[R* = (R + x,)*;—R + x,) .(12)

fpar1,2,3(x’y’z) =42 (x)° + by (x)*.

Then we can calculate the coefficients 4,, B;,

G, for the auxiliary curve

To construct the second spatial parabola

Joar 2 5 (X,3,2) we define the coordinates of

points 1r, 2r, and 3r (see Figure 2), which have
coordinates similar to points 1,2 and 3:

m.1 (0.5, +[;\R* —(R—x,)*;R—x,); (10)

(2R—x3 —x, +Ax, +)cb’k)2l3

z,(x) = 4, -x* + B,x + C,. To do this, substitute
the values of coordinates at points 1r, 2r, 3r into

the equation of this curve, and after algebraic
transformations we obtain:

AB = 2 3 2 2 ’ (13)
(21, +0.5L,)(0.50, + )" +(0.51, + 1,)” = (0.51, = 1,)"(1;) — (0.5L,)" - 21,
B —A4,-(0.5L,+ L)’ + 4, - (0.5, = ;) (14)
’ 21, ’
2 _ 2 732
€, = (<R, ~Av—x,, )~ 4, .[(0.512) 21, —(0.51, +13)2(lo.512)+(0.512 L) (05[2)}' (15)
3

The coefficients 4,, B, , C, for the auxiliary plane curve y,(x) are obtained in a similar way:

- B;(213) _, (16)
(0.5, =1,)" = (0.5, + 1)
(0.5, ~ 1, (0.5, +1,)?)- (\/R2 —(R—x,) R —(~R+x, - Ax, - xb’k)z)

;347

B, =
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C, :\/R2 —(R+x,—Ax;—x, ) —

By analogy with Eq. (9), the equation of the
second spatial parabola is also written:

Lo 2,5, (% 3,2) =42, (0)* + 1, (x)? . (19)

From the equilibrium equation of the moments
of internal and external forces in section I — I
relative to the y-axis passing through the point
of application of the resultant forces O, in the

stretched reinforcement () Mo,1=0), we obtain:

M, a1 =Ropsas Gy = Pro» Oy 1Ay [y = 0, X1+
seLup | ) Asc,up (ho —a, ) +

+Z Rotiser " @i Aic 1 e (ho =gy ) +
+ZRSC,I,i,rig "W, Asc,l,i,rig (ho - a;,i,n‘g ) -
_z R e O A g1 er (as,i,lef 44 ) -

_Z Rs,l,i,rig C Wt As,l,i,rig (as,i,rig - as,d ) -
KK, Ry =Ry -a=0.

sup, / - sup,

+m- R o

up,cir

S

S

S

(20)

Here ¢,,. is the parameter that takes into

account the procedure for projecting the stress
components in the & plane onto the I — I plane
perpendicular to the longitudinal axis of the
reinforced concrete element; sign * - means the
reverse transition from section 4, in the upper
fiber of which the deformation criterion of
strength is "triggered," to section I — I through
the transition relations of projection of the
diagram o, — ¢, to the direction perpendicular to

the plane k (see Figure 2); product ¢,,.0,, . 4, -

the value for the considered section is known;
A, = R*arccos((R—x,)/ R)—

—(R—x,)\J2Rx, —x,> - area of the compressed

concrete zone in section 1-1; x, - the height of

0y, =const;

the compressed concrete zone in section 1-1;
hy—@. ., - x - shoulder of the inner pair to the

68

. . . (18)
(0.5, 1,)* = (0.51, + 1)

center of the compressed zone of concrete; ¢_., -

a static-geometric parameter that takes into
account the location of the center of gravity of
the compressed zone of concrete in section I — I
(in the section x,, the height of the compressive

stress diagram is taken in the form of a pipe
sector, in the section x —x, - in the form of an

ellipse sector); K,, - a numerical coefficient that

takes into account the static loading scheme
from the standpoint of additional bending
moments along the length of the bar. It is used
when it is necessary to take into account the

field of local stresses A,, and is found

according to the proposals of S.P. Tymoshenko.
Thus, it can be considered A,, a known

quantity; K, - coefficient, ratio (it is known

and specified in the initial data is given) by the
generalized support reaction R and bending

moment M; R - generalized support reaction

in the first block at the moment of exhaustion of
the bearing capacity of the reinforced concrete
structure of the beam; a- horizontal distance
from the support of the beam to the section [ —I;
- the filling factor of the diagram for the

a)up,cir

upper
coefficient of filling the diagram of a stretched
right or left reinforcement; @, , - coefficient of

reinforcement; o, -

cir

compressed

filling the diagram of compressed right or left
reinforcement.
The unknown M

bend 1 is found from this
equation (20).
Next, we obtain an expression for the transverse

force from internal forces:

Q —R _ Mbend,l
I~ “lsup,l,.M .

m, I

1)

Here M,,,, , is found from equation (20)
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am,[ =a+ KMKpr,M ’

(22)

From the equilibrium equation of the projections
of all forces acting in section I — I on the x-axis,
the area of the compressed concrete zone 4, , in

this section is determined (3 X = 0):

A, = R*arccos((R—x,)/ R)— (R —x)y/2Rx, - x” =
1

= ' ':m : Rs,],d ’ a)d,cir ’ As,d -
D0, 0pu 51" P,

—-m- Rsc,l,up ’ wup,cir ’ Asc,up - ZRSC,I,lef ’ a)c,cir ’ Asc,],lef -
_z Rsc,l,rig ’ a)c,cir ' Asc,[,rig + ZRS,I,lef ' a)cir ’ As,[,lef +
+Z Rs,],rig ’ a)cir ' As,],ﬁg] . (23)

From here, knowing the radius of the circle, you
can calculate the height of the compressed zone
of concrete x, in this section.

In equation (23) @, - the filling factor of the

tensile reinforcement diagram; @ — the same,
tensioned reinforcement right or left, @, — the

the

same, compressed reinforcement right or left;
Rs,],d’ R Rs,I,lef R Rsc,I,rig’ Rsc,I,lef b st_
respectively, calculated resistances of tensile
reinforcement, tensile reinforcement of right or
left, compressed reinforcement, compressed
reinforcement of right or left, clamps.

Similarly, from the equilibrium equation of the
projections of all forces acting in section III —
III on the x axis, the area of the compressed
concrete zone 4, ; in this section is determined

(TX = 0):
A, =R*arccos((R—x,)/ R)— (R —x,)J2Rx, - x,* =

B 1
?0.%m.x3 " Py
-m-R;, 0, 'Asc,up - stc,uef @, Ay ger —
_Z Rsc,3,rig @, 'Asc,3,rig + ZRS,S,lef WA 5t
DR 0 Ay |- (24)

same, compressed reinforcement, @,,—

s, Lrig ° sc,Lup 2

[m Ry, 0, A, —
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From here, knowing the radius of the circle, you
can calculate the height of the compressed zone
of concrete x, in this section.

Now we obtain an expression for the torque
from internal forces in section I-I (see Figure 3)
from the equation of the sum of the torques

relative to the point br (Y Ty = 0):

M

t,1

= TPI»M ’ ﬂ'xl ’ bcir ' ¢Cir,z— : (Zl - 05 . ﬂ’xl) +

+0.5- T .

-(xl—lx,)-bir-[O.S-/lx,+%-(xl—/1x,)}+

+0, A, -(h0 - zl) (25)

Here ¢, . is a parameter that takes into account

the position of the center of gravity of the
section; b, - the width of a segment of a circle

. . : . S
in the section under consideration; z, = R—— -

distance from point br to the center of gravity of
the section; S - the static moment of the
section; A - area of a circle; Ax, - the height of

the plastic deformation zone,
b, =2JR*—(R-x,)".
From the equilibrium equation of the

projections of internal and external forces acting
in section I — I on the Y axis (ZY =0), it 1s

possible to determine the parameter kQ,m that

takes into account the presence of adjacent
cracks:

Ty -x-b—rpl,x -k

o (l=x)-b+K, R, =0, (26)

Here K,, — the same as in the formula (20).

In formula (26), the thrust forces in the working
reinforcement in the middle section I — I are
taken equal to zero.

In this case, the transverse force perceived by
the concrete in the compressed zone will be
equal to:

Qp=7,,xDb. (27)
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Figure 3. Diagrams of forces in cross-section I-
1 (3-3) with torsion

In turn, the shear force perceived by the
concrete in the tensile zone will be (Figure 4):

Q[I,T :Tpl,x .kQ,m(hO _x)b (28)
On the other side:
QII,T =0- Q[,b . (29)
Tpl,x Tpl,x 2 ypl,x 2
: o
—I A 4
1 X1 R ®
=
= S
oy g
-~
T2,x / TZ,x =k szTpl,x YQ,2,m,x
a) b) c)

Figure 4. Diagram of shear stresses t, in the
middle cross-sections [ — I (3-3)

Equality (26) can be used to determine the
parameter k,, that takes into account the

presence of adjacent spatial cracks in the stress-

Vladimir I. Kolchunov, Sergey A. Bulkin

strain state of the stretched zone of the middle
cross-section I — I:

pl,x

P - Ky R,—7,.xDb
o Tpl,x(hO -x)-b

(30)

The formulation of the following equations
requires some clarification. The upper, lower
and lateral longitudinal reinforcement (in the
presence of multi-tiered reinforcement) was
conventionally not shown in Figure 2. Under
equilibrium conditions, the stresses arising in
the noted reinforcement are taken into account.
The only exception is the equation of
equilibrium of the moments of internal and
external forces acting in section I — I relative to
the axis x perpendicular to this section and
passing through point b,- the point of
application of the resultant forces in the
compressed zone (Tv, 1= 0)

In the spatial section k for block 2, cut off by a
complex section, passing along a spiral-shaped
spatial crack and along a broken section of the
compressed zone, all reinforcement [12] falling
into this section is taken into account (see
Figure 2). In this case, in the compressed upper
longitudinal reinforcement, cut off by sections I
— I and I — III (the dagger effect is not taken
into account), and in the rest of the longitudinal
and transverse reinforcement, the components
of the dagger effect are taken into account.
These components are determined using a
special second-level model [1, 2, 13, 15].

The need to use a complex broken section of the
compressed zone of concrete is due to the fact
that its destruction occurs (as shown by
experimental studies) in a certain volume
located not along the entire length between
points A and B (see Figure 2), but only in a
certain volume located in the middle part of this
volume. In this case, destruction occurs in the
middle part not along the line AB, but at an

angle close to 45° to the upper surface of the

reinforced concrete structure, which
predetermined the direction of the middle part
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Calculation Scheme of Reinforced Concrete Structures of Circular Cross-Section Under Bending with Torsion

of the broken section, where the ultimate stress-
strain state is reached.

In the areas of the compressed zone located at
the edges of the broken section, the stress-strain
state changes from sections I — I and III — III to
the middle =zone according to linear
dependences, respectively. In this case, the
height of the compressed zone decreases with an
increase in the bending moment (see Figure 2).
Such a design scheme is most consistent with
the actual resistance of structures in torsion with
bending, the parameters of which are
experimentally confirmed.

The lateral surfaces of the broken section in
compressed concrete coincide with the planes of
the axis (or "smeared" plane) of the longitudinal
working reinforcement. In this case, the
reinforcement located in the lateral zones of the
section when crossing the broken section is
considered to be located on the left for section I
— I and on the right for section III — III. Thus, it
is intersected by planes 1 — I, III — III,
respectively, at the end sections of a complex
broken section.

The equations for determining the shear
stresses from torsion in a cross-section located
at a distance x from the support are written in
cylindrical and Cartesian coordinates.

It is also important to note that all geometric
characteristics are considered relative to the
geometric center of the section.

With regard to the average cross-section I — I,
which is in conditions of complex resistance -
torsion with bending, it is advisable to take into
account the fact that a significant part of this
section is subject to tension. It is known [1, 2,
15] that in tensile concrete there are a number of
adjacent spatial cracks that affect the stress-
strain state of the middle section I — I. We will
take into account this effect of adjacent cracks
using the parameter &, , .

If the torque along the longitudinal axis of the
reinforced concrete structure is not constant, but
changes, then an additional dependence is
introduced into the calculation, the ratio
between the torques in section k and in section I
-1

\Volume 17, Issue 3, 2021

M

T, a

I<T 'Kpr,T :
M, c—0,5b-sina’
a-M;,

K. K, ;- (c=0,5b-sina)

MT,/ = (31)

Here K.is a numerical coefficient that takes

into account the static loading scheme from the
standpoint of additional torques along the length
of the bar; K | - coefficient taking into account

the ratio between R, and T'; a is the horizontal

distance from the structural support to the
section [ — 1.

If the torque along the longitudinal axis of the
reinforced concrete structure has a constant
value, then the resulting stresses from torsion in
stage III reach their limiting values equal to 7, .

Knowing 7,, we can determine the torque per j-

th square of the compressed zone in section I — I
by the formula:

_— (32)
(é’y)2 +z°

In the case when the torque along the
longitudinal axis of the reinforced concrete
structure changes and has a lower value than in
section k, then instead of 7, , should be inserted

rinto formula (32).

In turn, the torque received by the concrete in
the tension zone will be equal to:

T _M _ Tt,u ‘kT,m .]t
R — - >

LR (33)
(é’y)2 +z2

here k,, is a parameter that takes into account

the presence of adjacent spatial cracks in the
stress-strain state caused by the torsion of the
tensioned zone of the middle cross-section I — 1.
On the other hand, again returning to the
construction of general resolving equations (see

Figure 3), for M, ,, the equation of equilibrium
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of the moments of internal and external forces
acting in section I-I relative to the x axis,
perpendicular to this section and passing
through the point of application can be used
resultant forces b, in the compressed zone of

concrete (Tp, 7= 0):

Mt,R :Mt _Mt,c' (34)
The parameter can be found from this
equationk; , :
2 2
M, - M, +z
kT,m = ( : t’C) (é,y) . (35)

Here 7, is the shear torsional stress in

compressed concrete, obtained in the third stage
of stress-strain state by projecting the diagram
"o,—¢& " onto the section plane I — I for the

dependence "7 —y", taking into account the

ratio O:T or M: T, one of which, as a rule, is
given. If necessary, one should take into account
the additional dependence arising from the ratio
of the torques in section 1-1 and in section £.

It is also appropriate to note that the limiting
stresses 7, , T T 0,, are known

tu? t,xy,ul t,zx,ul °
(they are located on the horizontal sections of
the “strain-stress” relationship diagrams), since
the plastic state occurs simultaneously for
tangential and normal stresses.

From the hypothesis of proportionality of
longitudinal deformations in the calculated
section, we find stresses in longitudinal
reinforcement:

. -E (1 -
o, = ¢10, Tou.z] S( ) : ho al + 0, < Rsl- (36)
’ E, (1) X )

the stressed

reinforcement at the moment when the prestress
value in concrete decreases to zero when the
structure is loaded by external forces, taking
into account the prestress losses corresponding

Here o, prestresses  in
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to the considered stage of the structure
operation. If the condition (36) is not met, then
we assume o, to be equal Rs. In equation

(36), the notation ¢, . is the same as in formula

(20).

Normal shortening deformations along the x-
axis in compressed concrete at various points of
the k-k section and in the I-I section can be
found from the same hypothesis of
proportionality to the limiting deformations
Epirigx at the rightmost point of the k-k

section:—from the right point (rig) to the section
I-I, -

Ep 1 a
= ; 37
- (37)

gbu,k,rig,x

_ gbu,k,r[g,x ad

Ep1 = (38)
a—1,

— rom the right point (rig) to the middle point
(bx):

gbu,k‘rig,x - a - l] ; (39)
Ehkx 4 _( NI

I, +712 A Mhors 'sz

2

201 .
a,,=da— ll+712'5_77har,b'lz 5

(40)

& oot a

gb,k,x — bu,k:;lg_,xl m,b —
1
2,1
gbu,k,r[g,x ' |:a - [Zl + 712 ' 5 - nhor,b ’ 12
= ; (41

= @1)

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

a=1l
9
Eputetefx 4T (4L+1)

_ gbu,k.rig,x ’ [a - (Zl + 12)]
Epuklef x = .

gbu,k,rig,x _

(42)

P (43)
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Unknown deformations & and ¢, lef x WE

s,k,rig,x
also determine from the proportionality
conditions:
&, (a-1)
s,k,rig,x = 7 5 (44)
gs,k,rig,x ’ [a - (ll + 12)]
gs,k,lgf',x = . (45)
a—1,

Then for the voltages, respectively, we can write

lo2 and

s,k,rig,x

= gs,k,rig,x ’ Es ’ Vs (/1)
Gs,k,lef,x = gs,k,lgf',x ’ Es ’ Vs (ﬂ’) .

Next, we determine the unknown parameter xz,«
from the condition that the sum of the
projections of all forces acting in the spatial
section k on the x-axis is equal to zero: Y X=0,
(see block II in Figure 2):

_Gs,k ’ md ’ As,d + ZRsc,up,i ' a)up ’ A -

sc,up,i

_Z R Oy 'As,i,rig - ZRs,i,lef Wy A T
+z R g @ ig Asc,i,rig + stc,i,lef O, 1y O
_§0102-xy,u,Mt .Ab,ll + ¢10Txy,u,Mt .Ab,l3 - O-b,l,rig : Ab,* -

—-o A A A

sc,l,rig ’ sc,l,rig - O-b,3,lef ’ b, ** - Gsc,3,lef ’ sc,3,lef -
“Xyi A, T Ay aa +

+§010Txy,u,Mt ’ Ab,l3,ad _O-b,l,rig ’ Ab,*,cir,ad -

~X, 4y 0 =0. (46)

b,k ,core

O 3ier 4

b, x*,cir,ad

The following restrictions must be taken into
account:

0.1k, < x, , <0.3h);

Xp <X

(47)
(48)

In equation (46), X, — the projection of the

components of the stresses on the axis of x;
4,, — is the area of concrete on the zone /;

A,, — the area of concrete on the zone /;;
4,. .. — the area of concrete of the right sector
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broken section (sector height x,); 4, ., — the

area of concrete left sector of the broken section
(sector height x,,); 4,, , — the area of the

concrete with a height Ax, of zone /,;4,, ., —

the area of the concrete with a height Ax, of

zone Ly A, . .. — the area of the concrete part
of the right sector altitude Ax;; 4,.. . .

square concrete of the left sector altitude Ax;;
Ay ke core = ((R —x,) arccos((R—x,)/ R—x,)—

—(R- xk)\/2(R —xp)(x, —xp) — (%, — 'xB)2 )\/E -
the area of the core of the section of compressed

concrete in the section k-k on the zone /;

Ay = (R2 arccos((R—x,)/ R)—

—(R—x,)J2Rx, —x,° )\/5 — 4, oo — the area

of the arc of the upper fibres of circular cross-

Mrig

: :Rs,i,rig : a)rig : As,i,rig
k=1

section;

Mg

(Zst,i,rig @, Ay, g ) — Stress is stretched in
k=1

the transverse reinforcement (cross clamps) to
the right of the contour of the first segment of a

parabola spatial f, . ,,(x,»,2) (zone [);
Myer Nyef
Zst,i,lef W Ay e (st,i,lef W A e ) -
k=1 k=1
stress 1s stretched in the longitudinal

reinforcement (cross clamps) for the left loop of
the second segment of a parabola spatial
Joar 2,5 (%,3,2) (zone [;); hy — working height

section.

(xB,k + x3,1)'11

Ab’,] :f ; (49)
Xp, +Xpq) 1
Ab,l3 :( B.k 23,3) 3 (50)

The value X,, for the midpoint (bk) of the

polyline section k (on the zone /,) is:
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V21
R Z T K [+ 712 'E_nhor,b 1,

Xb,k: +

a
+(i¢10 'Txy,u,Mz)'(Ps,*- (51)

Here ¢,. — is the transition coefficient from a

cross-section to an oblique (oblique, — when the
cross-section is located at an angle [ =45,

cos45° normal stresses in the

=—); O ad oy~

cross-section k are taken instead of stresses

04, . » and tangential stresses 7, ,, are taken

instead of stresses 7 these stresses are

xy,u, Mt >
calculated by the formulas:

ab,ad,x,k = O-bu,x,k - O-b,crc,x,k o

r

xy,ad, Mt =7 (52)

v, ME Txy,crc,Mt .
The second supporting block of section k-k is
separated from the reinforced concrete element
by a spatial section formed by a spiral crack and
a vertical section passing through the
compressed zone of concrete through the end of
the spatial crack front.

The balance of this block is ensured by fulfilling
the following conditions.

The sum of the moments of all internal and
external forces acting in the vertical longitudinal
plane relative fo the y-axis passing through the
point of application of the resultant forces b, in

the compressed zone is zero Y Ms=0 (see block
I, Figure 2):

O-S + 8,11,
Mbmd,k:—’k2 £ (h, OSka) A+
o, +0
+ Tk T Tt > L (hy = 0,5x,,) - M A+

+¢7,* ’ Rs 'nhor,s 'Ci—lza)*,cirAs - <05,* ’ Rs ’ Zw*,cirAs +

+ZRs,i,rig ’ a)rig,cir ’ As,i,rig |:h0 - 0’ SxB,k - as,i,rig:l +
ZRs,i,lef * Oy i A et [ho —=0,5x,, — as,i,lej'] +
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10, R > @ (0 5Cein —0.5L -z, )~

_(05,*,rig S,rig ’ ZCO *cir s,rig -
_¢7,*,lefRszwl *,cir S ! [1 0’5 ’ h ’ CosaO +

V L’ll” S )lg lnCl 1

+O’ 512 - st] + (pS,*,lcf s,lef ’ Z a)l,*,cirAs,lef +
+qswrig Lc 095 h 'C'_O.Slz _st —
"= 2h+b 2h+b

ot 'Sheb c-[c ~(L+1,)-0,5-h-cose, +0.31, —zm} +
[ 2:x,, +X

+H oo +0.7 A A1 _a 2 7Bk TBL
((p9 zy,u,0 (011 zy,u,Mt) b,l ,ad [ 1 3 XB,k + XBI

—0.5-1, - Mhorp * 12)} + (%sz,u,g Pty ) : Ab,l3 )

' [1_3.2-x3’3+x35k

+(0.5-L,+m,,, L) |+
3 Xgst+Xg, '

"‘((012 T TP sz,u,Mt) Ay [11 t (0-5 by =y )} t

+(¢12 ’ sz,u,Q - ¢l4 ’ sz,MA,MI) ’ Ab,**,cir ’ |:l3 + (05 ’ ZZ + nhor,b ’ 12 ):| +
[ 2-x,, +x
1 B,k B,1
+(¢9sz,u,Q + (Dllrzy,u,Ml) ’ Ab,ll,ad ’ [ll - -

—(0.5- lz ~horp lz)] + (¢9sz,u,g ! szy,u,Mt) )

. ' 13.2-x3,3+x31k
bl ad A

+(0.5-L,+m,,,., L) |+
3 Xgyt+Xp; '

"’(% Toruo TP T ) Ay i ad ‘[11 t (0-5 /R )} +
+(§012 T ~ P 'sz,u,Mr)'Ab,**,cir,ad '[13 +
"'(0-5‘[2 F Mhor b - )} + X, 'Ab,k,xB 'Zb,i- (53)

Here K,,, K

same

— numerical coefficients, the

as in the formula (20);

1 : .
a,,(c)=a-c—1I - Elz — horizontal distance

from the structural support to the center of
gravity of the compressed concrete zone in
section k; (4 —distance from section I-I to the
structural support). The projection ¢ is assumed
to be constant at each step of the iterative
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process. Concise valves on either side of the
cross-section in this equation is not taken into
account in view of the smallness of the shoulder
relative to the point b, (because of the

smallness of the parameter x,); &, &, &,
¢..» @ - parameters, taking into account the

components of the "pin" effect in the armature
(at each step of the iteration are taken as
constants and are determined based on the
model of the second level); @, @, — filling

ratio plots shear stresses; 7,,., — the distance
between the center b, (the longitudinal axis of
the beam) and the point b (see figure 2); /,, —
shoulder from the point 5, to the center of
gravity of the cross-section with an area of
(x, —x,,)-+/l; +b* on the zone ,.

Equation (53) determines the bending moment
M

bend k *
Next, we determine the transverse force from
internal forces:

_ Mbend,k

Qk = Rsup,k,M -

(54)

am,k

Here, M,,,, . is found from the equation (53).

am,k = am,b(c) + KMKpr,M . (55)
The height of the compressed zone xj in cross-

section k-k between cross-sections I-I and III-I11
(see Figure 2) can be found from the ratio:

_ X tx

%= (56)

x,— height of the compressed zone in section I-I

for the equation (23); x3 — height of the

compressed zone in section III-III for the
equation (24).
Enter the notation:

\Volume 17, Issue 3, 2021

Xk

_ 57
Xp i + Ax, 57)

m=

Here, the height of the compressed zone x,,

for the k-k section is determined from equations
(46), including and xj . Then, for the increment

of the height of the compressed zone in sections
k-k and 1-1, we can write:
Ax, =x, —x,. (58)

On the other hand, if the relation (57) holds for

X
sections 1-1, we can write 7, = 2l From
X1+ A,
here x,, we get:
-Ax
Xy, =N (59)
m—1
In this equation, the value Ax, is known.
Similarly, by entering the notation 7,:
Xp
773 - - > (60)
X —AX;

Determine the height of the compressed zone in
sections 3-3:

v = -Ax, .
ENCASY

(61)

The sum of the projections of all forces acting in
the spatial section k on the z-axis is zero (3. Z=0,
see block II, Figure 2):

h

1ga
qsw,rig = T[qsw,lef 'nq ’ tg_a -
0

_¢7,*Rs Z a)*,cirAs,*,cir - (p7,*,rigRs z a)rig,*,cirAs,rig +
+¢7,*,lefRs z a)lef,*As,lef _Q +Rsup

+(¢11sz,u,Mt + ¢9sz,u,Q) : Ab,l] +
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+(¢11sz,u,]l/[t - ¢9sz,u,Q) +

((Pm Toum TP 'sz,u,Q)'
((P14 Toum — P2 'sz,u,Q) Ay i T
Zy, 'Ab,k,xB - ((Dnsz,u,Mt + %sz,u,g)' Ab,ll,ad +
((Dllz-zy,u,Mt _(p9sz,u,Q) 'Ab,13,ad +
((”14 Toum TP 'sz,u,Q) Ay ciraa T

+(¢14 ’ sz,u,Mt - (012 ’ sz,u,Q) ’ Ab,**.cir,ad + Zb,k ' Ab,k,core ‘ (62)

Ab,l3
A +

b, *,cir

Here Z,, — the projection of the components of

stresses in the spatial section on the z-axis;
@115 Pr.ie — Darameters that take into account

the components of the "nagel" effect in the
reinforcement (at each step they are taken as
constants and determined based on the second —
level model); QO — the transverse force in the
section from the support to the k-k section.

For the midpoint (bk) of a polyline spatial
section k on the zone /, we can write:

2
Zb,k = (¢12 ' sz,u,Q i ¢l4 ’ sz,u,Mt ) : 7 +
V2

- (63)

+ ((p9 ! sz,u,Q i ¢11 ’ sz,u,Mt ) '

Substituting in the formula (63) tangential stress

T.up Instead of 7 T instead

ofr

zx,u,Q zx,ad , Mt

and 7

instead of 7 ad M

2y,u,Q
and using the dependencies

zx,u, Mt sz,ad,Q

instead of 7,

sz,ad,Q - sz,u,Q - zx,cre,Q 2 ’[zx,ad,Mt - z-zx,u,Mt - sz,crc,Mt b

Tyad.0 = Ty ™ Topere,0

the unknown ¢

T T

zy,ad , Mt =

the linear force in the

T T

zy,u, Mt - zy,cre, Mt

rig
clamps on the right side of the section is
determined from equation (62).

The linear force in the clamps on the left side of
the section (g,,,, ) can be found from the

relation:

qsw,qu = qsw,rig - 7711,* : TQ; (64)
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Here En,* :;H -b — is a coefficient that takes

into account the projection lengths of inclined
cracks on the left and right faces are
approximately the same, i.e. ¢, = c,, but t7g-

In this case, for the running force in the clamps,
the condition must be met:

4 08-R -4, —
< < SW SW

n-R, -
bt 4
u S sw,lef — _7711 'TQ (65)

s N

(67)

The sum of the moments of internal and
external forces in the transverse plane relative to
the x-axis passing through the point of
application of the resultant forces b, in the

compressed zone is zero (3. 75+=0, see block 77,
Figure 2):
Mt = Rsup ’ nhor,b + KT ' 77 : Rsup ’ am(c) =
= Rsup nhor,b + KT ’ 77 ’ am (C)) =

= —qswﬁ\/lzz +4R? -(h0 — O,SxB,k) —

h
g rig tg_a : (0>5b Mhorp 2R) +
h
F 1 11y 'E '(R + Mhorp '2R) +
+77hor,b ’ b : ¢7,*Rs z a)*,cir s

- (hO - O’ SxB,k ) . ¢8,*RS Z a)*,cirAs +
—(O,Sb F Mhorp b) QR za)lej',*,cirAs,lgf -
_(ho — Xk T as,i,lef) Py e R Z a)lc_’f,*,cirAs,lef -
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_(09517 “horp ) D7+ rig I\ Z Diq % cir 4, rig
_(ho —Xpi T Strtg) D+ 1ig Sza)rtg cirfls rig —
—Rop  Mhors +(§011Tyz,u,Mt + %Tyz,u,Q)
A, [R-m,,, 2R-2a", |+
+(i¢117’-yz,u,Mt + (p9Tyz,u,Q) 'Ab,lz : (R —-2a', ) +
+(¢)11Tyz,u,Mt - %Tyz,u,g) Ay [R + 10y 2R =20 'st +
+(¢14 Tt T P12 Thnno ) Ay i '[R -
My 2R —a 'sci| + (§014 Ty ~
P Thuo ) Ay o cir '[R + 14y " 2R —a 'st +
+((ﬂ] 1Cyzumn T ¢9Tyz,u,Q) ’ Ab,/l,ad ) [R -
“horp 2R- za'sc] + (igollz-yz,u,Mt +
+(P9Tyz,u,Q) 'Ab,lz,ad ‘ (R - 2avsc) +
+((P11Tyz,u,m - %Tyz,u,g) 'Ab,z3,ad : [R +
00 2R - 2a'sc:| + [(014 T T
TP, Tyx,u,Q:| s T [R ~Mhorp " 2R—a 'sc] +
+((014 T — P2 'Tyx,u,Q) : Ahﬁ*,cir,ad '[R +
-h.=0(68)

bkco:e i

+77hor,b ' 2R - avsc] + Yb

Here K,

into account the peculiarity of the static loading
scheme in terms of additional torques along the
length of the structure; K — a coefficient that

,— 1s a numerical coefficient that takes

takes into account the relations between R

and T’ ¢7,lef’ ¢7,rig’ ¢8,lef’ ¢8,rig’ -

that take into account the components of the
"nagel" effect in the reinforcement. At each
iteration step, these parameters are taken into
account as constants and determined using the
second-level model; — the distance

parameters

Mhorb.tef
between the center b, (the longitudinal axis of

the beam) and the point b, , (see Figure 2, left

lef
part of the plot); ¢, — the angle of inclination of

the middle section of the compressed concrete
zone to the horizontal plane. The value of this
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angle, based on experimental data, can be
assumed to be 45° in the first approximation.
The torque moment M, can be expressed in

t
terms of the bending moment using a relative
parameter 7 taking into account the coefficient

value Kr:

M =n-M

t bend *

The total torque moment A, can be written as

the sum of the torque moment expressed in
terms of bending and the torque from the
reaction of the support and the eccentricity of its

application 77y, p:

Mt = Rsup ’ nhor b + KT ’ 77 ' Rsup ’ am (C) =
Rsup (nhorb +K nam(c))a

@ — filling ratio plot shear stresses in torsion in
the compressed concrete in accounting for
elastic-plastic work; gswr — linear stress to the
clips that occur at the sides of the reinforced
concrete element from the torque 7 (see figure
2); q,,.,— linear stress to the clips that occurs on

the bottom face of the concrete element from
the torque 7; A, — shoulder from point b, to the

center of gravity of the cross-section area

X, —xp, )AL +b” at the zone I,; Y,

projection components of the stresses in the
broken section on the y-axis. For the midpoint
(bx) of the polyline section k on the section /2,
by analogy with (63), we can write:

NG

Y, =0, Tou0" 5 05 T 5

. (69)

Substituting in (69) the tangent stress 7, ,

instead of T o0 and T ad M instead of T eut®
and using the dependencies
sz,ad,Q = sz,u,Q - sz,crc,Q;
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T from the equation

yx,ad, Mt

(68) the unknown M, is found.

t

= 2-yx,u,Ml - 7’-y)c,crc,Mf

The sum of the projections of all forces acting in
the spatial section k on the y-axis is zero (3 Y=0,
block 17, see figure 2):

1
qsw,o‘ = ’ I:_¢8 *rig SZ Ilg cir s Ilg
I + 4R’
_gDS,*,lefRs Z a)/ef,cirAs,lef - (085* ' Rs Z a)*As +

+Q) T, Mt 'Ab,* + ¢ T, Mt 'Ab,** +

2 12
+Y;77k “Xp i '\]lz +b° +¢, T, M 'Ab,*,ad +

LORE PRV SRIED ARV SRS ARV S R ¢/1)

x,u, Mt b,x* ad bk,xp

Here 4.

the components of the "nagel" effect in the
armature, which is taken as a constant at each
iteration step and is determined using the
second-level model [12,14,15].

From the equation (70) the unknown gsw. is
found.

When composing a function of many variables,

it is taken into account that A, =¢(x),

s :¢(C)a A :¢(C)a

¢, =const; o, =const; o,

— is a parameter that takes into account

a = const,

1s an unknown

quantity, and the value M, =const. The
moment M, = f(c).
Transition ~coefficients ¢, etc. calculated

iteratively, they are discrete constants at each step.
The functions f(x,y,z) of the diagonal large
ellipse of the considered construction of a
circular cross-section (with a smaller diagonal
b=R and a larger diagonal a =/ (c)+1, +(c)

can be written:

y’ 2z _
(2l(c) + R\2)? e : 70
Here L =RN2;  a=Ic)+RV2+I(c)=
=21(c)+R2.

Vladimir I. Kolchunov, Sergey A. Bulkin

From this equation we get:

l(c)=—F— (72)

~RV2 \/R_Z VR’

.
2 2 AR*-7)

Then the projection of the spatial crack on the

horizontal axis is determined from the
expression:

2
c=1(c)+],+1(c) = 2/R—+4(yR <R32, (73)

V2

Here [ (c)=1,(c)=dcosa =d -cos45° = dT;

a=d%+R\/§+d%=R-3\/§.

CONCLUSION

1. A calculated model and a beam calculated
scheme are proposed for analyzing the complex
limiting resistance of a reinforced concrete
structure from the action of bending with
torsion, taking into account the spatial nature of
cracks in reinforced concrete elements of
circular cross-section.

2. For the calculated forces, the resolving
equations of equilibrium and the equations of
deformations are compiled. In the considered
calculated sections I-I and III-III, unknown
components of the torque, height, and area of
the compressed zone of concrete for an element
of a circular cross-section are obtained.
Similarly, using the equilibrium equations and
strain equations for the spatial section k passing
along the surface of the spatial crack, the
components of the torque, the height of the
compressed concrete zone, deformations and
stresses in the reinforcement for the left and
right parts of the section under consideration,
and the load intensity in the clamps are
obtained.
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3. In the spatial section k, cut off by a spiral-
shaped spatial crack, all the reinforcement
intersected by this section is taken into account.
The use of a complex broken section of a
compressed concrete zone for practical
calculations was due to the fact that cracking
and destruction occurred in a certain volume
according to linear dependencies at an angle
close to the middle part of the broken section,
where the maximum stress-strain state is
reached.

4. In the area of the stretched zone of the spatial
crack of a reinforced concrete round rod, the
right and left contours of the longitudinal
stretched working reinforcement and clamps are
highlighted. The calculation scheme also takes
into account the "nagel" effect in the stretched
longitudinal and transverse reinforcement
falling into this spatial section, the parameters
of which are determined using a special model
of the second level.

5. The static scheme of loading of a
reinforced concrete element during bending
with torsion was considered from the positions
of the proportional ratio between the torques
(the coefficient from the reaction of the support
R, ) along the length of the rod in the spatial

section k and in the cross-sections (first and
third).
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