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THE SECOND STAGE OF STRESSED-DEFORMED CONDITION
OF REINFORCED CONCRETE STRUCTURES
WHEN TURNING WITH BENDING (CASE 2)

Vladimir 1. Kolchunov, Aleksey I. Demyanov, Nikolay V. Naumovy
South-Western State University, Kursk, RUSSIA

Abstract. It is proposed a complex resistance computational model of reinforced concrete constructions in build-
ings and structures under the action torsion with bending. It consists of from the block near the support (formed
by a spatial crack and a compressed concrete zone closed by it — a spatial section k) and a second block, which is
formed by a vertical cross section I-I passing perpendicularly to the longitudinal axis of the reinforced concrete
element along the edge of the compressed zone, which closes the spatial spiral-shaped crack. The case when the
greatest influence on the stress-strain state of structures has the effect of torque is considered (case 2). In this
case, as the calculated forces are taken into account in the spatial section: normal and tangential forces in the
concrete of the compressed zone; components of axial and “dowel” efforts in the working reinforcement, inter-
sected by a spiral spatial crack. The resolving equations are constructed that form a closed system and the La-
grange function is unified. Using the partial derivatives of the constructed function with respect to all the varia-
bles entering into it and equating them to zero, an additional system of equations is constructed. The dependence
is obtained after the corresponding algebraic transformations, that allows us to search for the projection of a dan-
gerous spatial crack.

Keywords: calculation methodics, torsion, stress-strain state, reinforced concrete constructions,
spatial crack, Lagrange function

BTOPASI CTAJIMS HATIPSI)KEHHO-IE®OPMUPOBAHHOI'O
COCTOSIHUS )KEJE30BETOHHBLIX KOHCTPYKLMIA
MPU KPYYEHUM C U3TUBEOM (CJIVYAI 2)
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Annoranus. [lpemnoxxena pacdeTHas MOJIENb CIOXHOTO CONPOTHBIECHUS KEJI€300€TOHHBIX KOHCTPYKIHH B
3AHUSX M COOPYXEHUSX NPH KPYUYCHHU C U3TMOOM, COCTOSIIAs M3 NMPHONOPHOTo Osoka (00pa3oBaHHOTO Mpo-
CTPaHCTBEHHOHM TPELIMHOW M 3aMBbIKaeMOil Ha Hee CXKaTol 30HOHM OeTOHa, — IMPOCTPaHCTBEHHOE cedeHue k) u
BTOpOTO 0JI0Ka, 00pa3yeMoro BepTHKAILHBIM CeUeHrneM [, mpoxoaamuM nepneHIuKyIIpHO K TPOAOIBHON OcH
XKeJIe300€TOHHOTO 3/IEMEHTA 110 KPako CKaToil 30HBI, 3aMBIKAIONIEH TPOCTPAHCTBEHHYIO CIIUPAICOOPa3HYIO Tpe-
mmHy. PaccMoTpen citywail xorma HawmOoJibliee BIMSHHE Ha HANPSHKEHHO-IE(QOPMHPBAHHOE COCTOSHHE KOH-
CTPYKIIMH OKa3bIBaeT ACHCTBUE KPYTSIIEro MoMeHTa (ciydait 2). [Ipu 3ToM B KauecTBE pacdeTHHIX YCHIUI B
MIPOCTPAHCTBEHHOM CEUEHHWH YYWTHIBAIOTCS: HOPMaJbHBIE W KacaTeJbHBIE YCHINSA B OETOHE C)KaTOW 30HBI; CO-
CTaBJISIOLIME OCEBBIX M HArelIbHBIX YCHJIMH B pabouell apmarype, nepecekaeMoil crimpaneoOpa3Hoii mpocTpaH-
cTBeHHOH TpemmHoi. CocTaBieHsl pa3penialomye ypaBHeHus, 00pa3yrole 3aMKHYTYI0 CHCTEMY M 3aIlicaHa
¢ynkus Jlarpamka ux o0beanHsonas. Vcronb3ys 4acTHbIE MPOM3BOAHBIE MOCTPOSHHOW (DYHKIMH 1O BCEM
BXOJISIIIUM B HE€ NEPEMEHHBIM M NPUPABHUBAS UX HYJIIO, COCTaBJIEHA AONOIHUTENIbHAS CUCTEMA YPAaBHEHUH, U3
KOTOpOH II0CJIE COOTBETCTBYIOUIMX alreOpanveckue NpeoOpa3oBaHUi, MOTydYeHa 3aBHCUMOCTb, MO3BOJISIONIAS
OTBICKHBATh MPOEKIHUIO OMTACHOH MPOCTPAHCTBEHHOM TPELIHHEI.

KuaroueBble ci1oBa: MeTO/IMKa pacyera, KpyueHHe, HapshkeHHO—1e(hOPMUPOBAHHOE COCTOSHHE, HKelle-
300€TOHHBIE KOHCTPYKLHH, IPOCTPAHCTBEHHAsS TpelnHa, GpyHKims Jlarpamxka
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1. INTRODUCTION

Building computational models of complex re-
sistance - torsion with a bend is becoming in-
creasingly relevant [1, 2], firstly, because there
are relatively few such studies [3-9], and sec-
ondly, because the urgent need to take into ac-
count the spatial work of the majority of origi-
nal reinforced concrete structures and buildingss
that significantly change the architectural ap-
pearance of modern cities [10-12]; thirdly, it
becomes a generally accepted postulate that
there is nothing more practical than a good theo-
ry for calculation of reinforced concrete struc-
tures [13-23].

That is why the purpose of these studies is to
develop a computational model of the resistance
of reinforced concrete structures under the ac-
tion of torsion with bending for a cross section
of any shape that most fully reflect the features
of their actual work [2, 12, 17].

For the calculated forces, the resolving equilib-
rium and strain equations are compiled. The
projection of a dangerous spatial crack is deter-
mined as a function of many variables using
Lagrange multipliers [13, 15].

2. METHOD

While solving a direct engineering problem with
external forces, their ratio is always given (Q:
M: T). Thus, having determined one of them,
for example, the support reaction R, the other
effects, for example, M and 7, can be easily
found.

From the balance conditions in cross-section I-I
and in the spatial cross-section can be sought
the following design parameters (Figures 1, 2):
the limiting support reaction Rj,,; height of
compressed zone x in section /-/; stresses in the
longitudinal reinforcement o; at the place of its
intersection with a spatial crack; the height of
the compressed zone of concrete x;, in a vertical
plane passing through the end of the front of a
spatial crack; running force in the transverse
reinforcement located at the lateral faces of the
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spatial section gy, o, caused by the transverse
force; running force in the transverse reinforce-
ment located at the lateral faces of the spatial
section ¢y,7, caused by the torque; running
force in the transverse reinforcement located at
the lower edge of the spatial section ¢g,.0,
caused by the torque.

Figure 1 shows: a) a support block (formed by a
spatial section k) and a block formed by a verti-
cal section I-I, passing perpendicular to the lon-
gitudinal axis of the reinforced concrete element
at the edge of the compressed zone closing the
spatial spiral-shaped crack; b) - vertical section I
— I (IIT — III), passing perpendicular to the longi-
tudinal axis of the reinforced concrete element,
stress plots in compressed concrete and ten-
sioned reinforcement, as well as the distribution
of torques in this section. Figure 2 shows spatial
section k with projections of all the efforts that
occur at the site of the section.

The shear stress (26 and the shear stress of tor-

sion in compressed concrete 7; are determined
by projecting the o, — ¢; diagram onto the 7 — y
plane (taking into account the distribution in
proportion to the Q:T ratio) and onto the /-7
plane and projecting the components of the
stresses of the k plane onto the plane perpendic-
ular to the longitudinal axis of the reinforced
concrete element.

To make the calculation equations, we will sep-
arate two blocks from the reinforced concrete
element using the section method (Figures 1, 2).
The first block is separated by a cross section I-
I, passing at the end of a spatial crack. This
block is in equilibrium under the influence of
external forces.

The second scheme (the first block - section 1—
1) is realized with the resistance of reinforced
concrete elements subject to the joint action of
torques and transverse forces.

To make the calculation equations, we will sep-
arate two blocks from the reinforced concrete
element using the section method (Figures 1, 2).
The first block is separated by a cross section I-
I, passing at the end of a spatial crack. This
block is in equilibrium under the action of ex-
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ternal forces from the support and internal forc-

es arising at the section.

The proposed calculation model is based on the

following prerequisites:

e the spatial crack on the lower face of the
reinforced  concrete  element  forms
perpendicular to the direction of the main
deformations of the elongation of the
concrete, and the location of the end of the
front of the spatial crack at the compressed
edge of the reinforced concrete element
coincides with the direction of the main
deformations of the concrete shortening —
thus, the spatial crack has a spiral shape
with three possible layouts of the
compressed zone — Figure 2;

e the calculation scheme is taken as a design
consisting of a support block (formed by a
spatial crack and a vertical section passing
through the end of the front of this crack in
compressed concrete) and a second block
formed by a vertical section perpendicular
to the longitudinal axis of the reinforced
concrete element along the edge of the
spatial crack — Figures 1, 2;

e in the spatial section for making the calcu-
lation equations following forces are taken
into account: normal and tangential forces
in the concrete of the compressed zone;
components of axial forces in the
reinforcement located at the face opposite
to that in which the compressed zone is
located; components of axial forces in the
transverse reinforcement located at the side
faces of the reinforced concrete element;

e for medium fiber deformations of
compressed  concrete and  tensiled
reinforcement in section [-I, is fair
hypothesis of their proportionality to the
heights of the compressed and stretched
section zones;

e the relationship between the strain intensity
¢; and the stress intensity g; of concrete is
taken in the form of a diagram shown in
Figures 3 a, b (for practical calculations, the
curvilinear diagram of compressive stresses
is replaced by a rectangular diagram above

a spatial crack in cross-section & - see Fig. 3
¢, d, and in cross-section /-/ in site xp -
rectangular, in site x-x; - triangular).
The curved section of the «oi—¢j» diagram (Fig-
ure 3 a) is described by a square parabola:

Ry B o

Ebr
and straightforward as a linear function:
R,(1- /)
O-i:Rb_b—ﬂ'(gi_gbr)' 2
Ebu ~ Ebr

The parameters Reo and Recy can be calculated
by the formulas given in the reference book [19].
Then &cc0, €crcy- can be determined from the
diagrams (Figure 3a). For example,

2 4
Ly -&p

)

(Ep &5 —Ry)

2
_ Eb “Ebr

gcrc,v -

cre,y

3)

Ey -y — Ry

The value of n(A) at point H corresponds to its
value at the point (at these points the stresses in
concrete are the same):

0,3 (gﬂ ~Eere,0 )

u(A)=0,2+ ; 4)
8crc,v ~€cre0
2 4
__Ey-ep Ep - &y,
EIB = P (5)
Ey- &y~ Ry \(E,-&,. —Ry)

The formation of cracks in concrete and its de-
struction is described by various theories of
strength, since the cause of cracking is always
the main deformation of the separation, and the
cause of the destruction can also be shear de-
formation at the octahedral sites. For the accept-
ed version of the deformation theory of concrete
ductility [2], we will give preference to defor-
mation criteria of strength, because for concrete
located in structural elements, experimental ver-
ification of only deformations is possible. The
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requirements are also presented for the possibil-
ity of a direct transition of the stress — strain de-
pendences to the strength condition.

The equations above contain the parameters R,
&k 4w Rp:- &:, whose values are determined
by projecting the diagram «ci—p» on the corre-
sponding planes, for example, «tq—€y». Projec-
tion is carried out using the obtained formulas
and formulas of mechanics of a solid deforma-
ble body for continuous sections of concrete [2].
When preparing equilibrium equations, it is also
necessary to take into account the angle « as-
sociated with the projection of a dangerous spa-
tial crack ¢ and the angle £ that determines the
direction of the main deformations of concrete
shortening in the vertical section £.

To make the calculation equations, we will sepa-
rate two blocks from the reinforced concrete el-
ement using the section method (Fig. 1, 2). The
first block is separated by a cross section /-,
passing at the end of a spatial crack. This block
is in equilibrium under the action of external
forces applied to the block from the support side
and internal forces arising at the section.

From the equation of equilibrium of moments of
internal and external forces in section /-/ with
respect to the y axis, with respect to a point O,

passing through the point of application of the
resultant force in the tensiled reinforcement
(O Mo 1=0):
Oyt Op 1A ([D— @), - X] Ty g1 h
Hvers N Rec 1rig Z'a)rig *Age rig +
- (O,Sh —ag + 151 h) R z Oy Asp +
+(0.5h—ay +17 51 h) Rie.ap 2 @~ Ascap +
+(0.5Sh—a, —ng g1 +h)-Ropg D 04 Agg
—(O,Sh —ag M1 h) Rie1d D @O Asea =

_KMKpr,M 'Rsup - Rsupam,S =0. (6)

Here K,; — 1s a numerical coefficient that takes

into account the static loading scheme from the
position of additional bending moments along
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the length of the bar; K \; — coefficient, ratio
(it is known, is set) between Ry, and M ; ay g

— the horizontal distance from the support in the
direction of the y axis to the center of gravity of
the working longitudinal reinforcement in sec-
tion /-/ (point O, ); Ry, — the support reaction in
the first block (Figure 1).

The unknown is found from this equation gy, , ;.

From the equilibrium equation of the projec-
tions of all the forces acting in section /-/ on the
x axis, the height of the concrete compressed
zone X in this section is determined (3 X=0):

Op x1 'a)b,IAb,I [b — 9Py -x] _RS,I,up 'za)up ) As,up
+Rsc,I,upZ'a)up ) Asc,up —Os1d Z g 'As,d

+Rsc,1,dz Wy 'Asc,d =0, (7)

From the equilibrium equation of the projec-
tions of internal and external forces acting in the

section /-I on the 0Z axis (ZZ =0) (the load-

ing forces in the working reinforcement in the
middle section are zero), we obtain:

Tt X b =107 Vi By (b=x)+ Ky Ryp =0 (8)

Here 7 1s the shear stress determined in the

pl.x
second stage of stress-strain state.
From it is determined

_ Ky Ry =T pix -x-(b—x)
Z-pl,x 'V/R,Q hO '(b_x)

You )

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

QI,b =Tplx 'x'hoa (10),
Ehe transverse force perceived by the concrete

of the stretched zone will be equal to:
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Figure 1. The calculation scheme of the resistance of the reinforced concrete structure under the
combined action of bending moment, torque and shear force (case 2): ® _ compressed zone
of spatial section; @ - compressed section zone I-I (Il — I1I).
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Figure 2. The calculation scheme of the spatial section k:

® _ compressed zone of spatial section.

Ql,t :yQ,tTpl,x'WR,Q'hO'(b_x)a (11)

As unknown, the system of differential equa-
tions is set yg ;-

On the other hand:

01, =0-01p- (12)

The last equation can be used to determine a
parameter ¥y, that takes into account the

presence of adjacent spatial cracks in the stress-
strain state of the extended zone of the middle
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section [ — I:

_ 0-0r,
J/Q,trpl,x 'hO '(b_x)

YRO (13)

The compilation of the following equations re-
quires some explanation. The upper, lower and
lateral longitudinal reinforcement (in the pres-
ence of multi-tiered), in Fig. 1 are not shown in
order to avoid cumbersome images. Under equi-
librium conditions, stresses arising in the
marked reinforcement are taken into account.
The only exception is the equation of equilibri-
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um of the moments of internal and external
forces acting in section /~/ with respect to the x
axis perpendicular to this section and passing
through the point of application of the resultant

a)
ACi
R, C
Rr‘]'r‘, v N —d \vz
nR, B /"(\2 E T 1
PR Z = H
,/
Rr'n',ﬂ' 1
/
/
,f
Err,u O E”.
Et'?'l',U E,(f En Ecrc,v EprEV Epu

Gx,,k

y/
y

trajectory of the main
shortening deformations

G, COSQL

forces in the compressed zone (75,;=0) (the load-
ing forces in the reinforcement in the middle
section /-/ are taken equal to zero).

b)
A 3;/
4
05 - G
N 4
Ha B /42
Hp /"
.~ Oi 2l AZLT
E:M, u 0 Ern',t'} Ep En Ecre,v Ev é{m

Figure 3. Connection diagrams “stresses — strain” (a), “Transverse strain coefficient” (b)
for concrete: I - calculated; 2 - built on experimental data; 3 - the same taking into account the main
cracks between the pillars, 4 - the same with the measurement of deformations only within
the pillars; stresses in the vertical section and the spatial cross-section diagram k passing through
the end of the front of the spatial crack (c), components of the stresses at the elementary site
of the cross-section k applied to the block from the support side, and internal forces arising at the
cross-section location (d).

In the spatial section k for block 2, cut off by a
complex section passing along a spiral-shaped
spatial crack and along the broken section of the
compressed zone, all the reinforcement [12, 19]
falling into this section are taken into account
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(Figure 2). Moreover, in the compressed upper
longitudinal reinforcement, cut off in sections I
— I and IIT — III, the impact effect is not taken
into account, and in the rest of the longitudinal
and transverse reinforcement, the components
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of the impact effects are taken into account -
they are determined using a special second-level
model [1, 2, 13, 15]

The need to use a complex broken section of the
compressed concrete zone is due to the fact that
its destruction occurs (according to the experi-
mental studies) in a certain volume, located not
along the entire length between points 4 and B
(Fig. 1, 2), but only in a certain volume located
in the middle part . Moreover, the destruction
occurs in the middle part not along the 4B line,
but at an angle close to 45° , located near the
upper edge of the reinforced concrete structure,
which predetermined the direction of the middle
part of the broken section, where the ultimate
stress-strain state is reached.

Figure 4. Approximation of a rectangular
section I-I (IlI-11]) using squares and circles
inscribed in them and the distribution of torques
in a compressed and extended zone
in the middle section I — I (I1I-111).

In areas of the compressed zone located at the
edges of the broken section, the stress-strain
state varies from sections I — I and III — III to
the middle zone according to linear dependenc-
es, respectively. At the same time, the height of
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the compressed zone decreases with increasing
bending moment (Figure 2). Such a calculation
scheme most closely matches the actual re-
sistance, the parameters of which are experi-
mentally confirmed.

The lateral surfaces of the broken section in
compressed concrete coincide with the planes of
the axis (or “smeared” plane) of the working
longitudinal reinforcement. Thus, the angular
reinforcement intersects the planes I — I, III —
111, respectively, at the end sections of a com-
plex broken section (Figure 5).

The distribution of torques in the compressed
and extended zones in the middle section I — I is
shown in Figure 4. When assessing the re-
sistance of reinforced concrete structures of rec-
tangular and complex cross sections (consisting
of a set of rectangles), the authors use the tech-
nique, which is based on the fact that the rec-
tangular section can be divided into a series of
squares, which can be subsequently replaced by
the circles inscribed in them (Figure 4).

The equation for determining the tangential tor-

sional stresses 7, o at the corresponding point

of the cross section located at a distance from
the support is written in a cylindrical and Carte-
sian coordinate system in accordance with Fig-
ure 4:

Z-sum,A = Tt,j,A,cond + z-t,i,A,cond *+ Tioc t Teone * Tconc,loc =
M M, ;

! i
= T+
A
I a /> I «a

i
M M, ;

i [.2 2 b [2 2
o y]',A+Zj,A+1 \NYiaTZigat
' i &

TTioc + Teone *

14 * Tioe T Teone tr

conc,loc —

Tconc,loc < Tt,u ’

(14)

Here 7ij A cong and 7¢j A cong are the tangential

stresses at an arbitrary point A of the large circle
described around an arbitrary cross section after
“condensation” of the static-geometric charac-
teristics of the section ‘“dissolved” along this
circle and the tangential stresses at an arbitrary
point A of the small square-circle after “conden-
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sation”, respectively; I o, Yja, Zja — the dis-

tances from the center of the large circle de-
scribed around the cross-section of the rod to an
arbitrary point A located in the small j-th circle,
in which the values of the tangential torsional
stresses z; and its coordinates are determined in

the common coordinate system YOZ, respec-
tively; M; — the torque acting in the cross section
of the rod; 1; — the polar moment of inertia of

the cross section of the rod approximated by
small squares - circles; zeone, Teoncloc = ShEAr

stresses due to the force, geometric and inter-
environment concentration of deformations, as
well as components caused by local concentra-

tion; A, VYia» Za — the distances from the

center of the small i-th circle to an arbitrary
point A located in the small i-th circle, in which
the tangential torsional stresses r; are deter-

mined and its coordinates in the local coordinate
system Y;O;Z;, respectively; M, ; — torque per i-
th small circle into which the cross section of
the rod is divided; I,; — the polar moment of

inertia of the i-th small circle into which the
cross section of the rod can be divided (consists
of its own polar moment of inertia and an addi-

tional, equal to er-Ai); ryy — limit values of

tangential torsional stresses.

The torsion moment of inertia in the general
case of a complex cross section is equal to the
sum of the moment of inertia of the squares into
which the section is divided, followed by ap-
proximation by circles inscribed in these
squares (in this case, one of the superimposed
parts of the intersecting sections when summing
is entered with a «minus» sign, and angular sec-
tions, in view of their insignificant effect on the
values of tangential stresses, are not taken into
account):

Itzlt,l+lt,2+"'+!t,]:th,J’ (15)

The torsion moments falling on the inscribed
circles are respectively determined:

A . A2
Mt,l = Mt 'W' Mt,2 = Mt T

A, j

M =M, e (16)

g

Here 4;; — the area of the small circle inscribed

in the corresponding square; A4; — area of rec-

tangular cross section.

It is important to note that all geometric charac-
teristics are considered relative to the geometric
center of a complex section.

In relation to the average section I-I, under con-
ditions of complex resistance — torsion with
bending (Figure 5), 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 a stretched concrete there are a num-
ber of adjacent spatial cracks that affect the
stress-strain state of the middle section I-1. We
will take into account this effect of adjacent
cracks using the parameter wg 1 :

If the torque changes along the longitudinal axis
of the reinforced concrete structure, an addition-
al dependence is introduced, which is a propor-
tional relationship between the torques in sec-
tion k and section I-I.

KT'Kpr,T'Mt,I _ a
M

¢;—0,50-sinag
a' Mt,k

Mt,l = (17)

Here K; — a numerical coefficient that takes

into account the static loading scheme from the
position of additional torques along the length
of the rod; K r — coefficient of ratio (it is

known, is set) between Ry, and T. Here a —

the horizontal distance from the center of the
support to section I-1.
Knowing 7y, o from equation (14), you can

find the torque per j-th circle of the compressed
zone in section I-I according to the formula:
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T A,
. _ tsum,A “t,j
=M o=—=—

y +z

(18)

Performing the summation of all M, ; for all j-

th m circles, located in the compressed zone of
section /-1, we will have the total torque per-
ceived by the compressed concrete zone:

(19)

In turn, the torque perceived by the concrete of
the stretched zone will be equal to:

Tsum, A" WYRT 'It,j
\/yz+zz

Here yp r — a parameter that takes into account

Tp=M, g = . (20)

the presence of adjacent spatial cracks in the
stress-strain state due to torsion of the extended
zone of the middle section /-/.
On the other hand, returning to the construction
of general resolving equations (Figures 1, 2),
here we can use the equation of equilibrium of
the moments of internal and external forces act-
ing in section /- relative to the axis perpendicu-
lar to this section and passing through the point
of application of the resultant forces in the com-
pressed zone (75,~0):

M g=M,-M,_. 21)
From this equation is determined parameter
Wrr» that takes into account the presence of

adjacent spatial cracks in the stress-strain state
due to torsion of the stretched zone of the mid-
dle section I-I:

(Mt —Mt,C) y2 + 22

YRr = (22)

5

Tsum, A" t,j
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XB,1 ._'L 77

Y
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Figure 5. Approximation by a brokeﬁ section
of a compressed zone formed by a spiral-shaped
spatial crack, as well as sections I-1 and 11I-111.

From the hypothesis of proportionality of longi-
tudinal strains, we find:

_ Opxl -E (4) . (b —a —x)

+0,<R.;. (23
Eb(ﬂ) 0y s,I ( )

O-s,[

Here o — prestresses in prestressed reinforce-

ment at the moment of decreasing the prestress-
ing value in concrete to zero when the structure
is loaded by external forces, taking into account
the prestressing losses in prestressed reinforce-
ment corresponding to the considered stage of
the construction. If condition (23) is not satis-
fied, then we set o ; equal to R; ;.

The second support block 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 con-
crete through the end of the front of the spatial
crack.

The equilibrium of this block is ensured by the
following conditions.

The sum of the moments of all internal and ex-
ternal forces acting in the vertical longitudinal
plane with respect to the y axis relative to the
point of application of the resultant forces in the
compressed zone is zero (3> M}, =0, block I1).).

(0,5h— agq T Uver,bh) : ZRs,d W54 As,i,d
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(0 Sh- a'sup nverbh) ZR 51up Asiup+
+(06up Z s.up szup szup+¢6k ZR (0 A
+¢6,d 'ZRs,d "W d 'As,i,d +

ﬁjcosaJrO,Slz ~Thorb -12]-
sina ’

Z Rs,up " Os i up 'As,i,up +
+(D7,k '(nhor,b '12 —Tss 'h)'ZRs W 'As,i +

1 0,5x
+(07,d {3(b alevS S bjcosa'l'OSlZ‘H]horb 12}

ma
D Rea sid t
+(0 5h- ag d T ver bh) z SC,up sc,l,upAsmup
~(0,5h =2, =T 1) D Ry
Ossidk “Ziup z 151d s,0,81d
~Oysidk " Zid " D, DsisiaAs isia +

+qsw,lef gy i lef f 2 (C) “Ziup,sw

dDscidAsciat

~sw,lef Dsw,ilef * /2 (c): Zidsw
Kpr,M 'Rsup _Rsup '(am,b T TThorb '12) =0 (24)

here a,,, — horizontal distance from the support

to the center of gravity of the compressed con-
crete zone in section k; @s, Pgup, Pod> Pei>

P7up 974> — parameters that take into account

the components of the “indented” effect in the
reinforcement (at each step of the iteration, they
are taken into account as constants, not as func-
tions, and are determined based on the second-
level model); other geometric parameters given

in formula (24) are shown in Figures 1, 2; z; ,

— the distance from the side reinforcement,
which is located above point by ; z; 4 — the dis-
tance from the side reinforcement, which is lo-
cated below point by ; z;,,, — the distance
from the center of gravity (found through
@y i1et ) Of the linear force in the clamps locat-
idsw —the

distance from the center of gravity (found

ed on the side face, above point by ; z

through o

sw,1,le

clamps located on the side face, below point b, .

¢) of the linear force in the

The lateral compressed reinforcement in this
equation is not taken into account in view of the
smallness of its shoulders relative to the point
by (due to the smallness of the parameter xj );
From equation (24) is determined the unknown
os.sid; on the left edge.

The sum of the projections of all the forces act-

ing in the spatial section on the x axis is zero
(> X=0, block II).

ZRs,up ) a)s,i,up 'As Jiup +
+Gs sid,k * Z ,1,31d s,1,51d
+D R g 0iq- Ay~
Z scupPsc,iup sc iup

_Z Rsc d c,1,d sc,i,d

_Z Rsc,rig ) a)sc,rig ) Asc,rig

_(¢10'Ub,x,l'¢l) "Wy Xp - 1%+h2, (25)

here @,, ¢, are accepted at each iteration in

the form of constants.

An unknown xz is found from this equation.

The first case is for the axis of block II (3 Y=0),
and for the second case it will be the equation

(T Y=0).

(b “Qups —Xp )
“swoup” Oy +
Sin ao
(b - Cld ¢ Xb )
RUDT ; K
Sin ao

%upRsz up s ap T
+08 1 sid Rs.sid D, Ok sid As.sid

+g 4Ry D 0y A, 4 =0 (26)

An unknown ¢y, 5, 1s found from the equa-

tion (26).
The sum of the moments of internal and exter-
nal forces in the vertical transverse plane rela-
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tive to the x axis passing through the point of Composing a function of many variables with

application of the resultant forces in the com-

pressed zone is equal to zero (3.754=0, block 7I):

Tsum, A 'Il,j . Tsum, A" YRT 'It,j .
——==— sing - :

07,0 Rs > Oy As p (D=, —0,5-x) +
+g07’dRSZa)dAS’d -(b —a; 40,5 x) +
+q07’kRsZa)- A ‘(b— Ay jof -0,5 -x)+

Fhup Ry D O Ay (0,502, 4, =Ty ) +

P R D - A 1,0y +
+g08’dRS Za)dAs -(0,5h— Ay T nve,’bh) +
+sw,oup (0» Shy =, = ﬂver,bh) +
g, (050 =y + 71 1) +
g lef * h-cosa - (b — Qs — 0,5xp ) —

_KT . Kpr,T .RSllp _Rsup (0, Sb—O, SXB) = 0 (27)

here K; — a numerical coefficient that takes

into account the static loading scheme from the
position of additional torques along the length
of the rod; K, r — coefficient, ratio (it is
known, is set) between Ry, and 7 .

Unknown g, . is found from the equation (27).

The sum of the projections of all the forces act-
ing in the spatial section on the y axis is zero
(3.Z2=0, block 1I):
~Ggw ot h-COSA =7 R D @4, 4~
_%,upRszwupAs,up _%,kRsZa)' As +
+(¢’10 "Opx,I '§01)'

@y - Xp -«/1§+h2 + Ry, =0.

Here w,, ¢y, are accepted at each iteration in

(28)

the form of constants. An unknown (g s 18
found from the equation (28).
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Lagrange multipliers 4,

F(o

X (o2 (o2 X
b,x,I 2 7Q,t ’ s, ? s,sid k >R’ qsw,o‘,up ? qsw,o‘ ?

qsw,lef’6’11’22’2'3’14’//157//{'67/’{’%&8’29) ’

using equations (1)—(23), and equating the par-
tial derivatives with respect to all variables in-
cluded in it to zero, we obtain an additional sys-
tem of equations [13, 15]:

i+/118—(p1+22 aﬂ+...+ﬂpm aﬂ: 0

6)61 axl 6x1 5)61

2 +4 On + 4 P, A, Pu _

0x 0x, 0x, 0x, .(29)
g + o +4 0, + 4, 9 _

ox,, ox,, X, ox,,

From the system (29) after the corresponding
algebraic transformations, for the two cases
considered above, it is possible to obtain the
equations for the unknown dangerous spatial

crack ¢, (¢) on the horizontal:

_sina(c)+ay-ay-cosa(c)

Cinc (C) =

, (30
ag -y - ag -sin” a(c) (30)

The coefficients
ay, dg, g, dyp

included in the equation include almost all the
calculation parameters

Gbsxal’ x’ 7/Q,t ? GS,] ?

(o2 X
s,sid ,k A qsw,o,up ? qsw,o‘ ? qsw,lef

of the proposed calculation model (Figure 2).
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3. CONCLUSIONS

The paper proposes a calculation model of
the complex resistance of reinforced con-
crete structures in buildings and structures
under the action of torsion with bending.
The structure of the model includes a sup-
port block (formed by a spatial crack and a
compressed concrete zone closed on it, the
spatial section k) and a second block
formed by a vertical section /-/ extending
perpendicular to the longitudinal axis of the
reinforced concrete element along the edge
of the compressed zone closing the spiral
spiral crack .

The case is taken into account when, of the
three external influences during torsion
with bending (Q, M, T), the greatest influ-
ence on the stress-strain state of structures
is exerted by the action of the torque T
(case 2). In the proposed model, when con-
sidering the normal section I — I (IIT — III)
and the spatial section k some parametres
are taken into account: the maximum sup-
port reaction Ry,,, the height of the concrete
compressed zone in the normal section
xp, the coefficient for determining the

shear force Yo the longitudinal rein-
forcement stress in the normal section o .
s,

the side reinforcement stress in the spatial
section o e the height of the com-

pressed zone of the spatial section X, the

linear force in the transverse reinforcement
located at the lateral, upper and lower faces
q L . normal stresses in con-

sw,o-,up’ s

crete oy, .1, component axial stresses in
the working reinforcement intersected by a
spatial crack Oy 5,04 up>Ts 4 Oscd » tAN-
gential forces in concrete @7,., @7

components of the loading effort in the
working reinforcement intersected by a spa-
tial crack k, as well as the lengths of the
projections of the parts of the spatial crack

on the horizontal axis /;,1,,5(c;).

When assessing the resistance of reinforced
concrete structures of rectangular and com-
plex cross sections (consisting of a set of
rectangles), the authors use the technique,
which is based on the fact that the rectangu-
lar section is divided into a series of
squares, which are subsequently replaced
by the circles inscribed in them.

The resolving equations for the proposed
model are compiled, forming a closed sys-
tem and the Lagrange function combining
them is written. Using partial derivatives of
the constructed function with respect to all
variables included in it and equating them
to zero, an additional system of equations is
compiled, from which, after the correspond-
ing algebraic transformations, a dependence
is obtained that allows one to find the pro-
jection of a dangerous spatial crack.
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