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Abstract. The article is devoted to the problem of complex stress state of reinforced concrete under the
action of torsion with bending, taking into account axial and transverse forces. The existing calculation
models remain imperfect, despite a significant number of publications in the world on this problem. They
are fragmentary and sometimes contradictory and consider individual special cases of stress. The proposed
version of the deformation model is based on physical relations for reinforced concrete, static equations
and conditions for compatibility of deformations in the design section at the stage after the crack formation.
The calculation model takes into account all the components of external forces in the rod element, the
spatial nature of cracks, various cases of the location of the compressed concrete zone or its absence,
depending on the ratio of the acting forces in the design structure. The obtained analytical dependences
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 axial and transverse rods,
deformations in concrete and reinforcement, curvature and twisting angle of a reinforced concrete element,
while simultaneously applying a twisting and bending moments, axial and transverse forces to the element.
The deformation model obtained in the article can be used in the design of a wide class of reinforced
concrete structures under the action of torsion with bending taking into account axial and transverse forces
in the calculated element.
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1. Introduction

Reinforced concrete structures of civil and industrial buildings and structures are considered as an
object of study undergoing a complex stress state — torsion with bending, taking into account axial and
transverse forces.

Calculation of such structures remains one of the byways of the theory of reinforced concrete. It is
suffice to note that up until now, in foreign and Russian guidelines on the design of reinforced concrete
structures and in scientific publications of the last decade, for example, [1-7] and others, conditional design
models are used, including even truss analogy models [8—11]. Experimental studies of such structures were
few and they were also fragmentary in the study of individual cases and types of the deformed state,
cracking and destruction of complexly stressed structures, for example, with the overrepresentation of
bending [5, 12, 13], with the overrepresentation of torsion without regard to transverse forces, torsion with
bending in the horizontal plane [14], studies of structures reinforced with an external cage [15, 16] and

© Karpenko, N.I., Karpenko, S.N., Kolchunov, VI1.I., Kolchunov, V.I., 2024. Published by Peter the Great St.
Petersburg Polytechnic University.


https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-5075-1134

Magazine of Civil Engineering, 17(5), 2024

models of transverse and torsional stability [17], and others. So far, there are no general analytical methods
for modeling complexly stressed reinforced concrete structures under the considered stress state, despite
the fact that attempts to create them have been made repeatedly. One of the most general calculation
models of deformation of reinforced concrete with cracks in a complex stress state is based on the section
method and is being developed in Russia. It includes the deformation model of N.I. Karpenko [18] and a
block deformation model with a spatial calculated section with a wide range of design parameters taken
into account [19]. These models are increasingly receiving experimental substantiation at various ratios,
different shapes and structures of sections and for different classes of concrete [20-22].

Numerical methods are used to solve the class of problems under consideration, in particular, the
finite element method implemented in software systems [23—-25]. An analysis of their application shows [26]
that they not only do not allow a qualitative analysis of the studied physical parameters during the
deformation of reinforced concrete with cracks but also relatively approximately describe the results of
experimental studies of reinforced concrete structures under the considered stress state and, especially,
the parameters of the limit states of the second group, for example, crack opening width in structures made
of high-strength reinforced concrete and fiber-reinforced concrete [16].

In all known analytical models, including those proposed by the authors [18, 27], cases of a complex
stress state are considered, when in a spatial section, not a through crack is formed but a crack that is
interrupted in the compressed zone of concrete. In this regard, the article under consideration presents the
features of constructing a design model for box-sectional elements under the combined action of bending
and torque moments, normal and tangential forces for areas of a reinforced concrete element with through
cracks. This case is realized when the element is dominated by bending with torsion and the normal
longitudinal tensile force.

The relevance of such a study is determined by the increasingly complex types of impacts on
reinforced concrete structures and the need to take them into account when designing buildings and
structures to improve their safety.

The aim of the study was to determine the stress-strain state of reinforced concrete box-sectional
structures during torsion with bending under the action of transverse and tensile longitudinal forces in the
design section.

The tasks of the study were as follows:

e construction of a design scheme for reinforced concrete structures of rectangular box-
shaped and solid sections with spatial cracks;

e determination of forces in longitudinal and transverse reinforcement;

e determination of deformations in the lower and upper zones as well as the side walls of the
cross-sectional box of the element.

2. Methods
2.1. Scheme of the Reinforcement of a Cross-Sectional Box Element

The cross-sectional box of the reinforced element of size hxb is reinforced with four longitudinal
reinforcement rods. Two rods (1, 2) with area FS(I) and FS(2) are located in the lower tension zone and

two rods (3, 4) with area FS'(3) and FS’(4) — in the upper tension zone. We assume that
FS’(3) = F§(4) =Fg, My, b is the distance between the rods.
Longitudinal reinforcement is bordered by closed clamps with area Fgy,, and the pitch Ugyo; 5y

and b, are the dimensions of the clamps. The clamps are transferred to the level of the longitudinal

reinforcement with a reduced pitch Ugy, as in the more general model, where

(b +h)

— (1)
(by+hy)

Usw =Uswo

The running area of the clamps will be:
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fSW:—FSW = SWO—(b2+h2) :
Usw (51 + ) Usipg

2.2. The Tangential Force Flows

(2)

The design diagram of the cross-sectional box of the element with through cracks is shown in Fig. 1.
This diagram is realized when the torques (T) and normal tensile force (N) are predominant. The action of
tangential forces is reduced to the flow of tangential forces along the contour 1—2—-3—4 (Fig. 2a).
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Figure 1. Design diagram of the cross-sectional box with through cracks.
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Figure 2. a) — scheme of tangential force flows N, /V;; from the action of the torque T

along the design contours 1-2-3—-4; b) — flow diagrams of tangential forces from Ng
from the action of the tangential force along the design contours 1-2-3-4.
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0

Ny=—. 4
0 2 (4)

The total flow on line 1-2 will be

r o

) " 2mb, 2h ©)

The total flow on line 3—4 will be

r o

. 6
ORI ©)

The flows of tangential forces along lines 2—3 and 1—4 will be equal to the values of Nyx, determined
by dependence (3).

2.3. Determination of Forces and Stresses in Transverse Reinforcement Rods

Inclined lines 7—20 and 3—-10 pass along inclined cracks located in the vertical walls of the cross-

. st(l) st(2) .
sectional box of the element, and are the total forces taken by the vertical rods of the clamps
in these walls.

The angles of inclination of cracks in vertical walls approach 45°. In this case, the effect of dowel
forces is reduced. In this regard, the vertical thrust forces in the longitudinal reinforcement are neglected.
As a result, considering the conditions for the balance of forces in elements 3—4—-10 and 8—-7-20 from the

- : Ny . Ne2) . o
action of torques, we find that the forces and perceived, respectively, in inclined cracks 7—

20 and 3-10, will be:

]\_]sz(l) = Nyz(l)l7—8 = Nyz(l)hl; @)
st(Z) = Nyz(2)13—4 = Nyz(Z)hl'

N N c
The forces  *“(") and ~ **(2) are expressed through the stresses s2(1) ang Oy(2) in the vertical

rods of the clamps located along lines 7-8 and 4-3 in sections 8—20 and 4-10, respectively,

st(l) = Nyz(l)l7—8 = Gsz(l)hltgalfSW; @)
Niz(2) = N ya2)3-4 = O (2)mtg S »

where:

sz(l -

Nye) :( T Qj !

tgoy for  \2mby  2hy ) foptgoy
_ Ny =[ T _QJ;
(2 tgoy fsw  \2mby 2hy ) fspitgo, )

Now we will have to determine the stresses in the rods located in the lower and upper walls of the
box-section of the element. The inclined lines 8-12 and 10-13 (Fig. 1) pass along the cracks that intersect

N N
the lower and upper walls of the cross-sectional box of the element, where SX(3) and 5x(4) are the
total forces, perceived by the clamps, respectively, in cracks 8—12 and 10-13. According to the design
scheme (Fig. 1), these efforts will be equal:

Nsy(3) = Nyxls-o = 2kgy = Ny = 2kgy s

N ! ’ (10)
Ngx(ay = Nyxho-1a =2ksx = Ny = 2kgy.
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Following [18], the influence of the dowel conditions ksx and kg can be taken into account using
the coefficients A and A'. In this case, dependencies (10) are transformed into the form:

NSX(3) = Nyxbl _2kSX = yxbl}“x;

_ , , (11)
N Sx(4) = Nyub = 2kgy = Ny bhy,

where
- 15 fsw
X 2 b
15 fow + fsyctgmas
v 15 fsw
X ' 2 ?
15 fow + fsyctg oy (12)
at
Sy = >
by
! !
R DR IE)
f SY — b—
! (13)
N SX(3) N, SX(4) c ' , ,
The forces and are expressed through the stresses ~5* and o, , respectively, in

the lower and upper rods of the clamps.
X(3) = Nbihy =0 foudo_1n = 04 fnbitgos;

N
N Sx(4) = Ny =04 a1z = O fabtgoy.

Ny,
Where, taking into account the values of »*’ determined by the formula (3):

G - Nyhy _ Th, .
T fatgoy 2(b +hy) fitgas”
, (15)
NN T\,

o = = )
T fteay 2(by+hy) fiuteoy

From (11) the values also follow:

N,b(1-%2,) T

kgy =—2— -~ (1-2,);

X 2 2hy (1=2)

Ny (1-20) 1o

ko =270 T gy,

2 20
2.4. Determination of Normal Stresses in Longitudinal Reinforcement Rods
6-15-0,4-0;4,

In the design scheme shown in Fig. 1, we select the plane parallel to the plane

207, respectively, the normal plane XOZ and its two lines 15-04 and 6—0O;, located on the upper

and lower surfaces of the box section.
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The sum of the moments of all forces acting parallel to the plane 20Y relative to the upper line

15=04 yil be equal to:
NSY(I)hl + NSY(Z)hl = Nyz(yfls—20 + NSZ(])IH—O] +
+ Ngz(2) (hs10 +haris) = Nyx(yhoaoh - (17)
—(M +0.5Nh +Qly_, ) =0
or, taking into account dependence (7), and
ha_o, =(0.5mtgoy —0.5htgas );
hg-10 = 0.5mtgay;
h415 = 0.5btgouy;
l3_15 =0.5tgo, +0.5btgo, + 0.5 tgos;
lo—e = ltgo, +0.5htgoy;
ly 20 = Iytgoy;
M~+0l,_,=M,,

(18)
where M, is the moment applied at point € of the plane 6-15-0,-0;, we find:
(Nr)* Nsyiz) ) = %ﬁmur Nyzayhitee —0.5Ny, ) (tea, —bitgas)+ o
+0.5Ny5 (Itgo, +bytgoy )+ 0.5Nyy () (Itgo, +0.5btga, +0.5htgas ),
or
]\_/SY(I) + ]\_/SY(Z) = %15]% +0.5Ny, () (tgoy +bitgay )-
= 0.5Ny(5) (tgo, +bytgoy )+ Ny (Itgo, +0.5btgoy +0.5b tgas ). 20
In the case of pure torsion,
(NSY(I) * NSY(Z)) =
= Nyy(1y (05 +0.50 0.55 = 0,51 + Iy +0.5b, +0.5h) =0, o1
or
]\_[SY(I) +NSY(2) = (I +b;) Nyy. 22)

N —
To determine the relationship between the forces sY(1) and NSY(Q)’ we use the condition that the

sum of the torques of all forces in the reinforcement and concrete of the design element is equal to zero

Oy

relative to the _03 axis. In this case, we assume that some influence of the difference in efforts

SY(3) and ]VSY(4) can be neglected, assuming that
Nsy(3) = Nsy(a)- (23)

In this case, the sum of the moments of all forces applied in the sections of the design scheme
(Fig. 1) relative to the vertical line O, — O, is equal to zero and can be represented as:



Magazine of Civil Engineering, 17(5), 2024

N sy(1)le-o; ~ N sy(2)h-o; + N sy(3)hs-0, ~ N sy(4yho-10+ Nyxl3-i2hi-o, =
= Nyxly13hs-0, = Nyz(yls-20l6-0; +Kls—6 = kih1-12 =0,
where:

b
_ _b.
ls-0, =hi-0, +li5-0, —li9-10 5

l3_15 = Iytgou, +0.5(btgoy +bitgos );
l;_13 =0.5(btgoy +bitgoy );
ly 20 = Mtgoy;
le_e =115 = 0.5htgos.

As a result, the sum of the moments relative to the O, — Oy line is converted to the form:

(NSY(I) - ﬁsy(z) + NSY(3) - ]\_]SY(4) )O~Sb1 +
+Nyy (hltgocz +0.5htgo, +0.5htgoy —0.5btgo, — 0.5b tgo, )O.Sbl - (24)
~Nyz(1ymtgoy 0.5b +k, (0.5btgous —0.5btgos ) + ki, (0.5b tgor, —0.5btgory ) =0,
where, taking into account condition (23), it follows:

Nsy(y = Nsy(2) = Nyz(yltgen — Nyyyltg e,
or
]\_[SY(I) = ZVSY(Z) + NYZ(I)hltgal - NYX(I)hltgaz. (25)
N
Substituting the value sY(1) into (20), we find:
— M, +0.5Nh
NSY(z) - 62—h] - 0'25NYZ(1) (tgay —btgas) -
—0.25Nyy(5) (mtga, +bitgay )+ Nyx () (mtga, +0.25htgas +0.25btgay ),

or, taking into account (3), (5) and (6):

_ M, +0.5Nh _( T 0

N ——=|(htg oc; —bytg ocy ) —
SY(2) 20 8y ShJ(]g 17018 3)

(26)

8bh | Sh 2y

e NVsy(2)
Substitution of into (25) leads to the dependence

v _ M, +0.5Nk
SO =T o

—0.25Nyy(y) (mtga, +bitgay, ) +0.25N vy (bitgas +bitgay),

or, taking into account (3), (5) and (6),
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— M, +0.5Nh T 0
Ny =—% L — = |(3lytg oc, +Bitg oc3)—
sY(1) 20 [Sb]hl 8h1]( itg ooy +hitg 3)

(27)

T 0 T
- +=|(Itg oc, +htog oc, )+ —(to oc, +to o, ).
(8171}11 8h1]( |tg oo, +hitg 4) 8hl(g 3 T1g 4)

N —
Let us proceed to the determination of the forces $Y(3) and NSY(4) in the longitudinal

reinforcement. The sum of the moments of all efforts applied to the right side of the design model relative
to the lower line 6—11 will be equal to:

Nsy(3)h1 + ]\_fsy(4)h1 = Nyxly_13h — st(1)117—0, B ]\_]yz(z) (0.5mtg oc; +0.5bytg o<y )
=—M +0.5Nh - Ql,_, =—M,+0.5Nh,,

N —
or, taking into account the values of Sz(1) and NSZ(Z)’ determined by formulas (7), and condition (23),

we find:

= = 0.5Nh —M
Nsy(3) = Nsy(a) = #ﬁL 0.25Nyy (bitgay +btgas )+

+0.25NYZ(1) (mtga +bitgas )+ 0.25NYZ(2) (mtga, +bitgay),

or, taking into account (3), (5) and (6):

— - 05Nm-M, T
Nsy(3) = Nsy(4) _2—hl+8_hl(tg oy +tg ooy )+

(28)

T 0 r 9
+ — = |(Mtg oc; —btg oc; )+ +—= |(Mtg oc; +bitg oc, ).
[8b1h1 8h1](1g 1 ~hitg ) (Sblhl ShJ(lg 5 +hitg =4)

Neys Nesiys N
After determining the forces s2(1) 52(2) 52(3) in the reinforcement, we determine the

stresses in the reinforcement:

Gsy(l) = Fs(l) >
s(2)
Gs 2) — ’
1(2) F, @ 2
N
Sy(3)
Gs‘ 3) ~ ' )
R
()
Gsy(4) - Fs’(4) .
2.5. Determination of Deformations

in the Lower and Upper Zones of the Element

Average relative deformations in rods 1 and 2 of the lower longitudinal reinforcement in the sections
between cracks are determined by the dependencies:
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_OaVa) _ VoV
Esr(1) T g T EF 8
S S%s(1)
_ (30)

esr(2) = Eq = ESF(z) )

where V() Vsp(2) are coefficients that take into account the effect of adhesion of reinforcement to

concrete in the sections between cracks (V.l. Murashev's coefficients), ¢ (1) and Gsy(z) are stresses in

sy
rods 1 and 2 in cracks, determined from dependencies (26), (29),

GC?ZC

Gsy(l)

Y1) =1-0.75¢4 ;
(31)

Vo) =1-0.7595 ;Ci,
sv(2)

where G, . are stresses in the reinforcement at the moment of cracking, which in the first approximation
can be determined by the formula:

_ 2.5Ry E

o, =, (32)

cnc Eb
(g =1 —with short-term load, (¢ = 0.8 — with prolonged action of the load. The calculation includes the
average deformations of the two lower reinforcement rods

€sy(1) T €sy(2)

gy = —2 ;

or given (30),

e = 1 Nsy(l)(psy(l) n Nsy(2)¢sy(2)
sy T
2Eg | Fyqy E5z)

(33)

By analogy with (33), the average deformations of the upper longitudinal reinforcement will be equal
to:

1 Nsy(3)¢sy(3) +Nsy(4)¢sy(4)

) (34)
2Eg|  Fy Eg(4)

&'y =
where (psy(3), (psy(4) are determined by formula (31), where indices 1 and 2 are replaced by indices 3 and
4.

The average value of the deformations of the clamps in the lower and upper walls of the cross-

sectional box of the element by analogy with (30) — (32) and taking into account (15) will be:

— Osx¥Wsx — Nyxﬂx(ﬂsx (35)

Eg foEsteds

By analogy with (35), the average strains of the clamps in the upper wall of the cross-sectional box
of the element will be equal to the upper longitudinal reinforcement will be equal:

Esx

&'sx = Ol Nt s Ol : (36)
ES fswEStgﬂ’S
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Introducing into (33), (36) the values Nsy(l), Nsym, Nyy3)» Nyp(a)» Ny from (26) — (28) and

(3), we obtain the values egy, €5y, €y, Egy asafunctionof M, N, T, Q.

In the future, stresses G;, and G;)t and deformations €;,, 8;)[, respectively, in the lower and upper

walls of the element will also be needed. These deformations will mainly depend on the shear stresses t

X
!
and T),.
Opy ® =2, sinaz cosas; -
O & =2, SiN 0Ly COSOLy;
e On _ —2, sino3 cosoy
bt — - >
;o
oo Of _ ~2)Sinoycosoy
bt = T T "ot ’
Envnx Envnx
where E,, E; are modules of deformation of concrete strips
!
E,=E, =EB, =08E,, (39)

B, = 0.8 is coefficient of influence of loosening of concrete strips with cracks and reduction of modulus,
v, is coefficient taking into account the effect of plastic deformations of concrete strips on the increase in
deformations ¢, is determined from the dependence (2), (3). Shear stresses are determined depending

on the linear shear forces Nyx.

N
X
T o

yx ’
2any

_ —2N sinogzcosay
Op = B s
aPy,

T = Nyx .

¥ P
24P,
—2N,, sinoy cos oy

!
Opt =
24, ’

(40)

where a is concrete cover, Bxy, B;y are the coefficients of influence of the remaining concrete layers on

“w

the values 1 a “~” sign means that the stripes are decreasing. Taking into account (37), (39):

!
yxo Txps

. —2N, sinazcoso; 2N, sino;coso
bt = -

b

2anyEanvnx 2aEb\7nx (a1)
oo —2N,,sinagcosa, 2N sinoycosay
bt — ’ ’ - ~r ’
2anyEn Vi 2aE,V),

where
an = ananxy;

-, o (42)
an = B}’ZV}’ZXBX_}/’



Magazine of Civil Engineering, 17(5), 2024

. . [ . .
The coefficients v, and v, . are determined experimentally.

Following [18] and taking into account (33) — (35), the shear angles in the lower and upper horizontal
walls of the cross-sectional box of the element will be equal:

Ept
Ysy = €syctgos +Egytgoly —————— =
sin ot3 COS 0L

N, Ng,mn)® Ny (2)® Ny
_ Do o | Do)Po) | “n(2)¥9(2) tgoy 4 —2 s (43)

Nk L[ No@)®o0) |, No@®o@) | N
———ctgo, + + goy <

Ysy =

2.6. Determination of the Deformations of the Side Walls
of the Cross-Sectional Box of the Element

There are four types of relative deformations: average relative deformations of longitudinal
reinforcement Sy(l) — in the first vertical wall with 1, 3 longitudinal bars and 8y(2) — in the second vertical

wall with 2, 4 longitudinal reinforcement rods as well as average relative deformations SSZ(I) and 8SZ(2) of
the vertical rods of the clamps of the two walls, respectively.

Average relative deformations of longitudinal reinforcement in two vertical walls will be equal:

_1 {Gsyo)"’sy(l) L %9)Y50) J

S0 T Eq |
e 1 %@¥e0)  Co@V¥a)
W2 ol E Eg )

or, taking into account the values (29),

e _ 1 Nsy(l)wsy(l)+]\_]sy(3)\|lsy(3)
02K Fgy Fy(3)

3

_ _ (44)

e _ 1 Nsy(Z)Wsy(Z) n Nsy(4)wsy(4)
)2k Fy(2) Fy(a)

9

where the values of Z\_/Sy(l.), (z' = 1,2,3,4) are determined by the dependencies (26) — (28).

The stresses in the vertical rods of the clamps are determined by the dependencies (9). Accordingly,
the relative deformations will be:

Gsz(l)wsz(l) _ Nyz(l)wsz(l) .

g = = ;
=) Eg SonEstgo (45)
e _ Gsz(Z)Wsz(2) _ Nyz(Z)wsz(Z)
=) Eg fowEstgn,

where the coefficients \ysz(l) and ‘Vsz(z) are determined by dependence (31), where the index “y” is

replaced by Z, the values Nyz(l)’ Nyz(Z) are determined by the dependencies (5), (6).
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By analogy with (37) — (41), the stresses Gbl(l) and th(z) and the relative deformations sbt(l) and

8bt(2) of concrete strips along the cracks in the vertical walls of the cross-sectional box of the element are

determined.

2N, sinoy cosoy

Ope(1) = —27,, sinoy COS 0Ly =—

2

20, (46)
5 _ 2N, sina, cosa,
Opi(2) = ~2T ) SN 0Ly COS ALy = — 20p. ;
Ope(1) Ny, sina, cosoy
€p(1) = = ;
(1) Envn(l) (XBZEnVn(l) )
Opy(2) N, sina, cosa,
€pi(2) = - ’
( ) Envn(Z) O'BZEnVn(Z)

where E, is the modulus of deformation of concrete strips. determined from dependence (39), o and 3,
are quantities similar to the quantities «, Bxy, fs’y included in dependence (41), Vn(l)’ Vn(z) are
coefficients that take into account the effect of plastic deformations of concrete strips on an increase in the
total deformations Sbt(l) and ebt(z).

By analogy with (43), the total shear angles in the first and second walls of the element will be equal:

e ot ¢ Cor(1)
Vo) = Esx(nSt8% By ) N e

=g ctga, +&. ,\tgo, + gbt(z)
Vyz(2) = Esz(2)C18A2 T €2yt sin o, cos )
or, taking into account (45), (47):

NV

= ctgo, +
Do) SswEstgo =

e[ NonVeq) No@Vo@ |, N
2Eg| Fyq Fs3) E, 0BV,

(48)
_ Nyz(Z)Wsz(Z)

= ctgo, +
sz(z) fswESthOZ B

+ tgol, Nsy(Z)Wsy(Z) 4 ]\_[sy(4)wsy(4) + Nyx .
2Eg Fy(a) Fy(a) En“Ban(z)

The twisting angles, following [18], are determined through the values of the shear angles Y xy and
y;y of the lower and upper surfaces according to (43) and sz(1)> sz(z) of the first and second walls box-
section of the element according to the constraints (48), after which
0= bl (ny + y;cy ) + hl (yxz(l) + yxz(2))
2byhy '

(49)
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The curvature of the element (l/py) and relative deformations (soy) at the level of the y axis are

determined from the dependencies

L_ Esy "8y |
h b
py 1 (50)
&g tEy,
€0y 5

where s 8;y are defined according to (33), (34).
Based on dependencies (3), (5), (6), (26) — (28), the twist angle, curvature and relative deformations
at the levels of the y axis are expressed dependingon M, T, N, Q.

3. Results and Discussion

The calculated dependences for determining the deformations and angles of rotation of the cross-
sectional box of the element are constructed in such a way that the wall thickness of the section element is
not limited and makes it possible to switch to a solid section. It should only be taken into account that in
elements of a solid section, according to the data of experimental studies [20-21], after the formation of

cracks, a part of the torque 7, can be perceived by some solid core of the section that remains after

cracking, and a part of the moment 7; is perceived by the reinforcement in the section with a crack. In this
case, for the application of the dependences obtained for the cross-sectional box when calculating the solid
section in the formulas, the torque T is replaced by 7. The values of the moments 7}, 7, in relative

values can be determined from the experimental “torque-angle of twisting” graphs [21]. As a first
approximation, you can use the formula proposed in [18]:

T=T+Ty;

4
51
7]:T1—0.3(&j , &1
T

where T, is the torque at the moment of cracking, T is the current torque (T > T).

In this case, the question of the expediency of taking into account the effect of the concrete core is
determined by the ratio of the torque and bending moments, the presence and value of longitudinal forces
in the section under consideration as shown by experimental studies. It is advisable to take this effect into
account only in the presence of spiral cracks developing along the entire contour [21]. In the presence of
concrete in the compressed zone without cracks, the effect of the concrete core can be neglected, assuming

T2 :0.

4. Conclusions

1. The refined calculation model of the complex resistance of reinforced concrete structures of the
cross-sectional box, experiencing the combined action of bending and torque moments, axial and
transverse forces in the stage after the formation of spatial cracks, is proposed. This stage allows
you to determine analytically the stresses in the concrete in the compressed zone, the height of the
compressed concrete, the stresses in the clamps, the deformations in the compressed zone of
concrete as well as in the longitudinal and transverse reinforcement rods, the curvature of the
element and the angle of its twisting.

2. The given design dependencies take into account all the main external influences for a reinforced
concrete rod element of the cross-sectional box: torsional (T) and bending (M) moments, transverse
(Q) and axial (N) forces. In this case, the action of the torque and transverse force is reduced to the
action of the flow of tangential forces along the rectangular contour of the section.

3. The developed model can be used in the design of a wide class of reinforced concrete structures
of buildings and structures made of ordinary and high-strength concrete and fiber-reinforced
concrete, experiencing complex stress state — torsion with bending and the action of axial forces.
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