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Abstract. It is proposed a computational model for the spatial cracks formation of the first,
second and third types in reinforced concrete structures under the action torsion with bending,
based on working assumptions and solving equations, with allowance for physical nonlinearity,
deplaning cross sections, prestressing in the longitudinal and transverse reinforcement and the
influence of the local stress field. Solving equations are constructed in a special way, so that
their system does not become decaying for functions of many variables with the Lagrange
multipliers use for finding the minimum generalized load corresponding to the spatial crack
formation of the first, second and third types and the coordinates of their formation points. It is
obtained experimental data for checking the proposed design model, including the values of the
general crack-forming load, the coordinates of the points of crack formation along th&; axes (

y, 2); cracks and angles of their tilt; distance between cracks at different levels of cracking; the
width of the opening of the spatial cracks along the entire helical-shaped line; angles of
twisting, deflections, deformation of concrete and reinforcement.

1. Introduction

As one of the main directions in the development of technical progress of concrete and reinforced
concrete, as noted by a number of international conferences of recent years, is the deepening and
improvement of theoretical studies of the work of reinforced concrete structures with various
combinations of force effects [1-3]. A very common form of such a combination is the joint action on
the construction of bending and torque (beams of monolithic overlays, onboard elements and support
contour of ribbed carvings and bridges, substructure and crane beams, contour beams of buildings with
a monolithic frame, supports of power lines, reinforced concrete pylons and etc.).

At the same time, since in the case of torsion with bending, the moment of cracks formation and the
magnitude of the angle of their inclination significantly affect the stress state [4], first of all, there is a
need to study the problems of cracking, which to date have not been investigated sufficiently.

2. The purpose of scientific research

The purpose of the present research is to study the process and develop a calculated model for the
formation of spatial cracks in reinforced concrete structures in torsion with bending [5, 6] over a wide
range of ratios of active twisting and bending moments, spans of their joint action and other significant
parameters of the stress-deformed state.

3. The scientific novelty of the work consists of:
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— the calculated model of spatial cracks formatbrhe first, second and third types in reinforced
concrete structures under the action torsion wéthding, based on working conditions and permitting
equations, taking into account physical nonlingariteplanation of transverse sections, preliminary
stress in longitudinal and transverse reinforceraendtthe influence of the local stresses fields [7]

— resolving equations, constructed in a special ,way that their system does not turn into
decomposable for functions of many variables udagyange multipliers in finding the minimal
generalized load corresponding to the formatiotheffirst spatial crack of the first, second aniddth
types and the coordinates of their formation pdists].

4. The main part

The basis of the construction of the calculatectlcfarming model under the action torsion with
bending for spatial cracks of the first type is tbkowing calculation prerequisites [7]:

— formation of the first type spatial crack (croggionly longitudinal reinforcement & >Mc.,
M;> Mo andQ > Q.), second or third type (crossing only transveesaforcement aM < M,
M;> M;q.andQ > Qy. and oriented at further development in the dioecdbf the point of application
of the concentrated force or with an arbitrary ataion, respectively) occurs at an arbitrary péint
located on the lower or lateral faces or at anti@ntyi point of the complex figure of the cross-gmtt
(Fig. 1).

— diagrams of tangential stresses in torsgn positive and negative zones of deplanation of
transverse rectangular sections and the approximafithe figure of a cross section using the segiar
of the ABCDEFGH and the inscribed circles, are executed in acomelavith the diagrams of Fig. 2,
a, b;

— the diagrams of normalr, and tangential stresseas, in the cross-section, passing through the
point A are approximated between the polhtgnd2 (Fig. 2,c, d) by linear dependences.

The following equations are used to evaluate thestance of rod concrete structures to the formatio
of the first spatial crack.

1). Equation of communication between normal sgess in a cross-section located at a distance
from x the support and a generalized external load espdethrough the support reacti®y,, at the

time of the formation of the first spatial cracklmding the bending moment from the external forces
Rgyp X, the bending momerf, (& , from the prestress force, the longitudinal forcarid the force

preliminary stresse®,, as well as local influencesi% (@, (¢4 — the coefficient of calculation of

local normal stresses, in the direction of ther axis from the reference reactions), of of which
follows:

R, =OX Pred (085 1eq — N (085l 1og — By (B p Preg 0,50
P X[0,5h (P e + Py 085 o '

Note: in the formulas (1)—(21) below, all notationstthee not deciphered correspond to the common
notions of the mechanics of a solid deformable bary the theory of reinforced concrete.

(1)

2). The equations for determining the tangentieditm stresses; in the cross-section, located at a

distancex from the support, are recorded in accordance Righ2
Mt.,j 2. 2
Ty =Ty =|_'J (G2 +y* <. (2)
t,]

Here, the moment of torsion inertia in the geneade of a complex cross-section consisting of
rectangles is equal to the sum of the moments extian of the squares on which the rectangles are
broken down with their subsequent approximationth®y circles inscribed in these squares (in this
case, the superimposed part of the intersectintjosscin the summation is included with the sign
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"minus ", And the angular sections in view of thesignificant influence on the values of tangdntia
stresses are not taken into account, Fig),2;

Itzlt,1+|t,2+"'+|t,j:th,j y (3)
and each of the torsional moments incident onrikeribed circles are respectively determined, —
It lt2 lt,j
Mip =ML Mo =M—2; My =M~ (4)
l¢ It It
lt,; — the moment of inertia of the circle of the aralised in formula (2) inscribed in the

corresponding square (the lower circle is used, @se, for cracks of the first type, the middleck is
used for the second and third types, figb,{ — coefficient of transition to local axes;,, — the

limiting tangential stress caused by torsion.
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Figure 1. The calculation scheme for the spatial cracksv&tion of the first, second and third types:
a — the scheme of forces and the choice of the awatelsystem to the formation of the first spatial

crack;b, ¢, d — diagramsM¢, My andQ, respectively;

1 — the actual diagran2,— accepted for calculatio;— diagram of transverse forces from the local
field of tangential stresses.
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In order to take into account plastic deformatidhe,moment of inertid; ; and I; is recommended
to be simplified in the cracking stage:

It,j :OYSSDt,j,I’ed ; |] =O,85D jred X (5)
for dependencies in which the paramelgj does not belong to the same recommendation can be

used with respect to the modulés and G, with respect to the stage of crack formation, and
subsequent loading stages, it is necessary tchesgetant strain modulus and the variable coeficie
of transverse strains for concrete in the calcdldependences.

For cracks of the second and third types, the wvknmordinatey from equation (2) is determined:
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Figure 2. Diagrams of tangential tensions in torsign positive and negative zones of deformation of

transverse rectangular sectioa} @pproximation of théBCDEFGH figure of the cross-section with
the help of squares and inscribed circlgs §nd the diagrams of the normal and tangentiesses in
the cross section passing through the pAifi, ), respectively.

3). Equations for the determination of tangentisdssesr,, in a cross section located at a distamce
from the support. In this case, the coupling equestibetween tangential stresses in the cross-sectio
of the reinforced concrete rod and the generalivedi Ry, — 7, and 7r; take into account the
transverse force from the reference reaction (takimo account local stresses) and the transverse
force perceived by the bent rod.
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From this equation, the unknown coordinateof the formation of spatial cracks of the second an
third types is determined:

(Rsup _anc)Bl +@ N 20
,= , Ared <05h, (7)
(Rs_lp _anc)[BZ

where ¢, is the coefficient of local shear stresg in thez direction from the reference reactions.

With respect to cracks of the first type, therengs need in finding the coordinate(the equation
degenerates into an equality=-05h), in this case it is expedient to use equation fQf)
determination. After algebraic transformations hwigspect to cracks of the first type, we get:

Ra
72 = (Raup ~Qine - 05 B, - B) -~ 22 < 7. ®)
Here the parameteB, is determined by the formula:

Ared
=—n&X__. 9)

the parameterB, for the T-section (shelf above), and the T-sectftre shelf from below), is
determined by the formulas, respectively, —

1
= P \ ’ 10
%2 ™ 0851 roq - 24 1) :
B, L (11)

" 085l g l{zg ~hy )’
z4 — the distance from the center of gravity of feetion to the lower face, the parameltgr for
rectangular sections is assumed to be e(jmalzd )/3, and the parametdr; is assumed to be equal
to z4/3; 7, — the limiting tangential stress caused by trars/éorces.

4). The equation of connection of the external I@@gressed through the reference readtgy) and
normal stresseg,, is recorded taking into account local stressififom the reference reaction and

applied to the construction of the concentrateddpand also taking into account the prestreskdn t
clamps and bends. From this equation, with resfoettte spatial cracks of the first, second andithir

types, the unknoww, is determined:

o7 =%Eﬁ¢z +KPy,)+ Bs. {12
Here B3=USW’p Pomp +ainc'pDAmC’p &$ing, (13)
Saw,p [ Snc,p o)

@, — the coefficient of local normal stresses in the direction of the axis from the reference
reactions;k [, , — the coefficient of local normal stresses in the direction of the axis from the

concentrated forces.

5). Using the precondition that the main deformegiof the elongation of concrete reach their lingti

values in the formation of spatial cracks, apptiedpatial cracks of the first type, using thedaling

dependencies for stresses and deformations, amithdpéamind thatay =0, Tyx = 0; Ty =Ty, = 0;
1 1

——(ox+0,); & :—[Ux +0xd _:UUZ]; €z= 085E

=0; &y =-
Yye Y 085E 0.85E

[02 _/UUX] » Exd :v;v
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(deformation deformation of the cross-section @f $fructure) ;w:& 7 (x,2); f(x2)=4 Xz,
t

_ a2 -b?
a2 +pb2’
determining the axial deformations of the elongatibconcrete in the direction of the axis

2 3 2 2
Ey— +4e> -4 Eyt&EL |+ (455 - )+£ i/2
sz( y 6bt,ul) bt,ul bt,ul( y Z) 6bt,u| 2y Wyt Ez2 Uy

4[ 2
£,¢ —-& +&y€ —EyE
Zptu pta Yot Y Z)

Then, using the connectiam, —£, , we get:

Oy = &x DBSE — 0y g + 1O, {15
For fractures of the second and third types, o#fugrations are used. In particular, to determine the
normal stresse®, , the condition is used to achieve the values efthincipal tensile stresses equal
to Ry . Then, from the equation for determining the ppact tensile stresses, taking into account
that oy =0, 7, =7,,=0, T\x\=7t, §=0x+0;, S :axaz—rzzx; S3 =0, after algebraic
transformations we obtain:

Oyxd =&xd [085E, after algebraic transformations, a formula isaotgd for

Ey = (14)

:TZZX-'-Rbtl]TZ_Ré_ (16)
0, Ryt

From the equation for determining the main deforomest of elongation of concrete (taking them equal

eptyl )» angular deformations/,, are sought. As a result, using the dependefige-),,, for

X

tangential stresseB,, in the cross section, the following equation isagted:

2 ( 2 ) 1/2
08%E | 4t iéxEz ~4ébtul (ex+&2) A8 uiExEyez e, + &) ~ey\Aptul +4ExEz

Iy, =%
v (gbt,ul ‘Sy)
6). Note that tangential torsional stressgsapplied to cracks of the first type are determimed
accordance with formula (2), and applied to craskshe second and third typg, are determined
from the relationship between the bending anddarsiomentsMygng / Mt =7
(Rap ), B/l P +y?
L =Tpj = STiy- (18)
lyj [

7). Using the resulting equations and the relalignbetween the bending(penq ) and torque My )
moment Mpgng / My =7, with respect to the cracks of the second andlthypes, we form the
function of several variablest:(pr,y,z,az,ax,rxz,rt,x,/ll,/lz,/lg,/14,ﬂ5,/16,/l7), which has the following
form:

<r,0 (17)

0% Preg (085l eq — N 085l ¢4 — Py [y, PAreg [
X2 Ayeg + Py D85l g

F (Raup /2.0 2.0ttt XA Ja a7 ) =

Rs
\/ 02 -MZ; (¢ = ot 2- (RSUD_ InC)Bl““AYeszz—

Mt,] (Rsup mc) 2

Ay +
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{a (Rmp[(¢z+kW22)+53H)l3+{a ’zx*Rth;bt Rbt} +

> ( > ) 1/2
085 {4€bt,u|5xgz A (gx + gz) +4€bt u|5x5y‘92 [ng +5x) —ey\A&ptul TAExE; J e+
5

Tyz—
(1+ /1) Ebt ul sy

-

Rup E}/ET 7P 08 ~NDBS ey~ By U’reolﬁ}l7 (19)
It] XZ[A g+ 089

Performing the differentiation of the function (18jth respect to the corresponding variables and
equating their derivatives with zero, an additiosydtem of equations is obtained using the Lagrange
multipliers 4;. From the solution of the additional system of a&gpns, a formula is obtained for

determining the coordinat® of the point of the spatial crack formation:
Mt]DtIW\/ZQ +VZE{/ (&)
I (Rypy

Similarly, a function of several variable§; is compiled, differentiation with respect to the

corresponding variables is performed with the eqgadf the derivatives to zero, and the coordinate
x of the point of the first type spatial crack fotina is determined.

_ 085 relex + 8, + ko, ~ 1B, — K o]

05h A
As a result, all the resolving equations and theampaters determined from them turn out to be
"closed" in a single solution to the problem asatea with determining the minimum generalized load
and the coordinates of the formation of spatiatksaof various types in reinforced concrete stngsu
under the action torsion with bending.
After finding the abscissa of the pointA (Fig. 1), in which a spatial crack of the firstcend or third
type is formed and the search for the general argdkad expressed as a function through the stippor
reaction Ry, , the spatial arrangement of the main sites israieted, in the vicinity of this point and

the direction of development of the spatial crack .

In this case, the direction cosinés m, n are found from the stress state equations on the
principal and axial areas and the condition of déig#o the unit squared direction of the cosines,
taking into account that for the problem under ¢d@sation oy =0, 7, =7, =0, Ty =7y,

(20)

(21)

o=0,=LFRy (B is the coefficient taking into account the redantiof the limiting principal
(minimum) tensile stresses compared with normaditerstressew, = Ry;).

The physical interpretation of the solution obtaine that it allows us to determine the minimum
generalized load, which corresponds to the formatibthe first spatial crack at an arbitrary pdimt
the structure and the point of the structure aedctirresponding coordinates of its formation.

5. Conclusions

Based on the analysis of the existing scientifisesgch and regulatory documents, scientific
developments of domestic and foreign scientist8[9+ 10] devoted to the investigation of reinfatce
concrete beams in conditions of complex resistantarsion with bending and the experimental [4]
and theoretical studies performed in this papés,riecessary to do the following conclusions.

1). At the present time in Russia and abroad thezeno sufficiently stringent recommendations and
corresponding normative documents for determinirglimiting states of the first and second group
for reinforced concrete structures operating urmerditions of a complex stress-strain bending state
with torsion. The current normative documents rgtiier on too simplified models and do not reflect
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the actual resistance, or they do not give a dégorithm for their calculation, and first of afi the
investigation of fracture problems, since whenitorswith bending the moment of crack formation
and the magnitude of their inclination significgritifluence the further tensile-deformed state.

2). In the conducted research the classificatiospaitial cracks in reinforced concrete construstion
under the action torsion with bending is generdtizedesign model of the spatial cracks formatibn o
the first, second and third types under the actioeion with bending is constructed, based on the
criterion for the formation of a spatial crack metform of the condition for achieving the ultimate
values of the elongation of concregg by its main deformationsy,. Equations are constructed in
such a way that the resolving system does notiima decaying one. In this case, the physical
dependences are taken into account in the physizdinearity, cross-section deplaning, preliminary
stress in the longitudinal and transverse reinforr@ and the influence of local stress fields. The
physical interpretation of the solution obtainedhat it allows us to find the minimum generalized
load that corresponds to the first spatial craagknfdion of the first, second, third types and the
coordinates of their formation point.
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