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Abstract. In this paper results of stiffness iterative determination technique
while torsion the reinforced concrete rod elements considering concrete non-
linear properties is given. The section of the element is divided into several
rectangular elements. The shearing torsions at each iteration step are determined
by the distribution of torsions, which magnitude is higher than the limit, over the
elements where the torsions are in the elastic area. An algorithm for obtaining
points on the “Torque moment is relative twisting angle” diagram of a rein-
forced concrete rod elements is given. Its advantage from a similar technique is
that shear torsions are determined directly from the concrete shear diagram, and
not according to the formulas of the elasticity theory. The above algorithm
enables to calculate reinforced concrete rod elements using any concrete shear
diagrams obtained both experimentally and theoretically, as well as elements of
any cross-section. Limiting torsions are determined directly from the concrete
shear diagram.
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1 Problem Statement and Research Analysis

Quite a lot of work has been devoted to the calculation of reinforced concrete elements.
However, the calculation of the strength and stiffness of reinforced concrete elements
spatial sections and in the case of cracking, spatial torsion cracks are considered in
most works (Krainskyi et al. 2018; Khmil et al. 2018; Ponamonov 2012; Karpenko
1976; Cowan 1972). Investigations concerning the calculation of reinforced concrete
elements with normal cracks in torsion have been carried out in the works (Azizov
2009; Sribyanik 2009; Azizov 2007). Mainly the problem of determining the torsion
state of a block separated by normal cracks, which torque moments are transmitted via
part of the section is solved in these works.

An approximate solution of reinforced concrete rod elements torsion problem
considering nonlinear properties was studied in (Kochkarev et al. 2018; Jurkowska
2018; Jurkowska 2019; Yaremenko and Shkola 2010; Karpenko 1976). Nonlinear
properties of concrete were taken into consideration. However, in this paper,
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a significant error was made when the tangential torsions in the cross-section were
determined by the theory of elasticity formulas. It cannot be fallen short of
expectations.

Taking into account the above mentioned, the purpose of this article is to develop a
method for determining the torsion stiffness of reinforced concrete rod element con-
sidering nonlinear concrete properties.

2 Main Material Presentation

Consider the typical section of the rod element subjected to torsion. For the clarification
simplicity, it will be considered a section without reinforcement. Considering rein-
forcement is carried out like in the calculation of reinforced concrete elements for
bending by multiplying the area of reinforcement elements by a modular ratio equal to
the ratio of the reinforcement elastic modulus to the elastic modulus of concrete.
Besides for clarification simplicity, it will be considered a rectangular section. Any
other section elements can be calculated using the method described below.
The cross-section is divided into several rectangles (Fig. 1).
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Fig. 1. Cross section dividing into separate elements diagram

Draw the X and Y axes from the element center of torsion, which in the general
case may not coincide with the center of the section gravity (Harutyunyan 1963). The
definition of a torsion center is not difficult. Each i element (shaded in Fig. 1) has
coordinates Xi and Yi. Each element has tangential forces:

Tyz,i = Tyz,iAi§ sz,i = Ty iAi. (l)
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If the distribution of tangential torsions over the cross section is known ty,; and
Txz,i» it is not difficult to calculate the tangential forces Ty, ; u Ty, ;, and, therefore, the
torque in cross section:

n

M, = Z (Tyz,iXi + sz.,iYi). (2)
=1

Where n is the quantity of the total elements, the section is broken into.
From the theory of torsion, it is known (Harutyunyan 1963) that the torque moment
Mt in cross section is associated with the relative angle of twist ® dependence:

M,=D-0. (3)

Where D is rod stiffness (in the section under consideration) in torsion.

It should be particularly noted that the dependence (Azizov 2010) is valid for any
distribution of torsions in the element cross section. In other words, if the distribution
of tensions in the section (and the torque moment in the section), as well as the relative
twisting angle, is known, then the stiffness of section D is certainly determined from the
expression (Azizov 2010). And vice versa, if stiffness D is known, then the relative
twist angle is certainly determined from (Azizov 2010). This is a significant point to
consider. It also helps to determine the stiffness of the element during torsion.

Consider the algorithm for determining the stiffness in the cross section of the rod
element considering concrete nonlinear properties. In this case, first, the shear diagram
will be taken in the form of the Prandtl diagram. Such a presentation of the diagram is
based on experimental studies conducted in (Vildanova 2015).

1. Set the preliminary value of the twist relative angle 61;
2. Assuming elastic rod work, determine the elastic moment M ., which corresponds
to a given twist angle:

Mt‘e = GI . 61. (4)

Where GIJ is torsion stiffness of the rod assuming its elastic work;
3. According to the theory of elasticity formulas (for example, according to [9]),
determine the tangential torsions Ty,; and Ty, ; in the center of every i- element;
4. Determine the maximum stress value. Ty, max, and Ty, max
5. Determine the ratio

kyz,i = Tyz,i/fyz,max; kxz.,i = sz.,i/fxz,mwr (5)

6. Calculate all ratio sums. ky,; and k,;, which values are less than one:

kmz,x = Z kxz,;' ) kmr,y = Z kyz,/‘ . (6)
j=1 j=1

Where n, m is elements quantity where the stress exceeds the limit, respectively
Tyzi and Ty, 5.
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. If in any elements, the shear torsions are greater than the limit shear torsions

> [1], then the stress in this element is taken equal to [t]. It is considered as a
Stress Ty,, and as Ty,;

. Calculate the value of the “extra” moments in each element, where the torsions

exceed the limiting:

AMy,i = (Tyz.max - Tyz,i)Ai . Xi; AMx,i = (sz.max - sz,i)Ai - Y. (7)

. Calculate the total “extra” torque moments

y — ZAMy,ka ex ZAka (8)
k=1

Where m and n are the same as in point 6.
We distribute the “extra” moments between the elements where ky, ;, and ky,; are
less than one, in proportion to the ratio:

M, M
My,i = kvz is Mx,i = ﬁkxz,i- (9)
klot) kzot,x

Determine the new values of the tangential torsions in the elements where, at the
first iteration, the torsions were less than the limiting ones (taking into account the
added “‘extra” torsions:

r - M,
sz,i: XZZ+AY; VZ,i TyZl+A;( (10)

Further, the calculation is repeated, starting with point 6. In this case, the elements
quantity m and n, where the torsions exceed the permitted ones, will already differ
from the previous ones.

Note: at each iteration step, the position of the torsion center should be specified.

Accordingly, Xi and Yi also are specified.

Thus, at the end of the iterative calculation, obtain the final distribution of tan-

gential torsions.

13.

14.

Knowing the final torsion values T,,; and Ty, ; in all elements the cross section is
divided into(see Fig. 1), using Eq. (1), calculate the tangential forces Ty, ; and Ty, ;;
By the Eq. (2) determine the torque moment Mt from intensification Ty, ; and Ty, ;.
At that time, the torque moment Mt will be different from the first moment M,
determined by Eq. (4). This is because some torsions exceeding the value [t], will
no longer contribute to the total torque moment.

So we get the torque value Mt, corresponding to the relative twist angle given in

point 1 0 1 or the first point on the diagram «Mt — 6».

15. Next, increase the value of the relative twist angle 02 and, after performing the

calculation using the above algorithm, obtain the second point in the diagram.
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Continuing incrementally increasing the values of the twist angle, get the diagram
«Mt — O», it is easy to obtain the values of the twisting angle with the real torque
moment acting on the real rod, as well as the value of the torsion stiffness D corre-
sponding to the specified real torque moment, since knowing 0 and Mt, by the Eq. (3)
the stiffness D is easy to determine.

If at the initial stages of calculation, it turns out that all torsions are less than the
limit, and then this part of the diagram «Mt — 0» is built on points considering elastic
laws.

It should be mentioned as a significant remark. If the real diagram of the concrete
shear is known (Vildanova 2015), then the torsions in the elements according to the
point of the algorithm should be taken directly from the diagram. As mentioned above,
expression (Azizov 2007) is valid for any distribution of tangential torsions in the
section. So, to set the specific value of the twisting angle, then, using the concrete shear
diagram, determine all torsions (exceeding elastic values) and by the formula (Azizov
2010) taking into account (Azizov 2009) determine the moment Mt. And get the point
on the diagram «Mt — 0». Further, similarly to the above, we repeat the calculations
with other values of the twist angle and get the diagram «Mt — O».

Rod bearing capacity exhaustion will be the top point in the diagram.«Mt — 0»,
when the value of torque moment is reduced because in separate elements there will be
deformations equal to the limit deformation in the concrete shear diagram.

According to the described algorithm, it is easy to get a diagram.«Mt — 0» for rods
with a section differing from a rectangular section. The principle of calculation does not
change for any section. There are solutions to the theory of elasticity by definition of
tangential torsions.

To calculate a rod with a cross section which has no solutions to the theory of
elasticity by definition of tangential torsions, the following technique can be used.
Similar to (Azizov 2010), based on calculations using well-known programs like
Ansys, Lira, and others, using finite bulk elements, obtain the laws of the distribution of
tangential torsions over the cross-section. Then the calculation considering the concrete
nonlinear properties is carried out according to the algorithm described above.

Longitudinal reinforcement are not marked in Fig. 1. The presence of reinforce-
ment is easy to take into account (while calculating reinforced concrete elements by
bending) by replacing its cross-section with an equivalent by multiplying its cross-
sectional area by reinforcement and concrete elastic modulus ratio.

In the case of normal cracks as it follows from the diagram in Fig. 1 exclude
concrete elements which are within the crack. In this case, the determination of the
gravity center and torsion center in a cross-section is easy to perform in resistance to
materials known method.

3 Conclusions and Research Prospects

An algorithm for obtaining points on the “Torque moment is relative twisting angle”
diagram of a reinforced concrete rod element is given. Its advantage from a similar
technique is that shear torsions are determined directly from the concrete shear dia-
gram, and not according to the formulas of the elasticity theory. The above algorithm
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enables to calculate reinforced concrete rod elements using any concrete shear dia-
grams obtained both experimentally and theoretically, as well as elements of any cross-
section.

In the future, it is planned to develop a computer program and experimental ver-
ification of the developed methodology.
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