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Y cTaTTi pO3rIIsIHYTO METOAMKY PO3PaXyHKY IHPOTHHIB 3a/1i300€TOHHUX 010K
3a TIpPaHUYHUMH CTaHaMd Jpyroi TrpynH BiINOBiIHO 10 Ccy4acHHX
HOPMATHBHHX BHMOI. BH3HAa4YeHO OCHOBHI 3ajIe:KHOCTI NI 00YHMCICHHS
KPUBU3HH eJleMeHTa B CTaHax «0e3 TpimMH» Ta «i3 TpimuHamm» 3
ypaxyBaHHsIM  ocbOBHX JAedopMamliifHUX XapaKkTepHMCTHK  MarTepiaiy.
3anponoHOBaHO AJTOPUTM  PO3PAaXyHKY, 10 BKJIYA€ BH3HAYEHHS
rpaHnYHUX Aedopmaniii 6eTOHY, MOMEHTY TPilllHHOYTBOPEHHS, HANIPYKEHb Y
PO3TATHYTI apMaTypi Ta BHCOTH CTHCHYTOI 30HM OeToHy. MeToauka
BPaxOBY€ BIIMB TPHBAJIOCTI HABAHTAKEHHS, UMKJIYHUX BIUIUBIB i
JKOPCTKICHMX XapaKTepMCTUK ejeMeHTIB. IlpeacTaBieno irepauiiinmii mixxig
A0 YTOYHEHHs TMapaMeTpiB 3rHHATBHOIO MOMEHTY, SIKHH [03BO.JIsIE
NiABMIIUTH TOYHiCTh BH3HAYEHHS1 KPHUBU3HM Ta mnporudy. Otpumani
pe3yJbTaTH MOKYTh OyTH BHKOPHCTAHI Uil MPOEKTYBAHHSA 3aJ1i300eTOHHHUX
KOHCTPYKIiH i3 3a0e3ne4eHHAM HOPMATHBHOI  KOPCTKOCTI  Ta
eKcIuTyaTauiifHoi HagiiiHOCTI.

This paper presents a methodology for calculating the deflections of
reinforced concrete u-shaped frames designed according to the second group
of limit states, based on the consideration of deformation characteristics of the
material and external loading conditions. The deflections in u-shaped frames
primarily depend on bending deformations, which can be determined by
calculating the curvature. The curvature of the element is expressed through a
formula that accounts for the impact of cracks on the stiffness of the material.
The proposed algorithm includes several stages for determining the curvature
in the "crack-free" and "cracked" states. These stages involve the calculation
of the cracking moment, the internal stresses in the reinforcement, and the
deformations in the concrete under tension and compression.
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The methodology focuses on calculating the height of the compressed concrete
zone, which is essential for ensuring the internal force equilibrium in the
cross-section. The algorithm also involves an iterative process for refining the
values of internal stresses and bending moments, ensuring accurate prediction
of u-shaped frames deflections. The importance of determining the stiffness
reduction factor, which accounts for the loss of stiffness due to cracks and
material deformations, is emphasized in the paper. Additionally, the paper
explores the effect of loading duration and repeated loads on the average
deformation behavior of the u-shaped frame.

The methodology is based on the assumption of plane cross-sections and
incorporates the use of polynomials to represent the stress-strain relationships
for concrete in both tension and compression. The calculation procedure
involves determining the initial deformation in the concrete, calculating the
stresses in the reinforcement, and then calculating the cracking moment,
followed by the deflection calculation using the generalized curvature.

The method also accounts for external loading conditions, including both
short-term and long-term loads, by considering the influence of repeated load
cycles and the duration of loading on the material’s behavior. The paper
provides a detailed explanation of how to use these methods in practical
applications, including the necessary formulas and steps for accurate
deflection predictions. The proposed methodology ensures the reliable design
of reinforced concrete structures, taking into account all relevant factors such
as material properties, structural dimensions, and loading conditions. The
calculations are consistent with modern standards, such as Eurocode, and can
be applied to various types of reinforced concrete structures.

Kuaro4osi ciioBa:

3ai300eToHHi Oainku, MIPOTUHU KOHCTPYKIIH, rpaHn4Hi CTaHH,
TPIMHOYTBOPEHHS. .

Reinforced concrete u-shaped frames, deflections of structures, limit states, crack
formation.

Introduction. Reinforced concrete U-shaped frames are widely used in the
construction of various buildings and structures. In new construction, they are
planned for use in protective civil defense structures. Frames are considered
statically indeterminate systems, the static analysis of which is currently performed
as elastic systems. In real operating conditions, due to the manifestation of the
plastic properties of concrete and reinforcement, the determined forces may be
redistributed between the normal sections of the frame elements, deviating from
the values calculated for the frames as elastic systems.

Regulatory documents recommend calculating statically indeterminate
reinforced concrete structures taking such a process into account [1-3]. The
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redistribution of forces in statically indeterminate reinforced concrete structures
has been studied for several decades [4-5], but a perfect calculation methodology
for frames does not yet exist. Therefore, it is relevant to investigate the stress-strain
state of the sections of frame elements calculated using two different
methodologies and to determine their advantages and disadvantages.

The design of reinforced concrete structures based on limit states is a crucial
aspect of modern construction. One of the primary tasks in structural design is the
accurate determination of deflections, which depend on the deformation
characteristics of the material and external loads. For reinforced concrete u-shaped
frames, deflections are predominantly governed by bending deformations [6].
Accurate deflection calculations require a detailed analysis of the structural
behavior both before and after the formation of cracks. This paper proposes a
methodology for determining u-shaped frame curvature and evaluating deflections
that takes into account the nonlinear properties of the material, crack formation,
and the dynamic nature of loading. The application of these methods ensures
reliable analysis and design of reinforced concrete structures in accordance with
modern standards, such as the Eurocode [7].

The fundamental provisions for the design of reinforced concrete structures
according to the serviceability limit states (second group of limit states) involve the
determination of u-shaped frame deflections based on the principles of structural
mechanics. These deflections are evaluated as a function of the axial deformation
(stiffness) characteristics of the reinforced concrete element at various cross-
sections along its length.
Since u-shaped frame deflections are primarily influenced by bending
deformations, they can be determined through curvature analysis. Based on the
general expression for deformation characteristics, the curvature of u-shaped frams
can be evaluated using the following formula [2].
=& +0-8y, (1

x — curvature of the element;

xi , xi — curvatures determined for the section state corresponding to the
“uncracked” and “cracked” conditions;

¢ — a coefficient of stiffness reduction in the tension zone of the cross-section,
which is determined by the following expression.

2
£=1- ﬂ[&] ; @
O-S

p — a coefficient that accounts for the influence of load duration or repeated
loading on the average deformation under load (f = 1 for a single short-term load;
B = 0,5 for sustained loads or multiple loading cycles);

o, - stress in the tensile reinforcement;

oy, - stress in the tensile reinforcement under loading conditions that cause the

formation of the first crack.
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In expression (2) the ratio o, /o, may be replaced by the ratio M/M,, , where M
- is the acting moment in the section from the external operational load, and M., —

is the cracking moment.

The guidelines do not provide a specific methodology for determining
O, or M., but in the fundamental provisions, only conditions are given for this.
In view of the above, it is crucial to develop a methodology and calculation
algorithm for reinforced concrete u-shaped frames based on deformations for
practical use of the fundamental provisions. These issues are addressed in this

paper.

Determination of stresses and bending moments o, and M, The design of
reinforced concrete structures according to the second group of limit states is
largely based on Eurocode 2. The stresses in the reinforcement o, and the

cracking moment can be determined under the condition that the tensile strains in
the concrete reach the limiting value, equal to...

2
/R )

where ¢, - limiting tensile strains in the concrete;
Jfem - characteristic value of the concrete tensile strength in axial tension;
E,, - characteristic value of the initial modulus of elasticity of concrete.
Let us consider the methodology for calculating a reinforced concrete u-
shaped frame with a rectangular cross-section and single reinforcement (Fig. 1).
Considering the "uncracked" section state and using the plane section hypothesis
(Fig. 1a), the following expression can be written:
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Fig. 1. Stressed-deformed state of the rectangular cross-section: a — in the "uncracked" limit
state, b — in the "cracked" state.
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By determining ¢, =&, and ¢y, , the stress in the tensile reinforcement before
cracking o, , the cracking moment M,,, and the curvature y;. To do this, it is

necessary to determine the height of the compressed concrete zone x, based on the
equilibrium condition of internal forces in the section, i.e., from the condition

Seir = Seur + Ssir » (6)
where S.;;, S.r, Sar - accordingly, the internal forces in the compressed and

tensile zones of the concrete, as well as in the tensile reinforcement, are
considered.

Using the relationship between stresses and strains in concrete under
compression and tension in the form of a fifth-degree polynomial [1], condition (6)
can be written as [5]:

5 k 5 k
fckbzl Za_k(@] = fctmb(h - )kza_k(gcij + EsAs hgstu (h -1 a) (7)

= k+1 &l - k+1 Ectu —Z]

The coefficients of the relationship "o, —¢," are taken according to [1]

for the second group of limit states. In equation (7) z =x represents a fixed value
of the height of the compressed zone, which is initially specified. If equality (7) is
satisfied with a given accuracy m, which can be taken as +2% or 5%, it can be
assumed that the values of ¢, and &; are determined. If equality (7) is not
satisfied, the value of z,, must be adjusted, and the new values of &.; and &

should be determined using formulas (4) and (5), and equation (7) should be
checked again. In the first approximation, +iz;, where i — is the assumed step

change in z (typicallyi=0,05).
Using the finally determined values of z, ¢.; and & the stress in the
reinforcement before the formation of cracks can be determined.
Oy = &snEs s (®)
the cracking moment M, can be determined using the formula [5]:

5 k 5 k
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The curvature of the u-shaped frame in the "uncracked" state can also be
determined.
Eqr +E
= % - (10)
Determination of the curvature of the u-shaped frame y; in the
"cracked" section state. The value of y; is determined under the action of the
operational load, which induces a bending moment M, in the section. The section
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is considered in the "cracked" state (Fig. 1b). In this state, the unknowns are the
height of the compressed concrete zone x, the strain in the compressed concrete
&.; and the strain in the tensile reinforcement ¢,; . This problem can be solved as

follows.
By specifying the stepwise change in the strain of the compressed
concrete zone ¢,, using the iteration method, the corresponding values of the

strain in the tensile reinforcement ¢ and the bending moments M, that correspond

to the given strains can be found. For example, the strains in the concrete can be
varied from 0 to ¢, in steps of 0,le.;. Based on the obtained data, graphs of the

relationships between M and ¢., as well M and ¢, can be plotted. From the
obtained graphs, £, and &, under the action of the external moment M =M,

can be determined either analytically or graphically.
For fixed values of ¢, and z; =x, the bending moment of internal forces

can be determined using the formula [5].

5 k
a &
MS:fkaIZE —k[—f‘] +e,E A (d - z) (11)
¢ —+2{ & S
at the same time, the condition must be satisfied:
5 k
a &
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For a given &, , the problem is solved at each stage using the method of

successive approximation of the values of z until the condition (12) is satisfied with
the specified accuracy.
In formulas (11) and (12), the values of ¢ are determined using:

g =2(d-z). (13)
21

The stress in the reinforcement o, under the action of the operational

moment is determined using the following formula:
o,=¢&,E, (14)

the curvature of the u-shaped frame in the "cracked" state y; is determined using
the following formula:
_fatéq
N= d . (15)

Determination of the u-shaped frame deflection. The generalized
curvature of the u-shaped frame y It is determined using formula (1), taking into
account formula (2).

The u-shaped frame deflection is calculated using the construction
mechanics formula in the form of:
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[=s?, (16)

where / - the effective span of the u-shaped frame;
s - the coefficient that depends on the type of u-shaped frame support and
the nature of the load.

Conclusions:

1. The methodology presented in the article allows for the precise determination
of deflections in reinforced concrete u-shaped frame s, taking into account the
effect of cracks on the material stiffness and the changes in its deformation
characteristics. This ensures a more accurate and reliable approach to the design of
reinforced concrete structures for second-group limit states.

2. The use of an iterative method for refining parameters, such as deformations
and moments, helps improve the accuracy of deflection and cracking moment
calculations. This approach provides more reliable results for the real operating
conditions of structures.

3. The developed methodology is useful for practical application in the design of
reinforced concrete structures, as it considers important factors such as cyclic
loading, load duration, and changes in material properties. This ensures compliance
with modern standards, including Eurocodes, and guarantees the safety and
reliability of structures.
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