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Abstract: The norms (codes) for calculations of compressed composite steel and concrete columns, as well as
experimental and theoretical studies by other authors, are considered. An experimental study of compressed
columns with small eccentricity at a range of flexibility [,/h from 6 to 20 was performed. Finite-elements
modeling of various variants of structures has been performed: with concrete class from B30 (C25/30) to B100
(C90/105), with I-beam core, with square form core. The experimental and FEM data obtained are compared
with theoretical curves of the longitudinal bending coefficient. It was found that the coefficient curves in SP
266.1325800 and Eurocode 4 are not in the correct shape and do not reflect actual work of composite
compressed columns. The use of SP 266.1325800 curve, based on the curve for reinforced concrete structures, as
well as Eurocode 4 curves, which are accepted as for steel sections by Eurocode 3, does not provide load-bearing
capacity reserve and does not ensure reliability. Both codes ignore different work of low- and high-strength
concretes. As a result of the research, it was found that class of concrete affects the stability of columns with
flexibility l,/h from 6 to 10, while there is no influence on the shape of the cross-section of the core (type of
rigid reinforcement). For flexibility ly/h from 10 to 20, a uniform coefficient curve can be adopted for all
concretes. Curves of the coefficient ¢ have been developed for calculating compressed elements at small
eccentricities and short-term action of loads; a formula for calculating the bearing capacity of compressed racks
has been proposed.

Keywords: concrete, high-strength concrete, steel, composite structure, rigid reinforcement, eccentrical
compression, stability, buckling, coefficient of longitudinal bending
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AHHOTanmusi: PaccMOTpeHbl HOpPMBI MO pacueTy CXKaThIX CTaJeXKeJIe300€TOHHBIX CTOEK, a TaKkKe
9KCIEPUMEHTAILHO-TEOPETUUECKHE ~ MCCIICNOBAHUS  APYTMX aBTOPOB. BBINONHEHO OSKCHEPHUMEHTAIBHOE
HCCIIeI0BaHNE PabOThI CHKATHIX CTOEK ¢ MaJbIM JKCIIEHTPHCUTETOM Ha Juarna3one rubkocteit [y/h ot 6 no 20.
BblInosHeHO YKMCIIEHHOE MOJICTMPOBAaHKE PA3IMYHBIX BAPHAHTOB KOHCTPYKIMiA: ¢ 6eToHamu ot B30 (C25/30) no
B100 (C90/105), ¢ cepacyHUKOM B BHIC IBYTaBpa, C CEPACUYHUKOM B BHIC KBajapara. [loryucHHBIC TaHHEIC
9KCTIIEPUMEHTOB M PACUETOB COIMOCTABIICHBI C TEOPETUUECKUMU KPUBBIMH KO3 PHUIIEHTA TIPOJOIBLHOTO N3rnoa.
YcranoBieHo, uto kpuBble koddpdummenta B CII 266.1325800 u Eurocode 4 nmMeroT He KOPPEKTHYIO GOpMy H
HE OTPa)XaroT NEHCTBUTEIHFHONW PabOTHI CTANCKEIe300€TOHHBIX CHKATBIX AJIEMEHTOB. VIcromb3oBaHME KPUBOM
CII 266.1325800, ocHOBaHHOM Ha KPHBOM IS KEIC300CTOHHBIX KOHCTPYKIMH, a Takke KpuBbiX Eurocode 4,
KOTOpBIE€ TIPUHSATHI KaK JJIs CTANbHBIX cedenwnii (1o Eurocode 3) — He maeT HopManbHOTO 3amaca KOHCTPYKITUH U
He obecrieunBaeT HaJe)KHOCTh. O0a HOpMaTHBAa UTHOPUPYIOT Pa3IHMYHBIN XapakTep paboTsl OETOHOB OOBIYHON 1
BBICOKOH TMPOYHOCTH. B pesynbpTare McclieoBaHWA yCTAHOBJIEHO, YTO KJIAcC NMPOYHOCTH OETOHA Ha CXKAaTHe
BJIASIET HA YCTOHYMBOCTBD CTEP)KHEW ¢ THOKOCTBIO OT 6 110 10, mpu 3TOM BIHSIHUS ()OPMBI MOMIEPEYHOTO CEYCHUSI
cepyieuHUKa (BHJa JKECTKOTO apMHUpOBaHMs) Ipakthuuecku HeT. Jlimst ruOkocreit or 10 mo 20 moxer ObITH
NPUHSTA eluHasi JUIs BceX OeTOHOB KpuBas koddduumenta. Paspaboranbl kpuBble KoddduimeHra @ ams
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pacdera CXAaTbIX OBJIEMEHTOB IIPH MaJbIX OKCIEHTPHCUTETaX M KPATKOBPEMEHHOM JICHCTBHM HArpy3oK;
npeanoxkeHa (opMylia pacdera HECyIIeH CIIOCOOHOCTH CHKaThIX CTOEK.

KuaroueBsbie ciioBa: 6eTOH, BEICOKONIPOYHBIH OETOH, CTallb, CTANIEKeIe300eTOHHAS KOHCTPYKIHS, )KECTKas
apMaTypa, BHEIICHTPEHHOE C)KaTHE, YCTOWIHBOCTD, KO3 (QUIIUEHT POTOIHHOTO H3THda

INTRODUCTION

Consideration of buckling effects for steel
reinforced concrete compressed struts is an
extremely actual problem. Ignoring the effects
of buckling in the design of columns of multi-
storey buildings, supports of large-span roofs,
bridge piers with large effective lengths can lead
to design errors and accidents. Using only
idealized design schemes, even taking into
account geometric and physical nonlinearities,
cannot fully account for the variety of random
factors, which in combination can lead to
premature failure of a critical building structure.
Such random factors include: external
eccentricities; internal eccentricities resulting
from misalignment of steel and reinforced
concrete sections; inaccuracy of manufacturing
and assembly of structures; quality and
variability of material properties, etc. Some
effects can be accounted for by introducing
appropriate coefficients in calculations, but the
determination of these coefficients must be
based on experimental studies of models or full-
scale structures. The buckling coefficient
simultaneously takes into account the nonlinear
behavior of materials in the cross-section. In
steel-reinforced concrete structures, this is
primarily nonlinear deformation and cracking in
concrete. As well as it is possible eccentricities
of the load applied to the columns and "internal"
eccentricities due to inaccurate assembly.

For long-term loading, the coefficient ¢ for
reinforced concrete elements with rigid
reinforcement should be taken from the table of
SP  266.1325800.2016 depending on the
slenderness ratio of the element and the
compressive strength of the concrete. For short-
term loading, it should be calculated using the

following linear relationship: ¢ =0,9 at %0=

10 (1 =345) and ¢ = 0.85 at £=20 (4=
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69), where /o is the effective length of the
element, h is the depth of the section in the
plane of determination of the coefficient ¢. The
values of the coefficient ¢ are shown in Figure 1
with a red line. The values of the coefficient ¢
for a rectangular cross-section at central
compression taken from [1] are marked with a
black dotted line.
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Figure 1. Comparison of coefficients ¢
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EN 1994-1-1 (2004) "Eurocode 4: Design of
composite steel and concrete structures..."
(hereinafter referred to as Eurocode 4) requires
that the condition 6.44 must be met when
designing compressed bars

NEg
XNpiRa =1 (1,
where Ny, is the design load acting on element,
and Ny pq 1s the ‘plastic’ cross-section bearing
capacity, defined by formula 2. The
nomenclature of parameters in the formula is
taken in accordance with SP 266.1325800).
Value Ny rq is calculated by simply summing
up the constituent parts of the cross-section:
Npl,Rd = RyAst + 0;85Rb,cA + RscAs ot (2
where Ry, R, are the design yield strength for
rigid steel profile and for rebars, Rj. is the
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design compressive strength of concrete
cylinder specimens, Ag, A, Agtor are the
cross-section areas of rigid reinforcement,
concrete and steel rebars respectively. Also
formula 1 utilizes the buckling coefficient 7,
which is defined according to the corresponding
table 6.5 in Eurocode 4. This table specifies the
type of curve of the y coefficient depending on
the type of section and refers to the provisions

of clause 6.3.1.2 of EN 1993-1-1: 2005
"Eurocode 3: Design of Steel Structures..."
(hereinafter referred to as Eurocode 3). An
extract from Table 6.5 of Eurocode 4 and from
the corresponding section of Eurocode 3 is
given in Table 1. The curve types for the [-beam
section, in the corresponding planes (column 5),
are also shown there for comparison.

Table 1 — Comparison of Eurocode 3 and Eurocode 4 stability calculation requirements

Curve type
T £ Curve type for steel I-beam from steel S355
ype ?ci C;OSS Design axes | according to Table | Imperfect element | according to table 6.2 Eurocode 3
sectio 6.5 Eurocode 4 h/b> 1.2, h/b <12,

tr <40 mm tr < 100 mm

1 2 3 4 5 6

I Yy b L/200 a b

y4_ e
z-Z c L/150 b c
Iz

The data given in the table shows that curves for
hot-rolled column I-beams (column 3) which have
approximately the same flange height and width
(column 6) are adopted when designing steel
reinforced concrete structures of compressed
struts in the form of fully concreted I-beams. Note
that there is a differentiation in Table 6.2 of
Eurocode 3 in the assignment of buckling curves
for hot-rolled beam (column 5) and column I-
beams, and for welded and hot-rolled sections.
Table 6.5 in Eurocode 4 does not take into
account the actual design of the [-beam (welded or
rolled), its shape (column or beam) or the concrete
class. Curve types are taken as the most
unfavorable, i.e., in margin. In addition to the one
considered in Table 1, there are partially concreted
section made of I-beams, for which the curve
types are the same as for the one considered.
There is also partially concreted section made of
two I-beams made in a cross (curve type b), pipe-
concrete section with the percentage of
reinforcement up to 3% and from 3 to 6% (curve
types a and b, respectively), pipe-concrete section
with rigid reinforcement in the form of I-beams
(curve type b). In Figure 1, the dashed blue and
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green lines represent curves b and c, respectively.
The slenderness ratios are given for the /o/A ratio
used in SP 63.13330 and SP 266.1325800, as for
the S355 steel bar.

Steel reinforced concrete structures working in
compression have been studied quite well in the
USSR and Russia since the second half of the 20th
century by A.N. Vasiliev [2], E.L. Zhitnitskaya
[3], N.A. Slavinsky, S.K. Mikadze, N.A. Egorov
[4], Khandzhi V.V. [8], Travush V.I. with the
participation of the author [12] and others. The
paper [24] provides justification of the possibility
of calculating such structures using a nonlinear
deformation model. Among foreign studies in
recent years, the researchs of PRC scientists [15,
18, 19], as well as Western scientists [20, 21, 22,
23] have drawn attention. However, they
investigate  relatively  short  steel-reinforced
concrete bars (/o/h from 3 to 6), where the stability
effects or the influence of deformation of the bar
are minimal. Nevertheless, they will be used to
analyze the results in the future.

The stability of reinforced concrete bars has been
investigated in the studies of E.A. Chistyakov
[11], V.M. Bondarenko, V.I. Murashev, as well as
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A.D. Beglov and R.S. Sanzharovsky et al [9, 10],
V.V. Gichko [7], A.L. Krishan. [17], Teryanik
V.V. [16] and others. The studies of E.A.
Chistyakov formed the basis of the current norms
for the design of reinforced concrete structures SP
63.13330. The stability of reinforced concrete bars
taking into account creep phenomena, including
under the application of short-term acting loads, is
studied in [13, 14]. The performance of modern
concretes under load with different aggregates,

their deformation diagrams and Poisson's ratio are
studied in [25, 26].

2. RESEARCH METHODS

To verify the existing buckling coefficient curves
(Figure 1), it is necessary to analyze the available
experimental data on the performance of bars of
different slenderness with different percentages of
reinforcement. Due to the relatively small number
of experiments on steel-reinforced concrete
structures, test data on reinforced concrete bars of
different slenderness are analyzed. This is
justified, since the strains of concrete in steel-
reinforced concrete bars at the central location of
rigid reinforcement elements fully correspond to
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the strains of reinforced concrete structures. The
comparison does not include the results of tests of
pipe-concrete structures, since their operation is
significantly influenced by the presence of a steel
enclosed shell and concrete strains in such
structures have certain peculiarities.

In order to supplement the existing test base, a
full-scale test of steel-reinforced concrete strut
models in the range of slenderness /o/4 from 6 to
20 was carried out. The general cross-sectional
view and the view of one of the failed models
are shown in Figure 2. The slenderness of the
elements was varied by changing the length of
the models. The steel of rigid reinforcement was
C355 and that of steel rebars was A500C. The
concrete had a compressive strength class of
B100, which was confirmed by cube specimen
tests. The percentage of cross-sectional
reinforcement for all models is 10.3%. All
models were tested under eccentric compression
with an eccentricity of 5 mm along the flanges
of the I-beam, which is close in value to random
eccentricity (4#/30=5.3 mm). During testing, the
strains on the surface of steel and concrete,
vertical absolute displacements, and the value of
compressive load at the beginning and end of
the holding time were recorded at each step.

Crack Width
Cod!
[m]
0.0000162
0.0000141
0.0000121
0.0000101
0.0000081
0.0000061
0.0000040
0.0000020
0.0000000

¢)

Figure 2. Experimental models: a - cross section, b - fractured model with slenderness ratio of
20, ¢ - ultimate state of the model with slenderness ratio of 20 according to FEA
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Similar struts were also studied using finite
element modeling in ATENA software,
considering the nonlinear performance of the
materials: a three-line diagram for concrete and
a two-line diagram for steel. Models were
created that fully replicate the experimental
models in terms of geometry, boundary
conditions, eccentricities and materials. In
addition, struts with concrete of compressive
strength classes B30, B60, and B80 were
modeled to extend the results to all material
strength ranges. Poisson's ratio was assumed
differentially according to the strength class of
concrete [26]. The number of steps and mesh
size for each model was also selected
individually. The minimum number of loading
steps was at least 20 and the mesh size was
about 20 mm. The Fracture-Plastic Constitutive
Material Model (CC3DCementitious2), which is
based on a combination of a tensile fracture
model (Rankine-Fracturing Model) with a
compressive material fracture model (Menétrey-
Willam), was used to describe the performance
of the concrete. The calculations of all
structures were performed considering the
formation and opening of cracks in concrete.
The limit state of the slender column is shown
in Figure 2, c. Also, as part of preliminary finite
element modeling, strut models with simulation
of contact interaction between steel and concrete
were tested. It was found that for struts with
small  eccentricities, regardless of the
slenderness and shape of the core, the presence
of a certain contact interaction at the steel-
concrete joint practically does not affect the
results of calculations. That is, there is no
influence of the contact on the value of the
ultimate load, the wvalue of the ultimate
longitudinal strain of the core. There is
influence on the buckling deformation within 3-
5%. The difference between forces and
deformations for the same type of models with
and without contact interaction modeling is less
than 0.5%. Therefore, further analysis and
modeling were performed for finite element
models of struts in which the contact interaction
at the steel-concrete joint was not modeled in a
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special way, and the steel and concrete FEs had
common nodes in the design scheme.

3. RESULTS AND DISCUSSION

The main difficulty in analyzing previously
conducted studies is that it is not always
possible to reliably determine from descriptive
materials the design length of elements that
should be considered from hinge to hinge of the
test bench. In some studies, only the length of
the tested structures is given, which introduces a
distortion in the results of the analysis. Often
tests with small or zero eccentricities were
performed in one or two instances, which did
not allow to establish reliably the magnitude of
the failure load. Therefore, it was possible to
analyze 79 tests of reinforced concrete and
steel-reinforced concrete struts out of the whole
variety of studies based on the works [4, 6, 7,
11, 12, 22, 23], in which the eccentricity value
did not exceed the value of 4/30, as well as the
tests described above, conducted by the author.
The selected test results fall within the range of
slenderness lo/h from 5 to 32, for concrete on
heavy aggregate with compressive strength
classes from B20 to B100. The rigid
reinforcement  elements in  almost all
experiments are in the form of a single I-beam
made of steel similar to C255..C390. In
experiments [22, 23] 4 I-beams made of S460
steel were used as a rigid reinforcement. The
investigated reinforcement percentage over the
whole range of the study is from 0.08 to 46.6%.
The cross sections were all rectangular or
circular. Thus, a fairly representative array of
experimental data was investigated over a wide
range of slenderness, percent reinforcement, and
compressive strength class of concrete. The
longitudinal bending coefficient was calculated
from the experimental results using the formula:

® = Neese/Neneor. 3)
where N, is the fracture load based on test
results, Nipeor 18 the theoretical load-bearing
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capacity of the strut, defined as the sum of the
compressive load-bearing capacity of concrete,
steel, reinforcement according to the actual values
of material strengths and their actual dimensions.
Figure 3 shows the test results as discrete values,

Denis V. Konin

as well as the theoretical values of the coefficient
¢ according to various sources. Reinforced
concrete structures are marked in the figure with
round markers, steel-reinforced  concrete
structures are marked with triangular markers.

12
0 — —B20...B80 ST SP266
q o
11 | B 20
b o B25
Q
1 == ° e B30
~ O
Ny A A\A\
RV P, & B 35
09 PRmm——L _ "~.
I ®a~-T ==l 19 e B40
A D Te-a e
08 | # N bl V. \'\. I B
£ 198, T e 4 B 40 (Comp.)
4 . @ I~_ o '~ o
07 N ie Tee ~%08 B 45 (Comp.)
N S T 20’ A B90..100 (Comp.)
N s
0,6 -\. ] s \‘O — - =b (ECode 4)
SN §>° —-c(ECodeq)
0,5 N 'Y
~\. ° -—-m*
04 N, Ly/h| e
5 7 9 11 13 15 17 19 21 23 25 27 29 31

Figure 3. Comparison of theoretical curves of the coefficient ¢ with experimental data

While considering the data of the experiments, a
rather large variation in the values of the
coefficient ¢ attracts attention. At slenderness 6
the variation is from 0.81 to 1.0 (Ap=0.19), at
slenderness 10 - from 0.78 to 0.96 (Ap=0.18), at
slenderness 15 - from 0.64 to 0.98 (Agp=0.34), at
slenderness 20 - from 0.55 to 0.84 (Ap=0.29), at
slenderness 30 - from 0.48 to 0.65 (Agp=0.17).
The minimum squares approximation by a
linear function leads to the following system of
equations for the coefficient ¢ (shown in Figure
3 by the gray dashed line):

@ =097 — O’O(:lll",for 5<l,/h <18
0,019l )
@ =114 - ,for18 <l,/h < 32

Significant variation of test results is related to
the complexity of the modeled structures. First
of all, it is steel and reinforced concrete
structures, in which the influence of internal
eccentricities is high. In addition, it is difficult
to take correct readings from load cells and
displacement sensors in case of sudden brittle
failure of the structure at the last stages of
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testing. These features are typical for all
analyzed studies. A significant variation of data
within one study is representative if model
fabrication and measurements are performed by
the same groups of specialists. The line of the
characteristic coefficient according to SP
266.1325800 (red dotted line) lies above a
significant number of tests and has a smaller
slope  with increasing slenderness than
expessions (4).

Eurocode 4 lines b and ¢ (blue and green dashed
lines) also have an unsatisfactory correlation with
lines plotted by expressions (4). Line b lies above
a significant number of tests, i.e., calculations
that use it will not give a margin. Line c lies
substantially below almost all tests, which will
lead to unjustified overconsumption of materials.
At the same time, both of these lines at the value
of slenderness of 5 are practically equal to 1,
which does not ensure the reliability of structures
and does not take into account the peculiarities of
nonlinear operation of the combined steel-
reinforced concrete section.

Expressions (4) are constructed for all concretes
and slenderness ratios. If other smaller samples
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by concrete strength classes, reinforcement
percentages or other design parameters were to
be separated in the investigated sample. The size
would be unsatisfactory for approximation
(n=3..5) and statistical analysis of the test
results. Therefore, the mean function of the
coefficient @ presented in expressions (4) over
the entire range of concretes, reinforcement
percentages and slenderness ratios can only be a
guide. For example, the results of tests of steel-
reinforced concrete structures with  rigid
reinforcement and concrete of strength class
B90..B100 by different groups of specialists
show that mainly at slenderness ratios from 10 to
20 the values of the coefficient ¢ lie below the
approximation lines (4). This indicates the
peculiarities of the performance of such
structures and the need for a separate analysis.
The peculiarities of the performance of structures
with different types of cores can be investigated
in detail using verified finite element models.

3000
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Finite element analysis of models with different
slenderness ratios and concretes allowed us to
construct curves of the coefficient ¢, which was
calculated using Formula 3. In this formula, the
value of Nrem is the ultimate compressive force
based on the results of the finite element modeling
that was utilized used instead of the failure load
during the tests Nesr. Extremes of the force-
displacemt graphs for strut shortening and
buckling were taken as the ultimate state (Figure
4, a). The plots of the coefficient ¢ for the whole
considered range of slenderness ratios and B30,
B60, B80 and B100 concretes are shown in Figure
4, b. The curves for all concretes at slenderness
greater than 15 follow practically the same
trajectory, and at slenderness from 6 to 15 they lie
one under the another. The least strong concrete
(B30) has the maximum coefficient ¢=0.95 at
slenderness of 6 (blue line). A core of the stronger
concrete (B100) at the same slenderness has a
value of ¢=0.85 (green line).

1,00

——B30 ST H (FEM)
——B60 ST H (FEM)
B8O ST H (FEM)
——B100 ST H (FEM)
— —B20...B80 ST SP266
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b)

Figure 4. Comparison of finite element analysis results for different concretes: a - force-
displacement graphs for identifyving the buckling of struts made of B100 concrete for different
slenderness ratios; b - diagrams of the coefficient ¢ for different slenderness ratios and concretes

Compared to the normative line of the coefficient
¢ (red dashed line, Figure 4), all obtained lines are
lower, especially for slenderness ratio of 20 and
more. At a slenderness of 20, the difference is
more than 30%. Based on the obtained data from
the analysis of validated finite element models, the
refined graphs of the coefficient ¢ can be plotted.
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In addition, we evaluate the influence of the cross-
sectional shape of the rigid reinforcement on the
performance of a bar compressed with a small
eccentricity. For this purpose, finite element
models of bars of different slenderness were
created with a core in the form of a solid square
section that is equivalent in area to the previously
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studied bars with I-beams (Figure 5). The same
options for creating and for analysis of models in
ATENA were used for simulation as presented
above. According to the results of the simulations,
we can plot the buckling coefficients and compare
them with those previously obtained for the bars
with I[-beam reinforcement (Figure 6). Solid lines
in the graphs show the curves of the coefficient ¢
for bars with I-beam core, dotted lines indicate the
curves of the coefficient ¢ for bars with square
core. Despite the insignificant difference in the
coefficient values (about 5-10%), the curves run
parallel and there is almost no significant
influence of the shape of the core cross-section.
Unlike steel bars in compression, where the
influence of cross-sectional shape on the type of ¢
coefficient curve has been established, here the
effect is minimal and can be ignored for most
common cross-sections with central and
symmetrical arrangement of rigid reinforcement
elements. This is primarily due to the fact that the
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value of the coefficient ¢ in steel-reinforced
concrete structures is primarily influenced by the
concrete and its deformation diagram. Therefore,
the different character of deformation of concretes
of different strengths should be accounted by the
new curves of the ¢ coefficient, also taking into
account the studies [25, 26].
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Figure 5. Cross-section of a strut with a square
core
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Additionally, let us analyze the pattern of
cracking in the cross-section of struts with
different types of rigid reinforcement. Table 2
shows comparative cracking patterns at the last
calculation step before the ultimate state is
reached. Crack patterns are given for a strut of
slenderness 20 for an example with varying
concrete performance diagrams from B30 to
B100. It can be seen that the struts with B30
concrete  exhibit more active material
involvement throughout the cross-section. That
is, cracks (and thus plastic strains in concrete
under compression) propagate more actively
from the periphery of the most compressed fiber
to the axial areas of the cross-section. Thus, in

structures made of concrete B30 the steel core is
more actively involved in the work. In the case
of high-strength concrete the steel core is used
less effectively. In the actual performance of
structures, this pattern will also be confirmed
due to the fact that ordinary strength concrete
(B20...B35) has a smoother deformation
diagram and a descending branch after reaching
the tensile strength [25]. Unlike high-strength
concretes (B80...B100), which have brittle
fracture behavior, the use of ordinary strength
concretes increases the reliability of the
structure, although it has the effect of increasing
material consumption.

Table 2. Comparison of cracking patterns for different concretes and cross sections for slender

struts ly/h =20

Class of concrete compressive strength

B60

I-section

Square section

There is also a pronounced cracking in the space
between the flanges of the I-beam in the most
compressed part of the cross-section. The
analysis of the principal stresses, as well as
stresses in separate directions shows that the
concrete actively works not only in compression
along the main axis of the core, but also in
compression in the horizontal plane due to the
constraint of lateral strains by the I-beam
flanges. A "cage" effect is observed. This causes
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the I-beam core columns to work more
efficiently (see Figure 6) and have a slightly
higher value of the ¢ coefficient and ultimate
bearing capacity than the square core columns.
The comparison of ultimate bearing capacity of
cores with different cores is summarized in
Table 3. The maximum bearing capacity
difference of 9.8% in favor of I-beam core is
recorded in columns with maximum slenderness
made of B60...B100 concrete. The fact that the
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difference will be maximum for high-strength

ratio also increases from 0.2 for B30 to 0.245

concrete is obvious since as the strength class of  for B100 according to [26].

concrete increases, the actual value of Poisson's

Table 3. Comparison of ultimate bearing capacity of struts with different reinforcement

Denis V. Konin

Concrete ok I-section Square section - Neem(s)
class 0 Nrewm, Ntheor @ Nrgwms Ntheor @ Nrem(e)
kN kN kN kN
1 2 3 4 5 6 7 8 9
20 1628 0,649 1502 0,599 -8,4%
15 1925 0,768 1874 0,748 -2,7%
B100 2507 : 2507 - :
10 2130 0,849 2113 0,843 -0,8%
6 2219 0,885 2285 0,911 2,9%
20 1434 0,657 1315 0,603 -9,1%
15 1693 0,776 1635 0,749 -3,6%
B8&0 2182 : 2182 - -
10 1876 0,860 1855 0,850 -1,1%
6 1979 0,907 2017 0,924 1,9%
20 1213 0,653 1105 0,595 -9,8%
15 1449 0,780 1392 0,749 -4,2%
B60 1857 - 1857 - -
10 1626 0,875 1594 0,859 -1,9%
6 1713 0,922 1732 0,932 1,1%
20 872 0,636 848 0,619 -2,8%
15 1061 0,775 1048 0,765 -1,2%
B30 10 1221 1370 0,891 1166 1370 0,851 -4,7%
6 1294 0,945 1251 0,914 -3,4%

Summarizing the research data presented above,
and also considering the peculiarities of steel-
reinforced concrete structures in the form of
reinforced  concrete  struts  with  rigid
reinforcement, it is proposed to carry out the
bearing capacity calculation for compressed
elements with eccentricities not exceeding the
random eccentricities by the following formula:

N
<1, (5)
@(RpA+RscAs tot+RyAst)

where Ry, Ry, Ry are the design strengths of
concrete in compression, yield strength for
rigid reinforcement and rebars respectively,
Agt, A, Agior are the cross-section areas for
rigid reinforcement, concrete and steel rebars
respectively. The values of the coefficient ¢
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for continuous action of loads are accepted
according to Table 7.1 of SP 266.1325800,
and for short-term action of loads are accepted
according to Table 4 of this paper.
Comparison of the proposed coefficients (blue
and green lines) with the requirements of SP
266.1325800 (red dashed line) and Eurocode 4
(blue and green dashed lines) is shown in
Figure 1.

The proposed values of the coefficient ¢ take
into account the nature of the performance of
concrete of different compressive strengths, as
well as the peculiarities of the performance of
steel-reinforced concrete compressed elements
under load with different types of cores, the
operation of the structure under deformed
scheme.
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Table 4. Coefficient @ for short-term loads

Slenderness ratio of the element
Concrete class | [,/h= 6 10 15 20
A= 208 34.6 52.0 69.3
1 2 3 1 5
B30 0.945 0.891
B60 0.920 0.875
B8O 0.890 0.860 0.78 0.61
B100 0.860 0.850

4. CONCLUSIONS

1) Experimental and theoretical studies of the
performance of compressed steel-reinforced
concrete struts of different slenderness ratio
have been performed. Russian and foreign
studies of the stability of compressed reinforced
concrete and steel reinforced concrete bars have
been analyzed.

2) The curves of buckling coefficient contained
in SP 266.1325800 and Eurocode 4 do not
accurately reflect the peculiarities of steel-
reinforced concrete compressed bars with small
eccentricities. ~ The  coefficient of SP
266.1325800, which is based on the standards
for the design of reinforced concrete structures,
does not correspond to the theoretical
assumptions in its current form, as it does not
smoothly decrease with increasing slenderness
ratio. It is also not confirmed by the analyzed
experimental data. The coefficient in Eurocode
4, which gives a reference to the curves of a
similar coefficient for steel structures from
Eurocode 3, also cannot be considered
sufficiently justified. It actually ignores the
performance of reinforced concrete in the cross-
section. The concrete at the periphery of the
cross-section is included in the work at the very
first stages of loading of the structure and
significantly changes the performance and
hence the coefficient curve of the compressed
steel column surrounded by concrete. The
concrete significantly improves the stability
performance of the compressed strut, which
should be taken into account in the calculations.
3) It is found that the compressive strength class
of concrete affects the stability of bars with

Volume 20, Issue 2, 2024

slenderness ratios from 6 to 10, with little or no
influence of the shape of the cross-section of the
core type of rigid reinforcement. The curves of
the ¢ coefficient for the calculation of
compressed elements at small eccentricities and
short-term action of loads have been developed.
A formula for calculating the load-bearing
capacity of compressed struts has been
proposed.

4) Based on the analysis performed, the
buckling coefficients should be checked and
updated when calculating the long-term action
of loads, taking into account the shrinkage and
creep of materials. Due to the presence of
cracking concentrators in the form of steel-
concrete joints, studs, etc., the creep measure
used to calculate steel-reinforced concrete
structures may differ from standard reinforced
concrete structures.
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