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Abstract: In recent decades, there has been increased interest in studying the stress-strain state of concrete-filled
steel tube constructions — composite elements consisting of a steel shell tube and a concrete core in a state of tri-
axial compression. In this combination, steel and concrete can achieve better strength and deformation character-
istics than when they work separately, which makes it possible to design safe and economical structures. This ar-
ticle presents the results of an experimental study of the deformation process of bent concrete-filled steel tube el-
ements of small circular sections. It is shown that with three-point transverse bending of a tubular concrete beam,
in addition to deflection due to the curvature of the rod axis, deformations of local crumpling in places of appli-
cation of concentrated loads have a significant effect on vertical displacement. The possibility of applying the
classical theory of bending of a hollow steel beam according to the Bernoulli model is evaluated. The test results
and deformation diagrams of hollow steel pipes (analytical and experimental data) and steel-reinforced concrete
pipe beams filled with concrete are compared. A qualitative and quantitative assessment of the contribution of
the presence of a concrete core to the bearing capacity and deformability (including local crumpling) of the ele-
ment was carried out. The presence of a concrete core in a composite rod gives a significant weighting of the
structure, however, in the case of off-center compression of the load-bearing vertical elements of multi-storey
buildings, the effectiveness of using tubular concrete elements is very effective.

Keywords: pipe concrete, three-point bending, Bernoulli model, beam bending theory,
elastoplastic deformation, triaxial compression of concrete, complex stress-strain state,
efficiency of pipe concrete, load bearing capacity
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AnHoTanus: B mocnemHue gecaTUieTHs HAONIOAaeTCs MOBBIMICHHBIM MHTEPEC K M3YUYCHHUIO HATPSKCHHO-
nehOpMUPOBAHHOTO COCTOSIHHS TPYOOOETOHHBIX KOHCTPYKIIMH — KOMITO3UTHBIX JIEMEHTOB, COCTOSIIUX W3
CTaJTbHOW TPYOBI-000JI0UKN M OETOHHOTO CEepACYHHKA, HAXOISAIIETOCS B COCTOSSHUM TPEXOCHOTO Cxkaths. B
TaKOM COYETAHHH CTajb U OCTOH MO3BOJISAIOT AOCTHYB JIYUIINX MPOYHOCTHBIX M Ne()OPMATHBHBIX XapakTe-
PUCTHK, YeM TIPU UX pa3AeNbHONU paboTe, YTO MO3BONSIET MPOCKTUPOBATH OE30TIaCHBIC U SKOHOMUYHBIE KOH-
CTpYKIMHU. B HacTosmel craTbe MPUBOASITCS PE3yJbTaThl 3KCHEPUMEHTAIBHOTO HMCCIENOBaHUS Ipoliecca
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JnedopMUpPOBaHUs U3rndaeMbIX TPyOOOETOHHBIX JIEMEHTOB Mallora0apuTHBIX KpyriibiXx ceueHuil. [lokasa-
HO, YTO MPH TPEXTOYCHHOM MOMEPEYHOM M3THOE TPyOOOETOHHOM GanKky MOMHUMO MPOTrubda 3a CYET UCKPUB-
JCHUSI OCH CTEPXHSI, CYIIECTBEHHOE BJIMSHNHE HA BEPTHKAJIbHbIC NMEPEMELICHUIO OKa3bIBAIOT AehopMaIuu
JIOKQJIbHOT'O CMATHUA B MECTaxX MPUITOKEHUA COCPECAOTOUYCHHBIX HArpy3oK. HpOBOI[I/ITCﬂ OIICHKa BO3MOXHO-
CTH IPHUMEHEHMS KJIACCHYECKON Teopuu u3ruba mosoil cranbHoi Oanku mo monenu bepuynnu. Comocras-
JISIIOTCSL Pe3yJIbTAThl UCIBITAHUN U AMAarpaMMbl 1e(OpMHUPOBAHHUS MOJBIX CTAIBHBIX TPYO (aHAIUTHYECKHUE
9KCIIEPUMEHTAIbHBIE JaHHBIC) U CTAJIEKeIe300eTOHHBIX 0alloKk TpyO, 3anoaHeHHbIX OeToHOM. [Ipon3BeneHa
KauyecTBEHHAasl U KOJMYECTBEHHAs OIleHKa BKJaJa HaJu4uus OCTOHHOTO cepjeyHHKa Ha HEeCYIIYIO CIoco0-
HOCTH M JIe()OPMATHBHOCTH (B T.4. MECTHOE CMSTHE) diieMeHTa. Hann4yme GETOHHOTO cepeYHNKa B KOMIIO-
3UTHOM CTEp)KHE JaeT CyIIEeCTBEHHOE yTsDKEJICHHE KOHCTPYKIMHU, OJHAKO B CIydae BHEIEHTPEHHOTO CXKa-
THS HECYIINX BEPTHKAJIBHBIX 3JIEMEHTOB MHOTOATAXKHBIX 3MaHMH 3((EKTHBHOCTH NMPUMEHEHHS TpyOoOe-

TOHHBIX JIEMEHTOB BeChMa d(h(PEeKTUBHO.

KuroueBbie cjioBa: TpyOOOCTOH, TPEXTOUCHHBIH N3rHO, MoeTs bepHyiutn, Teopust n3ruda 6aoxk,
yIpyromiacTuieckoe 1eopMUpPOBaHIE, TPEXOCHOE CxKATHE OETOHA,
CIIOKHOE HAIPSHKEHHO-1e(pOPMUPOBAHHOE COCTOSIHUE, (P PEKTHBHOCTL TpyO0OETOHa, HeCcyIas ClIoCOOHOCTD

1. INTRODUCTION

In recent decades, steel-concrete rods have
attracted increased interest from domestic [1-
10] and foreign scientists [11-23], since they
allow the most complete combination of the
main advantages inherent in both metals and
concrete, while leveling or completely elimi-
nating their disadvantages [2, 3, 10]. Thus,
steel structures are very strong, but, due to
their good elastic properties, they practically
don’t damp mechanical energy. It makes their
use in conditions of oscillations and vibrations
difficult and requires the appliance of special
vibration and seismic protection systems [11].
In turn, reinforced concrete elements with a
commensurate load-bearing capacity are much
more massive and have poor resistance to the
accumulation of damage and the initiation and
development of cracks. The use of steel-
concrete elements formed by enclosing rein-
forced concrete or concrete in a steel cage also
leads to a nonlinear increase in load-bearing
capacity due to the transition of the core to a
triaxial stress state [1, 4-10, 24-27].

At present, many experimental and numerical
studies have been carried out to study the
strength and stability of pipe concrete struc-
tures (PCS) under central and eccentric com-
pression [1-3, 5-7, 9, 10]. However, the bend-
ing work of such rods remains poorly studied.
The main reason for this is the irrationality of
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using PCS as a load-bearing bending element
(pipe-concrete beam - hereinafter referred to
as PCB) due to the small increase in load-
bearing capacity with significant weight. At
the same time, in real operating conditions
[8], it is almost impossible to identify a purely
compressed element, and to analyze com-
pressed-bent elements, a detailed study of the
work under pure and transverse bending of
rods of various flexibility is necessary. Of par-
ticular interest is the bending of massive PCB,
the characteristic cross-sectional size of which
is about 10% of the length, since in such ele-
ments it is not always possible to apply the
classical models of Bernoulli or Timoshenko
beams. This is primarily due to the fact that
the distribution of internal forces into elemen-
tary components (moment and shear force)
becomes difficult, and the transition from
forces to stresses is complicated by the “com-
posite” nature and internal static indetermina-
tion of the steel-concrete section [1-3].

Under conditions of three-point bending, signif-
icant local stresses arise in the PCB, leading, in
addition to general curvature, to local defor-
mation at the force points (Fig. 1). Conducting
experimental studies in this case is the most ra-
tional for assessing the general stress-strain state
of a massive PCB during bending with local
compression.
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Figure 1. Deformation of the PCS
under three-point bending

[

The research [31] considers the bending of PCB
using Bernoulli beam theory, as a result of
which the equivalent bending stiffness is deter-
mined. The main disadvantage of the study is
the idealization and assumptions of work with a
predominance of normal stresses (bending mod-
el of a Bernoulli beam), which is a very rough
approximation due to the factors indicated
above.

2. MATERIALS AND RESEARCH
METHODS

To analyze the stress-strain state, experimental
and numerical simulations were carried out un-
der three-point bending. To conduct experi-
ments, PCB samples with a length of 700 mm
were made using steel pipes with a cross section
of @76x3, V102x3.5 mm, steel grade 09G2S.
To create the core, fine-grained concrete of
class B12.5 was used. To confirm the grades
and characteristics of the PCB components,
compression tests were carried out on control
samples [2, 3].

Fig. 2 shows the experimental setup. In the ex-
periment, a span of 600 mm was assumed, i.e.
the ratio of the span to the transverse size of the
sample was //D = 1/7.89; 1/5.88.

During testing, a smooth load was applied to
sample 1 using a load crossbeam 2. Using indi-
cator 4, the general approach of the traverses
was recorded, that is, the curvature of the sam-

To assess the contribution of the concrete core
to the deformation of PCS, control samples of
hollow pipes with a length of 700 mm and a
cross section of @76x3, ¥102x3.5 mm (steel
grade 09G2S) were additionally manufactured.
The need for this part of the study is dictated by
the fact that, based on the Bernoulli model, a
hollow pipe has fairly good performance in
transverse bending due to the high values of the
moments of inertia of the undeformed section.
However, studies on the performance of flexural
thin-walled structures have shown that local de-
formation, cross-sectional bending and metal
collapse are fundamental in structures of this
type and significantly reduce the overall stiff-
ness and load-bearing capacity [32]. Fig. 3
shows a basic view of the deformed state of a
thin-walled beam and the difference between
the Bernoulli model and the real structure.

700

Figure 2. Experimental setup for testing PCS

ple as a result of pure bending of the bend and  for three-point bending: 1 — sample under study,

local crushing.
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2 — movable cargo cross-beam, 3 — static cross-
beam, 4 — dial-type movement indicator
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Figure 3. Calculation diagram of the bending element (a), diagram of deformations according to
the Bernoulli model (b) and taking into account the curvature of sections and local crushing (c)

3. RESULTS OF THE EXPERIMENTAL
RESEARCH

During the research, samples of PCB and hol-
low pipes were brought to destruction or com-
plete loss of load-bearing capacity. In this case,
the measured deformations were obviously not

divided into “bending” and ‘“bearing defor-
mations”, since in this study the interest is pre-
cisely the general stress-strain state of the sam-
ple with local collapse during three-point bend-
ing. Fig. 4 shows a typical type of PCB failure
during three-point bending.

Fig. 5 shows diagrams of elastoplastic defor-
mation of PCB samples, showing the depend-
ence of the load on the sample and the approach
of the traverses P(f), (Fig. 1). The diagrams
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Figure 4. Destruction of PCB along the normal section

show that at the initial stage the work of the
samples is close to elastic, and the transition to a
nonlinear dependence occurs at the same dis-
placements /= 6 mm.
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Figure 5. Deformation diagrams of PCB samples

As expected, despite the destruction along the
normal section (Fig. 4), there are significant lo-
cal deformations in the beam due to the collapse
of the steel pipe. Nevertheless, the deformations
did not lead to a global change in the shape and
dimensions of the PCB cross sections.

Moreover, in almost the entire linear section of
the diagram (Fig. 5), bending deformations pre-
vailed over crushing (Fig. 6).

F igr 6. Appearance of the sample under line-
ar deformation

In Fig. 7 compares the deformation of the PCB
in a linear section with the deformation of an
equivalent hollow pipe according to the Ber-
noulli beam model (Fig. 3b), according to
which, in the absence of local deformations, the
diagram is described by the dependence:

_ PP
~ 48EJ

f (1)

where: f, P, | — measured displacement, load,
beam span (Fig. 1); E = 2,06:10° MPa — Young's
modulus of pipe material; /] = (D — d)*/64
— axial moment of inertia of the pipe section (D,
d — outer and inner diameters), and the bearing
capacity can be determined from the Navier
condition:

. S RC'

2)

—I =
N| O

where: M = Pl/4 — maximum bending mo-
ment in beam sections; R. = 320 MPa — calcu-
lated resistance to the yield strength of steel
grade 09G2S.

076x3mm
(elastic section)
35,00
30,00 —
25,00 7
% 20,00 A
A 15,00 8w
10,00 o
500
0,00
EREREZFE
o O = = NNt
fmm
—=—Pipe PCB-1 + PCB-2

Figure 7. Diagrams of linear deformation of
a hollow pipe (according to the Bernoulli
model) and pipe-concrete samples
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The diagrams show that, compared to the Ber-
noulli bending deformation model, the presence
of a concrete core in the pipe leads to strengthen-
ing of the structure. It should be taken into ac-
count that the actual operation of a thin-walled
pipe under three-point bending is noticeably dif-
ferent from the Bernoulli beam model. Fig. 8
shows experimental deformation diagrams and
the appearance of hollow pipe samples after test-
ing. Real data obtained experimentally (Fig. 8)
indicate that the load-bearing capacity of a hol-
low pipe is significantly lower than the calculated

©76x3 (hollow pipe)

20,00 40,00
Jf.mm

©102x3,5 (hollow pipe)

0,00 10,00 30,00

35,0 ;
25,0 1
5, 20,0 P E
150 |
10,0
50 cr
0,0 4 } }
0,00 10,00 20,00 30,00 40,00

S mm

Figure 8. Deformation diagrams and view of hollow pipe samples after testing

values according to (2). Table 1 provides a com-
parative analysis of the load-bearing capacity of
PCB and hollow pipes according to the Bernoulli
model and according to experimental data (after
the load-bearing capacity value, the percentage
relative to the Bernoulli model is given). Accord-
ing to the data given in Table 1, it is clear that an
increase in diameter critically affects the load-
bearing capacity of a hollow sample, which is
explained by an increase in the flexibility of its
cross-section and a sharp increase in the influ-
ence of bearing deformations.

Table 1. Comparison of the load-bearing capacity of hollow and pipe concrete beams

Load-bearing capacity, kN
Sample size Hollow pipe
P PCB (Fig.5) . PP : :
Bernoulli model (formula 2) Experiment (Fig. 8)
O76x3 44 (169%) 26 (100%) 12 (46%)
0102x3.5 87 (158%) 55 (100%) 15 (27 %)

Fig. 9 shows a comparison of the actual strain
diagrams of a PCB and a hollow pipe under
three-point bending. As can be seen from the
diagrams, the presence of a core in a thin-walled
bending pipe significantly improves its strength
and deformation characteristics. It should also
be noted that despite the plastic properties of
concrete enclosed in a core, the deformation of

Volume 20, Issue 2, 2024

PCB by its nature is more reminiscent of the
behavior of metals (for example, with an obvi-
ous plastic zone in the graphs (Fig. 9). At the
same time, a hollow pipe due to crushing and
curvature cross sections immediately deform
nonlinearly, which complicates the calculations
when designing such structures.
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Figure 9. Experimental diagrams of deformation of PCB and hollow pip

4. CONCLUSIONS

Based on the results of the experimental re-
search, it was established that the presence of a
concrete core primarily ensures the resistance of
the metal pipe to crushing and local deformation
of the section. The contribution of the concrete
core to the load-bearing capacity for the two di-
ameters was about 60% compared to the Ber-
noulli model, and compared to the experimen-
tally tested hollow pipe, the load-bearing ca-
pacity increased by about 3 times. Despite the
significant weight, the use of bendable pipe-
concrete structures may be advisable if, along
with bending, compressive forces occur in the
sections (for example, columns of multi-story
buildings), since the concrete core significantly
strengthens structures of this kind [1-3].

The use of classical models of beam bending in
the case of thin-walled pipe structures is irra-
tional and provides unnecessary margins, since
it does not take into account local collapse and
deformation of sections. The design of massive
bendable PCB should be carried out taking into
account local deformations.
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