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Abstract. The article substantiates the relevance and necessity of further experimental research of
reinforced concrete structures under biaxial compression. First, this concerns slab monolithic structures of floors
with bidirectional arrangement of inserts and slab monolithic flat foundations. To solve the problem, three main
types of test specimens were designed, manufactured and tested, which have a cross arrangement of beams. In
addition, four types of conventional beams were manufactured, which consist of cross beams, and cubes and
prisms to determine the actual deformation and strength characteristics of concrete. In the middle part of the
beams in the zone of pure bending, only the lower working reinforcement is provided, which is adopted according
to the results of verification calculations so that the destruction occurs in compressed concrete. Outside the zone
of pure bending, the upper and transverse reinforcement are provided to prevent destruction in inclined sections.
The geometric dimensions of the test specimens are adopted taking into account the design of the existing force
stand and the technical characteristics of the test equipment. The linear and cross-section test specimens were
loaded with two and four symmetrically located concentrated forces, respectively, using hydraulic jacks and force-
distributing traverses. The loads were monitored by tared circular dynamometers mounted on supports. The
experimental studies have shown that in the area of the cross-section of the beams, concrete is strengthened due
to biaxial compression. The bearing capacity of the test specimens of linear beams compared to their bearing
capacity in the composition of crossbeams is lower by 10.6-12.5%. An important parameter of the stress-strain
state of compressed concrete is deformations, which are functionally related to its strength. The deformations of
the test specimens of concrete, measured directly on the upper face in the area of the cross-section of the beams,
are lower than ein the neighboring areas by an average of 19.8%, which confirms the effect of concrete
strengthening. Threfore, biaxial compression affects the deformation characteristics of concrete and its strength.

Key words: reinforced concrete beams, biaxially compressed concrete, experimental studies, bearing
capacity, deformations.
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1. STATEMENT OF THE PROBLEM

Monolithic flat reinforced concrete floors are now increasingly used, especially in civil
buildings (housing, offices, etc.). We also observe a tendency to increase the spans of such
floors and their use in shopping and exhibition complexes and other structures. To significantly
reduce the weight of flat monolithic reinforced concrete floors and other slab structures, it is
advisable to use effective inserts as separate products made of relatively light and cheap
materials, which are placed in the middle of the cross-section and left in the slab after its
concreting. The modulus of elasticity and strength of the material of the inserts are an order of
magnitude lower than that of concrete, therefore the space they occupy in the body of concrete
should be considered a cavity for the structure.

Structural solutions of slab structures with such inserts can be divided into two types:
with unidirectional arrangement of inserts and with bidirectional. With unidirectional, we
obtain a monolithic slab structure with the arrangement of intermediate beams-ribs in one
direction. Experimental and theoretical studies of such slab structures are widespread and
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are reflected, in particular, in works [1, 2]. Bidirectional arrangement of inserts forms
another structural system in which the intermediate beams-ribs are usually arranged
perpendicularly to each other. The concrete of the upper zone of the beams undergoes
biaxial compression, which changes its initial deformation and strength characteristics
of concrete. Recommendations for taking into account biaxial compression of concrete
in slab structures have not been developed. It is necessary to conduct research on
reinforced concrete structures with biaxial compression due to the orthogonal arrangement
of beams.

2. ANALYSIS OF RECENT RESEARCH AND PUBLICATIONS

Studies of biaxially compressed concrete were carried out mainly on individual cubic
and prismatic elements [4—13].

The publication [14] presents data from experimental tests of reinforced concrete beams
of rectangular profile made of heavy concrete in pure biaxial bending. The angle of inclination
of the plane of external loading to the vertical axis of inertia of the section varied from 0° to
20°. The tests were carried out to study the operation of biaxial bending elements under load
and to verify the developed method of strength analysis of such elements.

In the article [15], based on the design assumptions according to Eurocode 2, a
concept for determining the value of the design strength of reinforced concrete for
calculating the bearing capacity of reinforced concrete elements subjected to biaxial
bending was developed. However, experimental [14] and theoretical [15] studies were
carried out on individual beam elements under oblique bending and do not apply to slab
structures.

The publication [17] presents the results of studies under high-speed dynamic loading.
The considered dynamic effects are not characteristic of the slab reinforced concrete structures
under consideration.

Based on the results of the studies [18], a model was proposed that describes the
relationship between stresses and strains in biaxial compression. However, it concerns recycled
concrete and cannot be used for ordinary concrete.

In the publication [3], calculation schemes for calculating slab structures
with bidirectional arrangement of inserts are substantiated using analytical
dependencies obtained in studies on concrete prisms. However, they require experimental
confirmation for reinforced concrete structures, the concrete of which is subjected to biaxial
compression.

The objective of the work is to experimentally investigate the bearing capacity of
reinforced concrete structures subjected to biaxial compression of concrete.

3. TASK STATEMENT

To investigate the effect of biaxially compressed concrete on the strength of reinforced
concrete beams when tested on a force bench under static loads.

4. DESIGN OF TEST SAMPLES

To solve the problem, three main types of experimental specimens with a cross
arrangement of beams were designed, manufactured and tested. In addition, four types of
conventional beams were manufactured, which make up the cross beams.

The designs of the linear beam of the L-1 brand (which is an element of the crossbeam)
and the crossbeam of the LP-1 brand are shown in Fig. 1.
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Figure 1. Design of prototypes of the L-1 brand (a) and LP-1 brand (b)

In the middle part of the beams in the zone of pure bending, only the lower working
reinforcement is provided, which is adopted according to the results of calculations so that the
failure occurs along the compressed concrete. Outside the zone of pure bending, the upper and
transverse reinforcement are provided to prevent failure along inclined sections.

The beams are designed so that the failure occurs in the zone of pure bending due to
crushing of concrete.

The general design of the experimental specimen L-2 is similar to the design of the beam
L-1 with the following differences: length 1.1 m; in section I-I the distance to the axis of the
lower reinforcement is 36 mm. In section III-III, the general design is similar to section II-II.

For the manufacture of beams, reinforcement of class A500 and concrete of design
class C25/30 with the following actual characteristics were used: fcube =29.2...30.3 MPa;
fprism = 24.3...25.7 MPa. Longitudinal upper and lower reinforcement diameter 12 mm,
transverse — & 8§ mm.
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5. EXPERIMENTAL RESEARCH METHODOLOGY

Linear and cross-section test specimens were loaded with two and four symmetrically
located concentrated forces, respectively, using hydraulic jacks and force-distributing
traverses (Fig. 2). The loads were controlled by tared circular dynamometers mounted on supports.

Figure 2. General view of the tests: a — linear prototype of the L-2a brand,
b — cross prototype of the LP-2 brand

To measure deformations of reinforcement, concrete, and vertical displacements,
mechanical clock-type devices with a measurement accuracy of 0.001 mm and 0.01 mm,
respectively, were used.

6. RESULTS OF EXPERIMENTAL RESEARCH AND THEIR DISCUSSION

All linear test specimens collapsed due to crushing of the concrete of the upper layers
of the beams in the zone of pure bending (Fig. 3).

The nature of the collapse of the cross beams was different. They also collapsed in the
zones of pure bending. However, the collapse did not begin at the intersection of the beams (a
section measuring 10x10 cm), but near this section on one of the linear beams (Fig. 4). This, in
principle, proves that in the area of the intersection of the beams, concrete strengthening occurs
due to biaxial compression.

At failure, the values of the moments in the shorter beam in relation to the moments
in the longer beam were: in the experimental sample LP-1 — 0.723; in the experimental
sample LP-2 — 0.764; in the experimental sample LP-3 — 0.757. The average value of this
ratio is 0.748 = 0.75.

The total destructive load of the separately tested linear beams L-1 and L-2a is 18.63
kH. The destructive load of the sample LP-1 (which consists of beams L-1 and L-2a) is 20.577
kH and is 10.6% higher.

Using a similar approach, the increase in bearing capacity for sample LP-2 is 12.5%, for
sample LP-3 — 11.8%.

Therefore, the total bearing capacity of linear beams tested separately is 10.6—-12.5%
lower as compared to their bearing capacity as part of cross-section test specimens.

In addition to the direct bearing capacity of test specimens, the stress-strain state of
concrete in the pure bending zone was also analyzed.
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Figure 3. Destruction of the compressed zone of concrete of linear beams: a — beams L-1; b — beams L-2a; ¢ —
beams L-2b; d — beams L-2¢
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Fig. 5 and 6 show comparative graphs of concrete deformations of cross beams LP-1 in
the zone and near their intersection zone. Clock-type indicators installed on different bases
measured deformations on each beam. On the longer beam, indicator I-1 on a 120 mm base,
indicator I-3 on a 220 mm base.

Similarly, for the shorter beam, indicators -2 on a 120 mm base and 1-4 on a 240 mm
base were installed.

Thus, indicator I-1 recorded only deformations at the intersection of the beams, and
indicator I-3 — deformations both at the intersection and beyond the intersection on both sides.

From the comparison of the graphs it is clear that the relative deformations € are
smaller than the deformations €3 (Fig. 5), and the deformations €, are smaller than the
deformations &4 (Fig. 6).

Similar results were obtained for the cross-sectioned test specimens LP-2 and LP-3. The
difference is from 11.7% to 29.3%.
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Figure 6. Graphs of relative deformation of concrete of beam L-2ap
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7. CONCLUSIONS

1. Experimental studies have shown that in the area of the beam intersection,
concrete is strengthened due to biaxial compression. The bearing capacity of the
experimental samples of linear beams compared to their bearing capacity in the composition
of cross beams is 10.6—-12.5% lower.

2. An important parameter of the stress-strain state of compressed concrete is
deformation, which is functionally related to its strength. The deformations of the concrete of
the test specimens, measured directly on the upper face at the intersection of the beams, are
smaller than in the neighboring areas by an average of 19.8%, which confirms the effect of
concrete strengthening.

3. Experimental studies were performed at a moment ratio in cross beams M1/M2 = 0.75.
It is advisable to continue the study of reinforced concrete structures with biaxially compressed
concrete at other moment ratios M; to M (in particular 0.5 and 1.0) to obtain functional
dependencies in a wider range.
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EKCIEPUMEHTAJIBHI JOCJIIKEHHSI HECYYOI 3JIATHOCTI
INEPEXPECHHUX 3AJII3OBETOHHUX BAJIOK

Irop Meabnux; Bosiogumup Ilapryra; Tapac [IpucraBcbkuid;
Bacuasb Copoxreii; Makcum MeabHHK

Hayionanvnuii ynisepcumem «JIvgiscoka nonimexuixkay, Jlvsis, Yxpaina

Pe3tome. O6IpyHmMo6aHo akmyanbHicmb ma HeoOXiOHICMb NOOATLULUX eKCHePUMEHMANTbHUX OOCTIONHCEHb
3ani300eMOHHUX KOHCMPYKYiU npu 0808icHomy cmucky. Hacamneped ye cmocyemvcs naumuux MOHONIMHUX
KOHCMPYKYItl NepeKpummia i nIumMHUX MOHOIIMHUX NAOCKUX (DYHOAMEHMIE 3 OBOHANPABLEHUM POZMAULYBAHHAM
6cmasox. [{iis eupiuents noCmaesieno20 3a60anHs 3anpoeKmo8aHo, U20MOBIEHO U 00CIIONCEHO MPU OCHOBHUX
munu OOCHIOHUX 3PA3KIB, SIKI MAOMb nepexpecte posmaulyeanns banok. Kpim yvozo, sucomoeieno womupu munu
36UNANIHUX OANOK, 3 AKUX CKIA0AIOMbC NepexpecHi Oanxu, Kyou ma npusmu 018 6UHAYEHHS DAKMUYHUX
Odepopmayitinux i MmiyHicHUX Xapaxmepucmux Oemony. B cepeouiti yacmumni 6anox y 30HI YUCMO20 32UHY
nepedbaueno e HUJICHIO pobouy apmamypy, siKa NPULHAMA 3a Pe3yiIbmamamil NEPeGiPHUX PO3PAXYHKIE mAK,
wob pylinyeanus 6i00ynocs no cmucrhenomy demony. JIinitini 1l nepexpecui 00CIiOHI 3pa3KU HABAHMAINCYBAIU
BIONOGIOHO 080MA | HOMUPMA CUMEMPUUHO POSMAUOBAHUMU 30CEPEONCEHUMU CULAMU 3 BUKOPUCTIAHHIM
2I0pasniuHuUxX 00MKpamie i cunopo30itbuux mpaeepc. Ilposedeni excnepumeHmanvhi 00CAIOH#CeHH NOKA3AAU, WO
Ha OLnAHYI nepemuHy 6an0K 8i00y8acmvCs 3MiyHeH s DemoHy 8HACTIOOK 0808icH020 0omuckKy. Hecyua 30amuicmo
00CIOHUX 3PA3KI8 NIHIUHUX OAIOK NOPIBHAHO 3 IX HeCy4o 30amHICMI0 68 CKAAOl NepexpecHux OaioK € MEeHUIon
na 10,6—-12,5%. [Jegpopmayii 6emomny oocrionux 3paskis, samipani 0e3nocepeonbo Ha GepXHill epaHi Ha OiNsAHYi
nepemuny 6aioK, € MeHWUMY, HiJC HA CYCIOHIX OLNAHKax y cepednvomy Ha 19,8%, wo niomeepoicye eexm
smiynenns demony. Omoice, 0B0BICHUN CMUCK GNIUBAE HA OeOPpMAayiliHi Xapakmepucmuxku 0emowny i 1oeo
MIYHICND.

Knrouoei cnosa: 3anizobemonni danku, 06068iCHO CIMUCHEHUU OEMOH, eKCNePUMEHMATbHI 00CAIONCEHHS,
Hecyua 30amuicms, deghopmayi.
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