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Reducing the use of cement and reducing the weight of concrete in bending reinforced concrete elements is an important task
in modern construction. To solve this problem, various methods are being implemented, including the use of both removable
and non-removable void formers, and the combination of several materials (e.g., heavy in the compressed zone and light in the
tensile zone of concrete) for their mutually beneficial joint operation. The paper provides an overview of several experimental
and theoretical studies in these areas, which substantiate the possibility and feasibility of reducing the strength of concrete in
the tensile zone of bending reinforced concrete structures, and as a result, reducing the consumption of cement for the prepa-
ration of concrete mix for structures, without prestressing the latter. The use of two- and multi-layer elements reduces the dead
weight of structures, improves sound and thermal insulation properties, which leads to savings in materials, labor and financial
resources. The right choice of material for each layer allows for the creation of structures with high performance characteristics.

Keywords: test, experiment, reinforced concrete, bending, multilayer.
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3MeHIIIeHHs] BUKOPHCTAaHHS IEMEHTY Ta 3HWKCHHs Bard OSTOHY Yy 3THHAIBHUX 3a1i300€TOHHHX €JIEMEHTax € BXKIIMBHM 3a-
BIAHHSM y cy4acHoMY OyiBHULTBI. J{is floro BUpIIIEHHs BIPOBAKYIOTECS Pi3HI METO/HU, 30KpeMa BUKOPHCTAHHS SIK 3HIM-
HUX, TaK 1 HE3HIMHHUX ITyCTOTO YTBOPIOBAYiB, MOE€IHAHHSA IEKIIFKOX MaTepialliB sl B3AEMOBHTIIHOI iX cyMicHOT poboTu. Xoua
Yy HOPMaTUBHUX JIOKYMEHTaX 3a3Ha4eHo, MI0 OCTOH B PO3TATHYTIH 30HI HE MPAIIOE, TIONPH 11e, OETOH y PO3TATHYTIH 30H1 Tpa-
JUIIHHO IPHIMAIOTh TOTO 5K KJIACY MIITHOCTI, O ¥ Y CTHCHYTIH 30Hi eneMeHTa. OJJHaK CHCTEMaTH30BaHUH OTJIA JOCIiIKEHb
MOJKJIUBOCTI 3aMiHH PO3TATHYTOTO OETOHY y TaKMX KOHCTPYKIISAX Ha OiTbII AEMIeBUI MaTepiai, HapuKiag OETOH MEHIIOTO
KJIacy 10 MII[HOCTI YH i3 MOPUCTUMH 3aITOBHIOBAYaMH, He BUKOHaHHH. MeToI0 poOOTH € OIS/l eKCIIepUMEHTAIbHUX 1 Teope-
THUYHHX JOCIIJDKEHb, [0 OOTPYHTOBYIOTh MOXKJIMBICTh Ta JOLIBHICTh 3MEHIIEHHS MIIIHOCTI OETOHY B PO3TATHYTIi 30Hi 3T'H-
HaJIbHUX 3aJ11300€TOHHUX KOHCTPYKILiH, 1 K pe3yabTaT 3MEHIIICHHS BUTPAT [IEMEHTY Ha NPUTOTYyBaHHsI OCTOHHOI CyMilli JIs
KOHCTPYKIIiii, 6e3 monepeiHporo Hanpyx eHHs octanHix. ['myxoscbkuit B.JI. i [lTaxomoB B.A. Bnepuie HaykoBo 00IpyHTYBaIN
3aCTOCYBaHHS IITAKOTY>KHOTO IIEMEHTY 3aMiCTh MOPTIAHANEMEHTY JUIsl BUPOOHHIITBA PO3TATHYTOI YACTHHH 3aJi300€TOHHUX
KOHCTpYKiH. baiikoB B.M. ta Ciranos E.€. po3poOunn psi npuKiIafiB, B IKHX HaBEICHO KOHOMIYHE 00IPYHTYBaHHS 3aCTO-
cyBaHHs OETOHIB MEHIIIOTO KJIacy y po3TATHYTIH 30Hi. Jocniganku HamioHansHOTO yHiBepcUTETY «JIBBIBCHKA MOMITEXHIKAY
PytkoBcrka 1.3., PyTrkoBepkuii 3.M., Bosnrok JI.I.,, Mapymak A. mpoBenn eKcliepiMeHTalIbHiI JOCIIKEHHS TPUIIAPOBHUX Oa-
JIOK, BUTOTOBJICHHX Y ZIBOX CepisiX: y MepLuiii cepii cepeqHiii map ckiagaBcs 3 KepaM3uToOeTOHyY, y APYriil — i3 MiHOOETOHY.
Haykosui 3 B’etnamy T.Q.K. Lam, T.M.D. Do, V.T. Ngo, T.T.N. Nguyen, D.Q. Pham excniepumMeHTaIbHUM LIULSIXOM Ta Me-
TOJIOM YHCEIIbHOTO MOZENTIOBAHHS JOCITIAMIN 3MiHYy Kilacy OeTOHY y miapax TpuinapoBux cranediopoderonnux 6amok. Crin
BiJ3HAUMTH, 1110 OaraTolIapoBi 3TMHAHI 3aJ1i300€TOHHI KOHCTPYKIIT i3 OETOHOM MEHILIOro KJIacy yTBOPIOIOTHCS TAKOX y Mij
yac nmigcmneHas. Tak Masypak A., Koanuk 1. Ta iHIII HaBOAATH pe3yNbTaTH €KCIEPUMEHTATEHUX BUIIPOOYBaHb 3aJ1i300€TOH-
HHUX KOHCTPYKIIIH, MMiACHICHHX TOPKPETYBAHHIM.

Kiwouosi cioBa: BUNpoOyBaHHs, €KCIIEPHUMEHT, 3a)1i300€TOH, 3THHAHHS, 0araToMIapoBiCTh.
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Introduction

Reducing the use of cement and reducing the weight
of concrete in bending reinforced concrete elements is
an important task in modern construction [1]. Various
methods are being implemented to solve this problem,
including the use of both removable and non-remova-
ble void fillers made of cardboard-polyethylene, asbes-
tos cement or plastics with various cross-sectional
shapes: round, square, vertical, elliptical or oval [2].
Slag and fly ash concretes are also used, and optimising
the size and ratio of crushed stone to sand helps to
achieve this goal [3-4]. Another option is to replace
stretched concrete in such structures with a cheaper ma-
terial, such as concrete of a lower strength class or with
porous aggregates. Therefore, the review and systema-
tisation of the results of experimental studies of multi-
layer bent reinforced concrete structures is an urgent is-
sue.

Review of the research sources and publications

The growing volume of reconstruction and moderni-
sation of buildings requires efficient and cost-effective
structural solutions. The idea of multilayered structures
has a long history, but its development has been signif-
icantly accelerated by its use in aviation and aerospace,
where lightweight and durable materials are required
[5]. Today, multilayer reinforced concrete structures
are becoming increasingly common in construction.
The use of lightweight concrete with porous aggregates
helps to create energy-efficient solutions. The use of
two- and multi-layer elements with porous aggregates
can significantly improve sound and thermal insulation
characteristics, as well as reduce the dead weight of
structures, which leads to savings in materials, labour
and financial resources [6]. However, the right choice
of material for each layer allows for the creation of
structures with high performance characteristics.

In their research [7], scientists propose using ash,
ground slag, metallurgical waste, slag-alkali concrete,
chemical additives (potash, liquid glass, plasticisers),
aggregates and void fillers, as well as improving the
composition of concrete mixtures and their heat treat-
ment to reduce concrete and cement consumption.

Publication [8] describes a method for the production
of precast concrete slabs with oval cavities, which is
aimed at reducing the consumption of concrete and ce-
ment during their manufacture. However, this method
has not gained popularity in mass production due to the
destruction of the walls of the oval holes when the
punches are removed from the newly formed slab.

Baikov V.M. and Sigalov E.E. noted that with a nom-
inal span of 6 m, the most economical in terms of con-
crete consumption are slabs with oval cavities, the
thickness of the concrete layer of which is 92 mm, com-
pared to 120 mm for slabs with round cavities. At the
same time, the production of such panels is accompa-
nied by technological difficulties: after the removal of
the void formers, the walls of the channels in newly
formed products sometimes collapse. For this reason,
boards with round cavities are standardised for produc-
tion. Further development of technologies allows us to
move to more economical designs.

Glukhovsky V.D. and Pakhomov V.A. were the first
to scientifically substantiate the use of slag cement in-
stead of Portland cement for the production of concrete
and reinforced concrete structures.

Current regulations [5] define cement consumption
rates for the manufacture of concrete and reinforced
concrete products. The regulated amount of cement per
1 m* of concrete must ensure the design properties, such
as compressive strength class, density grade, frost re-
sistance and water resistance.

An interesting method of reducing concrete consump-
tion in the production of floor slabs is the use of non-
removable plastic void formers of various shapes
(washer, spherical, box) [2; 9], as well as stone materi-
als. This method can reduce concrete consumption by
up to 30 % compared to solid slabs.

Definition of unsolved aspects of the problem

Thus, the creation of resource-saving reinforced con-
crete structures involves the search for new types of
them from one material or in combination of several
materials for their joint mutually beneficial operation,
reduction of their cost while ensuring the same bearing
capacity, increase of manufacturing manufacturability,
etc. It should be noted that in calculations of the total
bearing capacity of a structure, stretched concrete is not
taken into account, but only increases its weight and,
consequently, the cost of manufacturing. However, a
systematic review of studies on the possibility of re-
placing stretched concrete in such structures with a
cheaper material, such as concrete of a lower strength
class or with porous aggregates, has not been carried
out. Also, the impact of physical and mechanical char-
acteristics of the layers, their thickness and the method
of reinforcement on the strength and deformation prop-
erties of such structures remains insufficiently investi-
gated. The design of such structures is difficult due to
the imperfection of theoretical calculations for the limit
states.

Problem statement

The purpose of the paper is to review experimental
and theoretical studies that substantiate the possibility
and feasibility of reducing the strength of concrete in
the tensile zone of bending reinforced concrete struc-
tures, and as a result, reducing the consumption of ce-
ment for the preparation of concrete mix for structures
without prestressing the latter.

Basic material and results

Baikov V.M. and Sigalov E.E. note that in sections
perpendicular to the longitudinal axis of elements (un-
der bending, off-centre compression or tension), at a
stage close to destructive loads, the same stress-strain
state is characteristic under conditions of a two-digit
stress diagram. In calculating the strength of elements,
the forces perceived by a section perpendicular to the
longitudinal axis of the element are determined by the
calculated material resistances, taking into account the
coefficients of working conditions [10].

The following assumptions are used: concrete in the
tensile zone is inactive, i.e., its resistance fex is zero;
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concrete in the compressed zone has a rectangular
stress diagram with a design resistance fe; longitudinal
reinforcement operates within the design stresses oy <
Jfra, and in the compressed zone, reinforcement is sub-
jected to stresses fek.

Nevertheless, concrete in the tensile zone is tradition-
ally assumed to be of the same strength class as in the
compressed zone of the element. The authors also note
that the load-carrying capacity of the element is ensured
by various combinations of cross-sectional dimensions
and the number of reinforcement bars. The cost of rein-
forced concrete elements is close to the optimum under
the conditions:

1=1-2% at x/h¢=0.3-0.4 for beams;

#=0.3-0.6% at x/hy=0.1-0.15 for slabs.

To reduce cement consumption, it is proposed in [11]
to use concrete of reduced strength in the lower (tensile)
zone of the element.

Examples of calculations of the economic efficiency
of using concrete of a lower strength class in the tensile
zone of beams according to [11].

Example I: Precast concrete beam without prestress-
ing, dimensions 6(L)x0.5(h)x0.2(b) m. The concrete
used was C16/20 class with cement grade 400, the ce-
ment consumption per beam was 340 kg/m?* with a yield
strength of 80%. The volume of concrete in the beam
was Vy=6%0.5%0.2=0.6 m?, and the cement consump-
tion was 0.6x340=204 kg. After replacing the concrete
in the tensile zone with C8/10 concrete, the cement con-
sumption is reduced to 0.446 m*x235=104.9 kg. In the
compressed zone, the cement consumption is 0.6 -
0.446 m? x 340 = 53.76 kg. The total cement consump-
tion after the changes is 158.66 kg, which is 22.23%
less.

Example 2: A monolithic reinforced concrete slab
with a thickness of 24 cm. Concrete volume per 1 m?:
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0.24 m3. Initial cement consumption: 370 kg/m? x 0.24
= 88.8 kg. After replacing the concrete in the tensile
zone with C8/10 class, the cement consumption is re-
duced to 49 + 11.66 = 60.66 kg, which is 31.7% less.

Example 3: Precast concrete slab with dimensions of
630%150%22 cm with voids. Initial cement consump-
tion for C20/25 concrete: 547.83 kg. After replacing the
concrete in the tensile zone with C8/10 class, the ce-
ment consumption decreased by 33.5%.

It should be noted that multilayer bent reinforced con-
crete structures with concrete of a lower class are also
formed during reinforcement. Thus, A. Mazurak, 1. Ko-
valyk, V. Mykhaylechko, P. Ambrozyak [12] describe
the methodology for experimental studies of reinforced
concrete elements reinforced with shotcrete at different
levels of loading. The aim of the study is to evaluate the
bearing capacity, deformability, and crack resistance of
reinforced concrete elements reinforced by different
methods, taking into account the technological features
of reinforcement. Additionally, a methodology for ex-
perimental testing of reinforced concrete beams has
been developed, taking into account the residual
stresses before their reinforcement. The design and cal-
culation of the experimental beams were based on the
analysis of literature sources, current standards, and
previous experience in conducting similar studies. To
test the methodology, three series of reinforced con-
crete beams with dimensions of 2300 x 200 x 80 mm
and a working span of 2100 mm were manufactured.
The beams were reinforced using different technologi-
cal schemes depending on the series (see Fig. 1): on one
side, on both sides and with a U-shaped cage from be-
low and on both sides simultaneously.
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Figure 1 — Amplification schemes of prototypes: a) series 1; b) series 2; c) series 3

To determine the main characteristics, such as bear-
ing capacity, deformability and crack resistance, as
well as to assess the effect of the load level on the
stress-strain state of the reinforced specimens, bending
tests were carried out under short-term concentrated
load. The prestressing load levels for the beams rein-
forced by the shotcrete method were 0, 0.32, 0.45, and
0.63 of the destructive load under conditions of rein-
forcement yield.

The loading process was carried out in two stages:

1. Before strengthening - the specimens were loaded
on a bench in one-third of the section span using

weights, springs and a threaded device. Load control
was carried out using pre-calibrated springs, threaded
tighteners and a lever wrench with a dynamometer. The
load was increased gradually (AF < 0.05 Fiax) with a
holding time of 25 min at each step.

2. After strengthening, the beams were tested on a
test bench using a hydraulic jack (250 kN) and a distri-
bution beam. The forces were monitored using dyna-
mometers located on the beam supports. The loading
was also carried out gradually: before the appearance
of cracks with an increase of AF < 0.05 Fnax, and after
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their appearance - by AF < 0.1 Fpax, with a holding time
of 20 min.

To record the deformations, we used:

- clock-type indicators (accuracy 0.01 mm) for measur-
ing deflections of beams;

- micro-indicators (accuracy 0.001 mm) to determine
the deformations of concrete and reinforcement;

- electric strain gauges (50 mm base) to measure
stresses in the zone of maximum bending moment;

- MPB-2 microscope for recording the moment of crack
formation and determining their width.

To improve visual control over the development of
cracks, the surface of the beams was painted with wa-
ter-based paint or putty. The test results were recorded
in the relevant journals.

The authors A. Mazurak, 1. Kovalyk, P. Ambrozyak,
V. Mykhaylechko, [13] proposed methodology made it
possible to evaluate the bearing capacity, crack re-
sistance and deformability of reinforced concrete
beams reinforced by shotcrete, i.e. two-layer reinforced
concrete beams, taking into account the residual
stresses before the moment of reinforcement.

Researchers of Lviv Polytechnic National University
I.Z. Rutkovska, Z.M. Rutkovskyi, L.I. Vozniuk, A.
Marushchak [14] conducted experimental studies of
three-layer structures. A methodology for studying
three-layer reinforced concrete beams manufactured in
two series was proposed. In the first series, the middle
layer consisted of expanded clay concrete, and in the
second - of foam concrete. Control cubes and prisms
were tested to assess the properties of the materials. The
beams were mounted on two supports, one movable
and one fixed, and the load was applied by two concen-
trated forces located on the upper face in one-third of
the span. The loading process was carried out in gradual
stages. To prevent deformations in the areas of concen-
trated load and supports, distributing steel plates were
used on a layer of cement-sand mortar. During the ex-
periment, the moment of crack formation and develop-
ment were monitored.

The purpose of this experimental study was to im-
prove the methodology for assessing the stress-strain
state of three-layer reinforced concrete structures. For
this purpose, two series of three-layer reinforced con-
crete beams (four in each), as well as 12 concrete
prisms and 12 control cubes were manufactured (see
Fig. 2). The test specimens had dimensions of 1200 x
90 x 120 mm. All beams were reinforced with longitu-
dinal reinforcement of A400C class and transverse re-
inforcement of Bp1200 class, with a transverse rein-
forcement spacing of 50 mm. The middle layer of the
first series consisted of expanded clay concrete, the sec-
ond of foam concrete, while the outer layers were made
of heavy concrete. The thickness of the inner layer was
40 mm, the upper layer was 30 mm, and the lower layer
was 50 mm.

The spatial frame of the reinforcement was made by
resistance welding. The concrete mix was made of
M500 cement, quartz sand and granite crushed stone.
The prismatic strength and initial elastic modulus were
determined using a 2PG-100 press, with measurements

made on specimens of different sizes. Concrete defor-
mations were recorded with micro-indicators with an
accuracy of 0.001 mm. The control tests confirmed that
the average prismatic strength of expanded clay con-
crete was 4.88 MPa, foam concrete - 5.03 MPa, and
heavy concrete - 15.28 MPa.

The beams were concreted in batches at the factory
and underwent a standard manufacturing cycle, includ-
ing moulding, compaction and heat treatment. After be-
ing transported to the laboratory, they were stored at a
temperature of 8-10 °C until the test. The beams were
loaded in gradual stages, with control measurements
made at each stage of loading. To ensure the accuracy
of deflection measurements, used clock-type indicators
with a division price of 0.01 mm and for deformations
used electric strain gauges.

The results of the experiments showed the effective-
ness of the improved methodology for the study of
three-layer reinforced concrete beams. The data ob-
tained allow us to better understand the stress distribu-
tion, the process of crack formation and development,
as well as the behaviour of structures under load. The
research results open up new prospects for the further
development of multilayer reinforced concrete struc-
tures in construction.

a) 0) B)

Figure 2 — Fracture pattern of prism samples:
a) heavy concrete; b) foam concrete;
¢) expanded clay concrete

Other researchers - A.V. Mazurak, V.M. Kalitovsky,
M.Y. Yukhym, T.A. Mazurak [15] - conducted experi-
mental studies of reinforced concrete beams made and
reinforced with shotcrete (see Fig. 3). The main objec-
tive of this study is to develop a methodology for as-
sessing the parameters, deformation characteristics,
crack resistance and bonding strength of new and old
concrete when reinforcing bending reinforced concrete
structures with shotcrete. The design and calculation of
the experimental beams were performed in accordance
with the current regulatory requirements for standard
reinforced concrete elements.

The basic shotcrete mixture tested on the test speci-
mens was prepared by dry mixing and had the follow-
ing composition by weight: sand - 22%, screenings -
9%, crushed stone of 2-5 mm fraction - 20%, crushed
stone of 5-10 mm fraction - 25%, cement - 24%. To
improve the characteristics, a plasticising admixture si-
lol latex was added in the amount of 0.15% by weight
of cement.
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Figure 3 — Scheme of construction of experimental
beams: a) beams B-1-1-1, B-1-1-2, B-1-2-1, B-1-2-2, B-1-
2-1t, B-1-2-2t; b) reinforced beams with shotcrete B-1-1-

1pt, B-1-1-2pt

The compressive and tensile strengths of the concrete
specimens during bending were determined in accord-
ance with the standard. The tests were carried out on
40%x40%160 mm specimens and 600600 mm shotcrete
slabs. The experimental beams were manufactured in
the laboratory of Lviv Regional Scientific and Tech-
nical Centre of ‘DerzhdorNDI’, and the materials were
tested in the laboratories of ‘DerzhdorNDI’, Karpenko
Physical Engineering Institute of the National Acad-
emy of Sciences of Ukraine and Lviv National Agricul-
tural University.

The research series included eight experimental
beams with dimensions of 1650x150x75(150) mm.
Four of them (B-1-1-1, B-1-1-2, B-1-2-1, B-1-2-2)
were manufactured in the traditional way, and two (B-
1-1-1pt, B-1-1-2pt) were reinforced with shotcrete.
Two more beams (B-1-2-1t, B-1-2-2t) were manufac-
tured using shotcrete technology with subsequent cut-
ting into separate elements.

To determine the parameters of strength, deformation
capacity and crack resistance, the beams were tested in
bending by applying two concentrated loads to the up-
per edge in one-third of the span. The tests were per-
formed on the 220th day after concreting. The working
span was 1500 mm, and the loads were applied in stages
with a 15-minute dwell time at each stage to stabilise
the deformations.

The force was applied using a 250 kN hydraulic jack
and a distribution beam. The load was monitored using

o0 1000

a reference dynamometer and two ring dynamometers
located on the beam supports.

Deflections were recorded using three 0.01 mm pre-
cision clock-type indicators mounted on a special metal
frame. Concrete deformations were determined by mi-
cro-indicators with a division price of 0.001 mm,
mounted on the side faces of the beams. Reinforcement
deformations were monitored using micro-indicators
mounted on special holders attached to the reinforcing
bars by resistance welding.

Crack formation was recorded using an MPB-2 mi-
croscope. The determination of the moment of crack
formation was supplemented by the readings of strain
gauges that recorded sudden changes in deformation.

Conclusions according to [16]. The developed meth-
odology makes it possible to evaluate the strength char-
acteristics of concrete, shotcrete, and reinforced con-
crete beams reinforced by the shotcrete method. It
helped to determine the main parameters of strength,
crack resistance and deformability of structures in the
zones of maximum bending moment. However, further
research and improvement of methods for analysing
their stress-strain state are needed to gain a deeper un-
derstanding of the performance of multilayer struc-
tures.

Scientists from Vietnam (Faculty of Civil Engineer-
ing, Western Construction University (MTU) T.Q.K.
Lam, T.M.D. Do, V.T. Ngo, T.T.N. Nguyen, D.Q.
Pham [17] in a scientific article in an international sci-
entific journal investigated the change in concrete class
in the layers of three-layer steel fibre-reinforced con-
crete beams (see Fig. 4). Beams with a cross-section of
150%300 mm, a total span length of 2200 mm and a
working length of 2000 mm were studied, where the
middle layer consisted of ordinary concrete. All beam
specimens were tested under two-point loads. The
study modelled three-layer concrete beams with differ-
ent concrete layers, with and without steel fibres, taking
into account the nonlinearity of the material.

However, this study focuses only on the change in
concrete class in the layers, but does not take into ac-
count parameters such as the number of reinforcing
bars, reinforcement diameter, steel fibre content in con-
crete, changes in layer thickness, etc.
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Figure 4 — Structural solution for a three-layer concrete beam model
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The results of the study characterise the stress-strain
state, crack formation and development, load-compres-
sion stress diagrams, load-tensile stress diagrams, and
load-vertical displacement in three-layer beams with a
change in concrete class. Also, the scheme of crack for-
mation and development in three-layer concrete beams
was determined, the load at which cracking begins and
the load at which the beams collapse were determined.
The relationships between the load, compressive stress,
tensile stress, and vertical displacement in the middle
of the three-layer beams were established. The study
showed that these three-layer concrete beams crack ear-
lier in cases 2 and 3, but the failure of the beams in case

3 occurs at 67 kN, which is the lowest value, and in case
6 - at 116 kN, which is the highest value.

Paper [18] also presents the results of numerical mod-
elling in the ANSYS software package, which includes
the analysis of the stress-strain state and crack for-
mation of steel fibre-reinforced concrete layers of
three-layer reinforced concrete beams. The advantage
of the research is the use of a real concrete work dia-
gram in the numerical modelling of structures (see Fig.
5). Figure 6 shows a diagram of crack formation be-
tween the finite elements of stretched concrete.
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Figure S — Typical uniaxial compression and tension diagram for concrete
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Figure 6 — Model of crack formation in concrete

Finite element model of a reinforced concrete beam
with steel fiber reinforcement in ANSYS show in
Fig. 9. Element types used in this model. Concrete:
concrete modeling element: the SOLID65 element is a
specialized material simulation for concrete. It can
model concrete reinforcement, including cracking and
compression effects, and allows the definition of non-
linear material properties. This is a 3D element with 8
nodes (see Fig. 7, a). In SOLID65, the content of steel
fibers can be specified as a constant percentage of con-
crete reinforcement. Steel reinforcement: Steel bar ele-
ment: the BEAM188 element is used for modeling
beam reinforcement. It is based on Timoshenko beam
theory and consists of 2 nodes, each having 6 degrees
of freedom (Fig. 7, b and 8).

The analysis of multilayer steel fibre-reinforced con-
crete beams using experimental and numerical methods
(see Figs. 9) shows the need for further study of other
parameters that affect the performance of three-layer
beams. Based on the results of the study [21-22], the
following conclusions were drawn: the analysis of
changes in the concrete grade in the layers shows that

the value of the compressive stress is the lowest in case
1. Cases 3 and 6 have higher tensile stress values than
the other cases considered. The change in vertical de-
flection in the centre of the span between the cases is
very small. Bearing capacity of the beam: the earliest
damage is observed in case 3, while the latest damage
is observed in case 6. In cases 5 and 6, the effect of steel
fibres on the change in concrete grade in the layers of
three-layer concrete beams is very significant; the use
of steel fibres in the layers of three-layer concrete
beams is necessary. In cases 1 and 3, the effect of the
presence or absence of steel fibres is minimal.

In the scientific article ‘Experimental study of pre-
stressed two-layer reinforced concrete beams’, the au-
thors: Yakov Iskhakov, Yuri Rybakov, Klaus
Holschechmacher, Stefan Keseberg [23] discussed the
issue of researching a series of experiments on the study
of double-layer beams (DLB). As part of this series, the
concept of the DBG was developed, high-strength con-
crete with metal fibres (HSCF) was tested as a material,
and simple braced and double-span beams were tested.
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Figure 7 — Types of beam elements: a) Solid65 element, b) beam188 element
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Figure 9 — Three-layer model of concrete beam in ANSYS: a) model of a three-layer concrete beam, b) modelling of
steel bars in concrete beams.

In the scientific article ‘Experimental study of pre-
stressed two-layer reinforced concrete beams’, the au-
thors: Yakov Iskhakov, Yuri Rybakov, Klaus
Holschechmacher, Stefan Keseberg [23] discussed the
issue of researching a series of experiments on the study
of double-layer beams (DLB). As part of this series, the
concept of the DBG was developed, high-strength con-
crete with metal fibres (HSCF) was tested as a material,
and simple braced and double-span beams were tested.
The current study focuses on the testing of full-scale
prestressed simple braced beams (SSBs). The aim of
the study is to investigate the bending behaviour of the
PPSSB under a four-point loading scheme and compare
it with non-prestressed beams (see Figure 10).

As in the previous stages of the study, the interaction
of concrete layers in the HFRPB was studied to confirm
the effectiveness of such beams in real long-span rein-
forced concrete structures.
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Figure 10 — Dimensions and loading pattern of the inves-
tigated double-layer reinforced concrete beams (DLRB)
No delamination between the HSMF and conven-
tional concrete (CC) layers was observed up to the ulti-
mate state, indicating a reliable interaction between the
layers. The obtained results allow us to recommend the
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HSCEF for further research of full-scale reinforced con-
crete elements with larger spans (9-12 m) and their
practical application as efficient and economical bend-
ing elements.

Conclusions from [15]: continuing the previous re-
search on non-prestressed DLRBs, this work is devoted
to the study of prestressed DLRBs (PPDLRBs). The
study is aimed at testing simple support beams with an
optimum steel fibre content under a four-point loading
scheme from the initial stage to failure, and comparing
the results with those of previous studies of non-pre-
stressed beams. The interaction of the concrete layers
in the prestressed concrete beams was studied to con-
firm the effectiveness of such beams in real structures.

The following aspects were considered for the studied
PCSBs: crack initiation and development, vertical de-
flections, transverse deformations, vertical and hori-
zontal shear deformations between layers, and the be-
haviour of prestressed ropes.

The appearance of bending cracks in the WB layer
was observed at 75 kN, which is approximately twice
the value for the unstressed SSBs. At subsequent load-
ing stages, the cracks developed to the interface be-
tween the layers, but no cracks were observed in the
HFBF layer. The bearing capacity of the prestressed
beams is approximately 20% higher than that of the
DSBs. Similar to the DSBs, the PPDSSBs showed good
interaction between the HFBF and reinforced concrete
layers. The maximum transverse strains in the HSMF
layer of the PPDSS were twice as high as those in the
DSB, which demonstrates the possibility of nonlinear
deformation in concrete. This is especially important
for DSBs with a compressed layer of high-strength con-
crete.

The maximum vertical shear strains in the linear
range of the PPDSS and DSB are similar, but the ulti-
mate shear strains in the PPDSS are about 70% higher
and the bearing capacity is 20% higher compared to the
DSB.

At the stages with insignificant cracking, the horizon-
tal shear strains between the layers in the PPDSC are
insignificant, which confirms the perfect interaction be-
tween the layers of the HMF and the concrete. The
maximum horizontal shear strains between the layers in
the PPDSC are approximately twice as high as in the
DSB, which corresponds to the increase in transverse
strains in the compressed layer of the PPDSC.

In all the studied PPDSCs, no cracks between the
HFBF and WB layers were observed up to the limit
state, which indicates proper interaction of the layers.
The obtained results allow us to recommend the PPBF
for further research of full-scale elements with a larger
span (9-12 m) and their practical application as efficient
and economical continuous bending elements.

The above-mentioned authors [11] also considered
the issue and covered it in an article in an international
scientific journal: Methodology and Experimental In-
vestigation of Linear Creep in Double-Layer Rein-
forced Concrete Beams.

This article presents the first stage of the experimental
study of creep in double-layer reinforced concrete
beams. The main focus is on the methodology of testing
beams under long-term loading in order to investigate
the real effect of linear creep. The beams under study
consisted of ordinary strength concrete (OSC) in the
tensile zone and high strength steel fibre concrete
(HSCF) in the compressed zone.

The specimens were subjected to bending under a
four-point loading scheme at loads of 70% and 85% of
their bearing capacity. The load was applied using spe-
cial reinforcing devices. The experiment at this stage
lasted 90 days. Deflections were measured in the mid-
dle of the span of each specimen. During the first 24
hours after the load was applied, deflections were rec-
orded every 10 seconds, and then every hour.

During the tests, no cracks were observed near the
supports or between the layers of BZM and SFRP.
Cracks appeared only within the clean bending zone.
Load-deflection curves were obtained and analysed.
The maximum deflection in the middle of the span in
the studied beams was less than 1/250 of the beam span
length, which indicates the safety of the structure and
the beam being in an elastic state with linear creep. The
results obtained are the basis for the second stage of the
experimental study, which will focus on the effect of
nonlinear creep in such beams.

Thus, the paper presents the results of an experi-
mental study of linear creep in two-layer reinforced
concrete beams. A methodology for testing creep of re-
inforced concrete beams was developed. Special ampli-
fying devices with lever systems were used to apply a
long-term load to the test specimens. The experimental
results showed that the previously proposed algorithm
can be used to evaluate the effect of linear creep in two-
layer reinforced concrete beams. The maximum deflec-
tion in the middle of the span of the tested beams was
less than 1/250 of the span length, which indicates the
safety of the structure and the beams being in an elastic
state under the action of linear creep. The results ob-
tained are the basis for the next stage of the experi-
mental study, which will be devoted to the study of the
effect of nonlinear creep in such beams.

Conclusions

Thus, reducing the use of cement and reducing the
weight of concrete in bending reinforced concrete ele-
ments is an important task in modern construction. To
solve this problem, various methods are being imple-
mented, including the use of both removable and non-
removable void formers, and the combination of sev-
eral materials (e.g., heavy in the compressed zone and
light in the tensile zone of concrete) for their mutually
beneficial joint operation. The paper provides an over-
view of several experimental and theoretical studies in
these areas, which substantiate the possibility and fea-
sibility of reducing the strength of concrete in the ten-
sile zone of bending reinforced concrete structures, and
as a result, reducing the consumption of cement for the
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preparation of concrete mix for structures, without pre-
stressing the latter. The use of two- and multi-layer el-
ements with porous aggregates can significantly im-
prove sound and thermal insulation characteristics, as
well as reduce the dead weight of structures, which

leads to savings in materials, labour and financial re-
sources. The right choice of material for each layer al-
lows us to create structures with high performance
characteristics.
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