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Pospaxynox cmanebemonnux 6anox nposooumvcs 3
sHcopcmrum 3’cOHannam bemony 3i cmanesoro cmyeoro. Ile
MONCUBO 30TUCHUMU, AKULO BCMAHOBUMU HCOPCMKL YNOPU,
AKI nepemKooHcaomo IMIUEHHIO CMY2U 610HOCHO Demony.
Sycunns, ditoue Ha ynop, KivKicnmv HCOPCMKUX Yynopie ma
KPOK BUSHAUAIOMBCA wepe3 KYmu nosopomy Mixc 080ma
cymiscHumu ynopamu. /{nsa eusnHavenns 3ycuiv, 0iH0UuUx Ha
HCOPCMKT Yynopu, ma Kpoxy HeodXiOHo CROUaAmKyY SUHAMU-
mu Kym noeopomy Mixc 060Ma CYMiNCHUMU Nepepizamu 6
Mmesxcax oanxu. Kymu nosopomy nepepisie susnavaromocs
epado-ananimuunum memoodom. Pospaxynox no degop-
Mayiam 3a1i300emoHHUX Ma CManiedemoHHUx 0aL0K 6UKO-
HYEMbCA 34 NPUBCOCHUMU HCOPCMKOCMAMU NONEPEUHUX
nepepi3sia.

IIpu eubopy xpoxy sxcopcmrux ynopie ma ix xinvkocmi
Heo0Xi0HO npaznymu onmumizyeamu KOHCMPYKUil0o cma-
nebemonnux 6anox. Onmumizauis nonseae 6 momy, woo
MAKCUMATILHI HANPYNCEHH 8 CMAJle6ill cMy3i 00pieHIO6A-
AU i ZpaHUMHOMY 3HAMEHHIO, a 3YCUNIs, 0i0ue 8 Ynopax,
ma Kpox ynopise oyau oonaxosumu. /s mozo, w06 3ycui-
J151 8 KONHCHOMY Ynopi Oyiu 00HaKosuMuU, Heo0Xi0H0 HYI1bO-
8Y OinanKy podumu menwy 3a inwi.

B x00i docnidxcenv 6ye pospodoaenuii anrzopumm niod6o-
PY KinvKocmi, KpoKY HCOPCMKUX YNOPi6 ma 3YCuio 6 HUX.
ITiooip nposedeno no 3asdanum xapaxmepucmuxam 6UKo-
pucmanux mamepianie, 0i101020 306HIWHBLO20 HABAHMA-
JHCeHHsL, 00BHCUHI DanKu, 36ICHUM PO3IMIpAM nonepetHux
nepepizie 6emony ma cmanesoi cmyeu. Ilpu yvomy 3ycun-
Js1 8 YCix ynopax o0HAK06i, KPOK ynopis, OKpiMm HYb060i
OinanKu, NOCMilnUll, MaKcumaivie 3YCUiisi 6 cmaesii
CMY3i, BUHUKAIOME 8 CepeduHi NPobOmy, He Nepesuuye
2PAHUMNHO020 3HAYUEHHS, OMPUMAHO20 3A PO3IPAXYHKOM.
Haegedenuii anzopumm 0036051€ npoeooumu po3paxyHox
HCOPCMKUX YNOPI6 Npu 3a60AHOMY 3HAMEHHI 3YCUTL, WO
0i10mb Ha HUX NPU ICHYIOMOMY HABAHMAICEHHT

Kmouosi caosa: cmanebemonna 6Ganka, Hcopcmyuil
Ynop,Kpox ynopis, 3ycuiis 6 ynopi, cmauesa cmyaa, npu-
sedena rcopcmricmn, epado-anaimunnuii mMemoo
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1. Introduction

Structures with external reinforcement represent a di-
rection that actively evolves. Steel-concrete structures in
general, specifically steel-concrete beams, are increasingly
popular as both the elements of new construction and for
the renovation of existing buildings and facilities for various
purposes.

Numerous studies [1, 2], carried out in this field, are
aimed at improving the strength of concrete as concrete is
the most widely used material in construction. The studies
addressed two aspects: design and technology. Technolog-
ical aspect implies changing the composition of the mix-
ture. Design aspect deals with the rational combination of
concrete and reinforcement or the application of a certain
type of reinforcement itself. Such a combination is rational
for steel-concrete structures because it makes it possible to
improve the strength properties of concrete, which enhances
the bearing capacity of an entire structure.

Application of steel-concrete structures makes it pos-
sible to effectively use a material of the structure, both
during construction and during operation. In addition, the
use of steel-concrete structures is a progressive solution for
strengthening both the elements and structures in general
for a wide variety of buildings and facilities in industrial and
civil construction.

Despite all the advantages of steel-concrete structures,
there are certain difficulties associated with both the fab-
rication and design solutions. For steel-concrete beams,
specifically, it is a relevant task to combine concrete and a
steel sheet. In most cases, this purpose is achieved by ap-
plying rigid stops or flexible anchors. However, a problem
on calculating efforts in rigid stops has not been thoroughly
investigated.

Regulatory documents, for example, DBN B2.6-160:2010
[3], consider a variety of types of steel-concrete beams and
give recommendations to calculate them. Paragraph 9.2.1.4.1.a
of this document notes that there is complete correlation




between structural steel, reinforcement, and concrete. Us-
ing rigid stops ensures a connection between concrete and
a steel strip, which, in turn, would lead to the joint work
of concrete and steel. It is also noted in paragraph 6.1.1
from Eurocode 4 [4] that the combination is complete if an
increase in the number of connecting elements does not in-
crease the estimated bearing capacity of an element in terms
of bending moment.

Paragraph 9.5 from DBN 2.6-160:2010 [3] gives rec-
ommendations for designing and calculating the number of
shear connections. Specifically, it is noted that shear connec-
tions should be installed to transfer the longitudinal shear
efforts between concrete and a steel profile. The Ukrainian
standard DSTU B 2.6-216:2016 [5] outlines basic provisions
on the calculation of connecting elements for steel-concrete
structures. Paragraph 4.3.1 gives a limit on the size of anchor
stops. Such stops must be not less in height than 4 diameters
of the stop itself, its diameter is not less than 16 mm and
not larger than 25 mm. Paragraph 6.6.1.2 [4] gives the same
recommendations. Consequently, the number of such stops
should be minimized to save material and reduce labor costs
associated with fastening the stops to a steel sheet. Para-
graph 4.4.1 [5] states that connecting elements should be
placed along the length of a beam to transmit a longitudinal
shear and prevent the exfoliation of concrete from a steel
sheet. In this regard, it is desirable to solve this task with
a minimal number of stops. Paragraph 4.4.5 [5] notes that
the required number of connecting elements can be distrib-
uted between a point of the maximum positive moment and
an adjacent support, or a point of the maximum negative
moment in line with the law of distribution of efforts of the
longitudinal shear. Therefore, it is desirable, when taking
into consideration the distribution of shear efforts, to place
stops maximally efficiently.

Given the above, the need to undertake a research, pro-
posed by authors, is to optimize the design of a steel-concrete
beam by reducing the number of rigid stops. Such a reduc-
tion, although not providing for significant savings in a ma-
terial, would reduce the amount of work on the manufacture
of beams. In addition, the manufacturing process implies the
connection of rigid stops with a steel strip. One of the con-
necting techniques is welding. A steel strip has small thick-
ness that can lead to its deformation in the welding process.
Decreasing the number of stops would bring down defects.

Paragraph 6.6.5.5 [4] gives recommendations related to
the pitch of connecting elements. These recommendations,
although imposing certain restrictions, still make it possible
to vary the step and, therefore, the number of rigid stops.
As mentioned above, reducing the number of stops would
bring down labor costs. In addition, changing the pitch
and number of stops would make it possible to control the
magnitude of effort in a steel strip, thereby ensuring that the
effort is equal to the limiting value. All this would enable a
more rational use of a structure’s material. Thus, the results
of research could be of practical significance. Therefore, the
optimization of steel-concrete beams is a relevant task.

2. Literature review and problem statement

Paper [1] considered steel-concrete beams made from
composite concrete with added rubber. As shown in the
work, such a solution makes it possible to improve the con-
nection between steel and concrete, as well as the plastic

properties of anchors. However, the proposed solution aims
at improving the material used, rather than optimizing the
design. Study [2] examined beams made from concrete with
the addition of metal fibers. Fiber-concrete is gaining pop-
ularity for different structures. However, the optimization
of steel-concrete beams, as is the case in a previous work, is
achieved by using a more progressive material.

In work [6], beams are used as elements of complex struc-
tures for buildings in areas with high seismic activity. Em-
phasis of this research is on computer simulation of design
diagrams for such structures. The proposed material, among
other things, shows that the structures under consideration
can be used under difficult operating conditions.

Article [7] reported a numerical study into steel-con-
crete beams. Such a study aimed at examining the impact
of removing a bottom slab, the influence of change in the
height of a steel beam and the thickness of a concrete slab.
This approach, although it is associated with improvements
in design, is not associated with an optimal arrangement
of anchors. At the same time, anchor stops are used in the
structure. Paper [8] presented analytical solutions based
on general differential equations and finite element formu-
lations for a beam analysis, specifically studying the inter-
action between concrete and steel by using flexible shear
connections. The issue of the number of such connections
and the techniques for their placement was not considered.

It should also be noted that the issues on calculating an
increase in the strength of concrete under the multi-axes
stressed state were left unresolved or not adequately solved.
Studies by different scientists contain significant differences
in the numerical values for the results obtained [9—15]. The
reason for this is that the percentage of an increase in the
bearing capacity of a steel-concrete structure, as a result
of the transformation of the uniaxial stressed state into the
multi-axes one, depends on many factors. These factors in-
clude both physical and mechanical properties of concrete,
the ways to transfer an external load, the ratio of magnitudes
of principal stresses, design features, etc.

There are variants to overcome the related difficulties
in a variety of ways. Such techniques include experimental
studies, both numerical and field, computer simulation or
new design solutions.

Paper [9] reported such a research. It is shown that the
anchor could act as a strengthening element in a steel-con-
crete beam. Techniques for the rational placement of an-
chors were not considered. In article [10], an experimental
study aimed at studying the peculiarities of the stressed-
strained state of pre-stressed steel-reinforced-concrete
bending elements under the action of a short-term static
load, taking into consideration the physical nonlinearity of
concrete and steel.

Work [11] represented a computer model of the contin-
uous beam. The authors explore a change in the bearing
capacity of beams depending on the percentage of their rein-
forcement. The issues on steel and concrete connection were
not addressed in this paper.

Study [12] addressed control over the position of the
neutral axis of steel-concrete structures by resizing the
cross-sections of constituent elements of beams. Such a study
makes it possible to optimize the design of the beam itself;
however, the issues related to a combination between steel
and concrete were not considered.

The problem remains relevant for all steel-concrete
structures in general. For steel-concrete beams specifically,



an important task refers to the connection between a steel
sheet and concrete. Such a connection should ensure that
steel and concrete work jointly under load. Paper [13] pro-
posed joining a steel sheet with concrete by gluing. There
are works, for instance [14], which explored a possibility
of applying acrylic adhesives for joining a steel sheet with
concrete. Although this technique has its own advantages,
it cannot be considered universal. Work of these structures
has not been thoroughly examined up to now. In addition,
a glued connection has its own peculiarities, which must
be taken into consideration during calculation and design
of steel-concrete structures. Thus, paper [13] notes that
the deflection curves charts that depend on stress show a
sharp increase in deformativeness after the detachment of
steel from concrete. Thus, we can say that the use of glue to
connect steel and concrete, although it has a right to exist,
cannot replace all other techniques yet.

At present, most such cases involve rigid stops or flexible
anchors. Such a connection technique is considered in works
by scholars from known scientific schools in Ukraine [15, 16]
and others. However, these works emphasize other tasks
related to steel-concrete beams. These include the search
for new constructive solutions, the application of new types
of anchors and connection techniques between steel and
concrete, etc.

Paper [15] proposed a new type of steel-reinforced-con-
crete beams. The structure of such a beam represents a
reinforced concrete shelf with a steel frame and a steel tee
element. The study addressed the use of different types of
connection between concrete and a steel tee element.

Article [16] reports an experimental study into five se-
ries of steel-concrete beams. The series differed by differ-
ent ratios between the sheet and rod reinforcement. The
task of this study, among other things, was to establish
the optimal ratio between the use of steel sheet St-3 in a
combination with the rod reinforcement of classes At-800
and A-1000.

Paper [17] reported results of studying the stressed-
strained state of steel-concrete beams. Connection between a
steel sheet and concrete was established via flexible anchors.
It was shown that flexible anchors have certain pliability.
In addition, the connection between the anchors themselves
and a steel sheet can be made in various ways. Such a variety
of design solutions creates by itself certain difficulties for
the development of a unified estimation procedure. Various
types of flexible anchors have different degree of malleabili-
ty. Accounting for the pliability of a flexible anchor exerts a
significant effect on the carrying capacity of the structure.
The calculation procedure itself often does not account for
the pliability of flexible anchors or takes it into consideration
only partially. Thus, the issues related to the establishment
of a unified estimation procedure for flexible anchors remain
unresolved. It might be possible to refine this procedure by
applying the method, proposed in this article, for calculat-
ing rigid stops to the calculation of flexible anchors, and
that leaves an area for the further research. Statement of
the problem of a given research implies the optimization of
steel-concrete beams. A steel-concrete beam on two supports
is considered. The technique to apply an external loading is
adopted in the form of a concentrated force F=10 kN, applied
in the middle of the beam’s span.

We suggest that the optimization of such structures
should be achieved by a rational arrangement of rigid stops.
A step that could be considered rational is the one at which

efforts in rigid stops are the same, and effort in a steel strip
is equal to the limit value.

3. The aim and objectives of the study

The aim of this work is to construct an algorithm for the
selection of rigid stops in steel-concrete beams.

To accomplish the aim, the following tasks have been set:

—to calculate the step of stops with the same efforts
through their rational placement and to obtain effort in a
steel strip equal to a limit value, which would make it possi-
ble to optimize the design of a steel-concrete beam;

— to perform a numerical experiment to validate reliabil-
ity of the study.

4. Materials and methods to construct a selection
algorithm for rigid stops in steel-concrete beams

To solve the set tasks, we used both normative methods
[3—5] and the methods proposed earlier [18, 19].

According to regulatory documents [3, 4], one accepts
a hypothesis on the complete interaction between concrete
and a steel sheet, which in the examined design is achieved
by on stalling the rigid stops. We also accepted a hypothesis
on the absolute rigidity of the applied stops. The type of the
examined stops in the same normative documents is regulat-
ed as absolutely rigid.

Calculation of steel-concrete beams implies the rigid
connection between concrete and a steel strip. That can
be achieved by installing the rigid stops at beams, which
prevent the displacement of the strip in respect to concrete.
The effort that acts on the stop, the quantity and step, is de-
termined from rotation angles between two adjacent stops.
Therefore, we determine the elongation of fibers via rotation
angles of cross-sections between the adjacent stops.

To determine the angles of rotation of cross-sections, in
the work we use a graph-analytical method for determining
displacements. We determine longitudinal efforts by calcu-
lating relative elongation at the same section where these
longitudinal forces are applied.

The cross-section of a steel-concrete beam is compos-
ite. Such a cross-section includes concrete and steel. The
calculation of such structures is carried out based on the
reduced rigidity. The geometrical characteristics of the
cross-section under consideration are the reduced magni-
tudes as well.

3. Results of constructing an algorithm for the selection
of rigid stops

Radius of curvature of the curved beam’s axis varies from
infinity to its any specific value [19]. At bending, the neutral
axis does not change its length /y. At distance A, from the
neutral axis the arc’s length increases to Iy, at distance /iy —
reduces to /.

One can determine the extension of arc /5 from Fig. 1.
AIQ:Q'hQ.

To determine the efforts acting on rigid stops, as well as
their step, one must first find a rotation angle between two
cross-sections within the beam. Thus, we consider a beam
shown in Fig. 2. We shall derive a formula to determine



the reciprocal rotation angle of the beam’s section between
points 1 and 2.

Fig. 1. Determining the elongation of fibers through
the cross-section’s rotation angles
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Fig. 2. Determining the reciprocal rotation angles of
two cross-sections within the beam span

By using a graph-analytical method, we determine the
rotation angle at point 1 at distance x=x; when the beam is
exposed to concentrated force F.

1
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The angle of rotation at point 2, at distance x=x;

1

o, :E(—R(p +wx2):
2 2
__ Bl Py (12— 422). 2)
16E]  4E]  16EJ

Then the reciprocal rotation angle of cross-sections 1 and
2 is equal to

~~fa =)

Oy = _7(3(22 _xf) 3)

This formula defines the reciprocal angle of rotation of
two cross-sections between points 1 and 2.

This formula holds if 0<xy, x9<l/2. The sign in equa-
tion (3) is determined from the cross-section rotation. If a
cross-section is rotated clockwise, the sign of the rotation is
negative, and vice versa.

Calculation of deformations at the reinforced concrete
and steel-concrete beams, according to [3, 18], is performed
based on the reduced rigidities of cross-sections. Reduced
rigidity is determined from formula

B= ¢b1Eh[wd7 4)

where I,.4 is the reduced axial moment of inertia for the
cross-section of a beam, ¢ is the coefficient that accounts
for the effect of a short-time creep of concrete — taken for
heavy concrete to be 0.85, Ej is the concrete deformation
module.

Thus, formula (3) takes the form

%y = _é(xzz - xf) ©)

Reduced axial moment of inertia for the cross-section of
a steel-concrete beam is determined as follows (Fig. 3).

We determine the position of the center of gravity for the
reduced cross-section. To this end, we first find the reduced
static moment of the cross-section

S, = bh(ﬁ+6)+b8§nﬂ
2 2
where
n =—=. ©6)

Find the reduced area
A=Dbh+bdn,. @)

Position of the center of gravity

2
bh(ﬁ+a)+bn1i
g=Sa_ A2 ) 3 ®)
AT bhabon,

The reduced axial moment of inertia for the cross-section

3 2 3 2
I,ed=%+bh(z(—ﬁ) +bin1+n1b8(zp—§) . )
12 2 12 2

To determine the efforts between stops in a steel strip, we
shall consider a half of the length of a beam of length /, which
has 7 rigid stops installed at step ¢ (Fig. 4).

Given that the neutral axis runs through the center of
gravity of the reduced cross-section, elongation of the middle
of the steel sheet in a steel-concrete beam section of length ¢
is determined from formula Aly,=a-%y. The distance from the
neutral axis to the center of gravity of the steel sheet is equal
to by=z.—8/2-b;. A step between stops is c=x9—x1.
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Fig. 3. Cross-section of a steel-concrete beam

Lengthening of the beam’s fiber between two cross-sec-
tions 1 and 2:

Al=a, ,-b = 1B

b, (10)

Formula (10) then takes the form

Fx,—x)(x,+x d
ma = El ), o)

11

To determine the longitudinal force acting at a section of
length ¢, one must determine the relative elongation of this
section

Al F(xz—x1)(x2+x1)( 8):

T T 4 B,-n) T2
=F(x2+x1)(z _§) (12)
4-B < 2)

The longitudinal force at a section of length ¢ acts as a
result of elongation of the steel sheet, which is calculated

from formula:
! s ‘s s’ s’AY:W(Z(‘_S)-ES'AS'
s s s 1B ,

Flx,+x 5
N12:(LBJ(Zc_2).E5.AS:A1(x2+x1>’ (13)
where
F )
A=—|z—-=|E, A, 14
1 4B(ZL 2) s s ( )

where Ay is the cross-sectional area of a steel sheet, o, is the
stress in a steel sheet, E; is the elastic modulus of steel, § is
the steel sheet thickness, x1 is the distance from the stop to
the first point, x5 is the distance from the stop to the second
point, z. is the position of center of gravity of the reduced
cross-section.

Using formula (13) we determine the longitudinal force
acting between two rigid stops with a distance between
them of c=xy—x1.

If one knows the way to determine a longitudinal force
at each section between the stops, one can determine the
number and step of stops, as well as efforts in them.

When one selects the step and the number of rigid stops,
one should aim at the optimization of steel-concrete beams
so that the maximum stress in a steel strip equals its limit

value, and the efforts applied to stops and the step of stops
are the same. In addition, in order for the efforts in all stops
to be the same, it is necessary to make a zero section (Fig. 4)
slightly less than the rest. Denote the length of this section
through magnitude x.

At the number of stops at half the length of a beam n
the number of sections of length ¢ is also equal to n (Fig. 4).
Now we can write an expression to determine the effort at
section n—1/2 by using formula (13). Here, x9=nc+x, and
xi=(n—1)c+x.

an%:A1(x2+x1):

=A1[nc+x+(n—1)c+x:|=[2nc—c+2x]A1. 15)

The resulting magnitude of the effort at section n-1/2
must correspond to the force obtained in [17] to test the
stresses in concrete and a steel sheet.
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Fig. 4. Location of rigid stops and a diagram of longitudinal
forces in a steel strip at the half of a steel-concrete beam

We determine from expression (15)
N, —2ncA +cA

"'A—. 17
) a7

Represent the length of the beam by the length of sec-
tions and the number of stops

2x =

é:nc+x, [=2nc+2x.

Hence

2x =1-2nc. 18)

By equating (17) and (18), we transform and obtain a

formula that can be used to determine the length of a section
if one knows magnitudes Ay, [, Nj,y/0.

(19)



However, the length of sections depends on the effort to
which the stops are exposed, as well as the number of stops.
It is not reflected in formula (19). Therefore, we shall repre-
sent a step of the stops through the effort acting on the stop
and the number of stops. To this end, we find an effort acting
on the first stop.

T=(c+2x)A,. (20)

Hence, we determine

w1204 1)
24

Expressions (18) is also used to determine the length of
zero section x. At such a length of the zero section the efforts
in all stops are the same

[—-2cn
2

. (22)

Equate expressions (22) and (21), following the sim-
ple transformations we derive a formula to determine the
lengths of sections considering the number of stops and
efforts that they are exposed to.

AT
TAn-1) (23)

The maximum value of the longitudinal force acting on a
steel strip can be determined from formula

N, =nT. (24)
Formula (22) contains two unknown magnitudes z and c.

Therefore, convert it. Substitute in formula (15) the value
from formula (21)

Nn,% =[2nc—c+2x]A =2ncA —cA +

+24, T;2A1 =2ncA, —cA +T—cA,.
1

Hence, we find

N, -T
_h
“Toa(n-1) (25)

Equating formulae (23) and (25), after simple transfor-
mations, we obtain a formula to determine the step of stops

w1 Noy=T  241-N_,-T

A1(2"_1)_2A1(n_1)’ . 2(A1I_Nn—y)

(26)

The variant is possible when the effort acting on the stop
is unknown. In this case, the step of stops is determined from
formula (19). To determine the number of stops, we shall use
formulae (20), (22) and (24).

Substitute in formula (20) the value from formula (22).

[ -2nc

T=(c+2x)A =cA+2 5

A =cA +IA —2cnA,.

Substitute in this formula expression (24)

=N,
—

N IA~N
i =4 — i + Al -2nA,

n 1

Upon transformations, we obtain a quadratic equation
relative to n

2;12(1A1 -Nn%)-n(QlA1 —Nn%)+Nn% - 0.

By solving the quadratic equation, we obtain

24,-N,, _8(1A1—Nn_%)zvn_l

2
(21A1—N Y )
2

2| @7

Having a set of formulae, one can select a step, the num-
ber of rigid stops, and determine efforts in them.

The result of the research conducted is the algorithm for
the selection of rigid stops provided one knows the charac-
teristics of materials, the size of cross-sections of a beam,
beam length / and external load F acting on the beam. The
sequence of actions in line with the proposed algorithm is
given below.

Using equation (9), we determine the reduced axial mo-
ment of inertia for the cross-section of a beam.

3 2 3 2
I, =%+ bh(zc —ﬁ) +bin1 +n1b8(zﬁ —§) .
12 2 12 2

Applying formula (4), we determine the reduced rigidity
for the cross-section of a beam.

B= ¢b1EbIred'

Employing formula (14), we determined coefficient

F 8
== |z -2|E 4.
A1 4B(ZC 2) S S

Using formula (16), we find
Fi Fi
%%if}7i7<
1 4( - A)
Applying formula (19), we determine the step of stops

AN,y
4

4

Employing formula (27), we find the number of stops

Determine the effort acting on the stop from formula (24)

T= N”’%.




Determine the zero-section length from formula (22)

[-2cn
5

Check the maximum stress in a steel strip
N, =[2nc—c+2x]A = Nn—%

or

Check the full length of the beam
[=2nc+2x.

If one knows the efforts acting on stops, one can select
their sizes.

6. Numerical examination of steel-concrete beams

Based on the algorithm for the selection of rigid stops in
steel-concrete beams, we carried out numerical calculations.
We considered a beam on two supports, with a span of 2 m.
We applied to the beam a load of 10 kN. The load was applied
at the middle on the span. The cross-section of the beam is
shown in Fig. 5.
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Fig. 5. Cross-section of a steel-concrete beam

Based on the estimation from the proposed algorithm,
the number of rigid stops is four. A step between stops is
22.2 cm. The zero span is 11.11 cm. The magnitude of efforts
in rigid stops is the same and equals 9.363 kN. The maxi-
mum longitudinal effort in a steel sheet is 37.453 kN, which
is the limit value calculated using the same algorithm.

For a comparative study, we calculated two beams
with similar dimensions and loading. The difference was
the number of rigid stops, three and five, respectively. The
magnitudes of efforts in rigid stops changed. The maximum
longitudinal effort also does not correspond to the limit val-
ue. Schematic and diagrams of longitudinal forces in a steel
sheet are shown in Fig. 6.

The above calculations show that the number and the
step of rigid stops affect the magnitude of a maximum effort
in a steel sheet. It is advisable that limit efforts should occur
in a steel sheet and concrete at the same time. That would
lead to the simultaneous destruction of steel and concrete

in a beam. Such a design, in terms of the rational use of a
material, would be optimal.
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Fig. 6. Schematic of a steel-concrete beam and diagrams of
longitudinal efforts in a steel sheet

We performed a numerical experiment to calculate
steel-concrete beams. Similar beams were simulated and
estimated by using the software package Lira. A beam mod-
el is shown in Fig. 7, the scheme of anchors arrangement is
shown in Fig. 8.

Fig. 7. Model of a steel-concrete beam

Fig. 8. Scheme of anchors arrangement

The estimation study that we conducted has confirmed
the calculation results derived when using the proposed
algorithm.



7. Discussion of results of constructing the algorithm for
the selection of rigid stops in steel-concrete beams

The result of the study performed is the constructed
algorithm that makes it possible to calculate the number,
the step, and the cross-section of rigid stops so that the
efforts in them are the same. The effort in a steel sheet and
the effort in concrete are also similar and correspond to
the limit values. That would lead to that the destruction of
concrete and a steel sheet occurs simultaneously. Therefore,
the material of the structure, concrete and steel, are uti-
lized more rationally, which is an optimal design in terms
of saving a material.

There are no calculation results in normative documents,
both in Ukraine [3] and in Europe [4], which does not make
it possible to compare the reported results of our research
to data from regulatory documents. Papers that address
the steel-concrete beams typically pay little attention to
the issue on the rational placement of anchors. For example,
study [20] describes experimental studies into steel-concrete
beams with different types of anchors. A step between the
reinforcement rods is taken to be 50 mm, the step of loop an-
chors — 100 mm; the choice of such a step is not explained. In-
stead, the algorithm presented in our paper makes it possible
to calculate the rational step between anchors. A compara-
tive analysis is impossible. The rational step between clamps
implies similar efforts in all anchors. Paper [20] reports no
efforts in stops.

The results from a given study show that a change in the
step of anchors would lead to the redistribution of efforts in
a steel sheet. It is also shown that such a shift would change
the maximum effort in a steel sheet. Thus, a change in the
step between anchors could probably optimize the structure
proposed in [20].

At present, the proposed algorithm could only be used
for beams loaded with a concentrated force in the middle of
the span. However, by changing the formulae for determin-
ing the loads, one can apply it for other types of loading. The

proposed algorithm has been constructed taking into con-
sideration a possibility to extend it to other structures and
their operating conditions. The resulting procedure could be
employed for other types of loading, including a beam loaded
with a distributed load and with a change in the position of
force lengthwise.

The proposed procedure also fails to calculate steel-con-
crete beams if connection between concrete and a steel
sheet is achieved by using flexible anchors. The estimation
of such beams requires certain refinements. In the future,
it is planned to extend this procedure to the calculation of
steel-concrete beams with flexible anchors.

A widespread application of steel-concrete structures in
agricultural facilities and buildings would be contributed to
by studying, identification of regularities of rational opera-
tion of constituting materials in these structures, as well as
the results of development of the algorithm for selecting rigid
stops. Given this, the application of a method for the calcu-
lation of rigid stops when esimating flexible anchors could
uncover untapped reserves in their bearing capacity, thereby
improving their reliability and durability.

8. Conclusions

1. We have constructed an algorithm for the selection
of the number, the step between stops, and efforts in them,
based on the assigned characteristics of materials, external
load F=10 kN, the length of a beam, known sizes of the
cross-sections of concrete and a steel sheet. In this case, ef-
forts in all stops are similar, the step of stops, except for the
zero span, is constant, the maximum effort in a steel sheet
that occurs in the middle of the span is equal to a limit value,
which is 37.45 kN.

2. We have performed a numerical experimental study
into steel-concrete beams using the software package Lira.
The results coincide with those derived when using the al-
gorithm that we proposed. Divergence does not exceed 15 %.
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