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The article provides a general methodology for calculating and designing rational (optimal) slab structures and elements of
steel-reinforced concrete (SRC) floors, taking into account the ultimate stress-strain state of their elements at the moment of
their destruction. The method of rational (optimal) design of slab SRC elements of floors depending on the ultimate stress-
strain state at the time of failure of their component parts includes the solution of two problems: the selection of the cross
section of the slab SRC element and its reinforcement, which is a direct task of optimization design; checking the bending
strength in the calculated cross-sections of the slab SRC element
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OCHOBH NPOEKTYBAHHS PALIOHAJIbHHUX
IVIMTHHUX CTAJ1€32J11300eTOHHMX KOHCTPYKUIi
i eJleMeHTIB MepeKPUTTIB
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[TnutHi cTane3anizoberonti (C36) kOHCTPYKLIi i €eMEHTH Pi3HHX KOMOIHOBAaHHX MepepisiB €, Sk OKpeMUMH (30ipHUMH) OC-
HOBHHMMH HECYYHMHU €JIEMEHTaMH MEPEKPUTTIB Oe3kapKacHUX OyaiBelb i CIOPYA, TaK i YacTHHAMH OaKOBHX 1 0e30ankoBUX
(riOpuaHuX 30iPHO-MOHOJITHHX YU YHCTO MOHOJITHHX) HEPEKPUTTIB KapKacHUX OyniBenb i copya. KoHcTpykTuBHi BHpi-
IIeHHS INTUTHUX CTaJIe3a1i300€TOHHNX KOHCTPYKIiH 1 €JIEMEHTIB IIHPOKO 3aCTOCOBYIOTHCS HAa CHOTOHI B OY/iBHHIITBI IIepe-
KpHTTiB 3 mporoHaMu L=3...12 M i Gunbmne. 3Ha4Hy NOITYJIIPHICTS FiOpHUAHI cTane3ai300eTOHHI IIUTHI KOHCTPYKIIT 1 eeMe-
HTH OTpUMaJH Ipu OyaiBHHUITBI nepekputTiB B Himewunni, Kopei, Smonii, Kurai. B crarTi HaBeneHo 3araibHy METOIUKY
PO3paxyHKy 1 MPOEKTYBaHHS palliOHaJbHUX (ONTHMAIBHUX) ITTMTHAX KOHCTPYKIIH 1 €JIEMEHTIB cTane3aniz00eTOHHUX Iepek-
PHTTIB 3 ypaxyBaHHSM TpaHUYHOrO HampyxeHo-gepopmosaroro crany (H/IC) iX KOMIIOHEHTIB B MOMEHT X pyHHYBaHHSI.
Meroauka parioHansHOro (ONTUMAIBEHOT0) poekTyBaHHs MTHUX C3b enemeHTiB nepexkputTis 3aiexHo Bix HIC B MoMeHT
py#iHyBaHHS iX KOMIIOHEHTIB BKJII04Ya€e B cebe BUPIIICHHS ABOX 3ajad: miabopy mepepizy miutaoro C3b enemenry Ta ioro
apMyBaHHs, sIKa € IPSIMOIO 3a/1aUet0 ONTHUMI3aLiHOrO MPOSKTYBAHHSI; MEPEBIPKU MILJHOCTI Ha 3THH B PO3PaxyHKOBHX Iepepi-
3ax mmrHoro C3b ememeHTy. ABTOpamMm CTarTi B pe3yibTaTi PO3PAaXyHKIB OynM OTpHMaHi 3HAUCHHS Koe(ilieHTiB
OIITUMAIIFHOT'O apMyBaHHsI ITONIEPEYHHX HepepisiB IIMTHUX C3B eneMeHTiB 3aIeKHO Bifl IX BUCOTH, BEIMYUH PO3PAXyHKOBOTO
NPOTOHY IUIMTH, MIUHOCTHUX 1 AedopMauifiHMX XapaKTepUCTUK MarepiajiiB Ta 3HA4YCHb KOPUCHOTO HABAHTAXCHHS.
BrpoBa/pKeHHS 3alPOIIOHOBAHOI METOIMKH B IIPAKTHUKY MPOCKTYBAaHHS JO3BOJINTH €(hEKTHBHO BUPILIyBaTH IUIUTHI i OAJIKOBI
enemeHTd C3b mepexpuTTs pi3HUX KOHCTPYKTUBHUX THUIIIB i BUIIB OpH OyIiBHULTBI, PEMOHTI Ta PEKOHCTPYKIT OymiBesp i
CIIOpPY.

Kurouogi ciioBa: cranb-3ai1i30300€TOH, INIMTHI KOHCTPYKIIiT, MILIHICTh Ha 3TUH, IIEPEKPUTTS, IPOCKTYBaHHS
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Introduction

Today in Ukraine there is an urgent need for capital
repair, reconstruction and restoration of buildings and
structures of public, residential buildings and industrial
enterprises, damaged or destroyed as a result of emer-
gency situations, hostilities and acts of terrorism. A
comprehensive solution to this problem requires the de-
velopment and implementation of effective (rational)
constructive solutions, resource-saving construction
methods and technologies, while simultaneously ensur-
ing the requirements for their economy and reliability
at all stages of the life cycle.

In addition, the current domestic regulatory docu-
ments [1-3] on the calculation and design of steel-rein-
forced concrete structures (elements) that bend do not
cover the entire range of combinations, types and types
of their main structural solutions and therefore cur-
rently require further improvement.

Review of the research sources and publications

The design of cost-effective slab SRC elements of
floors is achieved through the implementation of opti-
mal methods of their calculation. The essence of these
methods is to determine the rational (optimal) cross-
section of the SRC element's and the minimum cross-
section of their reinforcement.

Scientists Linfeng Mei and Qian Wang, as a result of
the study of 196 publications, conducted in the article
[4] a comprehensive analysis of the existing methods of
optimizing structures in construction, their general and
spatial trends, the optimization process itself by various
methods, recommendations on current and future direc-
tions of research were summarized. The authors [4] list
the main four categories of structure optimization:

1. Size optimization, which determines the boundars
(change area) of the cross-section of constructions or
structural elements during design;

2. Shape optimization: that is, during design, the con-
figuration of the structure is optimized by changing its
nodal coordinates;

3. Topology optimization: when designing an optimal
structure, it is necessary to improve the connection of
its nodes in order to remove unnecessary (redundant)
elements

4. Multi-objective optimization, which simultane-
ously includes size, shape and topology, is also known
as layout optimization: it considers two or more of the
above objectives simultaneously during design for bet-
ter optimization results.

A significant amount of research by scientists is
devoted to the optimization of building structures ac-
cording to the categories listed above. Thus, the follow-
ing works of scientists are devoted to the optimal design
of beam-reinforced concrete structures: Luevanos-
Rojas A., Lopez-Chavarria S., Medina-Elizondo M.,
Kalashnikov V. [5]; Tliouine B., Fedghouche F. [6];
Habibi A., Ghawami F., Shahidsade M.S. [7]; Rahma-
nian 1., Lucet Y., Tesfamariam S. [8]; SinghlJ.,
Chutani S. [9]; Guerra A., Kiousis P. [10] and other
works of scientists.

In works Kwan A., Ho J. and Pam H. [11-14],
Seguirant S. and others [15], Subramanian N. [16],
Orozco C. [17], Fayyad T., Lees J.M. [18] theoretical
studies were carried out to determine the minimum and
maximum limits of the minimum reinforcement of flex-
ural reinforced concrete (RC) elements, its influence on
their minimum load-bearing capacity, deformability
and nature of destruction depending on the strength of
concrete and reinforcement.

Scientific developments in the design of steel-rein-
forced concrete slab elements can be classified accord-
ing to different structural cross-sections of the same
type, see Fig. 1. Here, for example, the latest publica-
tions of scientists, which are devoted to experimental
and theoretical research and design of steel-reinforced
concrete slab structures and elements with different
structural solutions of cross sections: Mafleh W.,
Kovacs N. [19]; Mohamed S., Shahrizan B.,
Ahmed W., Azrul A., Emad H. [20]; Duma D.,
Zaharia R., Pintea D., Both I., Hanus F. [21]; Borghi T.,
Oliveira L., El Debs A. [22]; Dai X., Lam D.,
Sheehan T., Yang J., ZhouK. [23]; Furche J.,
Bauermeister U. [24] and other scientists.

Definition of unsolved aspectsof the problem

The calculation regulations that are currently used in
domestic standards [1-3] and in the standards of the
leading countries of the world [25-30] do not have a
general concept and methodical approach to calculating
the strength of various types of cross-sections of steel-
reinforced concrete slab structures (elements) of floors.
As a result, at the time of their calculation, they do not
always fully equate the dependence of their bearing ca-
pacity with the stress-strain state at the time of failure
(limit state), which leads to the re-reinforcement of
their individual sections, i.e. to the use of the strength
of their structural metal component not in full.

Problem statement

The aim of the work is to improve the method of cal-
culation of plate structures and elements of steel-rein-
forced concrete floors, taking into account the ultimate
stress-strain state of their elements at the time of their
destruction, which allows you to design economically
rational resource-saving construction structures due to
the joint work of their constituent parts.

Basic material and results

The method of optimal (rational) design of slab SRC
elements of floors, depending on the stress-strain state
at the time of failure of their components, includes the
solution of two problems: selection of the cross-section
of the slab SRC element and its reinforcement, which
is a direct task of optimization design; checking
the bending strength in the calculated cross-sections of
the slab SRC element.

The task of selecting the cross-section of the slab SRC
element and its optimal reinforcement, and the task of
checking its bending strength are based on the
following criteria of its limit state:
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o the task of choosing the optimal cross-section of the
reinforcing bars 4, and the cross-section of the steel
element A,, which are used to reinforce the calcu-
lated cross-section of the slab SRC element, is

solved on the basis of the following criteria:

A(ecu;€sp) T A (Ecu; €ay) = AstAa=min, (1)

where: Ay = Ag+A,— the total area of the optimal
cross-section of the reinforcing bars, which consists of
the area of the bars located, respectively, in the
stretched and compressed parts of the calculated cross-
section of the SRC element;

Aa =2%As+A,, - the optimal cross-sectional area of a
steel element in the form of a I-beam, which consists of
the sum of the areas of its shelves and rib;

&cu — the ultimate relative compression deformations in
the uppermost fiber of the compressed zone of the con-
crete of the calculated section of the SRC element,
which are taken to be equal to &, =0,0035
(at fc¢=8...60 MPa) or in accordance with the require-
ments of the norms [1, 2, 3];

& — ultimate relative tensile deformations in the rein-
forcing bars that reinforce the design cross-section of
the slab SRC element, the values of which are taken as
equal to & < 0,005 or according to the given norms
[1, 2, 3] depending on their class;
& — ultimate relative tensile deformations in the lower
stretched fiber of the steel I-beam profile, which is used
to strengthen the calculated section of the slab SRC el-
ement, the value of which is taken as &., < 0,005 or ac-
cording to the norms [1, 2, 3] depending on the class of
steel.
the task of checking the bending strength of the slab
SRC element is based on the following criteria:
M(ecu, >€su; Ea>Ean) =Max;

M(gcu; EsZEsu, 8a<8au) =max,

2)

M(ecu, &5<Esu, E4<Eau)=max.

where: M - the maximum value of the bending mo-
ment, which can to perceive the estimated reduced sec-
tion of the SRC element;

&4 - relative deformations in the lowermost fiber of the
stretched zone of the steel element.
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Figure 1 — Different types cross-sections of SRC slab structures:
a) cross-sections of monolithic SRC slab element of floor;
b) hybrid cross-sections prefabricated-monolithic SRC slab element of the floor;
¢) hybrid cross-sections prefabricated-monolithic SRC beam element of the slim-floor;
d) cross-sections SRC composite floors from steel sheets of various profiles;
e) hybrid cross-sections of the SRC slab structures after strengthening
the floor from prefabricated reinforced concrete elements
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Basic prerequisites for calculating and designing a
slab SRC structure or element.

The following prerequisites were adopted for the de-
velopment of a general methodology for the optimal
(rational) design of a slab steel-reinforced concrete
(SRC) structure or element:

e in the cross-section of slab SRC structures, the steel
profile has rigid vertical, inclined or horizontal con-
nections with concrete;

o atthe time of failure, the cross-section of a slab SRC
structure or element can have three cases of the ul-
timate stress-strain state, in which:
case a Mpyirp(€cu, €4>€a)=max — is the plastic stage;
case b: Mry(€cu, €a=€a)=max — the border between

plastic stage and elastic-plastic stage;
case ¢: Mry(€cu, €a<ea)=max — elastic-plastic stage;

e the compressive strength of concrete N; in the
cross-section of a slab SRC structure or element is
determined as for reinforced concrete, taking into
account the percentage of its reinforcement, accord-
ing to the scientific proposals of D. Kochkaryev and
T. Galinska given in works [31];

e the analysis of cross-sections of slab SRC structures
(see Fig. 1) showed that most of their cross-sections
can be generalized relative to the vertical axis to an
equivalent slab section or T-section, see Fig. 2 and
Fig. 3;

e depending on the position of the neutral line and the
nature of fracture when determining the bening
strength, three main boundary cases of the stress-
strain state of the cross-section of slab SRC struc-
tures are distinguished.
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Figure 2 — Equivalent calculated cross-section of
the SRC slab structure relative to the vertical axis
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Figure 3 — Equivalent calculated cross-section
of the T-shaped SRC slab structure relative
to the vertical axis

The foundations of the method of calculating steel-
reinforced concrete structures were previously laid in
the works of the authors [32, 33].

The sequence of calculation and design of optimal
(rational) reinforcement in the calculated cross-section
of slab SRC constructions and elements.

We select the cross-section of the plate SRC element
and its optimal reinforcement in the following
sequence:

— we check the condition of equality:

M g min <M <Mpeps 3)

where: M - external moment in the calculated cross-sec-
tion of the slab SRC element from the action of the load;
Mgrcy - the value of the balance moment, which
perceives the calculated cross-section of the slab
reinforced concrete (RC) element;

Mg min — the minimum value of the limiting moment,
which perceives the calculated cross-section of the
slab reinforced concrete (RC) element:

M RC.min = aﬂszcdwac,min (h - Oasaxc,min); (4)

M RC.b = aﬂkz.fcdwac,b (h - 075axc,h )’ (5)

where: a— parameter of eguivalent stress block
defming the depth of stress block, the values of which
are determined according to norms;

[ — parameter of eguivalent stress block defming the
average stress, the values of which are determined ac-
cording to norms;

b,, — the cross-section width of the slab SRC element;
h — the height of the cross-section of the slab SRC
element, the value of which is preliminarily taken from
the table 2 depending on the value of the total calcu-
lated load on the floor (g i+qx; [kKN/m?]);

xc — compressed zone of concrete in the design cross-
section of the slab SRC element:

Ax,minj:vd > 200bwdy .

Hemin = afk.fub,  fa ©
Ay o =3b,d [ fa 1 fia )
di=h—cg; ®)
Ay /s h E g,
*es = aﬂkjddbw T O
Ay =af befu ( Eefa_y, (10)

w
fsd E e T fsa’

where: fcq - design value of the cylinder compressive
strength of concrete;

fsa - design value of the yield strength of reinforcing
steel;

d, - distance between the steel reinforce- ment in ten-
sion to the extreme fibre of the composite slab in com-
pression;

¢, - thickness of concrete cover;

k- — coefficient that takes into account the influence of
the percentage of reinforcement (m) of the cross-section
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of the slab SRC element on the compressive strength of
concrete in its compressed zone, the value of which is
determined by the dependencies:

A i
ps,min: o,mm:3 fcd ZE; (11)
bwds f;‘d fsd
fo  Ecba
Pro = 1. E.e, +f ) (12)
— + _Ast+Asc. 13
PPt P = (13)

where: psmin — the minimum reinforcement ratio of the
slab section when £20,005 (&; - reinforcement defor-
mation at the extreme fiber);
pro— balanced steel ratio of slab section, i.e. tension
steel ratio that will lead to balanced failure when &=¢,
(&y - deformation of reinforcement in the extreme fiber
at the yield point);
pe — compression steel ratio (p.=As/(bwh));
pi— tension steel ratio (psmin<pi<p0);
&y — ultimate concrete strain, i.e. value of &. (&, - con-
crete strain at extreme fibre) at peak bending moment;
— elastic modulus of concrete;
w - reinforcement mechanical coefficient:

at pt:ps,min:
Vet 200,

o = prmmfsd /fcd =3——- (14)
cd f
at pr=ps:
E &
@ = ! fog=aff —4—;
ProSsa! Jea = Fe+ /o (15)

The dependence k.=f{w) for a flat bend for a rectan-
gular section with single and symmetrical reinforce-
ment is given in Table 1.

Table 1 — Dependence of k:=f(w) by the flat
bend for a rectangular section with single

and symmetrical reinforcement [31]

mechanical rein- parameter k: parameter k:
forcement coeffi- (single reinforce- | (symmetrical re-
cient. @ ment), when inforcement), at
' p=pr P=Prpe=2p
0,00 0,000 0,000
0,10 0,586 0,292
0,15 0,828 0,429
0,20 1,071 0,565
0,25 1,299 0,700
0,30 1,511 0,834
0,35 1,706 0,967
0,40 1,885 1,100
0,45 2,028 1,232
0,50 2,070 1,360
0,60 2,140 1,630
0,70 2,195 1,888
1,00 2,310 2,660
2,00 2,476 4,850
3,00 2,542 6,671

The value of the coefficient @ at p<p <2p;, when
p=p:tpc, s determined by interpolation.

If the condition of equality (3) is satisfied, then the
slab structure is designed as a slab reinforced concrete
element.

When M > Mgc, the slab structure is designed as a
steel-reinforced concrete slab element:

— we determine the value of the bending moment
(AM), which the steel profile of the slab steel-rein-
forced concrete element should perceive:

AM=M-M (16)

— we determine the necessary moment of inertia
(14,req) and moment of resistance (W, ,.q) of the steel
profile, which reinforces the steel-reinforced con-
crete plate element:

RC,min

AM h
Ly re S 7 a,re e
wred = szc cu red = szc cu (17)

— we determine the optimal height (%,,0p/) of the equiv-
alent steel I-profile, which is used to reinforce the
plate steel-reinforced concrete element:

hg,opz :1,13 220VVa,red —15< h_2ca; (18)

— we determine the value of the optimal area (A4q,op1)
of the equivalent steel I-profile, which is used to re-
inforce the slab SRC element:

A =3W, . . /h

a,opt a,red

(19)

— we determine the values of the height and thickness
of the rib of the equivalent steel I-profile (4., t.),
which reinforces the slab SRC element:

a,opt >

hw ha ,opt /1 1 (20)
Qmax
t, =———;
" 7056,y @b
ha 0,
2 — (22)
160,/210/ £,

where: Qmax — the largest value of the transverse force
acting in the section along the length of the element;
Jfa— calculated value of the yield strength of the struc-
tural steel of the equivalend steel I-profile.

The wall thickness of the I-profile (#,) should be cor-
respondingly greater by the amount determined by the
formulas (21), (22).

We determine the moment of inertia of the belts (/)
of the equivalent steel I-profile, which reinforced the
slab SRC element, and their cross-sectional area (A4y):

h

Wred b h 3

_ _aopt wtw (23)
s 2 12
4 W b
- ha,opt 6ha opt
a1, (24)
A, =—a
/ 2"
(hw + tf)
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We determine the width of the shelf of the upper (by)
and lower (bp) belts of the equivalent steel I-profile ac-
cording to the relevant dependencies:

by=hy,!5 by=h,,,!3;

a,opt a,opt >

= (25)

The shelf thickness of the upper (¢;) and lower (¢p)
belts of the equivalent steel I-beam profile is deter-
mined by the formula:

We check the condition of inequality and specify (if
necessary) the optimal dimensions of the equivalent
steel I-profile (v, tw, b, tm bp, th):

buty+hb, +byt, > A

il 27

a,opt*®

On the basis of the obtained optimal dimensions of
the equivalent steel I-beam profile (%, tw, bp, tw, by, )
and the values of the cross-sectional arcas of the
reinforcement A, A5, we perform the design of the

lp =1y = 4Af / ha,opt; (26)  cross section of the slab SRC element at the values of
the thickness of the concrete protective layer
¢4=20...50 mm and ¢,=20...50 mm.
Table 2 — Slab thickness % of solid cross-section depending on the amount of full load
Slab thickness # [mm] of solid cross-section depending on the amount of full load
Slzb [ifl?n gei + Qi [KN/m?] D
: 1,0 [ 1,5]20]25/[30]35]40]45]50]75][100]150]200]250
3,0 120/140 140/160 160/180
4,0 140/160 160/180 180/200
5,02 180/200 200/220 220/240
6,023 220/240 240/260
7,523 240/260 260/280 280/300 | 300/320
10,0 29 260/280 280/300 ‘ 300/320 | 340/360
12,529 260/280 300/320 340/360 380/400 420/460
1) In the case of single-span panels, the slab thickness # must be increased by approx 15%.
2) When resting vertical partitions on slabs, it is necessary to take additional measures, namely: use partitions that are
more resistant to cracks; increase the height of the plate by 15...20%.
3) When designing slabs with a span of L>6 m, it is necessary to use their section with round or oval through voids to
reduce their own weight.

The sequence of calculation of the bending strength
of the slab SRC constructions and elements.

When calculating the bending strength of slab SRC
structures, the value of the limiting moment Msrc, is
determined and compared with the external moment M
from the action of the load:

Mgpcp 2 M, (28)
To check the strength of slab SRC elements, we ac-
cept the values of the strength characteristics of their
components and the size of their cross-section, which
we preliminarily determine according to the method de-
scribed above: fui; fia; fsas bws by hay bp te; b i
hw=ha-tp-t; Ase; Asv; Aa=tpbpthutwttnbm; Ac=bywh.

At the ultimate stress-strain state in the cross-section
of slab SRC structures, which corresponds to case la,
see Fig. 4.

Next, we determine the position of the neutral
horizontal axis in the calculated section of the slab SRC
element according to condition (29):

O’ 85ﬁﬂbvvht + f;zllic 2 ‘f;szu + f;dAvb 5 (29)

If condition (29) is fulfilled, then the neutral horizon-
tal axis in the cross-section of the plate element is lo-
cated above the cross-section of the steel equivalent
profile of the I-beam beam (see case 1a, Fig. 4), then:

x<h,; (30)
where: /if - the distance between the uppermost fiber of
the steel equivalent I-profile and the extreme com-
pressed fiber of the composite slab:

hy=h—h,—c,; (31)
where: ¢, - the thickness of the concrete cover between
the lower fiber of the steel equivalent I-profile and the
extreme stretched fiber of the composite slab.

Then, the height of the concrete compression zone is
determined using dependence (32):

Y= Aa 'fyd +Asb 'fvb _Asc 'fvd
0.85-f.,-b, '

(32)
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Figure 4— Limiting states of the equivalent cross-section of a slab steel-reinforced
concrete structure when determining the bending strength

According to dependence (33) determine the bending
strength Msgrc» of the slab SRC structure:

MSRC,b = Aafyd (da —x/Z) +
+Asb sd(h_csb —)C/2)—
- ASC»fSL’ (x / 2 - CSC);
where: d, - distance between the center of mass of the
steel equivalent section and it's bottom surface.
d,=h—dy—c,=h +h, —dy; (34)
where: dj - the distance between the center of mass of
the steel equivalent section and its lower fiber.
At the ultimate stress-strain state in the calculated

cross-section of slab SRC structures, which corre-

sponds to case 2a, see Fig. 4.
If the condition (29) is not met, need to check the con-

dition (35):
O’ 85f‘cdbw(ht + tft) + f;'dAsc +

+2fydbfrtfr 2 fydAa + fudws

If the condition (35) is fulfilled, then the neutral hor-
izontal axis of the element is situated in the upper shelf
of the steel I-profile (see case 2a, Fig. 4) within:

(33)

(35)

h <x<h+t,. (36)

where: #; — the width of the top flange of the steel equiv-

alent I-profile.

According to dependence (37), we determine the
height (x) of the compressed zone of concrete in the
calculated section of the slab SRC element:

Y= Aafyd + Asb sd Ascfsd - 2fydbfttfz .
0,85f.,b, ’
We determine the bending strength (Msrcs) of the
slab SRC structure according to dependence (38):
Mg, =A,f,0(d, —x12)+ A, f,,
x(h—c,—x/2)=A4_f, X
x(x/2=c,)= fLab; b %
x(h +t,, —x);
At the ultimate stress-strain state in the calculated

cross-section of slab SRC structures, which corre-

sponds to case 3a, see Fig. 4.

If condition (35) is not fulfilled, then the neutral hor-
izontal axis of the element crosses the rib of the steel
equivalent I-profile (see case 3a, Fig. 4) when:

G37)

(3%)
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(39)

Then the height (x) of the concrete compression zone
in the calculated cross-section of the slab SRC element
is determined by dependence (40):

X = (Aaf;zd +Asb sd _Ascf;d -
—2f lht, +t,,@, b, )x
xt,1)/(0,85/.,b, +2f,L,).

The bending strength (Msgcs) in calculated section
the slab SRC structures is determined according to
equation (41):

MSRC,b = f;dwa2 / 2 + Ascxfsc (X - Csc) +
+ Aaf:vd (VI/pI + [da - x]z ) +

+ Asb sd (h - csb - X),

h+t,, <x.

(40)

(41)

where: W), — is the plastic moment of resistance of the
section of the steel equivalent I-profile;
cse - the distance from the center of the cross section of
the upper reinforcement Asc to the upper fiber of the
concrete cross-section of the slab element;
csb - the distance from the center of section of the lower
reinforcement Asb to the lower fiber of the concrete
section of the slab element (see case Fig. 2 and Fig. 3).
The value of the limiting moment (Msrc ), obtained
according to one of the dependencies (33), (38), (41), is
compared with the value of the moment (M) due to the
action of the external load, see inequality conditions
(28).

Calculation of the values of the maximum bending
moment Mzc,,/(bh?) of the reinforced concrete element
depending on the classes of concrete and reinforcing
steel and calculation of the coefficients of optimal rein-
forcement of the cross-sections of the slab SRC ele-
ments depending on height, slab span and payload
value.

The results of calculating the values of the maximum
bending moment Mxc,»/(bh?) of a reinforced concrete
element depending on the class of concrete and classes
of reinforcing steel A240C (f;=240MPa) and A400C
(fi=400MPa) are given in the table. 3.

Using the methodology described above for the de-
sign of rational slab SRC elements, the authors of the
article determined the values of the optimal reinforce-
ment coefficient p, (%) equivalent steel I-profile
(pa=Aa,op/(bwh)) for slab SRC elements with a width of
b,=1 m depending on from the values of the span, the
class of concrete, the class of longitudinal reinforce-
ment and the uniformly distributed load qi; (kN/m?),
which acts on the slab SRC element.

Calculation results of the steel I-profile reinforcement
coefficient p, (%) of slab SRC elements with a width of
by=1m for concrete of strength class C20/25
(fce=13.3 MPa), reinforcement of class A400C
(f<a=347.8 MPa). ) at p=p10=0,71%, pc~0% are given in
the table 4.

Table 3 — Maximum bending moment Mrc,s/(bh?) of a reinforced concrete element depending
on the class of concrete and classes of reinforcing steel A240C (£=240MPa) and A400C (f=400MPa)

suengy | Dozn o [ D [Common | Sy | oo e
concrete j};e‘;fg; Stf:zn’ C;ff(fr“zn cggf;:l;n £=240 MPa | £, = 400 MPa
C12/15 8,00 0,0035 0,800 1,000 1,607 1,132
C16/20 10,00 0,0035 0,800 1,000 2,078 1,473
C20/25 13,33 0,0035 0,800 1,000 2,849 2,032
C25/30 16,67 0,0035 0,800 1,000 3,667 2,631
C30/37 20,00 0,0035 0,800 1,000 4,510 3,252
C35/40 23,33 0,0035 0,800 1,000 5,374 3,894
C40/50 26,67 0,0035 0,800 1,000 6,257 4,552
C45/55 30,00 0,0035 0,800 1,000 7,155 5,226
C50/60 33,33 0,0035 0,800 1,000 8,068 5914
C55/67 36,67 0,0031 0,788 0,975 8,093 5,854
C60/75 40,00 0,0029 0,775 0,950 8,275 5,948
C70/85 46,67 0,0027 0,750 0,900 8,734 6,245
C80/95 53,33 0,0026 0,725 0,850 9,144 6,528
C90/105 60,00 0,0026 0,700 0,800 9,573 6,850
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Table 4 —The steel I-profile reinforcement ratio p. for slab SRC elements
for concrete of strength class C20/25 (fca=13,3 MPa), reinforcement
of class A400C (fsa=347,8 MPa) when p=p50=0,71%, p.=0%

Slab | The steel profile reinforcement ratio pa, % of solid cross-section slab SRC elements* depending
span on the characteristic value of a uniformly distributed load qx i [kKN/m?]

Lim]| 10| 1,520 2530|351 40| 45|50 75 |10,0] 150|200 | 25,0
3,0 1,70 | 1,98 | 2,24 | 2,48 | 2,70 | 2,30 | 2,48 | 2,66 | 2,83 | 3,58 | 4,25 | 4,60 | 5,51 | 5,52
40 |2,66|295|3233,49]3,773|3,41 | 3,61 3,81 | 4,00 | 4,88 | 5,67 |6,23| 7,36 | 7,50
50 |3,15(3,42|3,68|393|4,17|395|4,15|435|4,54 543|625 6,99 | 820 | 8,51
6,0 | 3,68 (3,94 |4,19|443|4,67|450|4,71|490 5,10 6,00]| 6,84 |8,35] 898 10,16
7,5 5,07 | 5,37 | 5,65 | 5,56 | 5,81 | 6,05 6,28 | 6,52 | 6,32 | 7,31 | 8,23 | 9,30 {10,73|11,34
10,0 | 7,53 790 | 8,26 | 8,19 | 851 | 881 | 9,12 | 9,41 | 9,21 |10,50|11,10|12,50|13,58|15,16
12,5 (10,40|10,43|10,42/10,39(10,33|10,26|10,18|10,46(10,35|11,57|12,25|14,28|14,97|16,59

1. Slab width (bw) accepted as equal 1,0 m, slab height (%) according to Table 2..

2. Calculations made with account the own weight of the slab (unit weight y =25 kN/m?)

Conclusions

The article provides a general methodology for calcu-
lating and designing rational (optimal) slab structures
and elements of steel-reinforced concrete floors, taking
into account the ultimate stress-strain state of their ele-
ments at the moment of their destruction. The method
of rational (optimal) design of slab SRC elements of
floors depending on the ultimate stress-strain state at
the time of failure of their component parts includes the
solution of two problems: the selection of the cross sec-
tion of the slab SRC element and its reinforcement,

which is a direct task of optimization design; checking
the bending strength in the calculated cross-sections of
the slab SRC element.

Implementation of the proposed methodology in de-
sign practice will allow to effectively solve slab and
beam SRC overlappings of various structural types and
species during the construction, repair and reconstruc-
tion of buildings and structures.

References

1. IBH B.2.6-160:2010 (2011). Koncmpykyii 6younxis i
cnopyo. Cmane3sanizobemonni koncmpyxyii. OcnosHi nono-
orcenns. Knis: MinperionOyn Ykpainu

2. ACTY BB.2.6-206:2015 (2015). Po3paxyHOK i KOHCTpPY-
I0BaHHS 3TMHAJBHUX 1 CTUCHYTHX €JIEMEHTIB cTale3aizooe-
TOHHHX KOHCTpYKILill OyxiBens Ta criopya. Kuis: Minperi-
oHOyn Ykpainu

3. ACTY BB.2.6-215:2016 (2016). Pospaxyuox i koncm-
PYIOBAHHA CMANE3ANI300€MOHHUX KOHCMPYKYI 3 RAUMAMU
no npoginvosanum nacmunam. Kuis: Minperiondyn Ykpa-
iHM

4. Mei L., Wang Q. (2021). Structural Optimization in Civil
Engineering: A Literature Review. Buildings 2021, 11, 66

https://doi.org/10.3390/buildings11020066

5. Luevanos-Rojas A., Lopez-Chavarria S., Medina-Elizo-
ndo M., Kalashnikov V. (2020). Optimal design of rein-
forced concrete beams for rectangular sections with straight
haunches. Revista de la Construccion, 19-1, 90-102

http://dx.doi.org/10.7764/rdlc.19.1.90-102

6. Tliouine B., Fedghouche F. (2010). Optimal Design of
Reinforced Concrete T-Beams under Ultimate Loads. 2nd
International Conference on Engineering Optimization.
(September 6 - 9, 2010), Lisbon, Portugal

7. Habibi A., Ghawami F. & Shahidsade M.S. (2016).
Development of optimum design curves for reinforced con-
crete beams based on the INBR9. Computers and Concrete,
18(5), 983-998

https://doi.org/10.12989/CAC.2016.18.5.983

8. Rahmanian I., Lucet Y. & Tesfamariam S. (2014).
Optimal design of reinforced concrete beams: A review.
Computers and Concrete, 13(4), 457-482

https://doi.org/10.12989/CAC.2014.13.4.457

1. DBN V.2.6-160:2010 (2011). Structures of buildings
and structures. Steel-reinforced concrete structures. Basic
Provisions. Kyiv, Minregion Ukraine (in Ukrainian)

2. DSTU B V.2.6-206:2015 (2015). Calculation and de-
sign of bending and compression elements of steel-rein-
forced concrete structures of buildings and structures. Kyiv,
Minregion Ukraine (in Ukrainian)

3. DSTU B V.2.6-215:2016 (2016). Calculation and con-
struction of steel-reinforced concrete structures with slabs
on profiled floors. Kyiv, Minregion Ukraine (in Ukrainian)

4. Mei L., Wang Q. (2021). Structural Optimization in Civil
Engineering: A Literature Review. Buildings 2021, 11, 66

https://doi.org/10.3390/buildings11020066

5. Luevanos-Rojas A., Lopez-Chavarria S., Medina-Elizo-
ndo M., Kalashnikov V. (2020). Optimal design of rein-
forced concrete beams for rectangular sections with straight
haunches. Revista de la Construccion, 19-1, 90-102

http://dx.doi.org/10.7764/rdlc.19.1.90-102

6. Tliouine B., Fedghouche F. (2010). Optimal Design of
Reinforced Concrete T-Beams under Ultimate Loads. 2nd
International Conference on Engineering Optimization.
(September 6 - 9, 2010), Lisbon, Portugal

7. Habibi A., Ghawami F. & Shahidsade M.S. (2016).
Development of optimum design curves for reinforced con-
crete beams based on the INBR9. Computers and Concrete,
18(5), 983-998

https://doi.org/10.12989/CAC.2016.18.5.983

8. Rahmanian 1., Lucet Y. & Tesfamariam S. (2014).
Optimal design of reinforced concrete beams: A review.
Computers and Concrete, 13(4), 457-482

https://doi.org/10.12989/CAC.2014.13.4.457

30ipHUK HAyKOBHX Tipallb. ['amy3eBe MammHOOyryBaHHs, OymiBHAITBO. — 1 (58)° 2022 63



9. Singh J. and Chutani S.A. (2015). Survey of Modern Op-
timization Techniques for Reinforced Concrete Structural
Design. International Journal of Engineering Science Inven-
tion Research & Development, 11(I), 55-62

10. Guerra A. and Kiousis P.D. (2006). Design optimiza-
tion of reinforced concrete structures. Computers and Con-
crete, 3-5,313-334

https://doi.org/10.12989/cAc.2006.3.5.313

11.Pam H.J., Kwan AK.H. and Islam M.S. (2001).
Flexural strength and ductility of reinforced normal- and
high-strength concrete beams. Structures & Buildings, 146-
4,381-389

https://doi.org/10.1680/stbu.2001.146.4.381

12. Kwan A.K.H., Ho J.CM. and Pam H.J. (2002).
Flexural strength and ductility of reinforced concrete beams.
Structures & Buildings, 152-4, 361-369

https://doi.org/10.1680/stbu.2002.152.4.361

13.Kwan A.K.H., Au F.T.K. and Chau S.L. (2004).
Theoretical study on effect of confinement on flexural duc-
tility of normal and high-strength concrete beams. Magazine
of Concrete Research, 56-5,299-309

https://doi.org/10.1680/macr.2004.56.5.299

14.Ho J.CM., Kwan A.K.H. and Pam H.J. (2004).
Minimum flexural ductility design of high strength concrete
beams. Magazine of Concrete Research, 56-1, 13-22

https://doi.org/10.1680/macr.2004.56.1.13

15. Seguirant S.J., Brice R. and Khaleghi B. (2010).
Making sense of minimum flexural reinforcement require-
ments for reinforced concrete memders. PCI Journal, Sum-
mer, 64-85

16. Subramanian N. (2010). Limiting reinforcement ratios
for RC flexural members. The Indian Concrete Journal,
September, 71-80

17. Orozco C.E. (2015). Strain limits vs. reinforcement ra-
tio limits — A collection ofnew and old formulas for the de-
sign of reinforced concretesections. Case Studies in Struc-
tural Engineering, 4, 1-13

https://doi.org/10.1016/j.csse.2015.05.001

18. Fayyad T.M and Lees J.M. (2015). Evaluation of a min-
imum flexural reinforcement ratio using fracture based mod-
elling. IABSE Conference — Structural Engineering: Provid-
ing Solutions to Global Challenges, 2-9

19. Mafleh W. and Kovacs N. (2022). Numerical analysis
of composite slim-floor beams. Pollack Periodica, 17-2,
81-85

https://doi.org/10.1556/606.2022.00396

20. Mohamed S., Shahrizan B., Ahmed W., Azrul A. and
Emad H. (2022). Innovation of Shear Connectors in Slim
Floor Beam Construction. Journal of Engineering, 2022

https://doi.org/10.1155/2022/2971811

21.Duma D., Zaharia R., Pintea D., Both I., Hanus F.
(2022). Analytical Method for the Bending Resistance of
Slim Floor Beams with Asymmetric Double-T Steel Section
under ISO Fire. 4ppl. Sci., 12, 574

https://doi.org/10.3390/ app12020574

22. Borghi T.M., Oliveira L.A.M. and EI Debs A.L.H.C.
(2021). Numerical investigation on slim floors: comparative
analysis of ASB and CoSFB typologies. Rev. IBRACON Es-
trut. Mater., 14-4, ¢14411

https://doi.org/10.1590/S1983-4195202100040001 1

23. Dai X., Lam D., Sheehan T., Yang J. and Zhou K.
(2020). Effect of dowel shear connector on performance of
slim-floor composite shear beams. Journal of Construc-
tional Steel Research, 173

https://doi.org/10.1016/j.jcsr.2020.106243

24. Furche J., Bauermeister U. (2020). Ermiidung-
snachweis fiir Elementdecken mit Gittertrdgern. Beton- und
Stahlbetonbaum, 115(1), 26-35

https://doi.org/10.1002/best.201900056

9. Singh J. and Chutani S.A. (2015) Survey of Modern Op-
timization Techniques for Reinforced Concrete Structural
Design. International Journal of Engineering Science Inven-
tion Research & Development, 11(I), 55-62

10. Guerra A. and Kiousis P.D. (2006) Design optimiza-
tion of reinforced concrete structures. Computers and Con-
crete, 3-5,313-334

https://doi.org/10.12989/cAc.2006.3.5.313

11. Pam H.J., Kwan A.K.H. and Islam M.S. (2001).
Flexural strength and ductility of reinforced normal- and
high-strength concrete beams. Structures & Buildings, 146-
4,381-389

https://doi.org/10.1680/stbu.2001.146.4.381

12. Kwan A. K. H.; Ho J. C. M. and Pam H. J. (2002).
Flexural strength and ductility of reinforced concrete
beams // Structures & Buildings. — 2002, Vol. 152, Ne 4. —
pp. 361-369. Doi: 10.1680/stbu.2002.152.4.361

13. Kwan AK.H.,, Au F.T.K. and Chau S.L. (2004).
Theoretical study on effect of confinement on flexural duc-
tility of normal and high-strength concrete beams. Magazine
of Concrete Research, 56-5,299-309

https://doi.org/10.1680/macr.2004.56.5.299

14. Ho J. C. M.; Kwan A. K. H. and Pam H. J. (2004).
Minimum flexural ductility design of high strength concrete
beams // Magazine of Concrete Research. - 2004, Vol. 56,
Me I .—pp. 13-22. Doi:10.1680/macr.2004.56.1.13.

15. Seguirant S.J.,, Brice R. and Khaleghi B. (2010).
Making sense of minimum flexural reinforcement require-
ments for reinforced concrete memders. PCI Journal, Sum-
mer, 64-85

16. Subramanian N. (2010). Limiting reinforcement ratios
for RC flexural members. The Indian Concrete Journal,
September, 71-80

17. Orozco C.E. (2015). Strain limits vs. reinforcement ra-
tio limits — A collection ofnew and old formulas for the de-
sign of reinforced concretesections. Case Studies in Struc-
tural Engineering, 4, 1-13

https://doi.org/10.1016/j.csse.2015.05.001

18. Fayyad T.M and Lees J.M. (2015). Evaluation of a min-
imum flexural reinforcement ratio using fracture based mod-
elling. IABSE Conference — Structural Engineering: Provid-
ing Solutions to Global Challenges, 2-9

19. Mafleh W. and Kovacs N. (2022). Numerical analysis
of composite slim-floor beams. Pollack Periodica, 17-2,
81-85

https://doi.org/10.1556/606.2022.00396

20. Mohamed S., Shahrizan B., Ahmed W., Azrul A. and
Emad H. (2022). Innovation of Shear Connectors in Slim
Floor Beam Construction. Journal of Engineering, 2022

https://doi.org/10.1155/2022/2971811

21. Duma D., Zaharia R., Pintea D., Both 1., Hanus F.
(2022). Analytical Method for the Bending Resistance of
Slim Floor Beams with Asymmetric Double-T Steel Section
under ISO Fire. Appl. Sci., 12, 574

https://doi.org/10.3390/ app12020574

22. Borghi T.M., Oliveira L.A.M. and EIl Debs A.L.H.C.
(2021). Numerical investigation on slim floors: comparative
analysis of ASB and CoSFB typologies. Rev. IBRACON Es-
trut. Mater., 14-4, 14411

https://doi.org/10.1590/S1983-4195202100040001 1

23.Dai X., Lam D., Sheehan T., Yang J. and Zhou K.
(2020). Effect of dowel shear connector on performance of
slim-floor composite shear beams. Journal of Construc-
tional Steel Research, 173

https://doi.org/10.1016/j.jcsr.2020.106243

24. Furche, J.; Bauermeister, U. Ermiidungsnachweis fiir
Elementdecken mit Gittertrdgern. Befon- und Stahlbet-
onbaum, 2020, 115 (1), 26-35.

https://doi.org/10.1002/best.201900056

64 Academic journal. Industrial Machine Building, Civil Engineering. — 1 (58)’ 2022



25. ACTY-H B EN 1994-1-1: 2010 (2010). €spoxoo 4.
Tlpoexmyeanns  cmane3anizo6emoHHUx — KOHCMPYKYIll.
Yacmuna 1-1. 3azanvui npasuna i npasuna 0ns cnopyo
(EN 1994-1-1:2004, IDT). Kuis: AIT “YxpHJIHIL”

26. Comité Européen de Normalisation (CEN), (2004b)
“Eurocode 4. Design of Composite Steel and Concrete
Strucures-Part 1-1: General Rules and Rules for Buildings”,
European Standard BS EN 1994-1-1: 1994. European
Committee for Standardization (CEN), Brussels, Belgium

27. American Institute of Steel Construction. (2010).
Specifications for structural steel buildings, AISC 360-10,
Chicago, IL

28. Architectural Institute of Korea (2014). Korea Building
Code (KBC 2014) and Commentary, Kimoondang, Korea

29.JGJ 138-2016 (2016). Code for Design of Composite
Structures, China building industry press, Beijing, China

30. Japan Society of Civil Engineers. (2009). Standard
specifications for steel and composite, Tokyo, Japan

31. Kochkarev D., Galinska T. (2017). Calculation meth-
odology of reinforced concrete elements based on calculated
resistance of reinforced concrete. MATEC Web of Confer-
ences 116, 02020

https://doi.org/10.1051/matecconf/201711602020

32. Kymmip 10.0., ITenn B.®., Osciit M.O. (2012). MeTo-
JIMYHI OCHOBHU PO3paxyHKY HECYJO0l 37[aTHOCTI HOPMaJIbHOTO
IPSIMOKYTHOTO TPHBENEHOTO Hepepidy craae0eToHHnX Oa-
JIOK Ha OCHOBI pPO3paxyHKOBOi pedopmaniitHoi Mopeni.
Pecypcoexonomni mamepianu, xoncmpykyii, 0yoieni ma
cnopyou, 24, 167-179

33. Galinska T., Ovsii D., Ovsii M. (2018). The combining
technique of calculating the sections of reinforced concrete
bending elements normal to its longitudinal axis, based on
the deformation model. International Journal of Engineer-
ing & Technology (UAE), 7(3.2), 123-127

https://doi.org/10.14419/ijet.v7i3.2.14387

25. DSTU-N B EN 1994-1-1:2010 (2010). Eurocode 4.
Design of Composite Steel and Concrete Strucures-
Part 1-1: General Rules and Rules for Buildings
(EN 1994-1-1:2004, IDT)., Kyiv, Ukraine

26. Comité Européen de Normalisation (CEN), (2004b)
“Furocode 4: Design of Composite Steel and Concrete
Strucures-Part 1-1: General Rules and Rules for Buildings”,
European Standard BS EN 1994-1-1: 1994. European
Committee for Standardization (CEN), Brussels, Belgium

27. American Institute of Steel Construction. (2010).
Specifications for structural steel buildings, AISC 360-10,
Chicago, IL

28. Architectural Institute of Korea (2014). Korea Building
Code (KBC 2014) and Commentary, Kimoondang, Korea

29.JGJ 138-2016 (2016). Code for Design of Composite
Structures, China building industry press, Beijing, China

30. Japan Society of Civil Engineers. (2009). Standard
specifications for steel and composite, Tokyo, Japan

31. Kochkarev D., Galinska T. (2017). Calculation meth-
odology of reinforced concrete elements based on calculated
resistance of reinforced concrete. MATEC Web of Confer-
ences 116, 02020

https://doi.org/10.1051/matecconf/201711602020

32. Kushnir Y.O., Pents V.F., Ovsii M.O. (2012). Method-
ical bases for calculating the load-bearing capacity of a nor-
mal rectangular reduced cross-section of steel-concrete
beams based on the calculated deformation model.
Resource-saving materials, structures, buildings and struc-
tures, 24,167-179.

33. Galinska T., Ovsii D., Ovsii M. (2018). The combining
technique of calculating the sections of reinforced concrete
bending elements normal to its longitudinal axis, based on
the deformation model. International Journal of Engineer-
ing & Technology (UAE), 7(3.2), 123-127

https://doi.org/10.14419/ijet.v7i3.2.14387

30ipHUK HAyKOBHX Tipallb. ['amy3eBe MammHOOyryBaHHs, OymiBHAITBO. — 1 (58)° 2022 65



