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A method for calculating rectangular cross-section bending elements, reinforced with ordinary and prestressed reinforcement,
as well as steel fiber, based on the deformation method. This takes into account stress losses in the reinforcement from creep
deformations and shrinkage of steel-fiber-concrete. The increase in compressive strength of reinforced concrete under biaxial
compression conditions is also taken into account. The bearing capacity calculation results of a standard road plate P60.38 and
a similar plate with metal fiber are given.
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CyuyacHe OyAiBHHITBO HEMOXKIINBE O3 BUKOPHCTAHHS 33113006 TOHHUX KOHCTPYKIIiH 3 IONepeIHbO-HAMPYKESHOIO apMaTypOIo.
Jlnst TOKpameHHs MIIHICTHUX Ta Je(OpMaTHBHHX XapaKTepUCTHK OCETOHY BHKOPUCTOBYIOTH (hiOpoBe apMyBaHHS.
Cepen Takux (iOp HaMOUIBII ITMPOKO BUKOPUCTOBYETHCS cTasbHA (hibpa. BoHa 3HauHO MOKpalrye MinHicTh cTanediopode-
TOHY Ha po3Tsr. Lle mae MOXIMBICTH BpaXxOBYBaTH poOOTY cTanediOpoOeToHy B PO3TATHYTIH 30HI Iepepizy 3STHHAIBHUX eJle-
MeHTIB. Jlifodi HOpMaTHBHI JOKyMEHTH He JAI0Th HE JAI0Th PeKOMEHaIliH 1010 PO3paxyHKy cTane(hiOpoOSTOHHUX MIIOCKIX
€JIEMEHTIB, sKi IIPaIfOIOTh Y IBOX HampsiMKax. BincyTHi pexomeHmanii Mmoo po3paxyHKy cranedioOpoOeTOHHUX eeMeHTIB 3
TIoTIepeTHEO-HAPY)KEHOIO apMaTypoIo. JloCIiPKEeHHS Hecyqo1 34aTHOCTI, TPIMMHOCTIHKOCTI Ta fedopmMariiif TBOXOCHO Iore-
PEAHbO-HAIPYKEHHUX CTaNe)iOPOOETOHHUX IUIMT NPAKTUYHO BiACYTHIH. 3apornoHOBaHa METOMKA PO3PaXyHKY 3THHAIBHUX
€JIEMEHTIB MPSAMOKYTHOTO Iepepidy, apMOBaHUX 3BHYAMHOIO Ta IONEPEIHbO-HANPYKEHOIO apMaTypolo, a TAKOXK CTaJbHOIO
¢ibpoto, Ha ocHOBI nedopmartiiinoro meroay. [Ipu 1pOMy BpaxoBYIOTBCSI BTpaTH HalpyXeHb B apMatypi Bia aedopmariit
MOB3Yy4O0CTi Ta ycaaku cranediopodeTony. Takox BpaXxOBYEThCS 3pOCTaHHS MILHOCTI cTanediopoOeToHy Ha CTUCK B YMOBAax
JIBOXOCHOTO OOTHCKY. Y pe3yJbTaTi MOPIiBHSUIBHOTO PO3paxyHKy HECY4oi 3IaTHOCTI CTaHIApTHOI JOpoxHBOI Ty 1160.38
Ta aHaJOTIYHOI IUINTH, Y SKili apMaTypHi CiTKU OyJu 3aMiHeHi CTanbHOIO (GiOpOI0, BCTAHOBIICHO, 110 HECyda 34aTHICTh IUTUTH
31 craipHOIO (ibporo BumIa Bix cranmapTHOL Ha 24,4%. EdexTuBHICTD IUUT 31 CTanbHOIO (GiOpOIO MOJISTAE B TOMY, IO BUKO-
pUCTaHHI CTalbHOI (iOpPH A€ MOXIHUBICT 3MEHIICHHS KUJIBKOCTI BHCOKOMIITHOT TONEpEIHbO-HAIPYKECHOI apMaTypH 10
10...15%. 3aBasiKu XOPOLIMM BJIACTUBOCTSIM cTasiepiOpoOeTOHy IPOTHIIl CTUPAHHIO TPUBANICTE €KCILTyaTamii INNT aepoIpo-
MHHX Ta JOPOXKHIX IIOKPHUTTIB HabaraTo OLIbIIA Bift 32113006 TOHHUX.

KurouoBi ciioBa: miuntH A71s1 HOKPUTTS IOPIr, HECY4a 31aTHICTh, cTanediopoOeToH, 3ruHaIbHII MOMEHT, KPUBU3HA, MOTIepe-
JHBO-HAIPY)KEHa apMaTypa, BiTHOCHI AedopMallil, HApyKEHHsI B apMaTypi, HapyKeHHs B cranediopobeToHi
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Introduction

Modern construction is impossible without using re-
inforced concrete structures with prestressed reinforce-
ment. Fiber reinforcement is used to improve the con-
crete strength and deformation characteristics. Among
such fibers, steel fiber is the most widely used. It sig-
nificantly improves the tensile strength of steel-fiber-
concrete (SFC). This makes it possible to take into ac-
count the SFC operation in the bending elements
stretched cross-sectional area. Current regulations do
not provide recommendations for the SFC flat elements
calculation that work in two directions. There are no
recommendations for the SFC elements with pre-
stressed reinforcement calculation. The bearing capac-
ity study and crack biaxially prestressed SFC road slabs
resistance is practically absent. The purpose of the work
is a comparative calculation of standard road slabs and
slabs with metal fiber.

Review of research sources and publications

In recent decades, extensive research on structures
with inclusions of various fibers [10-13, 16, 17]. Fiber
significantly improves the tensile strength of concrete.
Steel fiber has proved itself very well. Recent studies
of steel-fiber-concrete (SFC) have shown a positive ef-
fect on the work of bending elements. SFB is well re-
sistant to abrasion. Therefore, it can be very effectively
used in slabs of road and airfield surfaces.

Definition of unsolved aspects of the problem

The current regulations do not recommend the calcu-
lation of rectangular elements reinforced with ordinary
and pre-stressed reinforcement, as well as steel fiber.
There are also no recommendations for the calculation
of the SFB of flat elements that work in two directions.

Problem statement

The purpose of this work is to develop a method for
calculating the bending elements of rectangular cross
section, reinforced with ordinary and pre-stressed rein-
forcement, as well as steel fiber, based on the defor-
mation method. When calculating it is necessary to take
into account stress losses in the reinforcement from
creep deformations and shrinkage of steel-fiber-con-
crete. It is also necessary to take into account the in-
crease in compressive strength of reinforced concrete
under conditions of biaxial compression.

Basic material and results

Method of calculation of combined reinforced bend-
ing elements.

Consider a bending element of rectangular cross-sec-
tion, reinforced with steel fiber and rod ordinary and
prestressed reinforcement in compressed and stretched
cross-sectional areas. The stress-strain state of a rectan-
gular combined-reinforced section is shown in Fig. 1.
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Figure 1 — Stress-strain state of a rectangular combined-reinforced section

Achieving fiber deformations of limit values is ac-
cepted as a criterion of bearing capacity exhaustion on
a SFB normal section of an element & = -2 fou / Eor:
The value of the ultimate bending moment for the SFB
of bending elements of rectangular cross-section with
pre-stressed reinforcement is recommended to be deter-
mined by the formulas (Fig. 1):
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In dependences (1), (2) according to [5] X — the cur-
vature of the curved axis in cross-section (1/m):

N [1) _ S b

r h ®

&1y — relative deformations of steel-fiber-concrete in
the compressed cross-sectional area;
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&2 — relative deformations of steel-fiber-concrete in
the stretched cross-sectional area;

y — the ratio of relative compression strains () to the
limit e.n:

£
e(l)
= “4)
Eerl
x1 — the height of the compressed zone (m):
ey
X = C? ; (5)
N —relative curvature:
= N
R=T (©)
Eep1

oy — stresses in reinforceng rod;
— distance from the reinforcement gravity center to
the extreme verge compressed section;
ar — the polynomial coefficients, which are deter-
mined depending on the value of the SFC compressive
strength according to the method [8].
We present equations (1), (2) in the form

Nep= N+ Ns =05 (7
Mcf+ Mcft + Mv = M 5 (8)
where: Ny, M. — efforts in the compressed zone of
the SFC;
Neji, M — efforts in the stretched zone of the SFC;
N;, M; — total effort in reinforcing rods.
Let's describe the value of internal efforts
b
Ny = ; (€))
N k= 1k +1
3
Ny :becﬁ(h_xl); (10)

N =0y 2As2 + o-sp2Asp2 s‘lAsl - O-splAspl (11)

_b,
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11 5
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M = Ay EGN(x, _Zsl)z +
+ A E gy (R(xp = 251) =& o1 )X —Zgp1 ) (14)
+ A EpN(xy —235)% +
+ A0 E gy (N —20) = €00 (X = Z2)

where: g,0; — strain caused by prestressing reinforce-

ment with all the losses.
Tension in normal and prestressing reinforcement:

_ESiN(xl_Zsi ; (15)

Spl Espz(&(xl Zspz) gp01)~

(16)

Substituting expressions (5), (6), (15), (16) in equa-
tion (9) — (11), we obtain:
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Substituting equation (17) — (19) into (7) and after

transformations, we obtain the dependence for
curvature
/ 2
_ —bz + bz —4(126'2 (20)
2(12
where:
az = Aleslzsl +As2Es22s2 +
) (21)
+ Aspl Esplzspl + AspZEspZZspZ >
3
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After determining the curvature ¥, its values are sub-
stituted into formulas (12) — (14) to determine the mo-
ments My, M, M;. After that, by formula (8) determine
the bending moment M, which corresponds to the cur-
vature N. The calculation is performed step by step for
each value of relative deformations in the compressed
cross-sectional area &), which consistently increases
in magnitude Ae.).

At each step of the calculation necessary to control
the tension in the prestressed reinforcement, which is
located in a stretched zone section. To do this, use
the diagram "o - &" for stressed steel (Fig. 2) [1].
Upon reaching the stress values oy, > f,« in the follow-
ing steps, the stress in the prestressed reinforcement
must be determined by the formula [8]

O =Jpa J{@_ Pd) e (24)
Vs Eud —€po
where:
f _prlk. . =£~
My, T E,
&g =N(x; —2,,)—0.0021.

To determine the bearing capacity of SFC with pre-
stressed reinforcement developed an algorithm, which
is implemented in the program MathCAD.
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Figure 2 — Idealized and calculated diagram "o-¢" for stressed steel

Comparative calculation of biaxially prestressed
road slab.

Prefabricated reinforced concrete prestressed brands
slabs are used for paving P60.38, P60.35, P60.30,
which correspond to the current DSTU [4]. Plates of the
brand P60.38 have the sizes in the plan 6,0%3,75 m,
brand P60.35 — 6,0x3,5 m, brand P60.30 — 6,0x3,0 m
and a thickness of 140 mm (Fig. 3).

Slabs are made of concrete class C25/30 and rein-
forced with pre-stressed reinforcement in two direc-
tions (Fig. 3). The plate P60.38 is reinforced with

24010800 fittings located in the longitudinal direction
of the plate in two levels and 18012A800 located in the
transverse direction of the plate in the center. The plate
P60.35 is reinforced with 220310A800, fittings located
in the longitudinal direction of the plate in two levels
and 180012A800 located in the transverse direction of
the plate in the center. The plate P60.30 is reinforced
with 20010A800, fittings located in the longitudinal di-
rection of the plate in two levels and 18@12A800 lo-
cated in the transverse direction of the plate in the cen-
ter.
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Figure 3 — Prefabricated reinforced concrete slabs of brands P60.38, P60.35, P60.30
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Calculation of the bearing capacity of the plate
P60.38 without metal fiber

Section dimensions b=3750 mm, #=140 mm (Fig. 4).

Prestressed reinforcement in two levels on
12010A800: Ay =A45>=942 mm?, E,=190000 MPa;
fpi=840 MPa; f,0 1=765 MPa; £,=0,018. Elongation of
reinforcement taking into account all losses makes
espo=-0,002. distance from the center of gravity of rein-
forcement to the extreme verge compressed section
Zp1=105 mm, z,,>,=35 mm. Reinforcement pitch along
the axis perpendicular to the calculated one S=350 mm.

Concrete class C25/30:  fe=17,0 MPa,

E.~=25000 MPa, &.,,=0,00169, £.,=0,00328.

Polynomial coefficients:
aj ar as
2,7404 | -2,7649 | 1,3416

as

0,03295

aq

-0,35004

The calculation results are summarized in the graph
"moment-curvature”, which is shown in Fig. 5.
The plate bearing capacity is M,=144,9 kKNm.

sp2
7 7 7 7
/4 / / / /
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Figure 4 — The calculated cross-section of the plate P60.38 (a) and calculated parameters (b)
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Figure 5 — Graph "moment-curvature' when calculating
the plate P60.38 without metal fiber

Calculation of the bearing capacity of the plate
P60.38 with metal fiber

Section dimensions b=3750 mm, h=140 mm (Fig. 4).
Prestressed reinforcement in two levels on 8010A800:
Aspr=A5p7=628 mm?;, E;,=190000 MPa; f,,=840 MPa;
Jpo,.=765 MPa; £,4=0,018. Elongation of reinforcement
taking into account all losses makes &g,0= -0,002. dis-
tance from the center of gravity of reinforcement to the
extreme verge compressed section zgy;=105 mm,
zg2=35 mm. Reinforcement pitch along the axis per-
pendicular to the calculated one S=350 mm.

Concrete class C20/25: fe=14,5 MPa,
E.=23000 MPa; £.,=0,00165, £.,~0,00344.

Metal fiber STAFIB 50/1.0: f=1000 MPa; /=50 mm,;
d=1 mm; us=0,01.

The calculated compressive strength of reinforced
concrete is determined according to DSTU [6]:
f;7=22.36 MPa; f;=1.49 MPa.

The modulus of elasticity of SFC E,~24940 MPa.

Polynomial coefficients:

aj az as aq as
2,51816 |-2,14804 | 0,71003 |-0,04839 |-0,03169
Relative SFC  deformations at compression

84’/‘7:0500 1 76; Ecfiu =0.00293.
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Relative SFC
Ecftu :0.00035.

The calculation results are summarized in the graph
"moment-curvature", which is shown in Fig. 6.
The plate bearing capacity is M,=180,3 kNm.

As a comparative bearing capacity calculation result
of the standard road slab I160.38 and a similar plate
with metal fiber, it was found that the bearing capacity
of the plate with steel fiber is higher than the standard
by 24.4%.

strains at tension &,=0,00018;

The steel fiber plate efficiency is that the steel fiber
makes it possible to reduce the number of high-strength
reinforcement from 24010A800 to 160010A800. At the
same time, the plate bearing capacity with steel fiber is
much higher. The number of high-strength reinforce-
ment in the transverse direction is also reduced by 15...
20%.
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Figure 6 — Graph "moment-curvature' when calculating
the plate P60.38 with metal fiber

Conclusions

The general algorithm of bending elements calcula-
tion of rectangular section reinforced by usual and pre-
stressed reinforcing rod, and also steel fiber is offered.

The calculation method is based on the deformation
theory of reinforced concrete structures calculation tak-
ing into account the complete diagram "o-¢" for con-
crete and reinforced concrete under compression.

The method makes it possible to calculate biaxially
prestressed plates. This takes into account the increase
in strength of concrete and steel-fiber-concrete in the
biaxial compression conditions.

As a result of comparative bearing capacity calcula-
tion of the standard road slab P60.38 and a similar plate
with metal fiber, it was found that the plate bearing ca-
pacity with steel fiber is higher than the standard by
24.4%.

The plates’ efficiency with steel fiber is that steel fi-
ber makes it possible to reduce the number of high-
strength prestressed reinforcement to 10...15%.

Due to the good anti-abrasion properties of reinforced
concrete, the service life of aerodrome and road surface
slabs is much longer than reinforced concrete.
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