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Experimental-theoretical studies of biaxially prestressed steel-fiber-concrete slabs under the
action of a uniformly distributed load were performed. A method for calculating steel-fiber-
concrete (SFC) slabs based on the deformation method is proposed. This takes into account stress
losses in the reinforcement from creep and shrinkage deformations of reinforced concrete. The
increase in compressive strength of steel-fiber-concrete under biaxial compression is also taken
into account. The results of calculation of experimental samples and their comparison with the
results of experimental researches are given.

Keywords: bearing capacity, steel-fiber-concrete, bending moment, curvature, prestressed
reinforcement, relative deformations, stresses in reinforcement, stresses in steel-fiber-concrete.

Introduction. Modern construction is impossible without the use of
reinforced concrete structures with pre-stressed reinforcement. Fiber
reinforcement is used to improve the strength and deformability characteristics
of concrete. Among such fibers, steel fiber is the most widely used. It
significantly improves the tensile strength of steel-fiber-concrete (SFC). This
makes it possible to take into account the operation of the SFC in the stretched
cross-sectional area of the bending elements. The current regulations do not
provide recommendations for the calculation of the SFC of flat elements that
work in two directions. There are no recommendations for the calculation of
SFB elements with pre-stressed reinforcement. Research of bearing capacity,
crack resistance and deformations of biaxially prestressed SFC plates is
practically absent. The aim of the research is to obtain new experimental data
of such structures under transverse loading and to develop a method for
calculating their bearing capacity.

1. Method of calculating the bearing capacity. To determine the bearing
capacity of the plate, we consider a scheme in which the plate is subjected to a
uniformly distributed load and pre-compression forces in two directions P, and
P, (Fig. 1). The characteristics of reinforcement are accepted according to fig. 2.

The calculation of the carrier definition is performed in two directions,
cutting strips of width b, = S, and b, = §,. At the first stage, we determine the
compressive stress of the SFC, which is transmitted by pre-stressed
reinforcement, taking into account the losses from shrinkage and creep of the
SFC. The stress-strain state in cross section is shown in fig. 3. When the
central compression stresses and strains in cross section are the same height

Our(t) = Ocr2) A Epry = Ecr(2) -
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Fig. 1. The loading scheme of the experimental steel-fiber-concrete slab:
Py — single vertical load; Py and P, - pre-compression forces along the axes, respectively X and ¥
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Fig. 2. Characteristics of reinforcement of a single fragment of the plate
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Fig. 3. Stress-strain state of a rectangular steel-fiber-concrete section with pre-stressed
reinforcement in the center of the section:
(a) - cross section of the element;
(b) - diagram of stresses and strains during the transfer of forces from reinforcement to concrete

After applying a vertical load, the stress-strain state can be divided into
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three stages (Fig. 4).
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Fig. 4. Stress-strain state of a rectangular steel-fiber-concrete section with pre-stressed
reinforcement in the center of the section under the action of bending moment: (a) - cross section
of the element; (b) - diagram of stresses and strains under the action of bending moment and
compressive force at stage I; (c) - plot of stresses and strains under the action of bending moment
and compressive force at stage 11 (stage of crack formation); (d) - diagram of stresses and strains
under the action of bending moment and compressive force at stage III (stage of destruction)

At the first stage at insignificant loading compressive stresses and
deformations in the top zone of section increase, and in the bottom zone of
section decrease and reach values ., =0 and £, =0 (Fig. 4b). At the

same time tensile stresses in the reinforcing rod o, will decrease

In the second stage, with a further increase in load, the compressive
stresses and strains in the upper section of the section increase, and in the
lower section of the section there is tension and stresses and strains change
SIgN —Cop(2) = Ogpi(a) AN —€4p(2) = €2 (Fig. 4¢). The tensile stresses in the

reinforcing rod o are further reduced. At this stage, normal cracks occur and

it is taken to calculate the crack resistance and crack width.

In the third stage, with a further increase in load, the compressive stresses
and strains in the upper cross-sectional area reach the limit values
(o) =Jy and e,y =¢y, ), and in the lower cross-sectional area, the

tensile and strain stresses reach the limit values (o, =f,; and

Ecr(2) = € ) (Fig. 4d). The tensile stresses in the reinforcing rod o are

further reduced. This stage is used to calculate the bearing capacity.

The value of the ultimate bending moment in the direction of one axis i=(x
or y) for fiber-reinforced bending elements of rectangular cross-section with
pre-stressed reinforcement is recommended to be determined by the formulas:

bifophei
g a 1
9 > (D

a k+1 3
—E ke _Zbifcft (h_xl,i)+GSiAsi =0,
k=1

k+1
bf k.35 4 2
g el Z—k y _lbifcft (h=xy;)" +04 4 (x —z4)—M; =0. (2)
Niz o k+2 6

In formulas (4.7), (4.8) according to [7]:



ISSN 2410-2547 295
Omip MatepianiB i Teopis cnopya/Strength of Materials and Theory of Structures. 2020. Ne 105

g -
Y= AL 5 &cray - relative deformations of the SFC in the compressed cross-
gcfl )

sectional area; ¢, (,) - relative deformations of the SFC in the stretched cross-

_ (Ec(l) _50(2))1‘
h

1

sectional area; N; = (—) ; - the curvature of the curved axis in

7

£ _
% - height of the compressed zone (m); &; = Ni .

i gcf]

cross section; x;; =

relative curvature; o, = E; (Ni(x” —zsi)—gpol») - stresses in reinforcing

rod; ¢,y - relative deformations from the prestress of the reinforcing rod,

pOi

taking into account all losses; k. - coefficient that takes into account the

cl
increase in the strength of the SFC under biaxial compression and is
determined by DBN [1].

The calculation of the ultimate bending moment is performed in the
following sequence:

1. In the first step, we determine the relative deformations ¢, in the
most compressed face, taking &, ;) =0 (Fig. 4b). To do this, determine the

values y, N;, x;, Ni, o, and, substituting them in equation (1), select the

spi
value ¢,y so that equation (1) is equal to 0. Next, we substitute the obtained

values into equation (2) and determine the value of the moment M.
2. In the second step, increase the value &,y by 0,1, and select the

value &,y so that equation (1) is equal to 0 (Fig. 4c). Next, we substitute the

obtained values into equation (2) and determine the value of the moment M.
The value of the moment M and N; plot on the graph «moment-curvaturey.

3. The following steps are performed by analogy with the second, gradually
increasing the value ¢,y by 0,le. ;). The calculations are performed step

by step until the value of the moment in the last step is less than in the previous
step or the values of the relative deformations in the stretched zone reach the
limit values.

2. Strength and deformability characteristics of SFC. The prototypes
were made of SFC with a concrete matrix of the same composition. Portland
cement of the M400 brand was used. Quartz sand in the ratio C/P = 1/3 was
used as a fine aggregate. The water-cement ratio was W/C = 0.62.

Samples of the first series were reinforced with a mixture of steel fibers of
STAFIB 50/1.0 and STAFIB 30/0.6 with anchors at the ends, the percentage of
which was 0.5% by volume of each fiber. The samples of the second series
contained 1.0% by volume of NOVOKON URW 50/1.0 corrugated fibers.
Technical characteristics used in the study of steel fibers are given in table 1.

Determination of strength and deformation characteristics of SFC was
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carried out on prisms 75x75x300 mm, 100x100x400 mm and cubes with a rib
size of 75 and 100 mm at the age of 28 days. The tensile strength of the SFC
was determined when testing samples of "eights" with a cross section of
40x40 mm in a rupture machine. As a result of tests, the compressive strength
of SFC is fip prisn=13.5 MPa (series I) and fiy s»=10.3 MPa (series 1I). The
tensile strength of SFC is f;u=1.48 MPa (series 1) and f;u=1.22 MPa (series
II). The initial modulus of elasticity of SFC is E,=37158 MPa (series I) and
E.~18094 MPa (series 1I).

Table 1
Technical characteristics of steel fiber

Brand of ) Diameter |Length /z| fz.

oo Sketch T om | Mpa | Irde
STAFIB TN— R .
30/0.6 5| ;g | 5 & 0.6 30.0 1100 | 50
STAFIB | ™\ " ol = =

s0/L0 | ° 23 |5 e 1.0 50.0 | 1000 | 50
Novocon | s AAASNAAL -

URW || 4 1 10 50.0 | 1000 | 50
50/1.0 | A :

To construct theoretical diagrams "o-¢" during compression of SFC prisms,
the dependence on DBN was used [1]:

5
o =fes > aknk , 3)
k=1

where 17 =€,/ €. &y - relative deformations of SFC at maximum stresses;

a, - polynomial coefficients, which are determined depending on the
experimental value of the prism strength of the SFC according to the method
[7] (see Table 2).
Table 2
Polynomial coefficients for SFC undercompression

ay as as ay ds

Series | 2,94069 -3,2747 1,7844 -0,50755 0,05713

Series 11 3,17450 -3,8567 2,2594 -0,64700 0,06970

Diagrams of "o-¢" at uniaxial compression of SFC prisms of the I and II
series are given in fig. 5.

The relative compressive strains of the SFB were ¢,,=1,78x10” (series I)
and £.,,=1,6x10" (series II); £.,4,=2,74x10" (series I) and &, =2,56x10” (series
I1). The relative tensile strains of the SFB were ¢.,,=2,1x10* (series I) and
en=1,8x10" (series II).
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Fig. 5. Diagrams "o-¢" at uniaxial compression of SFC prisms of the I series (a) and 11 series (b)
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3. Experimental studies. Experimental studies were performed on plates
measuring 40x800x800 mm with prestressed reinforcement @5Bp-II in two
directions. The compression levels of the test plates are given in table 3. Made
two series of plates with different levels of prestress.

Table 3
Compression levels of experimental plates

Compression level along the | The number of

Series | Number axis reinforcing bars

number Sample name , of _ planned actual along the axis

samples

X Y X Y X Y
I-111-0.7/0.0 2 0.7 0.0 | 0.66 0 9 9
I I-I111-0.7/0.3 2 07 | 03 | 0.66 | 029 9 6
I-I11-0.7/0.7 2 0.7 | 0.7 | 0.66 | 0.66 9 9
-IIT-Y 2 - - - - 9 9
1I-TT1-0.7/0.0 2 0.7 0.0 | 063 | 0.0 9 9
I I-T11-0.7/0.3 2 0.7 0.3 | 0.63 | 0.28 9 6
- | I-II1-0.7/0.7 2 07 | 07 | 063 ] 063 9 9
I-II1-yY 2 - - - - 9 9

The characteristics of SFB I and II series are given in item 2. Mechanical
characteristics of reinforcing steel are as follows: strength limit ¢,=1811 MPa,
conditional yield strength op,= 1400 MPa, modulus of elasticity
E~2,0x10° MPa.

The plates were loaded by 16 concentrated forces P, evenly over the entire
area of the plate with a step of 180 mm by means of hydraulic jacks through a
system of traverses with hinged units. This simulated a uniformly distributed
load ¢ (Fig. 6). The slabs were hinged on four sides. The flight along the X and
Y axes was 700 mm. During the test, the deformations of the SFB on the lower
and upper surfaces of the plates were measured using strain gauges. The
deflections of the plates in the center of the plate and the deformation of the
supports were also measured using clock-type indicators with a division price
of 0.01 mm. The magnitude of the load was recorded on the manometer of the
pumping station, to which the hydraulic jacks were connected.



298

ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2020. Ne 105

w5 o, s, 195, 175 1
Y
1 & o1 b _ & =
0 1 LN Lo I D‘
o m Fat ] m /rn = [ 2
= == o o o § =
| . o o \/ 14
[ L =) «
£ oo 00 —r
" z IR [T
% | ¥ = =
] m m un m —
— (== ="} L™} = .
‘ [V
=| f=]
| : = =
= m m | m oy
& 55 ) o |55 55 ) = z =
oLl | F | =
[ I~ 3 - | I = ﬁ.p [=
i
daol 0 | w0 | w0 |sokqg
&00
ép‘ P P P
e 1] 1
0,80, 180 180 180 80150

Fig. 6. The scheme of plates loading: 1 - indicators

4. Comparative analysis of experimental and theoretical studies. As a
result of the tests, crack-loading loads and loads at which the plates collapsed

were obtained (Table 4).

of experimental plates

Table 4
Experimental values of loads in the formation of cracks and in the destruction

Load in the The load of The moment of
formation of cracks |  destruction destruction,
Sample name Gerer KN/mM? g KN/m? M, KNm
one plate AVETAZe | e plate average| experl- th%
value value | mental | tical
[-I1-0.7/0.0-1 | 12,55 35,20 -
= 3,2 = 3
[-I11-0.7/0.0-2 | 14,01 13,28 36,56 | ° >88 | 0,198 | 0,188
[-I1-0.7/0.3-1 | 20.86 44,00 ' < <
> 21.2 > 44,4 o) D)
LI 07032 | o154 | 2020 [Taagn | M40 0245 051
I-111-0.7/0.7-1 | 22,19 | 51,50 | . i
2 22 2 2 283
I-I1-0.7/0.7-2 | 23.33 76 53.10 01,89 | 0,286 | 0.28
H-V-1 10,70 3414 | L - )
LIILY 2 1138 11,04 3476 3445 | 0,190 | 0,186
[O-TIM1-0.7/0.0-1| 12.53 < 33,05 -
. 2 J 33 :
I I 070.02] 12.65 | 2 [3ae6 | 3383 | 0187 | 0.184
[I-111-0.7/0.3- 18,77 42,29 . <
. . A7 63 1 911
IIM-0.7032 19.04 | 590 [Tage7 | 4263 | 0235 | 0233
[O-IM1-0.7/0.7-1| 22,76 49.19 i i
E 2 - 4842 | 0.2 262
[O-TT1-0.7/0.7-2|  20.83 21,80 47,26 48,42 | 0,267 | 0,26
I-IM-VY-1 9.45 29,14 : :
5 5 20 2 -
II-TI1-V-2 10,13 | > 314 | 2%% | %167 | 0163
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The following conclusions can be drawn when analyzing the experimental
and theoretical values of the maximum limits. The difference in experimental
and theoretical values was 1,1...2,5%. The bearing capacity of III1-0.7/0.7
slabs was higher than III1-0.7/0.3 slabs by 12,4...12,7%, from III1-0.7/0.0
slabs by 42.4... 55,5%. The bearing capacity of IIII-Y unstressed slabs was
1.55... 1.61 times lower than IIT1-0.7/0.7 slabs, 1,35...1,43 times lower than
I1I1-0.7/0.3 slabs and 1,01...1,13 times from I1I1-0.7/0.0 plates.

Conclusion. The proposed method of calculating the bearing capacity of
SFC plates takes into account the real diagram "o-&¢" uniaxial and biaxial
compression of reinforced concrete. The effect of lateral compression on the
compressive strength of the SFC is also taken into account. The influence of
biaxial pre-compression of SFC on the bearing capacity of slabs with pre-
stressed reinforcement has been experimentally and theoretically confirmed.
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Kypascokuii O./].
HECYYA 3JATHICTb CTAJIE®IBPOBETOHHUX IVIUT 3 IBOXOCHO
MONEPEJHbO-HAIIPYKEHOIO APMATYPOIO

MeTo10 KOCIiKeHb € OTPUMaHHS HOBHX EKCIIEPHMEHTAIBHUX JAHUX TAKUX KOHCTPYKLIH MpH
HONMEePEYHOMY HABAaHTAXKCHHI Ta PO3p0oOKa METOANKH PO3PAXyHKY iX HeCydol 3HaTHOCTI.

BHKOHaHO €KCIIEPUMEH TATBHO-TEOPETUYHI HOCIIKEHHS JBOXOCHO HONEPEeIHBO-HAMPYKECHUX
crasehibpobeToHHHX IUIAT npu it PIBHOMIPHO-PO3MOAITIEHOr0 HaBaHTAXXEHHSI.
ExcrniepiMeHTaNbHI JOCHI/UKEHHS] BHKOHYBAIMCh Ha IUIMTaX po3MmipoM 40x800x800 mm 3
HOMEPEAHBO HANpyKeHO apmaryporo O5Bp-II B 1BOoX HanpsMkax. 3pasku mepiuoi cepii
apMyBaiMch cymimo crajgesux (Giop mapku STAFIB 50/1.0 ra STAFIB 30/0.6 i3 ankepamu Ha
KIHIISX, TPOIICHTHE BiIHOIICHHS SIKMX CTaHOBWIIO 1O 0,5% 1o 00’eMy KOxHOI (GiGpu. 3pasku
npyroi cepii mictuim 1,0% 3a 06’ emom xBuisictux ¢iop mapk NOVOKON URW 50/1.0.

3anporoHOBaHa METOJHMKa po3paxyHKy cranediopoderonnux (CDB) miuT Ha OCHOBI
nedopmarttiiinoro meroay. IIpy bOMY BpPaXxOBYEThCsl pealibHa JiarpaMu «G-€» MPU OJHOOCHOMY
Ta JIBOXOCHOMY CTHCKY cTasieiOpo0OeTOHy Ta MiABHIIEHHS MILHOCTI cTayiediOpoOeToOHy Ha CTHCK
B yMOBaX [BOXOCHOro o0OTHCKY. TakoX BpaxOBYIOTbCS BTPAaTH HANpPyXKEHb B apMaTypi Bif
nedopmariiii mo3ydocri Ta ycauaku cranediopoberoHy. HaBereHi pesynbTaTH pO3paxyHKY
JOCTIAHUX 3pa3KiB Ta MOPIBHAHHS iX 3 pe3yJbTaTaMH EKCIEPHUMEHTAIbHUX NOCIiIKeHb. BoHu
HOoKa3ail JOCTaTHIO 30DKHicTh. Pi3Huus cranosuima 1,1...2,5%. BcraHoBiEHO, 110 Hecy4a
3[aTHICTh JBOXOCHO IHONEPEIHBO HANPY)KEHHUX IUIMT BHUIIA BiJl HEHANpy)eHux it B 1,55...1,61
pasu Ta Ha 42,4...55,5% Bix OMHOOCHO HANPYKECHUX IUIUT.

KarouoBi cioBa: Hecyya 31aTHiCTh, cTane(iOpOOETOH, 3rHHAILHUN MOMEHT, KPHBH3HA,
HONepeaHbO-HAIIPY)KEHA apMaTypa, BiTHOCHI nedopMallii, HAIPYKCHHs B apMaTypi, HalpyKeHHsI
B craiehiOpoOeToHi.

Zhuravskyi O.D.
BEARING CAPACITY OF STEEL-FIBER-CONCRETE SLABS WITH BIAXIALLY
PRESTRESSED REINFORCEMENT

The aim of the research is to obtain new experimental data of biaxially prestressed steel-fiber-
concrete slabs under transverse loading and to develop a method for calculating their bearing
capacity.

Experimental-theoretical studies of biaxially prestressed steel-fiber-concrete slabs under the
action of a uniformly distributed load were performed. Experimental studies were performed on
plates measuring 40x800x800 mm with prestressed reinforcement @5Bp-II in two directions.
Samples of the first series were reinforced with a mixture of steel fibers of STAFIB 50/1.0 and
STAFIB 30/0.6 with anchors at the ends, the percentage of which was 0.5% by volume of each
fiber. The samples of the second series contained 1.0% by volume of NOVOKON URW 50/1.0
corrugated fibers.

A method for calculating steel-fiber-concrete (SFB) slabs based on the deformation method is
proposed. This takes into account the real diagram "o-&" for uniaxial and biaxial compression of
steel-fiber-concrete and increase the compressive strength of steel-fiber-concrete under conditions
of biaxial compression. Stress losses in the reinforcement from creep and shrinkage deformations
of steel-fiber-concrete are also taken into account. The results of calculation of experimental
samples and their comparison with the results of experimental researches are given. They showed
sufficient convergence. The difference was 1.1... 2.5%. It is established that the bearing capacity
of biaxially prestressed slabs is 1.55... 1.61 times higher than unstressed slabs and 42.4... 55.5%
higher than uniaxially stressed slabs.

Keywords: bearing capacity, steel-fiber-concrete, bending moment, curvature, prestressed
reinforcement, relative deformations, stresses in reinforcement, stresses in steel-fiber-concrete.
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3anpononosana  memoouxa  po3paxyuky — cmane@iopobemomnux — naum — Hd  OCHOGI
depopmayiiinozo memody. Ilpu ybomy 8paxosyiomvCs empamu HANPY’IceHb 6 apmamypi 6i0
depopmayiii noszyuocmi ma ycaoku cmanediopobemony. Takodc 6paxosyemvcsi 3pOCMAHHS
Miynocmi cmane@pibpobemony Ha cmuck 8 ymogax 08oxochozo obmucky. Haeedeni pesynomamu
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