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BEARING CAPACITY OF T-BEAMS WITH A FLANGE MADE OF
HIGH-STRENGTH CONCRETE AND LONGITUDINAL
REINFORCEMENT OF CLASS A500C
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Abstract: Experimental and numerical studies of the bearing capacity and deformation of T-beams with a flange
made of high-strength concrete and longitudinal reinforcement of class AS00C with a web made of concrete of
ordinary strength were carried out on prototypes of beams and numerical models. The beams being tested are
considered at different percentages of reinforcement. The calculation scheme of the beams corresponded to a
four-point bend.

As a result of experimental and numerical studies, the nature of the destruction of beams, their deformation and
the nature of cracking are determined. Experimental and numerical relationships of relative deflections on rela-
tive bending moments are obtained. A comparative analysis of the values of the bearing capacity and the relative
height of the compressed zone of the beams, obtained experimentally, numerically and according to SP
63.13330.2018, was carried out. The nature of the distribution of deformations in concrete of normal section of
beams at different levels of loading is determined.

Keywords: T-beam, flange made of high-strength concrete, longitudinal reinforcement of class AS00C,
load-bearing capacity, deformation

HECYIIIASI CHOCOBHOCTH BAJIOK TABPOBOT'O TPO®UJIA
C NOJIKOH 13 BBICOKOITPOYHOI'O BETOHA
U MPOJOJILHOM APMATYPOM KJIACCA A500C

10.®. Pozamnes, 0.0. Cokonos, O.E. Ilepexansvckuii, M.M. /[>icasuo Xacanu

Boponexckuil rocy1apCTBEHHBIH TEXHUUECKUI yHUBepCcUTET, I. Boponex, POCCHUA

AHHOTanMsi: DKCIIEPUMEHTAIBHBIE W YHCICHHBIE MCCIIEOBAHMUS HECYIIeH CIocoOHOCTH M Ae(h)OPMATHBHOCTH
6aroK TaBpOBOTO MPOGWIIA C MOIKOI W3 BEICOKOPOYHOTO OeTOHA M MpOJOIBHON apMaTypoit kmacca AS00C ¢
pebpoM m3 OeToHa OOBITHOM MPOYHOCTH MPOBEICHBI HA OMBITHBIX 00pa3iax OaloK W YMCIEHHBIX Moaemsax. Mc-
ciielyeMble OanKu pacCMOTPEHBI MPH Pa3IMUHBIX MPOLEHTAaX apMUpoBaHHs PacuerHas cxema 0aloK COOTBET-
CTBOBAJIA YETHIPEXTOYCUHOMY H3THOY.

B pesyinbTare mpoBeieHNs SKCIEPUMEHTAIBHBIX U YUCICHHBIX UCCIIE0BAHUI ONPE/IeNICH XapaKTep pa3pyLeHus
0aJoK, ux AehopMaly U XapakTep TpelmrHooOpa3zoBanus. [lomyueHbl SKCIepUMEHTaIbHbIC U YHCICHHbBIE 3aBU-
CHMOCTH OTHOCHUTEJIbHBIX MPOTHOOB OT OTHOCHUTEJBHBIX M3rMOAIONIMX MOMEHTOB. [IpoBesieH CpaBHHUTENBHBII
aHaJIM3 3HAYCHUI HEeCyIeH CIIOCOOHOCTH M OTHOCHTEJILHOM BBICOTBI CKaTOM 30HBI OAJIOK, TOIyYCHHBIX DKCIIC-
pumenTtanbHo, ynciaerHo u mo CIT 63.13330.2018. BrisieH xapakTep pacnpeneicHus aedopmaruii B OeToHe
HOPMAJIHOTO CE€YeHHs OAIOK MMPH Pa3INYHBIX YPOBHSIX HArPYKESHUS

KuroueBble c10Ba: TaBpoBast Oajka, MOJIKa U3 BRICOKOIIPOYHOTO OETOHa, IpoosIbHoe apMmupoBanue Kinacca AS00C,
HecyIast CHocOOHOCTB, J1e(hOpMaTHBHOCTh

INTRODUCTION obtain high values of bearing capacity and stift-

ness for beams [1-6]. However, high-strength
High-strength concrete is an efficient material concrete in the tension zone does not affect the
with exceptional mechanical properties. The use  bearing capacity. Therefore, in order to reduce
of high-strength concrete makes it possible to material consumption and increase the efficien-
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cy of using the mechanical properties of con-
struction materials, high-strength concrete
should be used in the compressed zone of the
beam, and in the tension zone, concrete of a
class that would ensure compatibility with lon-
gitudinal reinforcement.

Studies of rectangular cross-section beams with
high-strength concrete in the compressed zone
have proven their effectiveness.[7-9] However,
there are no studies of similar T-beams. In view
of the fact that the T- cross section is less mate-
rial-intensive and most used in split single-span
reinforced concrete structures, it is a promising
task to study reinforced concrete T- beams with
a flange of high-strength concrete.

MODELS AND METHODS

Experimental studies were carried out on single-
span beams. The size of the web is 60 x 100

mm, the flange are 240 x 20 mm, the span is
1200 mm, the total length of the beam is 1400
mm, the boundary of the two layers runs along
the border of the flange and the web, respective-
ly, the height of the upper layer of high-strength
concrete is 20 mm. Steel rebar of class B500
with a diameter of 6 mm was used as transverse
reinforcement. The transverse rebar enters the
flange by 10 mm, thus performing the function
of dowel bars and ensuring the joint operation
of the two layers. To combine the reinforcement
into a flat frame, mounting steel rebar of class
B500 with a diameter of 6 mm was used. The
studies were carried out on beams with a per-
centage of longitudinal reinforcement of 0.7—
3.5%. Class of longitudinal rebar is A500C. In
order to ensure the joint operation of the longi-
tudinal rebar and the web, anchor devices in the
form of steel angles were welded to the longitu-
dinal rebar. The design and calculation scheme
of the beam are shown in fig. 1
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Figure 1 — Design and calculation scheme of beams

The control of the main mechanical character-
istics of concrete and rebar was carried out by
testing control samples of concrete prisms with
a size of 70x70x280mm, in accordance with
STST 24452-80 "Methods for determining
prism strength, modulus of elasticity and Pois-
son's ratio", and reinforcing bars in accordance
with STST 12004-81 "Reinforcing steel. Ten-
sile test methods. The test results are shown in
table 1, 2.
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Table 1. Basic parameters of beams

Longitudi|Percentag| Compressive | Compressive
Working nal e of strength of | strength of
Beam | section |[reinforce | longitudi | high-strength | concrete of
code |heighth,,| ment nal concrete | second layer,
mm diameter | reinforce | Ry, ,, MPa | R2bn, MPa
dg, mm | ment pg
DTB -1 100 8 0,70% 94,64 22,3
DTB -2 95 10 1,10% 94,64 22,3
DTB -3 99 12 1,60% 82,5 23,25
DTB -4 92 14 2,10% 82,5 23,25
DTB -5 102 16 2,80% 88,48 41,07
DTB -6 97 18 3,50% 86,3 41,07
99
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The beams were tested on an INSTRON 600 kN
hydraulic press (fig. 2). To determine the stress-
strain state of the beams, the relative deformations of
the normal section were recorded. The correlation of

the load level, values of relative deformations and
deflections is provided by the multi-channel measur-
ing system MGCplus. The layout of strain gauges
and deflection meter is shown in figure 2.

Figure 2 —General view of experiments on the beams

Table 2. Mechanical characteristics of A500C

rebar
Rebar Yield Elastic | Deformatio| Deformation
diameter | strength o, | modulus [ natyield | corresponding
, mm MPa E,, MPa |strength g, | to the end of the
% yield platform
€0, %0

8 758.,9 220921 0,34 2,5
10 610,9 206510 0,31 2,5
12 580,5 205470 0,32 2,5
14 551,2 210160 0,28 2,5
16 6184 197210 0,3 2,5
18 580,6 213200 0,31 2,5

0.700(m)
]

Finite element analysis (FEA) of beams, taking
into account the nonlinear properties of materi-
als, was performed using the «ANSYS 2022
R2» software package (fig. 3). Eight-node finite
elements (FE) of the Solid 65 type were chosen
for the finite elements of the concrete body. In
this type of FE, the Willam-Warnke concrete
strength criterion is implemented.[10] Reinforc-
ing frame modeled with Beam 188 linear finite
elements.

0.700 (1)

Figure 3 — General view of the numerical model
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Table 3. Analysis of test results and numerical simulation of beams

Iti : . . . . Limiting
Ultimate bending Relative deflection Relative height of compressed zone relative
Beam moment, KN-m i
height of the
code
compressed
Muyiexp | Mugansys | fucexe/lo | fueansys/lo Xexp/hg Xansys/ho Xsp/hy zone, &g
DTB-1 2,71 3,48 1/154 1/146 0,13 0,18 0,02 0,23
DTB -2 4,42 4,56 1/166 1/184 0,13 0,18 0,02 0,26
DTB -3 6,44 6,26 1/169 1/191 0,2 0,196 0,03 0,26
DTB -4 7,88 7,98 1/152 1/165 0,26 0,199 0,05 0,28
DTB-5 | 11,85 12,12 1/149 1/141 0,18 0,2 0,06 0,25
DTB-6 | 13,91 13,92 1/133 1/141 0,15 0,2 0,08 0,27

RESEARCH RESULTS AND THEIR
ANALYSIS

The destruction of all beams occurred after the
occurrence of stresses in the rebar correspond-
ing to the yield strength. The relative deflection,
at the time of failure, significantly exceeded the
maximum allowable - 1/123 of the span (SP
20.133330.2016 "Loads and Impacts") and was
in the range of 1/15-1/55 of the span. A large
scatter of values is associated with different
types of destruction. In the beam DTB-1, the
destruction is caused by the achievement of
stress reinforcement equal to the limit of tensile
strength. DTB-2 and DTB-3 were destroyed
with crushing of concrete in the compressed
zone above the web. The destruction of DTB-4 -
DTB-6 was local in nature and was caused by a
split of the flange overhang.

Beam tests were accompanied by the develop-
ment of normal and oblique cracks. The devel-
opment of normal cracks took place along the
height of the web with the transition to the low-
er part of the flange overhang and exit to the
end part of the flange overhang. Horizontal
shear cracks between the layers before the oc-
currence of stresses in the rebar corresponding
to the normative tensile resistance were not de-
termined. In beams DTB-4 - DTB-6 at the later
stages of testing, the transformation of inclined
cracks into horizontal ones was observed at the
point of contact of the two layers. Also in these
beams, horizontal cracks were found on the sur-
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face at the place of the future split of the flange
overhang.

Beam tests were accompanied by the develop-
ment of normal and oblique cracks. The devel-
opment of normal cracks took place along the
height of the web with the transition to the low-
er part of the flange overhang and exit to the

end part of the flange overhang. Horizontal
shear cracks between the layers before the oc-
currence of stresses in the rebar corresponding
to the normative tensile resistance were not de-
termined. In beams DTB-4 - DTB-6 at the later
stages of testing, the transformation of inclined
cracks into horizontal ones was observed at the
point of contact of the two layers. Also in these
beams, horizontal cracks were found on the sur-
face at the place of the future split of the flange
overhang.

The discrepancy between the experimental and
numerical values of the bearing capacity is
1.27% - 28.6%. The greatest discrepancy be-
tween the results was found in the beam with
the percentage of reinforcement ps=0.7% and
corresponded to 28.6%. In the rest of the beams,
the discrepancy between the values of the bear-
ing capacity was in the range of 1.27%-3.08%.
The values of the relative height of the com-
pressed zone according to SP 63.13330.2018
«Concrete and reinforced concrete structures»
are in the range of 0.02—0.08. The values of the
relative height of the compressed zone were ex-
perimentally established in the range of 0.13-
0.26 and did not exceed the values of the
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boundary height of the compressed zone accord-
ing to SP 63.13330.2018 for each individual
beam. The numerical values of the relative
height of the compressed zone have a smaller
divergence from the experimental ones and are
in the range of 0.18-0.2.

An analysis of the relationships between relative
deflection and relative bending moment (fig.6-
8) allows us to determine two levels of stabiliza-
tion of deflection values - during cracking and
when the bearing capacity is exhausted. In finite
element analysis (FEA), the relationship be-
tween stresses and relative strains in rebar and
concrete is determined by a double-line strain
diagram. The main parametric points of the dia-
grams are determined in accordance with SP
63.13330.2018 «Concrete and reinforced con-
crete structures» according to the test results of

1.2

Relative bending moment, M / Md

control samples. Deformation at yield strength
of reinforcement is determined by expression
(1) SP 63.13330.2018 «Concrete and reinforced
concrete structuresy»:

g =0,/E| (1)
where, 0 — relative deformation corresponding
to the yield strength of reinforcement; g, — stress
corresponding to the yield strength of rein-
forcement; Es— elastic modulus of rebar.

In connection with the use of a double-line dia-
gram of steel rebar deformation in the numerical
model, the divergence of deflection values at
Muit was 5%—13.04%. It is possible to improve
the convergence of results by using more com-
plex charts.

Experiment

= = =FFA
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0 :
0 fu=1/123 0.02
Relative deflection

Figure 4. Relationship between relative deflection and relative bending moment for a beam with
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Figure 5. Relationship between relative deflection and relative bending moment for a beam with
reinforcement percentage u=2,1%
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Figure 6. Relationship between relative deflection and relative bending moment for a beam with
reinforcement percentage u=3,5%

The limiting relative strain of a double-line dia-
gram of rebar deformation - &2 has a value of
25107, and the stress, at a given point in the
diagram, corresponds to the yield strength of the
rebar. In this connection, the numerical values
of the breaking moment and the corresponding
deflection of the beam are lower than the exper-
imental values. Graphs (fig. 4-6) make it possi-
ble to make sure that with an increase in the
percentage of reinforcement, the relative deflec-
tion corresponding to the breaking moment de-
creases.

The nature of concrete deformations in samples
with a reinforcement percentage of 0.7% and
1.1% at the border of adjacent layers there are

gaps in the nature of the development of relative
deformations (fig. 7). A similar nature of de-
formations corresponds to the development of
deformations in composite structures [11-15].
The nature of the development of concrete de-
formations along the height of the section, ob-
tained by calculating the FEM at M., has a lin-
ear form due to the conjugation of two layers by
rigid nodes. At the stage of loading Mur, the
lower layer is subject to cracking, and the nature
of deformations in the compressed zone of nor-
mal section has a linear form (fig. 8). The nature
of the development of deformations at Muu, ob-
tained by the calculation of the FEM, contains a
deviation from the linear law.

The contact boundary
of two layers

Relative height /@cmss section

Alho

,2(h0° A500C 08
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Figure 7. The nature of deformations in concrete of normal section of a beam with a percentage of

reinforcement u=
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0,7% at Mcrc
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The contact boundary P
of two layers
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Figure 8. The nature of deformations in concrete of normal section of a beam with a percentage of
reinforcement u=0,7% at Mult
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Figure 9. The nature of deformations in concrete of normal section of a beam with a percentage of
reinforcement u=3,5% at Mcrc

In samples with a reinforcement percentage of
1.6%—3.5%, the gap in the values of relative de-
formations of concrete was qualitatively differ-
ent and can be caused by the presence of differ-
ent-modulus materials of adjacent layers in the
boundary of the compressed zone of the normal
section of the beam [11]. With a bending mo-
ment equal to Mux, the boundary of the com-
pressed zone did not go beyond the contact sur-
face of the two layers, and the diagram had a
linear form. The distribution of concrete defor-

104

mations, obtained in the calculation of the FEM,
at Mcrc had a linear form (fig. 9). At Mu: , ac-
cording to the FEM calculation, the compressed
zone included the outermost fibers of the second
layer, in connection with which a pattern with a
rupture of deformations was obtained, which is
caused by the presence of different-modulus
materials of adjacent layers in the boundary of
the compressed zone of the normal section of
the beam (fig. 10).
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Figure 10. The nature of deformations in concrete of normal section of a beam with a percentage of
reinforcement u=3,5% at Mult
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CONCLUSIONS

As a result of experimental and numerical stud-
ies of the bearing capacity and deformation of
beams, it has been established that the method
for determining the relative height of the com-
pressed zone according to SP 63.13330.2018
«Concrete and reinforced concrete structures»
requires clarification in the case of calculating
T-beams with a flange of high-strength concrete
and longitudinal reinforcement A500C. It was
also found that the numerical values of the bear-
ing capacity have acceptable convergence not
for all percentages of reinforcement, and the na-
ture of the distribution of deformations in con-
crete does not correspond to the experimental
data. In this connection, it is necessary to devel-

Volume 20, Issue 1, 2024

op a method for calculating T-beams with high-
strength concrete in the flange and longitudinal
reinforcement A500C, which would allow with
the necessary accuracy to determine the relative
height of the compressed zone and the bearing
capacity of the beams at various percentages of
reinforcement, as well as to determine a reliable
picture of the nature of deformations in concrete
beams by section height.
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