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Abstract: The article presents the results of experimental and theoretical studies of the resistance mechanism of T-beams made of
heavy and light concrete, taking into account shear forces and deformations. Their behavior and stress-strain state after crack
formation are analyzed. New data on the development of normal and tangential displacements in inclined cracks have been obtained.
For the analysis of experimental data, a simplified approach was used, based on the implementation of the truss analogy model,
taking into account energy methods and the revealed mechanism of engagement forces in inclined cracks of the beam rib. In the
analysis, the conditions for the equilibrium of forces in the inclined section of the beam were used, taking into account the forces in
the longitudinal and transverse reinforcement and the engagement forces.
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1. Introduction

Despite a large number of recent experimental and theoretical studies [1, 2], the problem of the resistance of reinforced
concrete beams to the action of transverse forces is still far from being solved. These studies are being intensively pursued due to
the dangerous nature of sudden shear failure and in order to better understand the physical aspects of the problem. Due to the large
number and complexity of factors that influence the shear behavior of reinforced concrete beams, the construction of an appropriate
comprehensive theory of resistance is associated with great difficulties. This circumstance has long been exacerbated by the
predominance of an empirical approach to solving the problem without an in-depth study of the behavior of beams under the action
of transverse forces. In this case, the deformation behavior of beams is of particular importance, taking into account stresses in
concrete and reinforcement, as well as displacements that occur in inclined cracks.

2. Materials and Methods

In connection with the foregoing, the authors carried out special studies of the behavior of reinforced concrete T-beams
under the action of transverse forces. The tested beams had a T-section with the dimensions and reinforcement scheme shown in fig.
1. In total, two series of five beams were tested, which were made of heavy (TBT) and expanded clay (KBT) concrete. The general
characteristics of the experimental beams are given in Table 1. All beams had a relative shear span equal to 1/ho=3,57. The required
anchoring of the longitudinal reinforcement was ensured by its continuation beyond each support for a length of 250 mm and the
installation of 5 clamps d = 8 mm. In each series, the content of transverse reinforcement was changed by changing the pitch of the
clamps, with a constant percentage of longitudinal reinforcement. The beams were concreted in two in metal and wooden forms.
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Fig. 1. Scheme of reinforcement of T-beams: 1, 2, 3 - installation locations of strain gauges

Table 1.
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Characteristics of experimental beams

Ro, Longitudinal reinforcement Transverse reinforcement Q kN

Names | MIla d, Rs Es x10° d, step s, Ly Rsw
mm N/mm? H/mm? | mm mm 05/\2' N/mm?

TBT-1 27,0 4 @20 441 200 6 250 0,189 366 118,0
TBT-2 32,0 4 @20 441 200 6 125 0,378 366 132,5
TBT-3 25,1 4 @20 441 200 8 250 0,419 441 161,0
TBT-4 40,7 4 @20 649 150 8 160 0,524 441 219,5
TBT-5 27,5 4 @20 649 180 8 125 0,671 441 2125
KBT-1 23,6 4 @20 441 200 6 250 0,189 366 85,0
KBT-2 26,8 4 @20 441 200 6 125 0,378 366 118,5
KBT-3 24,4 4 @20 441 200 8 200 0,419 441 120,0
KBT-4 28,0 4 @20 649 180 8 160 0,524 441 150,0
KBT-5 22,0 4 @20 649 180 8 125 0,671 441 150,0

To measure deformations, two strain gauges with a base of 10 mm were glued to the rods of longitudinal reinforcement in each
of the selected five sections of the beam. On the diagram of Fig. 1, the installation locations of strain gauges are shown for a half-
span of a beam. For observation, rods were selected on one side of the section. Prefabricated frames with glued and insulated strain
gauges and metal benchmarks were placed in molds in compliance with the design position of the reinforcing bars. To the transverse
rods were welded short-benchmarks, on which the deformation of the clamps was measured by comparators. The load on the beams
was applied in steps in the middle of the span. After the appearance of a certain number of inclined cracks, the load (as a rule, not
exceeding 50-60% of the destructive design load) was dropped and along the cracks on the surface of the ribs, metal reference points
were glued, which were used to measure the mutual displacements of the crack faces during secondary loading of the beam until its
destruction. To measure the deformations of the concrete of the rib at an angle of 45° to the axis of the beam, additional reference
points were glued onto the surface of the rib of the beams. Simultaneously, the opening of all cracks was duplicated by measurements
with an optical microscope. All measurements were carried out at each stage of loading. The scheme of cracks on each beam was
transferred to graph paper. Based on the test results, the following information was obtained:

- properties of reinforcement and concrete, the level of breaking load and the nature of destruction;

- results of measurements of relative deformations in longitudinal and transverse reinforcement;

- increments of tangential and normal displacements of crack edges Ao and Aaaccording to the scheme in fig. 2, as well as
the results of traditional measurements of the crack opening width with a microscope;

- values of compressive strains in inclined concrete strips of beam ribs.

The general behavior of the beams of both series under load was approximately the same. The normal cracks that appeared at
the beginning then bent with an inclination the greater, the closer they were to the support. Simultaneously with the increase in the
load, the slope of the cracks decreased. The decrease in the slope was typical either for new cracks that appeared at the second stage
of loading (i.e., after the installation of benchmarks on the appeared cracks), or for existing cracks that developed towards the support.
Immediately after their appearance, oblique cracks reached the junction of the flange with the rib. The effect of transverse
reinforcement on the cracking pattern of the beam in both series was approximately the same and manifested itself in an increase in
the number of steeper inclined cracks with increasing U sw. As a rule, this was observed with the same or close to the same pitch of

the clamps. Thus, more cracks were found in TBT - 2 and KBT - 2 beams than in TBT - 3 and KBT - 3 beams, than beams TBT - 3
and KBT - 3.

AX

Fig. 2. Scheme for determining the displacements of the crack faces

Beams TBT - 2 and KBT - 1,2,3 collapsed from the cut. Typically, such destruction occurred by crack penetration into the
flange and the formation of a fan-shaped fracture plane, which includes the entire width of the compressed zone of the flange (500
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mm). However, the destruction of expanded clay beams occurred somewhat differently. In them, the cracks extended to the side face
of the shelf to a much greater length. Only when the broken pieces of concrete were removed did it become clear that the fracture
had occurred along a fan-shaped plane through the flange. The destruction of the TBT-3 beam occurred in an almost ideal way, since
the fluidity of the longitudinal reinforcement was observed in this case. In the beams TBT - 4 and KBT - 4 and KBT - 5, at first, the
flow of clamps was observed, and then, immediately before the destruction, the pulling out of the longitudinal rods above and behind

the support took place in the absence of fluidity in them, although £z, it was the same.

3. Results and Discussions
Analysis of the test results made it possible to draw the following conclusions:

1. All transverse bars that crossed critical inclined cracks reached the yield strength before failure in both series of beams.

2. As a rule, at the corresponding relative load levels, the stresses in the clamps of expanded clay concrete beams were
higher than in heavy concrete beams, which indicates their lower ability to transmit engagement forces through a crack.

3. The truss analogy is in good agreement with the values of the measured strains, however, it overestimates the stresses in
the clamps by a value corresponding to Qcrc .

4. There was the appearance of residual stresses in the clamps after the initial unloading of the beam to install the
benchmarks on the cracks formed, although the applied load did not cause the clamps to flow; a similar phenomenon was also
observed in the longitudinal reinforcement. Apparently, in order to ensure equilibrium, it is necessary to assume that the inclined
strips of concrete of the rib are somewhat compressed, and the gearing mechanism has come into operation in the cracks. This means
that in the near-bearing part of the beam damaged by cracks, the stress-strain state is preserved even if the external load that caused
these cracks is completely removed.

5. An analysis of the distribution of deformations along the length of the longitudinal working rods showed that there is a
tendency to deviate from the diagram of bending moments from the external load and the distribution of forces in the rods after the
formation of cracks. This is due to the addition of the horizontal component of the force in the inclined compressed concrete strip,
which is included in the work only after the appearance of inclined cracks.

6. The displacements Ao and Aa measured by the reference points and calculated taking into account the angle of
inclination of the cracks a gave a complete picture of the mutual displacements of the blocks of beams. As expected, the largest
displacements were found in the KBT-1 beam, which has the lowest percentage of transverse reinforcement and the lowest shear
stiffness due to the engagement of crack faces. This is confirmed by Fig. 3 a,b, which shows the graphs of mutual displacements of
crack faces in this beam (left half-span, cracks No. 4 and No. 1), inclined at different angles. On fig. 3c, 4d show displacements A
and Aa along cracks with approximately the same slope, measured on two beams TBT-2 (crack No. 4, right half span) and KBT-2
(crack No. 2, left half span), which had the same percentage transverse reinforcement. It can be seen that at the same load levels, the
edges of cracks in expanded clay beams experience greater mutual displacements than in similar beams made of heavy concrete.
The increase in the summing displacement vector is mainly due to the growth of component A¢ . This can also be explained by the
low shear stiffness of expanded clay concrete with cracks. No significant scatter in the values of the displacement components along
the cracks at all loading levels was found. Theoretical analysis was carried out using the average displacement values determined
for each crack at each load increment.

www.ijeais.org/ijeais
69



International Journal of Engineering and Information Systems (IJEAIS)
ISSN: 2643-640X
Vol. 7 Issue 2, February - 2023, Pages: 67-72

46‘,.a(

G5
Fig. 3. Graphs of displacements of crack faces in experimental beams: ----- -AS6,——-Aa

7. 13 puc. 4 BuAHO, YTO HAa HAYAJBHBIX CTYNEHSIX NPHIOKEHHUs HArpy3KH HAKJIOHHBIE TPEIMHBI CHaYalla pacKphIBalOTCS
0 BCell AMHe, a 3aTeM ee Oepera casurarorcsi. OTCI0a CIEAYeT, YTO CHIIBI 3aLeTJICHUS B IEPBBIX KPYTHIX HAKJIOHHBIX TPELIMHAX
B CEpellMHE NpOJieTa BIHSIOT Ha YCIOBUE COBMECTHOCTH B OCTAIILHOM YacTH pedpa elie O pacipoCTpaHeH s HAKJIOHHBIX TPEIH
Ha Oosiee BBICOKMX CTYIEHSX HarpyxeHus. [loapasymeBaercs, 4TO TJIaBHbIE PACTATHBAIOIINE HANPSDKEHHS WM JieopMaluy,
CHOCOOCTBYIOIIME MOSBICHHIO HAKJIOHHBIX TpEIIWH, JIOJDKHBI OBITh pPaBHOMEPHO paclpelelieHbl B  HalpaBiCHUH,
NEPHOCHAUKYIIAPHOM TPACKTOPUN TPCIINHBI. CJ'ICI[OBaTeJ'ILHO, SICHO, YTO HAKJIOHHBIC TPCIIWHBI JOJDKHBI pACOpOCTPAHATHCA OT
IUIATBI A0 YPOBHA HpO}.‘[OJ‘ILHOﬁ apMarypbl MOYTHU HpﬂMOJ‘II/IHGfIHO M HAIIPABJICHUC TJIABHBIX PACTATMBAIOMINX HaHpﬂ)KeHI/Iﬁ (I/I
nedopmanuii) B 3HAYUTEIHHON Mepe He JOIDKHO COBIMANATh C TPACKTOPUAMHM, U3BECTHBIMHU M3 TeOpHH yrnpyrocTH. Hdedopmarus
0eToHa HaKIIOHHBIX TOJIOC pedpa 3amepsutack Mo yriaoM 45° k ocu Oanku. Ha puc. 4a moka3aHo ux passurue B O6ankax TBT-1 u
KBT-L B3TOC KaK CPEIHCC 3HAUCHUEC 10 HECKOJIbKUM IapaJlJICJIbHbIM 6a3zaMm B KaXK10M ITOJIy IIPOJICTE OaJKu. BI/II[HO, 4TO B IIpeaciiax
Ka)I(,Z[OfI Oanku pa36p0c J_Ie(l)OpMa]_II/Iﬁ IO OTACJIIbHBIM periepaM HEBCJIMK, YTO IO3BOJIMIIO HUCIOJb30BATH UX CPCAHUC 3HAYCHUS.
CymiecTBeHHas pa3HUIla B Ae(POpMaIUIX AT TSKEIOro U JIETKOTo 0eTOHA CBA3aHa C Pa3IndMeM MX MOJIyJIeH yIpyrocTH.

7. From fig. 4 it can be seen that at the initial stages of load application, inclined cracks first open along the entire length,
and then its edges shift. It follows that the engagement forces in the first steep inclined cracks in the middle of the span affect the
compatibility condition in the rest of the rib even before the propagation of inclined cracks at higher loading steps. It is understood
that the main tensile stresses or strains that contribute to the appearance of oblique cracks must be uniformly distributed in the
direction perpendicular to the crack path. Therefore, it is clear that inclined cracks should propagate from the slab to the level of the
longitudinal reinforcement almost in a straight line and the direction of the main tensile stresses (and strains) should not largely
coincide with the trajectories known from the theory of elasticity. The deformation of the concrete of the inclined strips of the rib
was measured at an angle of 45° to the axis of the beam. On fig. 4a shows their development in TBT-1 and KBT-I beams, taken as
an average value over several parallel bases in each half-span of the beam. It can be seen that, within each beam, the spread of
deformations over individual reference points is small, which made it possible to use their average values. A significant difference
in deformations for heavy and light concrete is associated with the difference in their modul of elasticity.
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Fig. 4. Deformation of concrete (a) and opening of cracks (b) in the rib of T-beams.
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Fig. 6. Dependence of the ratio Ao /Aa on the level of loading for individual cracks.

8. Measurements of crack opening width in beams with a microscope were carried out on all tested beams. On fig. 5b
comparisons are given for both series of beams. As can be seen, the reduction in the pitch of the clamps allows better control of
crack opening. The crack width for TBT beams is less than for KBT beams. This confirms the measurement data obtained from the
displacement components of the crack faces.

9. The dependence of the strength of the beams on the magnitude of the transverse reinforcement shows a significant
difference between the tested series. Beams made of heavy concrete have a large bearing capacity.

For the analysis of experimental data, a simplified approach was used based on the implementation of the truss analogy,
taking into account energy methods, as well as the role of engagement forces in inclined cracks of the beam rib. In this case, we
proceeded from the consideration of the equilibrium condition relative to the level of the longitudinal working reinforcement,
including the forces in the rib and longitudinal reinforcement. It is also necessary to take into account the balance of forces in the
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inclined section, taking into account the forces in the longitudinal and transverse reinforcement, as well as the engagement forces. It
was shown in [1] that the latter determine the shear stiffness of a section with a crack, which can be reduced to shear stresses by the
expression:

T=4A6 orT=K(AS! Aa),
where: 4 — shear stiffness of the mechanism of engagement in a crack, N/mm?; K — coefficient of proportionality, N/mm?;
Aa— width of normal crack opening, mm.

The use of the experimental values of the shear stiffness of the section with a crack K obtained in [1] shows satisfactory
agreement between these methods and with the energy method. The application of the energy method for the stages of elastic
operation of transverse reinforcement is somewhat limited. Since the flow of stirrups is not associated with the general destruction
of the beam, it is advisable to consider an additional equilibrium condition based on overcoming the engagement forces of the crack
edges. At the same time, the issues of bonding and anchoring of reinforcement in the tested beams should not be overlooked.

The total vector of mutual displacements of the crack faces can be divided into two components Ad and Aain the direction
of any coordinates. Considering that the crack inclination angle o to the beam axis is not equal to 90°, the displacements o and a

were expressed in terms of AX and Ay as follows (see Fig. 2):

a = | AX* + Ay? x cos(a — 6); S = |AX* + Ay? xsin(a — 6),
where: 6 =tg ™ (AX/ Ay).
It was shown in [3] that the stress transmitted through the crack is K (Ao / Aa), i.e. at a constant K it depends on the ratio

AJS 1 Aa. Then the graphs in Fig. 3 can be analyzed as follows. For example, the dependence of the growth of the ratio Ao /Aa
with an increase in the load for each of the marked benchmarks along the cracks in the beams can be represented in the form shown
in Fig. 5, where, for a clearer presentation, the averaged values of AS /Aa are given for the entire fracture. The graphs show the
boundaries of the load that causes the yield of clamps, determined by the measured deformations in the clamps. In this case, the
physical yield point in any clamp is taken as the lower limit, and the estimate for the average relative deformation in the clamps is
taken as the upper limit. As can be seen, the ratio AJ / Aa increases with increasing load, which indicates an increase in engagement
forces. It should be noted that the considered cracks have the same slope to the beam axis.

4. Conclusions

In connection with the foregoing, the following conclusions can be drawn about the behavior of the tested beams:

1. The change in stresses in the longitudinal bars of the beam in accordance with the diagram of bending moments is
associated with adhesion, and the formation of oblique cracks partially worsens this adhesion of the reinforcement to the concrete of
the rib. This contributes to a certain increase in the efforts of the longitudinal reinforcement. Consequently, these efforts are still
quite large (Fig. 4) and the destruction of the beam from pulling out the reinforcement may follow. Thus, the formation of inclined
cracks increases the probability of this type of failure. The destruction of beams with more saturated transverse reinforcement in the
form of spallation of the protective layer along the longitudinal reinforcement near the supports is undoubtedly associated with a
high level of the above-mentioned adhesion forces.

2. A splitting crack, as a rule, begins at the end of the beam cut span in front of the support and then quickly propagates
along the longitudinal reinforcement to the end of the beam. Such a destruction mechanism indicates the inexpediency of increasing
the length of the embedment of the rods by more than 250 mm per support, since this will not reduce the risk of such destruction.
Studies show that the adhesion strength in this case increases insignificantly even in the presence of clamps. Therefore, for logical
reasons, it would be more appropriate to increase the thickness of the protective layer over the supports.

3. The noted mechanism of destruction of beams requires an accurate assessment of the deformed state of the considered
zone of the beam rib, which is associated with significant difficulties. They are exacerbated by the presence of inclined cracks near
the supports (which, in turn, is associated with the assessment of initial deformations), as well as the influence of clamps and support
reaction.
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