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Po3risiHyTO eKcrnepUMeHTANbHI JOCHiIKEeHHS MOXMIUX MNepepi3iB Hepo3pi3HuUX 3ai30-
0eTOHHUX 0aJ0K 3a OAHOYACHOI [ii MOCTiliHOI Momepe4YyHOi CWJIM i JBO3HAYHMX MOMEHTIB.
BunpodyBani 6anku Maau OJUHAKOBI XapaKTepPMCTUKH i BiIpi3HAJIMCH TiJIbKM BHAAMU
apMyBaHHA NOXWJIUX nepepisiB. Ilix yac ananizy ekcnepuMeHTATBHUX JOCHIIKeHb BHSBJICHO
cienn(iky YTBOpeHHsl | INMPHHHM PO3KPUTTS MNOXWJIMX TPIlMH Yy 30HI aii mocTiiHOL
MOIEePEeYHOI CHJIH i IBO3HAYHOI0 3rMHAJILHOI0 MOMEHTY. 3adikcoBaHa 1MHAMIKa PO3BUTKY Ta
IIMPUHA PO3KPUTTS MOXWUJIMX TPIilllMH 3aJIe:KHO Bil HABaHTa)keHHs1. BusAB/IeHO TaKkoK BILINB
Pi3HUX BUiB apMyBaHHS MOXWJIMX Nepepi3iB Ha Hecydy 31aTHICTh 0aJIOK.

ExcnepuMeHTH moKa3ajiu, 10 3apOJKeHHS MOXWJIMX TPIlIMH y 0ajKkax 3 JABO3HAYHOIO
eNMIOPOI0 3rHHAILHUX MOMEHTIB 32 BiHomeHHs1 8/d = 1 npoXoauTh y cepelHi BUCOTH HAJIKH.
Po3noain HanpyskeHb 1O JOBKUHI PO3TATHYTOI MO310BKHbOI apMAaTypH 0ajIOK He BiAmoBigae
TeOpeTHYHIN emopi 3ruHAJILHAX MOMEHTIB. Y pa3i JBO3HAYHOI eMIOpH 3rMHAJIBHUX MOMEHTIB
Ta BigHomenHi a/d =1 Halie()eKTMBHILIOIW NONEPEYHOI) APMATYPOI0, 3 OLVISIy HAa HeCy4y
30aTHICTh TOXMJIMX MNepepi3iB i MMPUHY PO3KPUTTA NOXUJIMX TPIlIMH, € TOPU3OHTAIBLHO
po3MillieHa monepeyHa apMarypa.

Kurouogi ciioBa: 3a;i300eToOHHI 0a1KkH, MOXWJIi Nepepizu, ABO3HAYHA eNMIOPa 3rHHAIBHUX
MOMEHTIB.

The paper discusses experimental study of oblique planes of reinforced concrete solid
beams at simultaneous exertion of constant transver se for ce and positive and negative bending
moments. The tested beams had similar characteristics and differed only in types of
reinforcement of oblique planes. Analysis of experimental results revealed the specifics of
development and width of oblique cracksin the zone of effect of constant transver se force and
positive and negative bending moments. The dynamics of development and width of oblique
cracks depending on the load was recorded. The study also assessed the effect of various types
of oblique planes reinfor cement on bearing capacity of the beams.

The experiments showed that nucleation of oblique cracks in beams with positive and
negative bending moment diagram for the relationship a/d =1 occurs at mid-height of the
beam. Distribution of stresses along the tension longitudinal reinforcement of beams is
different from the theoretical bending moment diagram. In beams with positive and negative
bending moment diagram at the relationship a/d = 1, horizontal (transverse) reinforcement is
the most effective type of transverse reinforcement in terms of bearing capacity of oblique
planes and width of ablique cracks.

Key words: reinforced concrete beam, oblique planes, positive and negative bending
moment diagram.
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Statement of the research problem
Reinforced concrete solid beams are widely used in modern construction applications. Although
work of oblique planes of such elements and that of ssimply supported beams have much in common, there
are also significant differences between them. Change of bending moment sign in the area of application of
constant transverse force suggests that the compressed zone of the beam has changed its position.
Therefore, stress strain behaviour of oblique planes in solid beams and that in simply supported beams
differ, and thisis bound to affect crack resistance and strength of their oblique planes.

Analysis of recent research and publications
Experimental research into solid beams [1-3] revealed a peculiarity of nucleation and development
of cracks in the above-mentioned areas, as well as substantial influence on the length of anchoring of the
longitudinal reinforcement in the tensile zone. A typical pattern of nucleation and development of cracksin
the area of simultaneous actions of constant transverse force and bending moments passing through the
Zero point can be seen on Leonhardt beams (batch HH) [1] (Fig. 1).

Fig. 1. Pattern of nucleation and development of cracks and destruction of HH beams [1]

On different stages of loading, it can also be traced in beam 66/1 [2] (Fig. 2) in the site of the
constant transverse force and bending moment diagram going through the zero point.

For loads being lower than the operation one, zones of positive and negative bending moments
developed only vertical cracks. The load increasing, new vertical cracks appeared, and those which
developed initially transformed into diagonal cracks in the areas of bending moment sign change.

At loads exceeding the operation one, beams’ lateral surfaces got covered with diagonal cracks,
except for areas of a certain length flanking the zero point of bending moments. No cracks in areas on both
sides of the zero point were recorded in the experiments [3] when point force was applied at a distance
from the interior support exceeding(2—2,5)h, .

Analysis of some studies[1, 2, 3, 8] suggested that the transverse force is not a criterion to describe
crack formation and work of oblique planes in solid and simply supported beams. Therefore, according to
the effective Ukrainian standard JICTY b B.2.6-156:2010 [4] and EUROCODE 2 [5], transverse
reinforcement for these two casesis to be designed using one and the same method.
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Fig. 2. Pattern of nucleation and development of cracks in 66/1 beam [2]

Goal of theresearch

Taking into account that work strain of reinforced concrete beams with both positive and negative
bending moment diagrams has not been sufficiently studied, the task was set to explore the work of beams
in the area where bending moment changes sign for cases when force is applied close to the interior

supports for small shear spans (a/d<1).

Summary of the main information

In accordance with the task, a program of experimental research was developed. It included testing 8
simple overhanging reinforced concrete beams loaded with point force.
Samples with total length of 2900 mm were testes as simple overhanging beams (I = 1050 mm,
I, = 700 mm) loaded with two point forces applied to the spans (a = d) and with one force per corbel. The
diagram of testing the beamsis shown in Fig. 3.
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Fig. 3. Beams testing diagram

All the test samples had similar cross-section of bxh = 120x400 mm and the same main longitudinal
lower and upper reinforcement (4012 A400C). The beams differed only in type of oblique planes

reinforcement

The experiment involved gauging strain of concrete, longitudind and transverse reinforcement and
observing cracks nucleation and width. Strain values were taken using a comparator with gauged length 50 mm.
Characteristics of the test beams are summarized in Table 1.
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Table 1
Characteristics of test beams

. Longitudinal Reinforcement Transverse Reinforcement
(5] % — +—
® Sl T )
— E E E ﬁ- o o o~ ~
O lE|E|E|E|EE| = g5 | £ 8| 8 |5 |&
% - £ |8 | = |58 5o g 8 s 2 < B S i 3 c
@ 3 E 5~ < o g | E < o
nd = 14
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
347/ 4212 1,09/
b-1-1| 1050 | 700 | 120 | 400 350 47,4 A40OC 452| 4104 108 - - -
b-1-2 | 1050 | 700 | 122 | 402 349/ 47,4 4012 452| 4104 1,06/ o12 - | 2,26 4104
347 A400C 1,07 | A400C
b-1-3| 1050 | 700 | 123 | 410 358/ 47,4 4012 452| 4104 103/ 12 70 | 2,26 |254,1
352 A400C 1,04 A240
348/ 4212 1,06/ 210
b-1-4 | 1 7 12 4 47,4 452| 4104 157 |2
050 | 700 3 | 400 349 4| ad00C 5 0, 105 A240 60 5 58,0
b-1-5| 1050 | 700 | 122 | 402 342/ 47,4 4012 452| 4104 108/ 6,5 60 | 0,664 |262,0
359 A400C 1,03 A240
b-1-6 | 1050 | 700 | 123 | 398 339/ 47,4 4012 452| 4104 1,08/ 265 | _ 0,664 | 262,0
342 A400C 1,07 A240
b-1-7 | 1050 | 700 | 123 | 400 345/ 47,4 4012 452| 4104 Lon 26,5 50 | 0,664 | 262,0
350 A400C 1,05 A240
345/ 4212 1,07/ 6,5
b-1-8 | 1050 | 700 | 123 | 398 47,4 452| 4104 80 | 0,664 | 262,0
343 A400C 1,07 A240

Patterns of nucleation and development of cracks and destruction of beams are shown in photos
presented in Fig. 4.

The results of experimental testing of the beams are grouped in Table 2 using the symbols applied
inFig. 3.

Destruction of all beams took about the same course, although in some beams there were some
peculiarities (Fig. 4). The first vertica cracks in the beams formed above the supports A and b at loading
P =300 kN. Later, when P=400 kN, span vertical cracks developed, and then, contiguously, appeared
oblique cracks. Obligue cracks formed in the vicinity of supports A and b in the middle of the beam
section height, i.e. they did not reach the lower and upper longitudinal reinforcement. With load increasing
up to P =500 kN, there was observed formation of new vertical cracks, which were more and more
approaching the supports, and oblique cracks continued to develop and increase in width. At P =600 kN,
oblique cracks developed more intensively both towards the support and towards the applied force,
whereas vertical cracks in the middle of the beam span remained unchanged. At P =700 kN oblique cracks
reached the bottom and top surfaces of the beam. Further increase in the load to P = 800+1000 kN led to
intensive growth of width of oblique cracks and their combination with other cracks, which ultimately
caused destruction of the beam along one of these oblique cracks. All the beams failed aong the oblique
cracks (Fig. 4).

Assessing width of oblique cracks in reinforced concrete beams is one of the least studied issues. It
is discussed only in several specia studies [6-8], and only some of them provide results of measuring
width of oblique cracks. Experimental research found that width of oblique cracks is much larger than that
of vertical ones. Often due to excessive widening of oblique cracks in real structures of buildings and
constructions the latter have to be strengthened. The emergency state of Dnister Hotd in Lviv [9] is an
obvious example of such situation, and thisiswhat prompted the within research.
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Fig. 4. Pattern of nucleation and development of cracks and destruction of 5-1-1 — 5-1-8 beams
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Results of beamstesting

Table 2

8 e |2 g | 8
@ < - 5 =
SRR RN I RN R UL U pep el | N
< a - © 8
@ = = 15
1 1213 4] 5 6 7] 8 9 1011 12 13 14 |15 16
B-1-1| 1,00 | 1317 | 655,0 | 662,1 | 131,0 | 521,0 | 132,4 | 532,6 | 91,7 | 92,7 | 5240|5207 | "™ 5
support b
B-1-2 | 1,01 | 1411 | 712,1| 6985 | 142,4 | 575,0| 1397 | 553,4| 99.7 | 97,8 | 569.7 | 5588 | "X 18
support A
B-1-3| 0,09 | 1318 | 645,0 | 672,9 | 129,0 | 5050 | 134,6 | 549.4 | 90,3 | 94,2 | 516,0 | 538,3 w;‘s;rt]; 3 | 19
5
Q
B-1-4 | 1,00 | 1328 | 652,9 | 675,0 | 130,6 | 5135 | 135,0 | 548,9 | 91,4 | 945 | 522,3| 540,0 w;ss:t]; 3|23
K]
o
B-1-5 | 0,97 | 1330 | 675,0 | 655,0 1350 | 548,0| 131,0 | 516,0 | 94,5 | 91,7 | 540,0 | 524,0 w;;:rrt NEIE
(@]
B-1-6 | 1,02 | 1345 | 665,7 | 679.3 | 1331 |527,2| 1350 | 548,8| 93,2 | 951 |532,6|5434| "™* | 5| 3
supportb | ®
B-1-7 | 1,00 | 1317 | 640,0| 677,0 | 128,0 | 497,2| 1353 | 556,5 | 89,6 | 94,8 | 512,0 | 5417 | " 1
support b
B5-1-8 | 1,02 | 1355 | 670,0 | 685,0 | 134,0 | 530,0| 137,0 | 554,0 | 93,8 | 95.9 | 536,0 | 548,0 w;ss:t]; 2

This problem has gained particular topicality with application of steels with enhanced mechanical
behaviour for reinforcing concrete structures, which results in reduced density of longitudina and
transverse reinforcement in their sections, in increased strain of such reinforcement and, therefore, in larger
width of vertical and oblique cracks.It was experimentally established that the width of oblique cracks is
most substantially affected by transverse and longitudinal reinforcement, offset bends, strength of concrete,
ratios a/d and areas of transverse sections.

Dynamics of development and growth of oblique cracks which led to the beams failure is shown in
Fig. 5-7. As seen from these figures, oblique cracks were nucleated in mid-height of the beam, and thisis
where they had maximum width ending up in their destruction.

The performed analysis of beams testing showed that the type of reinforcement of oblique planes has
no significant impact on the moment of oblique cracks development, i.e. oblique cracks formed
approximately at the same load P =400 kN. Up to P =800 kN, values of oblique crack width in all the
beams of the tested batch were amost the same, and only further growth in load rendered them
considerably different.
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800 kH|
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Fig. 5. Dynamics of development and growth of oblique crack 5 in the beam 5-1-1vs. load
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Fig. 6. Dynamics of development and growth of oblique crack 9 in the beam 5-1-5 vs. load
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Fig. 7. Dynamics of development and growth of oblique crack 1 in the beam 5-1-7 vs. load

At 1000 kN, maximum width of obligue cracks along which the beams failed, amounted to the
following values:

B-1-1 crack 5—0,7 mm; B-1-4 crack 23—0,6 mm;
B-1-2 crack 18 —0,5 mm; B-1-5 crack9 —1,2mm;
b-1-3 crack 19 -0,6 mm; Bb-1-6 crack 3 —0,8 mm;
B-1-7 crack 1- 0,5 mm; B-1-8 crack2 —0,7 mm.

Asit can be seen, the smallest width of oblique failure cracks of 0,5mm was observed in beams
b-1-2 and b-1-7, whose oblique planes were strengthened with horizontal reinforcement.

Comparison of the values of oblique failure cracks width in the beams b-1-5, b-1-6, b-1-7 and b-1-8
with different types of oblique planes reinforcement but the same amount of transverse reinforcement
reveals that transverse reinforcement is most effectively located in the beam B-1-7 with the smallest
oblique failure crack width of 0,5 mm.

Asit was noted above, all the beams of the batch under study collapsed along oblique planes. Values
of collapsing force P at which failure of each beam occurred are adduced in Table 2 column 3.

By comparing bearing capacity of beam Bb-1-1 (without transverse reinforcement) with beams b-1-2;
b-1-3; B-1-4; b-1-5; B-1-6; B-1-7; b-1-8, one can determine the impact of each type of transverse
reinforcement on oblique planes strength at a/d=1.

The beams collapsed at the following loads:

B-1-1 — P=1317kN; b-1-2 — P =1411kN; b-1-3 — P =1318kN; b-1-4 — P =1328kN;
B-1-5 — P=1330kN; b-1-6 — P =1345kN; b-1-7 — P =1317 kN; b-1-8 — P =1355kN.
Comparison of bearing capacity of the beams of the tested batch with that of b-1-1 beam (without
transverse reinforcement) shows bearing capacity of the former to be higher by:

B-1-2 (1411-1317)/1317-100 %=7,1%;
B-1-4 (1328-1317)/1317-100 %= 0,84 %;

B-1-3 (1318-1317)/1317-100 %= 0,08 %;
B-1-5 (1330-1317)/1317-100 %= 0,99 %;
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B-1-6 (1345-1317)/1317-100 %= 2,13 %; B-1-7 (1317-1317)/1317-100 % =0 %;

B-1-8 (1355-1317)/1317-100 % = 2,88 %.

The analysis suggests that the beam with the oblique plane reinforced with horizontal reinforcement
located at the top and at the bottom of the oblique plane has the largest bearing capacity. Bearing capacity
of the beam B-1-2 is by 7,1 % higher than that of b-1-1. Comparison of bearing capacity of the beams
b-1-5; B-1-6; b-1-7; B-1-8 which have different types of oblique planes reinforcement but the same amount
of transverse reinforcement shows that transverse reinforcement is most effectively located in the beams
b-1-6 and b-1-8.

Results of processing the values of strain of longitudinal top and bottom reinforcement in the area of
simultaneous exertion of constant transverse force and bending moment are presented in Fig. 8, 9.
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Fig. 8. Strain (stress) Fig. 9. Strain (stress)
in reinforcement 1, 2 of 5-1-1 beam vs. load in reinforcement 1, 2 of 5-1-2 beam vs. load

As arule, there was a particular pattern of growth of strain and, respectively, of stress. At low initia
loads, distribution of strains (stresses) in longitudina bottom and top reinforcement mainly corresponds to
bending moment diagram. As load increases, the plot of strains (stresses) distribution flattens, approaching
a straight line. In sites of cracks nucleation, intensive growth of strains (stresses) in the longitudinal
reinforcement causes hikes on the plot.
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When going farther from the site of maximum moment to the support, tensile stress in the
longitudinal reinforcement is declining due to adhesive force between the reinforcement and the concrete.
However, with load increase and emergence of cracks, adhesion between the reinforcement and the
concrete lessens, and tensile forces in the reinforcement become increasingly different from the theoretical
bending moments diagram, namely they are equalizing. Maximum equalizing of tensile force values in the
longitudinal reinforcement is achieved before the failure of the beam. The phenomenon of stress equalizing
in longitudinal reinforcement in the section from the support to the point of force application implies
increasing weakening of concrete-to-steel bonds in this area.

Figures 8 and 9 show that in the beams B-1-1, 5-1-2 at the load P =900 kN, stressin some areas of
the longitudina reinforcement seems to have reached the yield strength. However, this is not the case,
because the plots show longitudinal reinforcement stress in the bottom row. Calculation of total stress
values for the two rows of longitudinal reinforcement revealed that before the beam failure they had not
reached the yield strength.

Conclusions

1. The type of reinforcement of oblique planes has no significant impact on the moment of oblique
cracks development, i.e. oblique cracks formed approximately at the same load.

2. Nucleation of oblique cracks in beams with positive and negative bending moment diagram for
the relationship a/d =21occurs at mid-height of the beam.

3. Maximum width of ablique cracks, from their emergence and to beam failure, is observed in sites
of their nucleation.

4, Distribution of strains (stresses) along the tension longitudinal reinforcement of the beams is
different from the theoretical bending moment diagram, i.e. at simple supports and in zero points of strain
(stress) momentsit is not equal to zero.

5.1n beams at the relationshipa/d=21with positive and negative bending moment diagram,
horizontal (transverse) reinforcement is the most effective type of transverse reinforcement from the point
of view of bearing capacity of oblique planes and width of oblique cracks.

6. Longitudinal reinforcement has a significant impact on the strength of oblique planes of reinforced
concrete beams, both with singled-signed bending moment diagrams and with positive and negative ones.
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