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Abstract. In order to study the cracking of prestressed reinforced concrete T-shaped beam structures,
the authors planned and carried out a full-scale experiment with five variable factors. The following
factors were chosen as variable factors: the relative span of the shear, the ratio of the table overhang
width to the thickness of the beam rib, the ratio of the table overhang thickness to the working height
of the beam section, the coefficient of transverse reinforcement, the level of prestressing in the working
reinforcement. The article describes the cracking process and the destruction of test beams. It was
found that the loading level of an opening of inclined cracks is 53 % larger than the loading level of
a normal crack opening. Mathematical models of bending moments and transverse forces of cracking
were built using the “COMPEX” software. Also, the mathematical models of the crack opening width
and the projection length of a dangerous inclined crack were obtained. These models are based on
the experimental data. Analysing the obtained models, the complex influence of variable factors on
the main parameters of crack formation and crack resistance was established. In particular, it was
found that the prestress level in the working reinforcement has the greatest effect on the bending
moment of cracking. In this case, the value of the shear force of cracking significantly depends on
both the prestressing level in the reinforcement and the relative span of the shear. On the basis of the
experimental data, the empirical expression is obtained for determining the projection of a dangerous
inclined crack for prestressed reinforced concrete T-shaped beams. The resulting equation can be used
to calculate a shear reinforcement.

Keywords: Reinforced concrete, prestressing, T-beam, inclined section, normal crack, diagonal crack,
cracking, transverse force, bending moment.

1. Introduction
Solving the problems of capital construction is associated with the technical progress in the field of concrete and
reinforced concrete, as they are the most common materials for supporting structures in modern construction.
Reinforced concrete elements with various cross-sectional shapes (rectangular, T-shaped, I-shaped, trapezoidal,
etc.) are a significant part of prefabricated, monolithic and precast-monolithic structures, however, the data
about the work under the load are rather limited. The data of some researches in this area are presented in
works [1–3].

Despite its widespread use, one of the disadvantages of reinforced concrete is the early formation of cracks
in the tensioned zone, and as a result, the rapid growth of structural deflections to the ultimate value. The
problem of crack opening has a considerable importance for ensuring the joint deformation of the reinforcement
and the concrete, which determines the durability, rigidity and ensures the full use of the bearing capacity of
reinforced concrete structures. Each crack appearance in a reinforced concrete unit indicates that there has been
a discharge of accumulated stresses in this area of the structure. The cause of cracks is internal tensile stresses,
which can arise due to the internal processes in the unit (concrete shrinkage, loss (outflow) of hydration heat;
reinforcement corrosion, etc.) and the external loads on the structure (temperature, force, shock actions, etc.).
The development of a calculating apparatus for crack formation in reinforced concrete structures is very difficult
because the main hypothesis of the mechanics of a solid deformable body (the hypothesis of continuity) [4, 5] is
not applicable here, the continuity is violated by the presence of macro-cracks. The use of simplified approaches
is also impossible, since the permissible error in this case exceeds the characteristic of the crack opening width,
measured during the experiments using a microscope.

In order to increase the rigidity and crack resistance, prestressing is widely used in reinforced concrete
structures; it is used in beams, slabs, and trusses. In addition, it reduces the weight of the structure and, as
a result, it increases the efficiency and the possibility of a rational use of high-strength reinforcement. There are
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Figure 1. Dimensions and reinforcement of the tested beams with large, medium and small shear span.

also some disadvantages: increased labour intensity and the necessity for a special equipment, lower fire resistance;
reinforcing prestressed structures is more complicated than conventional ones; a high-strength reinforcement
loses its plastic properties faster with corrosion and there is a danger of brittle fracture of structures. Following
this line of reasoning, it is necessary to determine the appropriateness of applying prestressing in individual
cases. An investigation on the crack pattern at a failure and evolution of a compressive strut inclination and
crack inclination at a failure from both the theoretical and the experimental point of view was reported in [6–8].

Based on the foregoing, the accumulation of experimental data, as well as the identification of new patterns
of this issue are urgent and practically useful scientific task.

2. Materials and methods
In order to study this theme, T-shaped beams were manufactured and tested [9]. The width of the tables
was taken as a multiple of the rib width: 2b, 3b, 4b. Their heights were 30, 45 and 60 mm. The calculated
span length was 1975 mm. As a prestressed working reinforcement in the form of a separate rod, we used
thermomechanically hardened reinforcement of a deformed (feather) profile, class A500C �22 mm [10, 11]. In
addition to the specified rod, the beams were reinforced with two vertical flat frames, an upper mesh and
separate rods. Dimensions of the tested beams and their reinforcement is shown in Fig. 1.

The following factors were selected as variable factors: X1 is the relative span of the shear (a/h0); X2 is the
ratio of the width of the table overhangs to the rib thickness (b/

f /b); X3 is the ratio of the thickness of the table
overhangs to the working height of the section (h/

f /h0); X4 is the coefficient of the transverse reinforcement
(ρsw); X5 is the prestressing level in the working reinforcement (P/fcdbh0).

In accordance with the accepted test procedure [9], the prototype beams were tested according to the scheme
of a single-span free-support beam on 2 seats at the age of 100...120 days (Fig. 2). 27 test beams were tested.

3. Results
During the testing, the prototypes deformed with the marked deflections on a load increment) [12]. At the same
time, during the process of loading, the normal cracks appeared in the simple bending zone, and then there
were inclined ones in the support areas (Fig. 3, 4).
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Figure 2. Prototype beam during the tests.

The absolute majority (more than 90 %) of the prototype beams fractured in the support areas, and the rest
of them did along both the normal and the inclined sections [13, 14]. During the loading, the first normal cracks
formed in the bottom of the beam rib in the simple bending zone, and then in the shear span. With the load
increasing, they developed as follows: in the simple bending zone – without changing the original direction,
and in the shear span – deviating towards the application of a concentrated force and gradually turning into
inclined cracks (the first type of inclined cracks). In addition to normal cracks developing into inclined ones,
particular inclined cracks also formed in the middle height of the section of the beam rib (second type) over
existing normal cracks and in the zone where they are absent.

With a further increase of the load, inclined cracks developed towards the compressed and stretched sides of
the beam, and one of them is the critical one – it opened up most intensively.

In the experiments, there were three destruction forms of the support areas of the beams [15]: along
a dangerous inclined crack from the dominated effect of the shearing force (A pattern, Fig. 3, 4); along a
dangerous inclined crack from the dominated effect of the bending moment (B pattern, Fig. 3, 4); or along
a compressed inclined band (C pattern, Fig. 3, 4).

With the destruction of the beams in the form A and B, a dangerous inclined crack, having reached
a compressed table, penetrated it or developed along its lower side, and then penetrated the table.

Subsequently, a beam destruction from crushing or concrete shearing in the compressed zone occurred with
the possible achievement of the yield point in the prestressed reinforcement at the mouth of the inclined crack.
With a relatively small shear span, the beam destruction occurred from a concrete crushing along an inclined
compressed band between inclined cracks in the rib in the direction from the load to the support.

Experimental data on bending moments and shearing forces of cracking are presented in Table 1.
The investigated limit here is the moment and the shearing force of the beginning of the cracks. It is generally

accepted that the first cracks in reinforced concrete beams appear at the level 20–30 % of the total breaking
load, and in prestressed ones – at the level of 30 %. Analysing the table, this hypothesis cannot be observed
in all the experiments. For example, in the experiments with more powerful reinforcement, the cracking rate
is more than 30 %, and in the experiments with less powerful reinforcement, the cracking rate is about 10 %.
These results must be taken into account in the design process.

The interpretation of the experimental data was carried out by analysing the experimental statistical
dependencies (mathematical models). These models were obtained using the “COMPEX” software, which was
developed at the Odessa State Academy of Civil Engineering and Architecture under the guidance of Professor
V. A. Voznesenskiy in 1991 on the basis of works [16, 17]. Analysing these models, it is possible to determine
the influence of design factors on the output parameter, both individually and interacting with each other. The
theoretical pre-condition of PC is based on the theory of experiment planning, the theory of mathematical
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I – transfer of prestressing in reinforcement to concrete; II – formation of normal cracks in the zone of pure
bending; III – growth of normal cracks and the formation of inclined cracks in shear spans; IV – development of
normal and inclined cracks with an intersection of compressed beam flange and formation of new inclined cracks;
V.A) – the beam destruction with the displacement of area near the support and with the reinforcement kink;
V.B) – the beam destruction due to the prevailing action of the bending moment; V.C) – the beam destruction
due to the crushing of the beam rib concrete

Figure 3. Development of normal and inclined cracks and destruction patterns of test beams.
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No. X1,
a/h0

X2,
b

/
f /b

X3,
b

/
f /h0

X4,
ρsw

X5,
P/fcdbh0

Mcrc, ⊥ (kNm) F acc.
crc, ⊥ (kN)

Fu (kN)
Mcrc, / (kNm) F acc.

crc, / (kN)

1 3.18 4.0 0.36 0.0056 0.584 13.37 25.5 85.5016.49 31.4

2 1.06 2.0 0.36 0.0056 0.584 11.90 68.0 93.007.63 43.6

3 1.06 4.0 0.18 0.0020 0.0 2.84 16.20 76.004.94 28.2

4 3.18 2.0 0.18 0.0020 0.0 1.99 3.80 64.0013.65 26.0

5 1.06 4.0 0.18 0.0056 0.584 12.67 72.4 93.205.74 38.2

6 3.18 2.0 0.18 0.0056 0.584 11.83 22.5 80.3013.34 25.4

7 3.18 4.0 0.36 0.0020 0.0 3.54 6.70 69.3015.08 28.7

8 1.06 2.0 0.36 0.0020 0.0 2.07 11.8 76.806.42 37.6

9 1.06 4.0 0.36 0.0056 0.0 3.57 20.4 95.007.77 44.4

10 3.18 2.0 0.36 0.0056 0.0 2.03 3.90 81.0011.13 21.2

11 3.18 4.0 0.18 0.0020 0.584 12.63 24.1 64.0011.87 22.6

12 1.06 4.0 0.18 0.0020 0.584 11.87 67.8 78.307.14 40.8

13 1.06 4.0 0.36 0.0020 0.584 13.47 76.6 64.808.82 50.4

14 3.18 2.0 0.36 0.0020 0.584 11.86 22.6 88.8012.92 24.6

15 3.18 4.0 0.18 0.0056 0.0 2.80 5.3 89.8012.08 23.0

16 1.06 2.0 0.18 0.0056 0.0 2.03 11.6 80.005.53 31.6

17 3.18 3.0 0.27 0.0036 0.292 7.51 14.3 83.0014.65 27.9

18 1.06 3.0 0.27 0.0036 0.292 7.54 43.1 81.007.54 43.1

19 2.12 4.0 0.27 0.0036 0.292 8.10 23.1 81.0011.66 33.3

20 2.12 2.0 0.27 0.0036 0.292 6.95 19.9 82.0010.99 31.4

21 2.12 3.0 0.36 0.0036 0.292 7.72 22.1 80.0012.29 35.1

22 2.12 3.0 0.18 0.0036 0.292 7.33 20.9 90.0010.32 29.5

23 2.12 3.0 0.27 0.0056 0.292 7.52 21.5 70.0011.55 33.0

24 2.12 3.0 0.27 0.0020 0.292 7.52 21.5 82.0011.55 33.0

25 2.12 3.0 0.27 0.0020 0.584 13.00 37.1 80.0012.11 34.6

26 2.12 3.0 0.27 0.0020 0.0 2.45 7.0 81.0010.47 29.9

27 2.12 3.0 0.27 0.0020 0.292 7.53 21.5 78.3010.85 31.0

Table 1. Experimental data of bending moments and transverse forces.
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test No. 22 – destruction pattern A; test No. 6 – destruction pattern B; test No. 2 – destruction pattern C

Figure 4. Photos of the test specimens with different destruction patterns.

modelling, and also on the methods of statistics. In order to determine the influence coefficients of the examined
factors, it was necessary to assign the program matrix of the test plan, which reflected variation levels of
these factors as well as the experimental values of the output parameter. The specified PC is used under the
assumption of the distribution of the investigated random value according to the normal Gaussian law and, as
a consequence, the application of the least squares method.

Thus, the experimental-statistical dependences for the bending moment, causing normal cracking in simple
bending zone and the corresponding transverse load, have been obtained:

Ŷ (Mcrc, ⊥) = 7.55 + 0.58X2 + 0.19X3 + 5.0X5 + 0.12X2
5 + 0.17X2X3 (kNm) (1)

Ŷ
(
F acc.

crc, ⊥
)

= 21.6 − 14.4X1 + 2.1X2 + 0.7X3 + 18.3X5 + 7.1X2
1 − 0.4X2

5 − 1.1X1X2−
− 0.4X1X3 − 9.4X1X5 + 0.7X2X3 (kN) (2)

The value of the coefficients at factors Xi corresponds to the degree of their influence on the formation
moment of normal cracks in relation to the absolute term b0. The “+” sign indicates that increasing this factor
within the range of variation, the torque value will increase.

So, three factors affect the time of cracking normal to the longitudinal axis of the beam (Eq. 1): the ratio
of the table overhangs width to the rib thickness b

/
f /b(X2), the ratio of the table overhangs thickness to the

working height of the section h
/
f /h0(X3) and the stress level in the working reinforcement σsp (X5). Analysis of

Eq. 1 shows that the factorX5 has the greatest influence on the moment Mcrc, ⊥. So, increasing prestress σsp

from 0 to 30 kN/cm2, the cracking moment in a stretched rib increases relative to the average value (b0 is the
average value of the output parameter from the entire series of the experiments, determined with the theory of
mathematical planning according to the standard procedure) by 135 %.

Increasing factors X2 and X3, it increases by 16 % and 8.5 %, respectively. The presence of a positive sign
in the case of the quadratic effect X2

5 indicates that with a further increase of the prestress level outside the
range of this factor variation, there will be a significant increase of the crack formation moment. The output
parameter increases with a simultaneous increasing of factors X2 and X3 (interaction). Factor X4 is insignificant,
its influence was less than 5 % in relation to the absolute term of the model. Consequently, this factor is not
reflected in the model.

From Eq. 2, we can see that the load corresponding to the formation of normal cracks is significantly
influenced by both the prestressing level and the relative shearing span. Increasing X1 from 1.06 to 3.18
decreases the value F acc.

crc, ⊥ , in relation to the average value, by 131 %, and increasing X5 increases it by 175 %.
There is also the interaction of the factors with each other. When simultaneously increasing a/h0 and σsp,
a/h0 and b

/
f /b , a/h0 and h

/
f /h0 also increase simultaneously and the value of F acc.

crc, ⊥ decreases. Factor X4 was
insignificant, its influence was less than 5 % in relation to the absolute term of the model. Consequently, this
factor is not reflected in the model.
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In [18–20], one can find the information on the crack resistance of normal sections of the investigated
elements, but, as a rule, there is no comprehensive approach to assess the influence of experimental factors on
the considered output parameter (crack resistance). The researchers in [21] choose one or two factors for the
analysis and study their influence. But with such an approach to the study of this phenomenon, it is impossible
to set the interaction of the factors with each other, while it naturally often exists.

Before the normal cracks were evident, the investigated reinforced concrete element deformed like an elastic
body: the increase in deformations and deflections of the element was proportional to the increase in the external
load.

Before the first cracks were evident, the stresses in the tensioned concrete decreased to zero, and in tensioned
reinforcement, they increased abruptly.

By processing the experimental data on the inclined crack formation in the shearing span, adequate
mathematical models were obtained for the shearing force and the corresponding bending moment at this loading
level:

Ŷ
(
Fcrc, / = Qcrc, /

)
= 33.0 − 7.0X1 + 1.0X2 + 2.8X3 + 2.3X5 + 2.3X2

1 − 0.9X2
2

− 1.0X2
3 − 1.0X2

5 − 1.8X1X3 − 1.6X1X5 + 2.4X2X3 + 1.0X2X4 (kN) (3)

Ŷ
(

Macc.
crc, /

)
= 11.51 + 3.23X1 + 0.33X2 + 0.70X3 + 0.57X5 − 0.52X2

1 − 0.29X2
2

− 0.30X2
3 − 0.32X2

5 + 0.17X1X2 + 0.84X2X3 + 0.34X2X4 + 0.18X3X5 (kNm) (4)

The value of the shearing force, at which inclined cracks appear, is influenced by four factors: the relative
shearing span, the ratio of the width of the table overhangs to the thickness of the rib, the ratio of the thickness of
the table overhangs to the working height of the section, and the prestressing level in the working reinforcement.
An analysis of the Eq. 3 shows that factor X1 has the greatest influence on the shearing force. So, increasing
the relative shear span from 1.06 to 3.08, the shearing force of the crack formation will decrease with respect to
the average value (b0) by 42 %. Increasing the ratio of the width of the table overhangs to the thickness of the
rib from 2 to 4 will increase the indicated force by 6 %. Factors X3 and X5 have a more significant influence
than factor X2. Accordingly, increasing h

/
f /h0 from 0.18 to 0.36 will increase the shearing force of the crack

formation of inclined cracks by 17 %, and σsp from 0 to 30 kN/cm2 – by 14 %.
The presence of a negative sign in the case of quadratic effects X2

2 , X2
3 and X2

5 indicates that with a further
increase of these factors outside of their variation, there will be no significant increasing of the shearing force, at
which the inclined cracks appear.

There is also the mutual interaction of the factors. If a/h0 and σsp increase simultaneously, the value Fcrc, /

will decrease. If b
/
f /b and h

/
f /h0, h

/
f /h0 and ρsw increase simultaneously, the value Fcrc, / will increase.

Comparing the experimental data with the calculated ones, it was found that the experimental values of the
cracking load, as a rule, are higher than the calculated ones, which should be taken into account in the design
process.

The obtained results on the opening width of normal cracks correspond to the experimental and calculated
results [22–24].

When processing the experimental data, adequate experimental-statistical models (mathematical) were
obtained that characterize the opening width of cracks normal and inclined to the longitudinal axis of the beam
before its destruction under an external load 0,95Fu:

Ŷ
(

w0.95Fu

crc ⊥

)
= 0.157 + 0.011X2 + 0.011X3 − 0.032X5 − 0.002X2

5 + 0.009X2X3 (mm) (5)

Ŷ
(

w0.95Fu

crc /

)
= 0.765 + 0.101X1 − 0.079X2 − 0.012X3 − 0.019X4 − 0.042X5 − 0.072X1X2 − 0.022X1X3

− 0.067X1X5 + 0.006X2X3 + 0.058X2X4 + 0.026X2X5 + 0.021X3X4 + 0.006X4X5 (mm) (6)

As you can see in the model (5), the prestress level in the working reinforcement σsp (X5), the width ratio of
the table overhangs to the thickness of the rib b

/
f /b (X2) and the thickness ratio of the table overhangs to the

working height of the section h
/
f /h0 (X3) influence the opening width of normal cracks the most.
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No. X1,
a/h0

X2,
b

/
f /b

X3,
h

/
f /h0

X4,
ρsw

X5,
P/fcdbh0

w0.95Fu

crc, ⊥ (mm) w0.95Fu

crc, / (mm) c0 (cm)

1 3.18 4.0 0.36 0.0056 0.584 0.16 0.66 38
2 1.06 2.0 0.36 0.0056 0.584 0.12 0.63 13
3 1.06 4.0 0.18 0.0020 0.0 0.18 0.57 16
4 3.18 2.0 0.18 0.0020 0.0 0.18 1.30 46
5 1.06 4.0 0.18 0.0056 0.584 0.12 0.70 13
6 3.18 2.0 0.18 0.0056 0.584 0.11 0.84 38
7 3.18 4.0 0.36 0.0020 0.0 0.22 0.70 46
8 1.06 2.0 0.36 0.0020 0.0 0.18 0.75 15
9 1.06 4.0 0.36 0.0056 0.0 0.22 0.68 15
10 3.18 2.0 0.36 0.0056 0.0 0.18 1.04 46
11 3.18 4.0 0.18 0.0020 0.584 0.12 0.64 38
12 1.06 4.0 0.18 0.0020 0.584 0.11 0.75 13
13 1.06 4.0 0.36 0.0020 0.584 0.16 0.67 13
14 3.18 2.0 0.36 0.0020 0.584 0.12 0.88 38
15 3.18 4.0 0.18 0.0056 0.0 0.18 0.85 46
16 1.06 2.0 0.18 0.0056 0.0 0.18 0.55 15
17 3.18 3.0 0.27 0.0036 0.292 0.16 0.86 42
18 1.06 3.0 0.27 0.0036 0.292 0.16 0.66 14
19 2.12 4.0 0.27 0.0036 0.292 0.17 0.68 28
20 2.12 2.0 0.27 0.0036 0.292 0.15 0.84 28
21 2.12 3.0 0.36 0.0036 0.292 0.17 0.75 28
22 2.12 3.0 0.18 0.0036 0.292 0.15 0.78 28
23 2.12 3.0 0.27 0.0056 0.292 0.16 0.74 28
24 2.12 3.0 0.27 0.0020 0.292 0.16 0.78 28
25 2.12 3.0 0.27 0.0020 0.584 0.12 0.72 25
26 2.12 3.0 0.27 0.0020 0.0 0.19 0.81 31
27 2.12 3.0 0.27 0.0020 0.292 0.15 0.83 28

Table 2. Experimental data of normal and inclined cracks’ width and data of a projection value of a dangerous
inclined crack.

So, by increasing the prestressing level σsp from 0 to 30 kN/cm2, the opening width of normal and inclined
cracks will decrease, relative to the average value (b0), by 41 and 12 %, respectively. By increasing the width
ratio of the table overhangs to the thickness of the rib b

/
f /b from 2 to 4 and increasing the thickness ratio of the

table overhangs to the working height h
/
f /h0 from 0.18 to 0.36, the opening width of normal cracks will increase

by 14 %, and the opening width of inclined cracks will decrease by 21 and 23|,%.
The presence of a negative sign in the case of the X2

5 quadratic effect indicates that with a further increase
of this factor level outside of its variation, there will be a more significant decrease in the opening width of
cracks normal to the longitudinal axis of the beam.

The analysis of the mathematical model (6) shows that the relative shear span a/h0 (X1) , the width ratio
of the table overhangs to the rib thickness b

/
f /b and the prestressing level in the working reinforcement σsp have

the most significant influence on the opening width of cracks inclined to the longitudinal axis of the beam. So,
increasing the relative shear span from 1.06 to 3.08, the opening width of inclined cracks increases with respect
to the average value (b0) by 26.4 %. By increasing the width ratio of the table overhangs to the rib thickness
from 2 to 4 and prestressing from 0 to 30 kN/cm2, the opening width of inclined cracks will decrease by 20.7
and 11 %, respectively.

There is also the mutual interaction of the factors. With a simultaneous increase of a/h0 and b
/
f /b, a/h0 and

h
/
f /h0, a/h0 and σsp, the value wcrc, / will decrease. With a simultaneous increase of b

/
f /b and h

/
f /h0, b

/
f /b and

ρsw, h
/
f /h0 and σsp, h

/
f /h0 and ρsw, ρsw and σsp, the value wcrc, / will increase.

It is very important that the average opening width of inclined cracks is almost twice the allowable value.
Since the amount of cross reinforcement, studied in the experiments and used in practice, had an insignificant
effect (up to 5 %) on the opening width of inclined cracks, it can be assumed that for these purposes, it is
necessary to increase the rib width and the amount of cross reinforcement.
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It is particularly remarkable that the width of the overhangs and the thickness of the table play a significant
role in the opening width of normal cracks as well as inclined ones, which must be taken into account in the
calculations.

Also, according to the test results, an adequate experimental-statistical dependence (mathematical) model of
the projection value of a dangerous inclined crack was obtained:

Ŷ (c0) = 28.0 + 14.2X1 − 2.6X5 − 1.4X1X5 (cm) (7)

The analysis of this model shows that the relative shear span and the prestressing level in the working
reinforcement have a significant impact on the size of a dangerous inclined crack. The rest of the factors were
insignificant.

So, by increasing the relative span of the section from 1.0 to 3.18, the projection value of a dangerous inclined
crack will increase in relation to the average value (b0) by 101.4 %. By increasing the prestressing level from
0 to 30 kN/cm2, it decreased by 18.6 %.

A fairly large number of prototypes allowed to conclude that the size of a dangerous inclined crack ranges
from (0.8. . . 2.8)h0, which is a little over the recommended limits [25]. Moreover, this increase is quite reasonable.

After replacing the coded values of the experimental factors with natural ones, the authors obtained an
empirical expression for determining the projection of a dangerous inclined crack for prestressed reinforced
concrete T-shaped beams:

ĉ0 = [0.8690 (a/h0) + 0.0014σsp − 0.0057 (a/h0) σsp − 0.040] × h0 (8)

where σsp is in MPa, c0 is in cm.
The obtained equation, as well as the experimental data on the projection of a dangerous inclined crack,

represent the practical significance of obtained results. It is known that the shear force arising in an inclined
section of a reinforced concrete structure consists of three parts, experienced by the concrete in the compressed
zone, stretched cross rods crossed by a dangerous inclined crack, and longitudinal reinforcement in the form of
a dowel action. Knowing the height and the characteristics of the concrete in the compressed zone, it is easy
to determine the sum of the shear forces experienced by the concrete. The value of the dowel action of the
longitudinal reinforcement, as a rule, is not more than 10 % and, consequently, it is 5 % of the breaking shear
force. Taking into account the value of tensile stresses in the rods of the cross reinforcement at the level of 80 %
of its yield point, it is easy to find the value of the shear force experienced by the cross reinforcement (stirrup)
if the projection length of a dangerous inclined crack is known, i. e., the intensity of the cross reinforcement.
Knowing the values of the design cross force and the projection length of a dangerous inclined crack, it is easy
to determine the required value of the cross reinforcement.

Also, there is a rather significant result. During the research, it was found that the experimental values of
the cracking load exceed the calculated values by an average of 13 %. This must be taken into account in the
design stage of reinforced concrete beam elements in order to predict the moment of cracking more accurately.

Based on the obtained data, physical models of bearing capacity of the beam structures will be made. At the
same time, it is very important to take into account all their components correctly, which are, as a rule, stochastic
(random) values, and to identify objective conformities. On the basis of the installed physical models, refined
design schemes and design models of the shear capacity of such a complex composite material as reinforced
concrete will be developed.

4. Conclusions
In accordance with the obtained test results, the following was found:

(1.) Support areas of experimental reinforced concrete elements with small shear spans (a/h0 ≈ 1) are
destroyed along an inclined compressed band. The destruction of the support areas of the beam-samples
with medium (a/h0 ≈ 2) and large (a/h0 ≈ 3) shear spans occurs along a dangerous inclined crack from the
predominant action of the shear force or bending moment, depending on the stress values in the working
reinforcement at the beginning of the crack. The projection length of a dangerous inclined crack significantly
exceeds the standard values and depends on the size of the shear span as well as prestressing of the working
reinforcement.
(2.) A comparative analysis of Eq. 2 and Eq. 3, Eq. 1 and Eq. 4 showed that the qualitative influence of
the investigated factors on the cross load and the moments corresponding to the appearance of the first
normal and inclined cracks is generally the same. The main difference is that the loading level at which
inclined cracks appear is 53 % higher than the loading level at which the first normal cracks appear in
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the investigated reinforced concrete elements. In this case, as expected, the prestressing level of the main
longitudinal reinforcement has a great influence on the loading, which corresponds to the appearance of the
first normal cracks in comparison with the loading when the first incline cracks appear, which corresponds to
the test data [26–29]. The appearance of inclined cracks was fast, i. e., there was a non-proportional increase
of deflections of the investigated elements.
(3.) For a specified ratio of the factors, the opening width of inclined cracks is more than twice the width of
normal cracks, and at the operational level, the load reaches its limiting values. The presence of a beam table
in the compressed zone of the samples significantly affects not only the crack resistance and deformability
but also the strength.

List of symbols
F acc.

crc, ⊥ Transverse force that causes appearance of inclined cracks [kN]
F acc.

crc, / Transverse force that causes appearance of normal cracks [kN]
Fu Fracture transverse force [kN]
Mcrc, ⊥ Bending moment that causes appearance of normal cracks [kNm]
Mcrc, / Bending moment that causes appearance of inclined cracks [kNm]
w0.95Fu

crc, ⊥ Normal cracks width [mm]
w0.95Fu

crc, /
Inclined cracks width [mm]

c0 Projection value of a dangerous inclined crack [cm]
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