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The experience of inclined cross-sections in the zones of influence of transverse forces and
punching loads has been studied. The results of experimental studies of inclined cross-sections of
protective structures in the area of influence of local emergency load on punching are presented. The
article presents the reinforcement and strength of inclined cross-sections at the angle of destruction
v =40°. The analysis of the results was carried out and recommendations were developed for the design
of inclined cross-sections of shells in the punching zone. The experimentally obtained values of the
bearing capacity of concrete and reinforced concrete samples during punching correlate well with the
results of theoretically determined dependencies that take into account the pin effect of reinforcement
and the actual strength of concrete.
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Introduction

The purpose of this work was to investigate the strength of reinforced concrete slabs and shells in
the zone of punching by an emergency dynamic load, to develop proposals for taking into account the
effect of horizontal reinforcement on the strength of inclined cross-sections. As a result of the analysis of
the results of experimental studies of fragments of thin shells, to propose recommendations for the design
of inclined cross-sections of monolithic reinforced concrete shells of protective structures with additional
horizontal reinforcement in the punching zone under emergency loading.

The protective shells of energy and other facilities have different design schemes, which can be
classified according to the shape, lining material and biological protection, deepening into the soil. All of
them are united by the fact that they have reinforced concrete walls (Karkhut, 2015; Eibl, 2003; Raghupati,
1999; Briffaut, 2011) for various purposes and an annular section. In emergency conditions, these thin
reinforced concrete shells are affected by increased internal pressure and elevated temperature up to 150 °C
from the coolant. The regime of a major accident that occurred at the Chernobyl NPP during the
destruction of the reactor core can lead to the destruction of the containment by internal pressure due to the
insufficient bearing capacity of this structure. The emergency modes of thermal force loads also include
the action of local influences, such as the impact of a crashed aircraft. The impact of such a large mass
causes a local increase in the temperature of the outer surface and shear stresses in the containment
concrete, which can cause destruction along inclined cross-sections (Eibl, 2003; Kralik, 2014; Makarenko,
1986; Duan, 2018; Luchko, 2018; Sadique, 2013; Lo Frano, 2011). The main provisions of the calculation
hypotheses of the strength of inclined cross-sections of the containment shell to the action of such an
emergency local load from an aircraft crash (Makarenko, 1986; Duan, 2018; Luchko, 2018; Lo Frano,
2011) are that this load acts perpendicular to the shell surface (Fig. 1), and its application rate is taken
according to the IAEA recommendations. The contact surface area of this load from the fall of the Fantom-
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4F aircraft with the shell is 7-14 m2. The mathematical model of the load is taken in the form of elastic-
viscous or elastic-viscoplastic systems, the reaction of which, when interacting with the protective
reinforced concrete shell, determines the dynamic emergency load (Eibl, 2003; Makarenko,1986; Luchko,
2018; Lo Frano, 2011).

The problem of determining the design load is solved by solving the system of equations of shell
motion under the action of this load and a piecewise linear integral equation of the first kind using
d’Alembert’s initial conditions. The corresponding force component of the emergency load (Eibl, 2003;
Makarenko, 1986) is calculated by the Laplace integral transform method, taking into account the ratio of
the containment stiffness and aircraft structure.

Fig. 1. The scheme of the destruction of the containment
during the fall of the aircraft

The local load on the circular area of contact with the shell, the diameter of which a is equal to the
diameter of the aircraft fuselage, is determined from the equation (1):
P(t) =4F (t)/ ma.? (1)
The change in the function F(t) in time has the form of a periodic curve, exponentially decaying,
asymptotically approaching zero. Taking into account the sharp decrease in the amplitude of the load
function after the first half-cycle of oscillations, practical calculations are limited to this time. This load
can cause local failure along the side surface in the form of a sheared cone.
In this case, the hypothesis (Makarenko, 1986) is considered valid, according to which the limit state
on the fracture area occurs simultaneously from tensile and shear stresses uniformly distributed over the
cross-sectional area. The angle of destruction vy in this case depends on the rate of application of the load
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and the initial stress state. It was assumed that the normal and tangential stresses are uniformly distributed,
since the cross-sections operate under conditions of limited deformations, and depend on the dynamic
tensile strength of concrete. The condition of strength in the limit state for a reinforced concrete shell
without prestressing in the zone of influence of the punching load is written by equation (2):

Fv-cos y +Fn-sin y = Fraxrd, )
where F, and F, are the integral values of the tangential and normal components of the stress vector, Fmaxed

is the vector of the external load module. It was recommended to determine the tangential and normal
components of the stress vector according to the following dependencies:

FV = deRbtA. (3)
and

Fn = kdkabtA (4)

The coefficient of dynamic strengthening of concrete kd in these dependencies is recommended to be
calculated according to the proposals (Karkhut, 2015; Makarenko, 1986) and taken within 1.0-1.3 depending
on the speed of application of the external load and the level of concrete prestressing. The calculated area A
was determined according to the design scheme of punching (Fig. 1) from the condition:

A = 7AB-(a+AB:sin y). (5)

For the load application rate v = 2.5-104 kN/(m?c), which corresponds to the fall of the aircraft body,
the angle y = 40°. The coefficient of transverse reinforcement in the form of clamps kw was taken equal to 1.4
in their presence and 1.0 in their absence.

The presented scheme of dynamic punching load differs from the scheme for static loads (Babaev,
2015; Blikharskyy, 2017). In the boundary state, the concept of control perimeters is used, the first of which
is located at a distance of 2d (d is the working height of the cross-section) from the zero perimeter or the
boundary of the external load application. In this case, the angle of destruction y = 63.4°. It is recommended
(Babaev, 2015) to include in the calculation a bend outside the area of the external load, if the distance from it
to the edge of the load is <0.25d.

The operation of the transverse reinforcement of the stirrups, normal to the longitudinal axis of the thin
plate or shell, is complicated in terms of its anchoring:

— welding of stirrups to the nodes of the upper and lower horizontal reinforcing meshes or sheets
often does not provide anchoring due to insufficient adhesion of reinforcement to concrete, or short length of
stirrups, especially in thin slabs and shells;

— the installation of stirrups as part of additional frames, manufactured at the factory using contact
welding, leads to the appearance of additional longitudinal bars at the level of the lower and especially the
upper reinforcing mesh, which makes concreting difficult, it is possible to “burn” the rods;

— installation of stirrups in the form of studs or individual bars with special washers at the ends is
technologically complex;

When arranging bends of horizontal reinforcement of meshes from the upper zone of the slab above
the support to the lower zone or inclined clamps within the punching prism, the following problems arise:

— the place of application of the emergency load is unknown and, accordingly, the place and other
geometric parameters for making bends or stirrups are unknown;

— bends and stirrups become very indefinite due to the need to take into account the design bending
radii of the bars (with indefinite cross-section angles with the punching prism surface), which is especially
felt for plates and shells with a thickness of less than 300-400 mm. Also known are the results of studies
under the action of transverse forces on the punching of beams, plates and shells with the use of horizontal
bars (Maksymovych, 2019; Maksymovych, 2020), showing the possibility and efficiency of using such
reinforcement. These papers present the results of studies conducted at the Lviv Polytechnic and NDIBK
(Kyiv) (Babaev, 2015; Blikharskyy, 2017).
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The impact of the pin effect and the stress diagrams along the length of the horizontal bars are shown
in Fig. 2. When developing the design hypothesis, it was assumed that the plastic properties of concrete are
sufficient for the bearing capacity of the punching zone (similar to the methodology of the current standards)
to be determined by the sum of the bearing capacity of concrete and reinforcement:

V <V + Vau, (6)
where V. was taken equal to the right side of inequality (Babaev, 2015):
F < Uvatum d (7)

In this inequality, um is half the sum of the lengths of the zero and first control perimeters, and the
coefficient a = 1.0 for heavy concrete.
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Fig. 2. The work of horizontal reinforcement on a transverse force

When assessing Vs, it was assumed that the plastic properties of the materials are sufficient to
realize close-to-rectangular concrete pressure diagrams on the reinforcing bar, and the bending moment
Mmax Was determined by the plastic modulus of resistance Wy and the calculated reinforcement resistance
fya for a given bar @. Then:

W, = 0.166 ©.3 (8)
Mmax = 0166 ®3fyd (9)

and the bearing capacity Vs of a horizontal reinforcing bar during its work on the transverse shear of
concrete was determined as the minimum at which the maximum possible pressure on concrete gi, g2, gcr
and maximum bending moments at least at one of points A and B (Fig. 2) are achieved.

Taking into account the known dependencies between the diagrams g, V i M, an equilibrium
equation was obtained at points A and B. For equilibrium conditions around point B, the maximum value
VZnax is calculated from the condition:

Vrr?ax =0.576- ’fydglﬂ3 (10)
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Similarly, for equilibrium conditions around point A, the maximum value VAyax at x = 0 is calculated

by the condition:
Vﬂfax =0576- /fydgcrgS (11)

And the smallest value VAyax — if S = 0 (location of point A on the edge of the load application) is

calculated from the condition:
Vﬂfax =0576- /fydgzg?) (12)

x=0576- |Lra?) (13)
g2

The change in the value of Vnax depending on the x coordinate (Fig. 4) was analyzed and it was
recommended for practical calculations to determine Vmax according to (11).

Based on the obvious expediency of the condition Vmax = VZrmax, 1= g2 should be ensured, therefore
di = d, that is, additional reinforcement was recommended to be placed in the middle of the cross-section
height. It was proposed to determine the minimum required length of the bar beyond the limit of the
punching force to ensure anchoring from the condition:

L=196. |Yza?) (14)
g1

Consequently, the problem was considered solved for known values of g: = g.. Regarding g, the
following assumptions were made:
— g1 cannot be greater than the local compressive strength of concrete:

011 < Rp,loc @ (15)

where Ry, 1oc— in accordance with (Babaev, 2015);
—  gaicannot be greater than:

and

012 <Ry (d - 9), (16)

where Ry — in accordance with (Babaev, 2015);

— g1 cannot be greater than:

013 <Rp -(f —2a + d — @)/m. an

In inequality (17), all designations in accordance with Fig. 2, where f is the width of the load
application band (corresponds to the dimension a in Fig. 1); a is the distance from the loading edge to the
horizontal reinforcement rod within the loading area (a < s/2 can be taken as a margin of safety, which
corresponds to half the horizontal reinforcement pitch); m is the total number of bars that cross the line of
action of the punching load (control perimeter) and perceive part of the punching force.

Then the bearing capacity of the horizontal reinforcement for the punching action is calculated from

the dependence:
Fr, =0576-m- /fydgﬂ?’ (18)

Where g is the smaller of the three values determined by (15), (16), (17). To reinforce inclined
sections, various structural measures and materials are used, including steel bars and fibers, non-metallic
fibers, carbon tapes and sheets (Blikharskyy, Khmil, 2017; Bobalo, 2018; Selejdak, 2020; Cavagnis, 2020;
Maksymovych, 2019). Such methods are effective when there is access to inclined cross-sections of
bending elements along the height, and when there is access only to the upper and lower faces, they are
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used to strengthen normal sections. In the study of the strength of bending elements without transverse
reinforcement (Maksymovych, 2019), the appearance and development of critical inclined cracks were
described, the development of which at fracture angles less than 45° has not been studied.

Based on the results of the review of the state of studying the strength of inclined cross-sections, the
following conclusions can be drawn:

— there are several methods for calculating the design and reinforcement of cross sections that can
be used to assess the strength under dynamic emergency loading;

— the accuracy of many approaches and solutions for determining the bearing capacity and
reinforcing of inclined cross-sections under emergency actions remains uncertain;

— in thin slabs and shells, the installation of additional horizontal reinforcement leads to an
increase in the bearing capacity for punching;

— when designing, the same values of gi» according to (16) and g3 according to (17) should be
ensured, and the value of gi1 according to (15) is almost never decisive;

— the influence of horizontal reinforcement on the strength of inclined cross-sections under
dynamic impacts is unknown, therefore it is recommended to limit the cases to Fpax/ Fc< 1.6;

— anchoring length of horizontal reinforcement L is always provided and can be taken as L>200.

Considering the above, the following tasks were solved in this work:

— to develop a methodology for experimental studies of the strength of inclined cross-sections of
protective structures for punching through a local emergency load;

— to conduct experimental studies of samples — fragments of a monolithic shell of a protective
structure with horizontal reinforcement;

—  develop proposals for the calculation and design of inclined cross-sections of the shell using
horizontal reinforcement.

Materials and Methods

The strength of inclined cross-sections under the action of an emergency punching load was studied
on reinforced concrete and concrete models of protective shells. The punching force (Fig. 3, 4) was applied
perpendicular to the sample surface on a round area, which corresponded to the calculated static model of
the emergency dynamic load (Fig. 1). Concrete cubes installed along the perimeter of the sample modeled
a support distributed along the perimeter of the circle at a distance of =135 mm from the load application
boundary. The destruction angle was close to 40° at the assumed sample thickness d, which was 160 mm.
A partial effect of compression was achieved with reinforcement @12 class A240 at the ends of the
working bars of the meshes in the form of a ring. This reinforcement also provided anchoring of the
working mesh bars. The load was applied in stages with a holding time of 7-15 minutes to monitor the
state of the samples, record the readings of measuring instruments, and measure the width of the cracks. At
the actual load application speed, the dynamic coefficient kq = 1.0. All materials for the manufacture of
samples met the requirements of current standards (Concrete and reinforced concrete structures made of
heavy concrete. Design rules. DSTU, 2011; Karkhut, 2021). Production and care of concrete was carried
out in accordance with the requirements of current standards in the factory. Working reinforcement class
A400C with f,g = 364 MPa of a periodic profile £12 (3 samples), £16 (6 samples) was used (Table 1) in
the form of flat welded meshes (Fig. 5). Ensile strength of concrete fum was determined by splitting
standard cubes. The geometric characteristics and properties of concrete and reinforcement of the samples
are also given there.
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Table 1
Characteristics of concrete and reinforcement of samples

Sample Tensile strength of concrete, MPa Diameter of

designa- fea, reinforcement Number of bars, m Ash, CM?
. MPa Rut fetk 0.05, fotm, fotm, for (17) shy
tion norm | norm exper. norm 9, mm
3-1 7.5 0.66 0.80 0.17 1.20 16 8 16.08
3-2 11.5 0.90 1.30 0.36 1.90 12 12 13.57
3-3 7.5 0.66 0.80 0.17 1.20 16 8 16.08
3-4 11.5 0.90 1.30 0.36 1.90 16 12 24.12
3-5 115 0.90 1.30 0.36 1.90 - - -
3-6 7.5 0.66 0.80 0.17 1.20 - - -
3-7 11.5 0.90 1.30 0.36 1.90 16 12 24.12
3-8 7.5 0.66 0.80 0.17 1.20 - - -
3-9 7.5 0.66 0.80 0.17 1.20 12 8 9.05
3-10 115 0.90 1.30 0.36 1.90 16 8 16.08
3-11 7.5 0.66 0.80 0.17 1.20 16 8 16.08
3-12 7.5 0.66 0.80 0.17 1.20 12 12 13.57

The physical and mechanical characteristics of concrete in compression were determined by testing
standard cubes and prisms. A total of 12 round reinforced concrete and concrete fragments @700 mm were
tested. The mesh in the reinforced samples was placed in the middle of the height of the sample. Samples
3-5, 3-6, 3-8 were tested without additional horizontal reinforcement. In the calculation for punching
(Table 1), reinforcing bars with an area Asn, were taken, located at a distance of no more than 0.25d from
the zero perimeter, according to the proposals (Babaev, 2015; Blikharskyy, 2017).

To control the deformations of the samples during testing, 4 dial indicators with a division value of
0.01 mm were installed, located along two mutually perpendicular diameters at a distance of 50 mm from
the edge of the sample. The deformations of concrete on the tensioned face were measured by strain
gauges based on 50 mm, and the crack opening width on the side and top faces was measured with an
MPB-3 microscope.

Results and discussion

As a result of the tests, the breaking load was determined. Concrete samples were destroyed when
normal cracks were formed due to the action of a bending moment (force F'.). In the reinforced samples,
at subsequent stages, through-shaped spatial cracks appeared (force F'crc), which caused the destruction of
inclined sections from normal and tangential stresses (Fig. 6).

The destruction forces were compared with the calculated ones according to (3) and are given in
Table 2. The distances given in the table to the upper face di from the axis of the lower meshes and d, from
the axis of the upper meshes of the samples were measured after destruction. In some samples, vertical
cracks formed on the side surface during destruction, and in some also horizontal cracks in the middle of
the height (force F".c), which indicated the destruction of concrete by splitting in the plane of the
reinforcing mesh (Fig. 7).

Such destruction was recorded in samples with concrete class C10/12 and with insufficient adhesion
of reinforcement to concrete. From the deflection diagrams (Fig. 8) of the samples, it can be concluded that
an increase in the number of reinforcing bars of horizontal meshes along the width of the punching zone
increases the bearing capacity. Thus, the strength of samples reinforced with three @12 bars in one
direction with a pitch of 130 mm was higher than samples reinforced with a mesh of two @16 bars in one
direction with a pitch of 250 mm, although the reinforcement area of 2016 is larger than the area of 3@12.
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Fig. 5. Reinforcement of samples

When calculating F, and F, (Table 2), the calculated area A according to (5) was taken equal to
0.253 m?, The deviation of the experimental and theoretical values of the strength of inclined sections is
significant. When taking into account the reinforcement, the deviation is 2-5 times, without taking into
account the reinforcement for concrete samples, the deviation reaches 6 times.

This may be due to the fact that dependence (4) was derived for the case of using vertical stirrups
and for the tensile strength of concrete Ry, which is much higher than the experimentally obtained tensile
strength of concrete during splitting.
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a b

Fig. 6. Destructive cracks on the upper: a — and lower; b — faces, sample 3-10

Fig. 7. Destruction of the side face of reinforced samples

Table 2
Experimental and calculated breaking forces (Ry: according norm)
Sample Fmaxed, di, | Fvcosy per (3), Fnsiny per (4), kN Fmaxrd per Fmaxed/ Fmaxrd
designation kN mm kN ko=1 koe=1.4 (2), kN ko=1 kw=1.4

3-1 104.67 80 179.07 108.62 150.26 329.33 0.364 0.318
3-2 222.29 80 348.84 146.36 204.91 553.75 0.449 0.401
3-3 104.67 80 179.07 108.62 150.26 329.33 0.364 0.318
3-4 346.59 80 348.84 146.36 204.91 553.75 0.700 0.626
3-5 91.53 - 348.84 146.36 - 495.20 0.185 -
3-6 45.81 - 179.07 108.62 - 287.69 0.159 -
3-7 281.15 68 348.84 146.36 204.91 553.75 0.568 0.508
3-8 44.15 - 179.07 108.62 - 287.69 0.153 -
3-9 71.91 66 179.07 108.62 150.26 329.33 0.250 0.218
3-10 156.96 65 348.84 146.36 204.91 553.75 0.317 0.283
3-11 71.91 60 179.07 108.62 150.26 329.33 0.250 0.218
3-12 91.53 70 179.07 108.62 150.26 329.33 0.318 0.278
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Table 3 shows the experimental and calculated values of the bearing capacity during punching
according to various hypotheses. The force F. (Table 3) was determined from dependence (7) (Babaev,
2015) taking into account the coefficient 160/135 = 1.185 for a breaking angle of less than 45°. Since the
use of the Ry value according to (Babaev, 2015) leads to a significant overestimation of the actual
punching strength, which is especially noticeable for concrete samples, the calculations were made with
the replacement of Ry by the experimentally determined values of fum. With such a replacement, the
deviation of the experimental data from the calculated ones is significantly reduced, but for many samples
it is still more than 250-350 %.

Table 3

Strength of inclined cross-sections according to different hypotheses (experimental fcim)

Sample Fracs, | FuCOSY, | Fnsiny, | Fraca g, per (16, 17) Flaw kKN | Fo kN | Fiy+F.
designation kN kN kN KN per (2) | g1z, KN/m | gi3, KN/m | per (18) | per (7) kN

3-1 104.67 65.72 38.72 104.50 24.48 8.373 16.30 37.96 54.26
3-2 222.29 | 139.17 82.12 221.29 53.28 11.94 18.97 80.41 99.38
3-3 104.67 65.72 38.72 104.50 24.48 8.373 16.30 37.96 54.26
3-4 346.59 | 139.17 82.12 221.29 51.84 11.82 29.06 80.41 109.47
3-5 91.53 139.17 58.66 197.83 — — — 80.41 80.41
3-6 45.81 65.72 27.70 93.42 — — — 37.96 37.96
3-7 281.15 | 139.17 82.12 221.29 51.84 11.82 29.06 80.41 109.47
3-8 44,15 65.72 27.70 93.42 — — — 37.96 37.96
3-9 71.91 65.72 38.72 104.50 25.16 8.458 10.64 37.96 48.60
3-10 156.96 | 139.17 82.12 221.29 51.84 17.73 23.72 80.41 104.13
3-11 71.91 65.72 38.72 104.50 24.48 8.373 16.30 37.96 54.26
3-12 91.53 65.72 38.72 104.50 25.16 5.638 13.03 37.96 50.99

Such significant deviations when compared with the method (Makarenko, 1986) can be explained by
the fact that this method was developed to take into account vertical stirrups working in tension, but in fact
it is necessary to take into account the pin effect that occurs when using horizontal reinforcement. The
greatest error is introduced by the use of an integral reinforcement coefficient of 1.4. This can be seen from
a significant decrease in the deviation for unreinforced samples, which is in the range of 13.8-20.7 %.

In the case of using horizontal grids, it would be logical to take into account the influence of such
reinforcement on the increase in the force F, due to the pin effect. Therefore, Table 4 shows the results of
comparing the experimental bearing capacity with the calculated bearing capacity, which took into account
Fv, obtained from dependence (3) according to the hypothesis (Eibl, 2003; Makarenko, 1986), taking into
account the pin effect of horizontal reinforcement. In addition, the tensile strength of concrete obtained
from the test of cubes for splitting was used. These results are in good agreement with the actual nature of
the destruction. Thus, samples 3-1-3-4, 3-7, 3-10 failed simultaneously during bending and the formation
of punching cracks and horizontal splitting cracks in the plane of the meshes, and concrete samples and
reinforced 3-11, 3-12 collapsed in bending moment. The downward deviations of the calculated and
experimental data are associated with the deviation of the horizontal meshes from the design position. All
concrete specimens failed in bending, as the actual punching strength for them is twice as high. The same
can be said for samples 3-1, 3-9, 3-10, which failed in bending due to the displacement of the meshes from
the design position, and for specimens 3-11 and 3-12, which failed in bending. In these samples, at the
stage of destruction, the first cracks from punching were formed (deviations in the downward direction in
the range of 16-31 %). When ensuring the exact design position of the meshes, the deviation of the
experimental values of the breaking load from the calculated ones did not exceed 5 %.
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Table 4
Forces of crack formation and destruction during punching

dseasri];ilae- Fmaxed, | FvCOsy, | Fnsiny, KN Finaxrd, E el Frr The nature of the
tion kN kN kN ' kN destruction
3-1 104.67 65.72 27.65 16.30 109.67 0.954 Mand F
3-2 222.29 139.17 58.55 18.97 216.69 1.026 Mand F
3-3 104.67 65.72 27.65 16.30 109.67 0.954 Mand F
3-4 346.59 139.17 58.55 29.06 226.78 1.528 M, F and splitting
3-5 91.53 139.17 58.55 - 197.72 0.463 M
3-6 45.81 65.72 27.65 - 93.37 0.491 M
3-7 281.15 139.17 58.55 29.06 226.78 1.24 M, F and splitting
3-8 44,15 65.72 27.65 - 93.37 0.491 M
3-9 7191 65.72 27.65 10.64 104.01 0.691 M
3-10 156.96 139.17 58.55 23.72 221.44 0.709 Mand F
3-11 7191 65.72 27.65 16.30 109.67 0.656 M
3-12 91.53 65.72 27.65 13.03 106.40 0.86 M

For concrete samples without reinforcement, the experimental and theoretical breaking moments in
bending were compared. The points of transfer of the external force to the edge of the samples (Fig. 9)
were taken at the center of gravity of the triangular pressure diagram, as for the supports of the bending
elements, taking into account the deformable model. The experimental breaking moments were calculated
relative to the points of application of the resultant external punching force for the cases of rectangular and
triangular (Table 5) pressure diagrams, according to the possible nature of the deformation of the samples
(Fig. 6), and the theoretical calculated breaking moments were calculated using dependence (23) (Karkhut,
2015; Babaev, 2015): Mrs = RutWpi, Where the plastic moment of resistance of a rectangular section is
Wpi = bd 2/3.5. In this case, for comparison, the values of concrete tensile strength in bending Ry according
to (Babaev, 2015) and few 0,05 according to (Blikharskyy, 2017) were taken into account.
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Fig. 9. To the calculation of concrete samples in bending
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Table 5
Bending moments of destruction of concrete samples
Destructive moments, KNm Mexp/ Mrd theoretical
Sample W M eyen at diagram Mgg Mgg Mgg With Ryt Mgra With fci0.05
designa n‘;'g F/8, kN ] . theor. | theor. ] . ] .
tion c rectan triang with with rectan triang rectan triang
gular ular R f gular ular gular ular
bt ctk,0.05
3-5 4843 | 11.442 | 7.78 7.322 4.359 | 6.296 1.785 1.682 1.236 1.163
3-6 4843 | 5.721 3.89 3.661 3.196 | 3.875 1.217 1.145 1.004 0.945
3-8 4843 | 5.45 3.71 3.488 3.196 | 3.875 1.161 1.091 0.957 0.900

As can be seen from Table 5, the use of fcxo0s in calculations gives smaller deviations from the
experimental data, they are in the range of 1.0-23.6 % for a rectangular pressure diagram and 5.5-16.3 %
for a triangular one. When using the Ry value, the maximum deviations increase to 78.5 % for a
rectangular pressure plot and 68.2 % for a triangular one. For reinforced samples, the use of a triangular
diagram that takes into account the deformation of the samples (deflection and rotation of the reference
section) also gives a better agreement between the calculated and experimental values (Table 6). With a
triangular pressure diagram, the maximum deviations are less by 12-13 % than with a rectangular one.
From a comparison of the bearing capacity for punching samples without reinforcement with samples with
additional horizontal reinforcement, it can be seen that the presence of horizontal reinforcement
significantly increases the strength and reduces the deflection of the samples.

In general, the test results indicate that by the time of failure, the entire height of the concrete section
works for punching, and the hypotheses (Eibl, 2003; Makarenko,1986; Blikharskyy, 2017) are valid, and
not only the working height of the section d, as is customary in (Babaev, 2015; Blikharskyy, 2017) for
static (punching angle more than 45°) and emergency dynamic loads with punching angles less than 45°.
From the graphs in Fig. 8 it can be seen that the deformation and strength of the samples with the same
reinforcement is significantly affected by the class of concrete. The strength is twice as low in samples of
concrete of class C10/12 compared to concrete of class C16/20. In addition, in samples of C16/20 concrete,
no fracture from splitting in the mesh plane was recorded, which makes it possible to recommend this class
of concrete as the minimum for protective structures under the action of punching.

Table 6
Bending moments of destruction of reinforced concrete samples

Sample A q Moments of destruction, KNm Mexpl Mrd

designa >, | FI8, kN ' Meyp at diagram Mgq theor. rectangular triangular
X mm mm - . ;
tion rectangular triangular per [13] diagram diagram
3-1 402 | 13.077 | 80 8.89 8.37 9.57 0.91 0.87
3-2 339 | 27.788 | 80 18.9 17.78 8.88 2.13 2.00
3-3 402 | 13.077 | 80 8.89 8.37 9.57 0.91 0.87
3-4 603 | 43317 | 80 29.46 27.72 14.43 2.04 1.92
3-7 603 | 35.144 | 68 23.9 22.49 11.78 2.03 1.91
3-9 226 8.99 66 6.11 5.75 4.74 1.29 121
3-10 402 | 19.615 | 65 13.34 12.55 8.12 1.64 1.55
3-11 402 8.99 60 6.11 5.75 6.63 0.92 0.87
3-12 339 | 11442 | 70 7.78 7.32 7.27 1.07 1.01

The results of experimental studies confirmed the possibility of determining the bearing capacity of
reinforced concrete shells of protective structures with horizontal reinforcement under the action of an
emergency local punching load according to the modified dependences of the hypothesis (Eibl, 2003;
Makarenko,1986). When replacing the integral reinforcement factor in them when calculating F, by an
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additional force from the pin effect of reinforcement when calculating F, the error does not exceed 13.8-
20.7 %. In this case, the best agreement between the experimental and calculated values is obtained by
using the fum value obtained experimentally when splitting with bars, the diameter of which corresponds to
the diameter of the reinforcement of horizontal meshes.

The results obtained make it possible to provide practical recommendations for the design of
inclined cross-sections to ensure strength in the areas of local punching of reinforced concrete slabs and
shells by an emergency load from an aircraft crash. For such sections, it is necessary to use structural
reinforcement in horizontal meshes with a diameter of not more than 16 mm with a step of not more than
100 mm, according (Blikharskyy, 2017; Karkhut, 2021). It is recommended to take the concrete class not
lower than C16/20.

Conclusions

1. Under the action of an emergency punching load, the bearing capacity of inclined cross-sections
with horizontal reinforcement can be determined according to the design scheme in Fig. 2 according to the
refined hypothesis (Eibl, 2003; Makarenko, 1986). In this case, F, is calculated without the integral
reinforcement coefficient, and when calculating F,, the additional force from the pin effect of
reinforcement is taken into account. The tensile strength of concrete Ry: is replaced by the value fem
obtained experimentally when splitting with bars, the diameter of which corresponds to the diameter of the
horizontal reinforcement.

2. In monolithic slabs and shells, the installation of additional horizontal reinforcement in the middle
of the cross-section height leads to a significant increase in the strength of normal and inclined sections in
the zone of punching by an emergency dynamic load; the use of horizontal grids improves the
manufacturability of concreting, reliably provides reinforcement anchoring in comparison with vertical
stirrups and bends.

3. When calculating the bending moments, the pressure diagram along the length of the external load
transfer section should be taken as triangular, in accordance with the provisions of the deformable model
adopted in the current standards.

4. To eliminate the risk of fracture from splitting in the plane of the meshes and under the
reinforcement bars, it is structurally necessary to use reinforcement with a diameter of not more than 16
mm with a step of not more than 100 mm, according (Blikharskyy, 2017; Karkhut, 2021). It is
recommended to take the concrete class not lower than C16/20.
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I. I. Kapxyr
Hamionansauit yHiBepcuteT “JIpBiBChKa MOMITEXHIKA”,
kadenpa OyaiBeTbHUX KOHCTPYKIIiH Ta MOCTIB

MIIHICTD NIOXNJINX ITEPEPI3IB 3AJII3BOBETOHHUX 3AXNCHUX
OBOJIOHOK 3A JIIi TIPOJABJIFOBAHHSI

O Kapxym I. I., 2022

BuBueHO mOCBiA apMyBaHHS Ta MiACHICHHS MOXWINX MEpepi3iB y 30HaX BIUIMBY MONEPEUYHUX CHII Ta
HaBaHTAXXCHHs MPOJABIIIOBaHHS PI3HUMHU MaTepialaMH Ta KOHCTPYKTUBHUMH 3axonamH. [lomaHo pesynbraTu
EKCICPUMCHTANBHUX JTOCTIKCHD MOXMINX Iepepi3iB 3aXUCHUX KOHCTPYKIH Ha MUISHIN BIUIMBY MICIICBOTO
aBapiifHOTO HaBaHTAKEHHS HPOJABIIOBAHHS. 3a pe3yJbTaTaMU €KCIIEPUMEHTAJIbHUX JOCIHIIKEeHb 12 3pa3kiB
OTpHMaHi PyHHIBHI 3yCWJII IpojaaBiIioBaHHA. HaBeneHO pe3yibTaTH MOPIBHSAHHA PO3PAaxXyHKIB MIIHOCTI 3a
PI3HMMH TiOTE3aMM Ta METOAMKAMHM JUIS 3pa3KiB, BUTOTOBJICHHX i3 BaXXKOTO OETOHY Ha IOPTIAHIIEMEHTI
JIBOX KJaciB minHocTi Ha ctuckanus C10/12, C16/20 i3 3acTocyBaHHSM J0AATKOBOTO TOPU3OHTAIBHOTO apMy-
BaHHI Ta 06e3 HpOro. B cTaTTi HaBeneHO apMyBaHHS Ta MIIHICTh MOXWIMX MEPETHHIB 3a KyTa pPyHHYBaHHS
v = 40°. BukoHaHO aHai3 pe3yAbTATIB Ta PO3POOICHO PEKOMEHIAIII 13 KOHCTPYIOBAHHS MOXUINX Iepepi3iB
TOHKHUX TUTUT Ta 000JIOHOK Y 30Hi ITPOJIaBJIIOBaHHS.

OTpuMaHi eKCTIEpUMEHTAILHO 3HAYEHHS HECYYOi 3/[aTHOCTI OETOHHUX Ta 3a1i300€TOHHHUX 3pa3KiB Iijl
yac MPOJABIIOBaHHS J00pe KOPENOI0Th i3 pe3yabTaTaMi, TEOPETHYHO BU3HAYCHHMH 3a 3aJICKHOCTSIMH, II0
BPaxOBYIOTh HAreNbHUI ePEeKT apMaTypu Ta (aKTHUHY MIIHICTh OeTOHY. MakcHMallbHI BIIXWICHHS Teope-
THYHUX 3Ha4YeHb Bia ekcnepumentansiux 0—(+30) % sk mig wac pylHYBaHHS MO TMOXWJIMX, TaK i MO HOP-
MaJIbHUX IepeTHHaX. 3a0e3MeUUTH BiCYTHICTh 3MHUHAHHSA OCTOHY CTEPKHSIMHU Ta PO3KOIIOBAHHA y IUIOIIMHI
TOPHU3OHTAIILHUX CITOK PEKOMEHIOBAaHO OOMEKEHHSIM MaKCHMAaJIbHHX J1aMeTpiB Ta KPOKY apMaTypH, MiHi-
MaJIbHOTO Kiacy OeToHy. O4eBHIIHI TEXHOJOTIYHI IepeBard JaroTh 3MOTY PEKOMEHIyBaTH 3aCTOCYBaHHS Ha
JUTSTHKaX IMOBIPHOT'O MPHKJIAJaHHS MICIIEBOTO aBapiiHOIO JUHAMIYHOTO HABAHTA)KEHHS JOAATKOBHUX TOPH-
30HTAJILHUX CITOK 3aMiCTh BEPTHUKAJILHUX XOMYTIB.

KurouoBi ciioBa: 3axucHa KOHCTPYKUisi; aBapis JiTaka; BaxKKUH 0eTOH; NMPOJABJIIOBAHHS; TOPH-
30HTaJIbHEe AaPMYBaHHS; OXUJi Nepepi3u.



