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In modern conditions, sheltering people in protective structures, as a way of protection from
dangers, in combination with evacuation from the affected areas (pollution) and the use of
personal protective equipment, increases the reliability of public protection. In conditions when
evacuation measures from cities can be complicated in a short time, protection of the population
in shelters becomes the only possible and effective. Therefore, an important task is to study the
impact of loads caused by the explosion of various munitions, substantiate recommendations for
improving the protective properties of the shelter and the choice of their location.

The most common issues are considered in the article that arise during the arrangement of
shelter in buildings and outside them. Based on experimental studies, Taylor's formula and the
system of non-stationary Navier-Stokes equations for gas, it’s conducted an analysis of the
influence of external and internal factors on the possible nature of the dynamic load from the
shock wave on buildings, structures and structural elements in which shelters are located.

The results of studies of the parameters of dynamic loads showed that if the storage facilities
are located in the basements of buildings, their stability is characterized by three parameters:
maximum pressure, time to increase the load to maximum and effective time. The parameters of
the loads and the law of their change over the time depend on the location of the structure relative
to the surface of the earth and the building, the force of the explosion and the distance to the
center of the explosion.

Key words: dynamic load, shock wave, breakthrough wave, shock wave pressure, load rise
time, load action time, technical basement, separate shelters.

Introduction. In recent years, issues of civil protection have come to the
fore and become one of the most actual problems of the modern world. This
applies to all countries in the world, regardless of economic and political
status: the ever-increasing threat of terrorist acts, man-made and natural
disasters, the modern conditions of urbanization of society and the high
probability of military conflicts, such as hostilities in eastern Ukraine

© Kotsiuruba V.I., Datsenko I.P., Dachkovsky V.O., Cherevko R.M., Polyulyak V.M,
Ivashchuk O.A., Furman LI



134 ISSN 2410-2547
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

supported by the Russian Federation. During armed conflicts, the most part of
hostilities takes place near or directly in settlements, and settlements are
shelled by illegal armed groups, necessitating the protection of not only
military formations but also civilians. As a result, there is a need to study and
determine the optimal location of shelter equipment and materials for their
equipment.

The analysis of works devoted to the study of the action of dynamic loads
and properties of structures used in the construction of shelters indicates the
aggravation of the need to study the impact of loads caused by explosions of
different nature [1-5].

Currently, one of the main materials for construction is reinforced
concrete, which is an integral part of most modern buildings. In accordance to
the building codes and rules, the construction of shelters are calculated on the
totality of all loads that may affect the structure [6-9].

The above-indicated causes the necessity of the more deeper study of the
impact of the results of the explosion process, the calculation of the stability
of shelter structures and the choice of their locations. Therefore, the aim of the
article is to research the effect of dynamic loads from the shock wave on the
shelter.

The main material of the article. Dynamic loads from the shock wave in
practical calculations are reduced to equivalent static loads that cause the same
deformations in the structure as dynamic.

If we take into account the displacement of the structure and the
deformation of the structural elements, the equivalent loads are determined in
two stages. At the first stage, the dynamic loads on the structural elements of
the structure are determined, and at the second stage, the static loads are
determined directly. Dynamic loads caused by an explosion are usually

characterized by three parameters: maximum pressure P, , the time of

increase of the load to the maximum ¢, and the time of action 7. . The

parameters of the load and the law of its change in time depend on the location
of the structure relative to the surface of the earth and the building, the force of
the explosion and the distance to the center of the explosion [7].

In the practice of design, different storage options can be reduced to four
calculation cases:

1) shelters are placed on the ground floor of the building;

2) shelters are erected in the basement or basement of the building;

3) shelters are placed under the technical basement (TB) (technical
underground);

4) shelters are located separately, completely or partially sunk into the
ground.

The results of the study on 3 and 4 options are revealed in the article. In
particular, the influence of dynamic loads from the shock wave on the
elements of reinforced concrete structures, the study of which was carried out
using experimental data, the finite element method, Taylor's formula, the
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system of nonstationary Navier-Stokes equations for gas and their
approximation [10-12].

1. Determination of dynamic loads on the shelter are placed under the
technical basement. In the case when the shelter is placed under the TB, when
exposed to an air shock wave on the building, the wave first flows into the
premises of the first floor, and then into the premises of the TB through the
holes formed by the destruction of the floor (Fig. 1).

When determining the characteristics of the wave flowing into the TB, the
following prerequisites are accepted: the time of pressure build-up in all rooms
of the first floor and the estimated margin of safety are not taken into account;
floor slabs under load work for the scheme of the hinged beam, the destruction
of which occurs in the hinge of plasticity; the wave flows through the
responses, which are simultaneously created by rotating the convenient
structures relative to the supports; the walls of the TB are not destroyed.

First floor

T ]

Technical floor

Bomb shelter

Fig. 1. Calculation scheme for determining the parameters of the penetration wave
in the technical floor

The destruction of the NB floor slabs occurs under the action of load. After
the destruction of the plastic hinge on the inside of the floor, back pressure
begins to act, which is taken equal to the pressure of the breakthrough wave

AP =[p(t),t] . After the failure of the hinge, the load depends on the

movement of the floor halves, the size of the gap and the process of flow of the
wave into a closed volume, that’s there is a relationship. The solution of the
equations of motion of the floor slabs is carried out together with the equations
of gas dynamics on the flow of the wave into closed volumes.

The maximum pressure in the flow wave is taken equal to the pressure at
the moment of equalization of pressures before the break and inside the TB.
The results of calculations of corresponding types of overlap (Table 2) are
shown in Table 1.



136 ISSN 2410-2547
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

Table 1
The parameters of the flow wave in the TB at the pressure on their overlap, 10° Pa
Type of 0,5 3
overlapping | APD™ ,J10°Pa | ¢, ,m/sec AP ,J10°Pa | t,, »m/sec
1 0,43 124 2,36 57
2 0,43 137 2,31 64
3 0,44 129 2,39 58
4 0,48 143 2,33 65
5 0,44 130 2,39 63
6 0,43 146 2,32 70
7 0,42 150 2,25 70
8 0,42 142 2,30 70
Table 2

Characteristics of overlapping by types

Type of | Weight per unit

overlapping | area, kg/m2 Characteristics of overlapping

1. Overlapping from plates of continuous

1 240 section. Material - heavy concrete.

2. Overlapping from monolithic reinforced
concrete

1. Overlapping from plates of continuous
5 330 section. Material - heavy concrete.

2. Overlapping from monolithic reinforced
concrete

3 260 Precast reinforced concrete, hollow decking

Precast reinforced concrete, hollow decking.
4 350 Floors: 1 - light concrete 50 mm, cement-sand
screed 25 mm, cold mastic 1 mm, linoleum 4
mm; 2 - plank floor on logs.

5 260 Precast concrete, ribbed slab.

6 350 Precast concrete, ribbed slab, linoleum floor,
90 kg/m2.

1. Overlapping from plates of continuous
section. Material - heavy concrete.

7 420 2. Overlapping from monolithic reinforced
concrete. The weight of the floor per unit area
is 90 kg/m2.

1. Overlapping from plates of continuous
section. Material - heavy concrete.

8 330 2. Overlapping from monolithic reinforced
concrete. The weight of the floor per unit area
is 90 kg/m2.
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Calculations have shown — r o
that the destruction of the floor 016

of the TB, made of the most \
common in the practice of 014 AN
building slabs, reduces the \\
pressure of the inflow wave by o2 N
14% at a pressure of 0,5-10° Pa %\
and by 22% at a pressure of . \ \\\
3:10° Pa. The time of increase Q&\ 4
of  pressure  during the e SN Y
destruction of these plates 1\"‘5&::..&--\\:
makes: at pressure 0.5-10° Pa - 0.06 N ==
130 ms; at a pressure of ' T —
3:10° Pa - 60 ms. 076 (0510 13 AP l0Ra

Tbe dependence of the time 4 "ﬁ/-;;;
of increase t,, of the 0.50 P 3,4-_- Tk
penetration wave and the e ’,/2/::’/'5-""/ —
coefficient of the shielding 0.84 év’ // !
effect C, from the pressure ’//
Pp at the destruction of the 0.88
floor of different densities is C,
shown in Fig. 2. Fig. 2. The dependence of ¢,,, and ¢, from the

Analysis of the established

dependences (Flg' 2) showed 1 — at the weight of overlapping of 200 kg/m’; 2 -
that the dynamic load on the the same, 300 kg/m’; 3 - the same, 400 kg/m’; 4 -
floors of shelters located under  the same, 500 kg/m?; 5 - overlapping of multilayer
the TB, as well as on the walls empty flooring (PK8-58-16); 6 - overlapping of
of shelters adjacent to the ribbed plates (NC-3-1)

basement, not protected from shock waves, gradually increases to a maximum,
which is determined by the formula:

Py =4AP:C,,C, (1

where C, — coefficient that takes into account the shielding effect of the

pressure P at the destruction of the floor:

overlap, taken according to the graphs (Fig. 2); C,, — the coefficient taking

into account the shielding effect of the enclosing structures of shelters, which
is accepted for buildings with a capacity of less than 10% in accordance with
Table 3, and for buildings with a capacity of 10% or more is equal to 1.

2. Determination of dynamic loads on separately located shelters. The
presence of a soil layer above the floor of separately located storage facilities
leads to the fact that the structure is not affected by an air shock wave, but by a
compression wave in the soil. The dynamic load on the floor is determined
taking into account the reflection of the compression wave from the structure,
which is displaced on the ground. The unloading wave, propagating from the
free surface, is added to the compression wave, which reduces the load on the
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floor. As a result, the effect of the reflection pressure will be short-lived. If the
thickness h of the soil layer above the floor is less than 1 m, the effect of
reflection on the bearing capacity of structural elements is insignificant and
can be neglected.

Table 3
The value of the coefficient ¢,

Characteristics of wall materials | Wall thickness, cm | Coefficient c,,
Panels of llght(;t/ec:fi?}t/ concrete with 10 0,95
p =700 - 1200 kg/m’ 20-30 0,90
Brick masonry of ordinary brick, 25; 38 0,90
p= 1800 kg/m’ 64 0,85

Lightweight concrete blocks

p =700 - 1200 kg/m’ 40-50 0.85

The dynamic load on the solid slabs of the foundation and walls at A<1 m
is determined in the same way as for shelters built into the building with a
capacity of more than 50%. However, when calculating the loads on the floor
and the foundation at 1 m take into account the effect of reflection of the
compression wave. The equation of motion of the shelter is written in the
form:

Mu"=[ 0, f (00K}~ A’ |F—Apu'F, @)

where M , F,, Fp - the mass of the structure, the area of its floor and

foundation; ©,, — maximum of stress in the soil at the level of the floor; £,

— reflection coefficient from a solid obstacle; Ap,AF — acoustic resistance of

loose soil and base; u” — moving storage with specific weight m ; f(¢) —
load function.
The expression 4,u’F, takes into account the reduction of load due to the

displacement of the structure.

. M
Equation (2) at m=— P =0 k

> =0,k take to the following form:
p

mu”=Prﬁaxf(t)—2Fu' . 3)

where P, is the maximum pressure on the floor; Ap s acoustic resistance
of compacted soil.
For practical calculations the load on the floor is determined by the

formulas:
P! =AP.k_k “4)

max zat"votr?
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. 1 1 1
k =k  |1-—+—| 1—exp(——) || ; 5
otr otr|: i kz( p( 2 )j:| (5)
F
k, =L, ky=l+a\4p 4, , a =
Akt F,
where k,, is the attenuation coefficient of the wave; &, determined by the
formula:
a, . o,
kotr :2_(1__)_(X)9 (6)
@y Oy

If in the calculations %, is less than one, then %, =1 is accepted.

A
The load on the foundation (at a,=1, R=(4y +—2)) is determined by the
m

formula
P =AP.k

max

zath ’ (8)
where k is the strength factor of the foundation material.

For built-in storage, the time of action of the load on the floor, including
the increase to the maximum and decrease to zero, is taken equal to the
effective time of the shock wave 7, . For separately located shelters with a

scattering of more than 1 m, the time 7, is equal only to the time of reduction

of the load on the floor.

3. Determination of dynamic loads on the elements of the entrances to
the shelter. Loads on the elements of the entrances (walls, protective and
airtight doors, etc.) mainly depend on their design solutions, air shock wave
pressure and shielding effect of enclosing structures.

The calculation of dynamic loads is performed according to the formula

P3 =AP.k, | 9)

max
in which the value of the coefficient k, is taken from Table 4. Data kg
(Table 4) are obtained by solving problems about the interaction of shock
waves with the structures of the entrance and the propagation of waves inside
buildings, taking into account their destruction.

Formula (9) determines the maximum value of the dynamic load on the
areas of the outer walls of the shelter at the entrances and on the first (outer)
protective or protective-airtight doors. The values k; given in Table 4 take
into account almost all calculated cases.

It is established that if the entrances are located in unprotected basements,
then take into account the consumption energy of the wave to destroy their
floors. In this case, the coefficient k, is taken equal to the value C,

according to the schedule (Fig. 2). The coefficient kj, for all types of entrances
located in buildings with a capacity of less than 10%, should be multiplied by a
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factor C,, that takes into account the shielding effect of the building

(Table 3).

The temporal characteristics of the laws of change of the input load are
determined by the same dependencies that are used in determining similar
values for the enclosing structures of storage.

The rise time ¢,,,. for the inputs in Table 4 is determined by the schedule

(Fig. 2).

Table 4
The value of the coefficient £, depending on the type of entrance to the
shelter
o) s
g8 Entrance kp at P10
g 1 2 3

From basements, not protected from shock

1 0,8 0,8 0,8
waves

2 | Through with a covered area against the entrance| 1 1,1 1,2
From the premises of the ?gvlglow ground 1 1 1

3 | first floor with the area of
holes 10-50% b) above ground 1,7 | 15 | 13

level ’ ’ ’

From stairwells with an a) below ground

4 | area of holes 10-50% at level 25 29

the entrance to the b) above ground
stairwell from the street level

From the premises of the | a) below ground

first floor and stairwells level 2.7 2.5 2.2

> with an area of holes > b) above ground 3 27 | 23
60% level ’ ’

6 Dead en.d Wlthoqt an area or with a light 27 | 25 | 22
(collapsible) pavilion

7 Those that rise above the surface in the walls, as 3 27 | 23

well as the entrance from the apron

Dynamic loads on the inner walls, floor, ceilings and the second protective
and airtight door of the vestibule-gateway are determined from the condition of
possible flow of the shock wave through the open first protective-airtight door
at the time of filling the vestibule-gateway. In this case, the dynamic load is
approximately equal to the dynamic load on the outer walls of the shelter at the
location of the entrance, multiplied by a factor of 0.8.

The dynamic load on the outer walls of the shelter at the location of the
first protective and airtight door is determined by Table 4. The load from the
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inflow wave is taken linearly increasing to a maximum over time ¢,,, with a

subsequent decline to zero over time ¢,,,=7,~t

It is proposed to determine the dynamic load on the inner walls of the
vestibules and airtight doors under the conditions of the shock wave flow
through possible leaks along the perimeter of the external door to the door
frame. Such leaks can be due to hidden defects when installing embedded parts
and elements of external doors.

At AP,=0,2...0,3 MPa dynamic loading on the specified designs is
accepted equal 0,025 MPa, and at AP, =0,1 — 0,015 MPa.

Dynamic loads from the shock wave of leakage on the structure of the
emergency exit (walls, ceilings and floor), designed in the form of a protected
head with a mine and tunnel, as well as on the part of the wall at the junction
of the exit are taken equal to the pressure AP, multiplied by 1.6. It is also

nar nar *

established that if the emergency exit is designed in the form of an inclined
descent and a tunnel, the dynamic loads on its structural elements are taken
equal to the pressure AP, multiplied by the factor %5 .

These dynamic loads on the structures of the inputs and outputs are given
for internal loads. Along with this load, the enclosing structures will
experience external loads. These loads are determined in the same way as for
coverings, walls and foundations of shelters.

Conclusion. Thus, the results of studies of the parameters of dynamic loads
showed that at the location of storage facilities in the basements of buildings,
their stability is characterized by three parameters: maximum pressure R, ,

time to increase ¢,,. the load to maximum and effective action time 7, . The

parameters of the loads and the law of their change in time depend on the
location of the structure relative to the surface of the earth and the building, the
force of the explosion and the distance to the center of the explosion.

Calculations have shown that the destruction of the floor of the TB, made
of the most common in the practice of building slabs, reduces the pressure of
the inflow wave by 14% at a pressure of 0,5-10° Pa and by 22% at a pressure
of 3-10° Pa. The time of increase of pressure at destruction of plates makes: at
pressure 0,5-10° Pa - 130 m/sec; at a pressure of 3+10° Pa - 60 m/sec.

It is established that due to the dynamic loads of separately located shelters,
the presence of a soil layer over the floor of separately located storage facilities
leads to the fact that the structure is not affected by an air shock wave, but a
compression wave in the soil.

For built-in storage, the time of action of the load on the floor, including
the increase to the maximum and decrease to zero, is taken equal to the
effective time of the shock wave 7, . For separately located shelters with

scattering of more than 1 m, the time 7, is equal only to the time of load drop

on the layer of scattering.
Calculations of dynamic loads on the elements of the entrances to the shelter
have showed that their dependence on the inflow wave is linearly increasing to a
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maximum over time ¢,, with a subsequent decline to zero over time
baar =To—lyar - At AP;=0,2-0,3 MPa dynamic loading on the specified designs
is accepted equal 0,025 MPa, and at AP, =0,1 Mpa - 0,015 MPa.

As a direction of further researches is to establish the characteristics of the
resistance of building elements to the dynamic impact of fragmentary elements.
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Koyropy6a B.1., [layenko LI1., [lauxoscokuii B.O., Yepesxo P.M., llomonsx B.M., leawyx O.A.,
Dypman 1.1
BILJTUB MMOBITPSIHOT YIAPHOI XBUJII HA YKPUTTSA

VY nporucrosHHI Hapomy YKpaiHu arpecuBHii mosituni Pociiicbkoi Dezepaliii € akTyajibHUM
[UTAHHS BMBYCHHS JOCBiLy OOMOBHX JiliHA CXOIi HAIIOl JiepXKaBu. AHAJI3 BTPAT, SIKUX 3a3HAIM
36poiini Cwim YKpaiHd Ta MHpPHE HAceseHHs, 3a 4Yac BeaeHHs orepaiii OO €IHAHUX CHII
(aHTHTEPOPUCTHYHOI orepaliii) Ha TepuTopii JJoHelpKoi Ta JIyraHchKoi 00JacTell YiTKo BKa3yroTh Ha
HEOOXIIHICTh BHBYCHHS [HTAHHS BIUIMBY HABAaHTAKCHb, BHUKJIMKAHMX BHOYXOM PpI3HHX 32
CIIOPSDKCHHSIM ~ OoerpuriaciB, OOIPYHTYBaHHsS PEKOMEHJALiM [ION0 IMJIBUILICHHS 3aXMCHHX
BIIACTHBOCTEH YKPUTH Ta BUOOPY MiCLb 1X PO3TALIyBaHHS.

KoHCTpyKUil TakMX CIOPY PpO3PaxOBYIOTb Ha OCOONMBI CIOJMYdEHHS HABAHTAKCHb, LIO
CKJIAZAIOTECSL 3 IOCTIMHUX, THMYACOBHX, TPHBAJMX HABAHTAXKEHb 1 HABAHTAXXCHb, CTBOPIOBAHHMX
YAAPHOIO XBUIIEIO.

B craTri pO3risHYTO HAMOLIBII MOMMPEHI NMHTAHHS, 0 BUHUKAIOTH HA CTalli YJIAIUTyBaHHI
YKPUTH B OYIIBISIX Ta 1032 HUMH. Ha OCHOBI eKCIIepUMEHTANBHUX JOCIIDKeHb, hopmymmu Teitnopa ta
cucTeMH HectarioHapHux piBrsiHb Hap’e-CTokca U1l ra3y MpOBEIEHO aHali3 BIUIMBY 30BHIIIHIX Ta
BHYTPILIHIX (HaKTOPIB Ha MOXJIMBHII XapakTep AMHAMIYHOIO HABAHTAXKCHHS Bif yHapHOi XBHJI Ha
OyiBJIi CLIOPY/H Ta €IEMEHTH KOHCTPYKILIIiL, y SIKHX PO3TAIIOBYFOTHCS YKPUTTSL.

Meroro CTaTTi € JOCIiDKEHHS BIUIMBY JUHAMIYHHX HABaHTAKEHD BiJl YIapHOI XBUJI HA YKPUTTS SIKi
PO3MILIICH] i TEXHIYHUM [T ABATBHUM TIPHMILIEHHSM, 110 OKPEMO PO3TALIOBAHI Ta EIEMEHTH BXOMIIB
B YKPHUTTSL.

Pe3ynbTati HOCHIHKEHb HapaMeTpiB MHAMIYHUX HABAHTAKEHB ITOKA3aJIH, IO P PO3TALIyBAHHI
CXOBHIL[ y MABAJIBHUX HMPUMILIEHHSIX OyIiBeib 1X CTIHKICTh XapaKTepU3yeThCs TPhOMaA MapaMeTPaMu:
MaKCHMAaJbHUM THCKOM, YaCOM HApOCTAHHS HABAHTAKECHHS IO MAKCUMyMY i €(eKTHBHHUM 4acoM Jii.
ITapamerpn HaBaHTKEHb 1 3aKOH iX 3MIHM B 4aci 3ajJeXaTb Bill PO3MIILECHHS CHOPYAU BiTHOCHO
HoBepxHi 3emui 1 Oy i, ciim BUOYXy 1 BiCTaHi 10 LEHTPY BUOYXY.

KiriouoBi cyioBa: [uHaMivHe HABAHTAKEHHS, YAapHA XBUJISL, XBUIS IPOPUBY, THCK YAAPHOI XBUII,
Yac HApOCTAHHS HABAHTAXKCHHS, Yac [iii HABAHTAXKEHHS, TEXHIYHE MiJBAIbHE MPUMILLCHHS, OKPEMO
PO3TaLIOBaH| YKPHUTTSL.
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Posznsanymo numanns, wo UHUKAIOMb HA emani YIaumyeanHs YKpums 6 0yoienax ma nosa
numu. Ha ocnosi excnepumenmanvhux Odocuiodcens, gopmyau Teinopa ma cucmemu
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The most common issues are considered in the article that arise during the arrangement of
shelter in buildings and outside them. Based on experimental studies, Taylor's formula and the
system of non-stationary Navier-Stokes equations for gas, it’s conducted an analysis of the
influence of external and internal factors on the possible nature of the dynamic load from the
shock wave on buildings, structures and structural elements in which shelters are located.

Tabl. 4. Fig. 2. Ref. 12.
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